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Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.

EDITORIALS
PERSPECTIVES
The 3 Pillars of Health M. Castillo

EDITORIALS

Point—TAR: A Useful Index to Follow-Up Coiled Intracranial Aneurysms?
L. Pierot, J. Fiehler, and P. White

Counterpoint—Target Aneurysm Recurrence: Measuring What Matters
C.G. McDougall, S.C. Johnston, A. Gholkar, and A.S. Turk

REVIEW ARTICLE

Cerebrovascular Reactivity Mapping: An Evolving Standard for Clinical
Functional Imaging /. Pillai and D). Mikulis

LEVEL 1 EBM EXPEDITED PUBLICATION

Are There Differences between Macrocyclic Gadolinium Contrast Agents
for Brain Tumor Imaging? Results of a Multicenter Intraindividual
Crossover Comparison of Gadobutrol with Gadoteridol (the TRUTH
Study) KR Maravilla, M.P. Smith, J. Vymazal, M. Goyal, M. Herman, J.J. Baima,

R. Babbel, M. Vaneckova, J. Zizka, C. Colosimo, M. Urbanczyk-Zawadzka, M. Mechl,

AK. Bag, S. Bastianello, E. Bueltmann, T. Hirai, T. Frattini, M.A. Kirchin, and G. Pirovano

PRACTICE PERSPECTIVES

Interobserver Agreement in the Interpretation of Outpatient Head CT
Scans in an Academic Neuroradiology Practice  G. Guérin, S. Jamali, C.A. Soto,
F. Guilbert, and J. Raymond

SOCIAL MEDIA VIGNETTE

Social Media and the Neuroradiologist: A Brief Introduction
and R.T. Fitzgerald

A. Radmanesh

BRAIN

Patient Selection for Stroke Endovascular Therapy— DWI-ASPECTS
Thresholds Should Vary among Age Groups: Insights from the RECOST
Study F. Daniere, K. Lobotesis, P. Machi, O. Eker, |. Mourand, C. Riquelme, X. Ayrignac,
J.F. Vendrell, G. Gascou, J. Fendeleur, C. Dargazanli, R. Schaub, H. Brunel, C. Arquizan,

A. Bonafé, and V. Costalat

Percentage Insula Ribbon Infarction of >50% Identifies Patients Likely to
Have Poor Clinical Outcome Despite Small DWI Infarct Volume

V.M. Timpone, M.H. Lev, S. Kamalian, L.T. Morais, A.M. Franceschi, L. Souza,

and P.W. Schaefer



21° Annual Blood-Brain Barrier Consortium Meeting
March 19-21, 2015
Skamania Lodge in Stevenson, Washington

The 2015 Annual Blood-Brain Barrier Consortium Meeting will be held March 19-21 at Skamania
Lodge in Stevenson, Washington. The meeting will include a state-of-the-art pre-clinical and
clinical neuroimaging session titled “Imaging the Neurovascular Unit: Permeability, Blood
Volume, and Functional Imaging”. The meeting is partially funded by a National Institutes of
Health R13 grant, with support from the National Cancer Institute, National Institute of
Neurological Disorders and Stroke, and National Institute of Deafness and Communication
Disorders, and is organized in collaboration with the International Brain Barriers Society.

For more information, please visit www.ohsu.edu/bbb
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Middle Cerebral Artery Stenosis in Patients with Acute Ischemic Stroke
and TlAin Israel  G. Telman, H. Hurani, E. Sprecher, and E. Kouperberg

Abnormal White Matter Integrity in Chronic Users of Codeine-Containing
Cough Syrups: A Tract-Based Spatial Statistics Study  Y.-w. Qiu, H-h. Su,
X.-f. Lv, and G.-h. Jiang

Iron and Volume in the Deep Gray Matter: Association with Cognitive
Impairment in Multiple Sclerosis  CM. Modica, R. Zivadinov, M.G. Dwyer,
N. Bergsland, A.R. Weeks, and R.H.B. Benedict

Preoperative Prognostic Value of Dynamic Contrast-Enhanced
MRI-Derived Contrast Transfer Coefficient and Plasma Volume in Patients
with Cerebral Gliomas  T.8. Nguyen, G.O. Cron, J.F. Mercier, C. Foottit, C.H. Torres,
S. Chakraborty, ). Woulfe, G.H. Jansen, J.M. Caudrelier, . Sinclair, M.J. Hogan, R.E. Thornhill,
and 1.G. Cameron

Mapping p53 Mutations in Low-Grade Glioma: A Voxel-Based
Neuroimaging Analysis  Y.Y. Wang, T. Zhang, SW. Li, T.Y. Qian, X. Fan, X.X. Peng,
J. Ma, L. Wang, and T. Jiang

MRI Grading versus Histology: Predicting Survival of World Health
Organization Grade II-1V Astrocytomas  A. Lasocki, A. Tsui, MA. Tacey,
KJ. Drummond, K M. Field, and F. Gaillard

Macro- and Microstructural Changes in Patients with Spinocerebellar
Ataxia Type 6: Assessment of Phylogenetic Subdivisions of the Cerebellum
and the Brain Stem K Sato, K. Ishigame, S.H. Ying, K. Oishi, M.I. Miller, and S. Mori

3T MRI Reveals Extra- and Intracranial Involvement in Giant Cell Arteritis
S. Siemonsen, C. Brekenfeld, B. Holst, A.-K. Kaufmann-Buehler, J. Fiehler, and T.A. Bley

INTERVENTIONAL Published in collaboration with
Interventional Neuroradiology

Surpass Flow Diverter in the Treatment of Intracranial Aneurysms: A
Prospective Multicenter Study AK Wakhloo, P. Lylyk, ). de Vries, C. Taschner,
J. Lundaquiist, A. Biondi, M. Hartmann, I. Szikora, L. Pierot, N. Sakai, H. Imamura,

N. Sourour, I. Rennie, M. Skalej, O. Beuing, A. Bonafé, F. Mery, F. Turjman, P. Brouwer,
E. Boccardi, L. Valvassori, S. Derakhshani, M.W. Litzenberg, and M.J. Gounis, for the
Surpass Study Group

International Retrospective Study of the Pipeline Embolization Device: A
Multicenter Aneurysm Treatment Study D.F. Kallmes, R. Hanel, D. Lopes,

E. Boccardi, A. Bonafé, S. Cekirge, D. Fiorella, P. Jabbour, E. Levy, C. McDougall, A. Siddiqui,
I. Szikora, H. Woo, F. Albuquerque, H. Bozorgchami, S.R. Dashti, J.E. Delgado Almandoz,
M.E. Kelly, R. Turner IV, BK. Woodward, W. Brinjikji, G. Lanzino, and P. Lylyk

Treatment of Poor-Grade Subarachnoid Hemorrhage Trial D. Mitrq,
B. Gregson, V. Jayakrishnan, A. Gholkar, A. Vincent, P. White, and P. Mitchell

Rescue Treatment of Thromboembolic Complications during Endovascular
Treatment of Cerebral Aneurysms: A Meta-Analysis  W. Brinjikji
S.F. Morales-Valero, M.H. Murad, H,J. Cloft, and D.F. Kallmes

One-Year MR Angiographic and Clinical Follow-Up after Intracranial
Mechanical Thrombectomy Using a Stent Retriever Device F. Eugéne,
J.-Y. Gauvrit, J.-C. Ferré, J.-C. Gentric, A. Besseghir, T. Ronziere, and H. Raoult

Preclinical Evaluation of the Thrombogenicity and Endothelialization of
Bare Metal and Surface-Coated Neurovascular Stents S Krajewski,
B. Neumann, J. Kurz, N. Perle, M. Avci-Adali, G. Cattaneo, and H.P. Wendel

Parent Artery Occlusion in Large, Giant, or Fusiform Aneurysms of the
Carotid Siphon: Clinical and Imaging Results  M.-A. Labeyrie, S. Lenck,
D. Bresson, J.-P. Desilles, A. Bisdorff, J.-P. Saint-Maurice, and E. Houdart



ASNR 53"
Annual Meeting
& The Foundation
of the ASNR
Symposium 2015

Just released!! Check out the innovative cutting edge
programming at The Foundation of the ASNR Weekend
Symposium 2015: “Skull Base: Bridging the Gap.........."
World-renowned speakers will be presenting the latest
and greatest in clinical and imaging advances, and
emphasizing the translation of this information into your
daily clinical practice.

Also, the Sunday afternoon Foundation Symposium will
continue by introducing new “Neuroradiologist-Clinician-
Patient multidisciplinary symposiums” on mild TBI, head &
neck cancer, brain cancer and more. Neuroradiologists and
clinicians will be discussing the role of imaging and
advances in treatment in the care of their patients, while
patients and public representatives/ambassadors share
their own personal experiences and journeys living with
their disease.

What'’s New for the ASNR 53rd Annual Meeting?

» The Foundation of the ASNR Symposium 2015
“Skull Base: -Bridging the Gap......! on
Saturday, April 25 & Sunday morning, April 26, 2015

+ New...On Sunday afternoon, April 26 - “Neuroradiologist-
Clinician-Patient Multidisciplinary Symposiums”

+ Enjoy some fun on Sunday late afternoon with an
ASNR Game of Jeopardy

- Note...For those submitting oral abstracts more slots
will be available to present oral papers in Chicago

« Annual Meeting focuses on Value-Based Neuroradiology
and much, much more...

Online Meeting Registration & Housing
for ASNR 2015 coming soon...

Request Programming and Registration Materials Scan now E . E
for the ASNR 53" Annual Meeting, Contact: to visit our
. u
ASNR 53 Annual Meeting Phone: 630-574-0220 website .
c/o American Society of Neuroradiology Fax: 630-574-0661
800 Enterprise Drive, Suite 205 Email: meetings@asnr.org E
Oak Brook, lllinois 60523-4216 Website: www.asnr.org/2015

THE FOUNDATION OF THE ASNR

CHICAGO x 2015

ASFNR ASHNR ASPNR ASSR SNIS

ASNR 2015 Program Chair/President Elect
Laurie A. Loevner, MD

Programming developed in cooperation with the:

American Society of Functional Neuroradiology (ASFNR)
Pratik Mukherjee, MD, PhD

American Society of Head and Neck Radiology (ASHNR)
Richard H. Wiggins, lll, MD

American Society of Pediatric Neuroradiology (ASPNR)
Thierry A.G.M. Huisman, MD

American Society of Spine Radiology (ASSR)

Adam E. Flanders, MD

American Society of Neuroradiology (ASNR)

Health Policy Committee

Robert M. Barr, MD, FACR

Society of Neurolnterventional Surgery (SNIS)
Donald F. Frei, Jr. MD

SAVE THE DATES....April 25-30, 2015
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MR Imaging of Myeloperoxidase Activity in a Model of the Inflamed
Aneurysm Wall M. Gounis, M. van der Bom, A.K. Wakhloo, S. Zheng, J.-Y. Chueh,
A.L. Kihn, and A.A. Bogdanov Jr

Establishing a Rabbit Spinal Tumor Model for Nonvascular Interventional
Therapy through CT-Guided Percutaneous Puncture Inoculation L. Chen,
J. Xiao, I1.-C. Su, Y.-W. Wu, B. Zhang, K.-Y. Ge, Y.-C. Chang, C. Yang, and C.-F. Ni

HEAD & NECK

Degeneration and Plasticity of the Optic Pathway in Alstrém Syndrome
R. Manara, V. Citton, P. Maffei, J.D. Marshall, J.K. Naggert, G. Milan, R. Vettor, A. Baglione,
A. Vitale, C. Briani, F. Di Salle, and A. Favaro

MRI Texture Analysis Predicts p53 Status in Head and Neck Squamous Cell
Carcinoma M. Dang, J.T. Lysack, T. Wu, T.W. Matthews, S.P. Chandarana,
N.T. Brockton, P. Bose, G. Bansal, H. Cheng, J.R. Mitchell, and J.C. Dort

Incomplete Endochondral Ossification of the Otic Capsule, A Variation in
Children: Evaluation of Its Prevalence and Extent in Children with and
without Sensorineural Hearing Loss  SE Sanverdi, B. Ozgen, A. Dolgun,

and S. Sarac

High-Resolution CT Findings in Children with a Normal Pinna or Grade |
Microtia and Unilateral Mild Stenosis of the External Auditory Canal
R Jacob, S. Gupta, B. Isaacson, J.W. Kutz Jr, P. Roland, Y. Xi, and T.N. Booth

PEDIATRICS

Advanced Fiber Tracking in Early Acquired Brain Injury Causing Cerebral
Palsy F. Lennartsson, L. Holmstrém, A.-C. Eliasson, O. Flodmark, H. Forssberg,
J.-D. Tournier, and B. Vollmer

Apparent Diffusion Coefficient Scalars Correlate with Near-Infrared
Spectroscopy Markers of Cerebrovascular Autoregulation in Neonates
Cooled for Perinatal Hypoxic-Ischemic Injury A Tekes, A. Poretti,

M.M. Scheurkogel, TA.G.M. Huisman, J A. Howlett, E. Algahtani, J.-H. Lee, C. Parkinson,

K. Shapiro, S.-E. Chung, J.M. Jennings, M.M. Gilmore, C.W. Hogue, L.J. Martin, R.C. Koehler,
F.J. Northington, and J.K. Lee

MRI Characteristics of Globus Pallidus Infarcts in Isolated Methylmalonic

Acidemia EH. Baker, JL. Sloan, N.S. Hauser, A.L. Gropman, D.R. Adams, C. Toro,
. Manoli, and C.P. Venditti

PERIPHERAL NERVOUS SYSTEM

Diffusivity Measurements Differentiate Benign from Malignant Lesions in
Patients with Peripheral Neuropathy or Plexopathy EL Yuh, S. Jjain Palrecha,
G.M. Lagemann, M. Kliot, P.R. Weinstein, N.M. Barbaro, and C.T. Chin

SPINE

Vertebral Augmentation for Neoplastic Lesions with Posterior Wall
Erosion and Epidural Mass  A. Cianfoni, E. Raz, S. Mauri, S. Di Lascio, M. Reinert,
G. Pesce, and G. Bonaldi

Double Inversion Recovery Sequence of the Cervical Spinal Cord in
Multiple Sclerosis and Related Inflammatory Diseases | Riederer,

D.C. Karampinos, M. Settles, C. Preibisch, J.S. Bauer, J.F. Kleine, M. Muhlau, and C. Zimmer

BOOK REVIEWS RM. Quencer, Section Editor
Please visit www.ajnrblog.org to read and comment on Book Reviews.



CALL FOR AJNR EDITORIAL
FELLOWSHIP CANDIDATES

ASNR and AJNR are pleased
once again to join efforts
with other imaging-related
journals that have training
programs on editorial
aspects of publishing for
trainees or junior staff

(3-5 years after training),
including Radiology
(Olmsted fellowship),

AJR (Figley and Rogers
fellowships), and Radiologia.

2015 Candidate Information and Requirements

GOALS

« Increase interest in “editorial” and publication-related activities in younger individuals.

« Increase understanding and participation in the AJNR review process.

« Incorporate into AJNR’s Editorial Board younger individuals who have previous experience in the review
and publication process.

« Fill a specific need in neuroradiology not offered by other similar fellowships.

« Increase the relationship between “newer” generation of neuroradiologists and more established
individuals.

e Increase visibility of AJINR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP

« Serve as Editorial Fellow for one year. This individual will be listed on the masthead as such.

« Review at least one manuscript per month for 12 months. Evaluate all review articles submitted to AJNR.

e Access to our electronic manuscript review system will be granted so that the candidate can learn how
these systems work.

« Be involved in the final decision of selected manuscripts together with the Editor-in-Chief.

« Participate in all monthly Senior Editor telephone conference calls.

« Participate in all meetings of the Editors and Publications Committee during the annual meetings of ASNR
and RSNA as per candidate’s availability. AINR/ASNR will not provide funding for this activity but may
offer a discounted fee for its annual meeting.

« Evaluate progress and adjust program to specific needs in biannual meeting or telephone conference with
the Editor-in-Chief.

* Write at least one editorial for AJNR.

« Embark on an editorial scientific or bibliometric project that will lead to the submission of an article to
AJNR or another appropriate journal as determined by the Editor-in-Chief. This project will be
presented by the Editorial Fellow at the ASNR annual meeting.

* Serve as liaison between AJNR and ASNR’s Young Professionals Network and the 3 YPs appointed to AJNR
as special consultants. Participate in meetings and telephone calls with this group. Design one
electronic survey/year polling the group regarding readership attitudes and wishes.

« Recruit trainees as reviewers as determined by the Editor-in-Chief.

« Participate in Web improvement projects.

« Potentially become a member of AJNR'’s Editorial Board at the end of the fellowship.

« Invite Guest Editors for AJNR's News Digest to cover a variety of timely topics.

QUALIFICATIONS

« Be a fellow in neuroradiology from North America, including Canada (this may be extended to include other
countries).

« Be a junior faculty neuroradiology member (< 3 years) in either an academic and private environment.

« Provide an “end” of fellowship report to AJNR’s Editor-in-Chief and ASNR'’s Publications Committee.

« Be an “in-training” or member of ASNR in any other category.

APPLICATION

« Include a short letter of intent with statement of goals and desired research project. CV must be included.

* Include a letter of recommendation from the Division Chief or fellowship program director. A statement of
protected time to perform the functions outlined is desirable.

« Applications will be evaluated by AJNR'’s Senior Editors and the Chair of the Publications Committee prior to
the ASNR meeting. The name of the selected individual will be announced at the meeting.

« Applications should be received by March 3, 2015 and sent to Ms. Karen Halm, AJNR Managing Editor,
electronically at khalm@asnr.org.
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Trevo® XP ProVue Retrievers

See package insert for complete indications,
complications, warnings, and instructions
for use.

INDICATIONS FOR USE

The Trevo Retriever is intended to restore blood flow in
the neurovasculature by removing thrombus in patients
experiencing ischemic stroke within 8 hours of symptom
onset. Patients who are ineligible for intravenous tissue
plasminogen activator (IV t-PA) or who fail IV t-PA therapy
are candidates for treatment.

COMPLICATIONS

Procedures requiring percutaneous catheter introduction
should not be attempted by physicians unfamiliar with
possible complications which may occur during or after
the procedure. Possible complications include, but are
not limited to, the following: air embolism; hematoma or

hemorrhage at puncture site; infection; distal embolization;

pain/headache; vessel spasm, thrombosis, dissection, or
perforation; emboli; acute occlusion; ischemia; intracranial
hemorrhage; false aneurysm formation; neurological
deficits including stroke; and death.

COMPATIBILITY

3x20 mm retrievers are compatible with

Treva® Pro 14 Microcatheters (REF 90231)

and Trevo® Pro 18 Microcatheters (REF 90238).

4x20 mm retrievers are compatible with

Trevo® Pro 18 Microcatheters (REF 90238). Compatibility
of the Retriever with other microcatheters has not been
established. Performance of the Retriever device may be
impacted if a different microcatheter is used.

The Merci® Balloon Guide Catheters are recommended
for use during thrombus removal procedures.

Retrievers are compatible with the

Abbott Vascular DOC® Guide Wire Extension (REF 22260)
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WARNINGS

e Contents supplied STERILE, using an ethylene oxide (EQ)
process.Nonpyrogenic.

* To reduce risk of vessel damage, adhere to the following
recommendations:

— Take care to appropriately size Retriever to vessel
diameter at intended site of deployment.

— Do not perform more than six (6) retrieval attempts in
same vessel using Retriever devices.

— Maintain Retriever position in vessel when removing
or exchanging Microcatheter.

© To reduce risk of kinking/fracture, adhere to the following
recommendations:

— Immediately after unsheathing Retriever, position
Microcatheter tip marker just proximal to shaped
section. Maintain Microcatheter tip marker just
proximal to shaped section of Retriever during
manipulation and withdrawal.

— Do not rotate or torque Retriever.

— Use caution when passing Retriever through stented
arteries.

Do not resterilize and reuse. Structural integrity and/or
function may be impaired by reuse or cleaning.

o The Retriever is a delicate instrument and should be
handled carefully. Before use and when possible during
procedure, inspect device carefully for damage. Do not
use a device that shows signs of damage. Damage
may prevent device from functioning and may cause
complications.

© Do not advance or withdraw Retriever against resistance
or significant vasospasm. Moving or torquing device
against resistance or significant vasospasm may result in
damage to vessel or device. Assess cause of resistance
using fluoroscopy and if needed resheath the device to
withdraw.

o |f Retriever is difficult to withdraw from the vessel, do
not torque Retriever. Advance Microcatheter distally,
gently pull Retriever back into Microcatheter, and
remove Retriever and Microcatheter as a unit. If undue
resistance is met when withdrawing the Retriever into
the Microcatheter, consider extending the Retriever
using the Abbott Vascular DOC guidewire extension
(REF 22260) so that the Microcatheter can be exchanged
for a larger diameter catheter such as a DAC® catheter.
Gently withdraw the Retriever into the larger diameter
catheter.

e Administer anti-coagulation and anti-platelet
medications per standard institutional guidelines.

PRECAUTIONS

e Prescription only — device restricted to use by or on order
of a physician.

e Store in cool, dry, dark place.

e Do not use open or damaged packages.

e Use by “Use By" date.

e Exposure to temperatures above 54°C (130°F) may
damage device and accessories. Do not autoclave.

¢ Do not expose Retriever to solvents.

e Use Retriever in conjunction with fluoroscopic
visualization and proper anti-coagulation agents.

e To prevent thrombus formation and contrast media
crystal formation, maintain a constant infusion of
appropriate flush solution between guide catheter and
Microcatheter and between Microcatheter and Retriever
or guidewire.

e Do not attach a torque device to the shaped proximal
end of DOC® Compatible Retriever. Damage may occur,
preventing ability to attach DOC® Guide Wire Extension.
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The 3 Pillars of Health

M. Castillo, Editor-in-Chief

or many years, I undervalued sleep. Why sleep when one can

be up and about? Well, several things have recently caused me
to change my mind. Our understanding of sleep and how it affects
our brains and bodies is rapidly changing, and personal fitness
devices help us keep track of these effects.

Approximately 2 months ago, I bought a personal fitness de-
vice; one of those plastic bands worn around a wrist that have
lately been in the news. Most of these devices rely on accelerom-
eters and altimeters (such as those used in the iPhone and iPad
that allow one to play games by twisting and moving the devices)
and store their data in small computers that then take this infor-
mation to calculate different parameters. With regard to the types
of physical activity analyzed, the performances of these devices
vary and I tend to concentrate on trends rather than specific daily
measures (but by now I know exactly how much I walk when on
clinical service from my office to the reading room and how much
I move during academic days).

With regard to sleep, my device does something called “sleep
efficiency tracking.” After communicating via Bluetooth and
Wi-Fi with my telephone, I get to see the following: total sleep
time, hours of deep and light sleep, and times and duration of
periods in which I was awake. Every few days, it gives me messages
informing that I am sleeping well or need to sleep more such as, “If
you sleep more than 7 hours today, tomorrow you will feel more
rested, confident, beautiful, and smart!” How can one resist such
messages?

In addition (I have not tried it yet), the device has a smart
waking alarm, meaning that it will wake me within 30 minutes of
a selected time based on my REM cycles. Apparently, this elimi-
nates the disconcerted feeling of being woken up in the middle of
adream. In reality, I think that most sleep information it provides
is fairly vague but, again, trends are what count.

One message that my device has sent me several times states
that sleep (the National Sleep Foundation recommends 7-9 hours
per day for adults) helps one lose weight, and this does make
sense. If one is not sleeping well, one is spending more time awake,
which increases the chance of eating and induces fatigue that leads
to more eating (especially carbohydrates) and lesser physical ac-
tivity. Sleep deprivation produces a “double hit” to the brain in
this regard: there is a sharp reduction in frontal lobe activity lead-
ing one to misjudge hunger and eat more junk and also leading to
an exaggerated activation of reward centers (mostly the amygda-
lae) after eating. One meta-analysis of nearly 700 published stud-
ies showed that both adults and children who are short sleepers
have an increased risk of obesity." In a different study, 12 men
were allowed a full night of sleep (8 hours) followed by a partial
night of sleep (4 hours); after the latter, the men were hungrier
upon waking up and ate more during the day (22%).> Acute par-
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tial sleep leads to increased serum levels of ghrelin (a hunger hor-
mone) and decreased levels of leptin (a satiety hormone). Para-
doxically, sleeping less leads to increased metabolism and extra
burning of calories (but on average just a paltry 111 calories per
day). However, the compensatory intake of food exceeds this
amount and results in a net weight gain.” Partial sleepers tend to
consume approximately 600 more calories than full-night sleep-
ers, with most of those calories coming from chocolate, desserts,
and potato chips.* Poor food choices are common in the sleep
deprived. One of the authors of this last study speculated that
adenosine, which is a brain metabolic by-product, possibly dis-
rupts neural function by accumulating in the sleep-deprived
brain.” It is conceivable that adenosine accumulation affects the
way we perceive food. Because sleep clears the brain of adenosine,
sleep is the equivalent of chemically rebooting our brains.

Sleep must be terribly important because all animals on earth
doit. A recent article published in Science starts to shed light on its
importance. Rats undergoing natural sleep or sleep induced by
anesthesia increased their brain’s interstitial spaces by 60%.° This
leads to significant exchanges between CSF and interstitial fluid
that result in increased rates of beta-amyloid clearance during
sleep. Apparently, amyloid accumulates during the day and sleep
disposes of it at night. This system is thought to be analogous to
the lymphatic system that clears metabolic waste from the rest of
the body, hence its name: glymphatic system (glial + lymphatic).
Sleep promotes memory consolidation and that is why this pro-
cess is abnormal in the elderly (who sleep less) and in those with
diseases such as Alzheimer, in which amyloid accumulates.

The term “glymphatic system” derives from the fact that the
glial cells are the ones mostly responsible for the exchange of
fluids through their membranes. The glymphatic system is a high-
energy system and that is why it cannot work when the brain’s
energy is being used for other activities such as being awake.
Wakefulness decreases the brain’s fluid exchange capacity by ap-
proximately 95%. Norepinephrine probably serves to control this
fluid exchange. The authors of the Science article speculated that
increased norepinephrine when awake results in increased cell
volume and conversely decreased interstitial volume. Animals
given adrenergic receptor antagonists show increased CSF influx
into their brain’s interstitial space. Thus, rather than sleep, it is
probably wakefulness that primarily regulates the glymphatic sys-
tem. The problem is that once amyloid starts to accumulate in the
brain, sleep cycles are further upset, and the insomnia that occurs
with Alzheimer and other dementias further exacerbates the lack
of clearance of the brain’s noxious substances.

Although the concept of the glymphatic system is today be-
lieved to be related only to amyloid, it is possible that it also plays
a role in the disposal of other proteins such as tau and alpha-
synuclein that are involved in other neurodegenerative disorders,
especially Parkinson disease. Other possible implications of this
mechanism are the increase in migraines and seizures in patients
who sleep poorly. It is conceivable that, in the future, instead of
treating these diseases directly, we could design medications that
enhance the functioning of the glymphatic system and radiotrac-
ers that could be used in vivo to assess their effects. How CSF gets
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into the brain is still unclear, possibly through its external and
ventricular surfaces and the perivascular spaces.

PET imaging with the Pittsburgh compound (PiB-PET) has
shown that shorter sleep duration is associated with higher amy-
loid brain burden.” Other studies have shown that unfragmented
sleep reduces the risk of Alzheimer disease (and decreases the
development of neurofibrillary tangles) and diminishes normal
age-related cognitive decline.® Apnea is another factor that pre-
vents adequate sleep consolidation and though it was thought to
affect mentation by vascular effects on the brain, the worse cog-
nition associated with it could be caused by interruptions of the
glymphatic system function. Of course, one’s inability to consol-
idate sleep is multifactorial and includes comorbidities and ge-
netic and environmental factors among others. Perhaps informa-
tion gathered by personal fitness devices on the sleep patterns of
millions of users will shed more light onto the relationship be-
tween sleep and successful aging. Over 60% of all adults report
trouble sleeping at night, thus the implications of the relationship
between sleep and cognition are staggering.

Regardless of any scientific evidence, sleep is a hot item and
even a new, short e-novella by famous (and very good) author
Karen Russell deals with the subject.” In this short book, America
experiences an epidemic of insomnia and a large corporation de-
cides that sleep is a commodity. Healthy sleepers are urged to
“donate” their sleep to those less fortunate. The fact that sleep is
indeed a commodity is now being used by industries successfully.
Personal fitness and activity tracking devices generated over US
$290 million last year in sales and this is expected to double soon.
Today, there are so many brands that manufacture these personal
fitness devices that choosing one is difficult, particularly if one did
not sleep well the night before.

So, what did I learn about my sleep in the last 2 months of
wearing my Up24 band? Well, only good news. I fall asleep faster
and sleep longer than I thought and have longer periods of deep
sleep than others in my “team” (yes, you cannot only compete for
the most activities but also for the most and best sleep). I have also
become more aware as to how much people care about how I well
sleep: hotels offer me better mattresses, more pillow choices, high-
efficiency sheets and pillow covers, mood lightning and soothing
sounds, calming pulse-point oils, and some will even call before I
go to sleep to remind me to turn my electronic devices off (the
blue wavelength light these devices emit affects the secretion of
melatonin more powerfully than any other type of light). Airlines
lagged behind hotels and now that, at least in business class, the
food is improving, they are concentrating on sleep and offering
natural-fiber bedding, flat-bed seats, noise-cancellation head-
phones, and “radio” stations with only white noise. Why the in-
dustry is doing all of this is not clear to me and in a recent article
in the New York Times, the executive director of the Harvard Med-
ical School Division of Sleep Medicine said, “Sleep is the enemy of
capitalism, you can’t produce or consume when you’re asleep.”'°
In the same article, Dr. Sanna also says that we need to stop think-
ing of sleep as a commodity and a lifestyle choice, but rather as the
third pillar of health together with diet and exercise. Could it be
that living and sleeping better and longer is becoming more im-
portant than just accumulating stuff? I do not think so, but to-
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night I will go to sleep earlier hoping that it will help me be a
smarter and healthier neuroradiologist tomorrow.
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EDITORIAL

Point—TAR: A Useful Index to
Follow-Up Coiled Intracranial
Aneurysms?

L. Pierot, J. Fiehler, and P. White

he Matrix and Platinum Science (MAPS) trial results were

recently published showing that Matrix> coils were not infe-
rior (and not superior) to bare metal coils (BMC) in the treatment
of ruptured and unruptured intracranial aneurysms." In the trial,
626 patients were enrolled in 43 investigational sites from March
2007 to October 2009. Besides being designed to compare the
results of aneurysm treatment with Matrix” and BMC, MAPS was
also designed to evaluate a composite clinical outcome measure
designated as “target aneurysm recurrence” (TAR) that was de-
fined as occurring when a patient experienced any of the following
conditions after his or her initial aneurysm coiling: 1) target an-
eurysm (re)hemorrhage, 2) target aneurysm retreatment, or 3)
death from unknown cause.

As demonstrated by previous studies, there was no significant
difference between Matrix” and BMC regarding aneurysm occlu-
sion (evaluated with modified 3-grade Raymond scale) by core lab
evaluation at the end of the procedure and at 12 months.>> There
was also no significant difference in the arms with respect to
change in aneurysm occlusion evaluated with a 3-grade scale (bet-
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ter, same, worse). Moreover, no significant difference was de-
tected in the clinical evolution in both groups. In fact, the primary
trial end point was TAR and there was no significant difference
between groups (Matrix?*: 13.3%; BMC: 14.6%; P = .76).

Looking in the global population at the TAR events (total: 69),
1 was an unexplained death (1.4% of the events), 4 were rupture/
reruptures (5.8%), and 64 were retreatments of aneurysms that
had not bled after initial treatment (92.8%). Therefore, the over-
whelming majority of TAR events were retreatment not related to
a rupture/rerupture. It means that the primary end point of
MAPS was in fact more or less retreatment.

There were in the protocol no specific indications or even
guidance for aneurysm retreatment; that was entirely at the dis-
cretion of the operator. Unfortunately, and irretrievably for TAR
as a primary trial end point, indications for aneurysm retreatment
are absolutely unclear and no recommendation exists detailing
situations in which retreatment has to be performed. It is clear
that 2 operators facing the same incompletely occluded aneurysm
will frequently not have the same indication for retreatment. In
their recent study regarding retreatment decisions of recurrent
and residual aneurysms, McDonald et al* have shown that the
overall interobserver variability for the decision to retreat was not
more than moderate (intraclass correlation coefficient: 0.50).
This observation is in line with previous analyses.> As outlined by
MAPS investigators themselves, the rate of retreatment is quite
heterogeneous from 1 series to another, with a rate as low as 3% in
both arms of the HELPS trial.® Similarly, in a CLARITY study,
retreatment rate is 3.3% in the BMC group but 9.5% in the Matrix
group.” In the Cerecyte Coil Trial (CCT), retreatment rate was
3.5% in the BMC group and 7.7% in the Cerecyte group.” In
MAPS, retreatment rate (not including bleeding/rebleeding
cases) is 33 of 315 (10.5%) in the BMC group and 31 of 311
(10.0%) in the Matrix*> group. Were BMC less efficacious in
MAPS than in HELPS, CCT, and CLARITY, that such a high
percentage of retreatment was needed (10.5% compared with 3 to
3.5% in HELPS, CCT, and CLARITY)? Or were indications for
retreatment quite different in centers participating in MAPS,
many of which did not participate in HELPS, CCT, or CLARITY?
Is TAR therefore largely a health economy (ie, geographic) effect?

Aneurysm treatment is dedicated to prevention of rerupture
(for ruptured aneurysms) and rupture (for unruptured aneu-
rysms). Indications for treatment of unruptured aneurysms are
already a matter of debate and absolutely not clear. In the same
way, indications for retreatment of incompletely treated aneu-
rysms are also not clear; retreatment should not be cosmetic (to
obtain a nice angiographic result), but again to prevent the risk of
rupture/rerupture. Very little is known regarding the risk of rup-
ture/rerupture of incompletely treated aneurysms. From the In-
ternational Subarachnoid Aneurysm Trial (ISAT), it seems that
the risk of rerupture of coiled aneurysms is extremely low and
remains so for up to 10 years.® From the Cerebral Aneurysm Re-
rupture After Treatment trial, it seems that the status for aneu-
rysm occlusion plays a significant role with aneurysm remnant
having probably a higher risk of rupture/rerupture than neck
remnant.’

Thus, indications for aneurysm retreatment are made on a
case-by-case basis based on various factors including a patient’s

age, initial clinical presentation, potential comorbidities deter-
mining the overall prognosis of the patient, aneurysm remnant
characteristics, aneurysm dynamics over time, and feasibility and
risks of retreatment. These factors will be differently evaluated
from one operator to another; an “aggressive” operator (or an
operator who is paid on an item of service basis rather than annual
salary basis) will probably have wider indications for retreatment
compared with a more “conservative” one.

Evaluating an aneurysm treatment means determining its
safety and efficacy. The way safety has to be evaluated is relatively
clear based on determination of complication rates. This includes
rates of thromboembolic events and intraoperative rupture and
evaluation of neurologic outcome with mRS or other scales at a
given time after the index procedure. Evaluation of efficacy is
more complicated. As the goal of the treatment is to prevent an-
eurysm rupture/rerupture, the best way to evaluate the efficacy of
a given aneurysm treatment is certainly to determine the rate of
rupture/rerupture after aneurysm treatment. However, as these
events are relatively rare, large study populations and/or long fol-
low-up periods are needed to compare the efficacy of 2 different
treatments. Accordingly, the tendency has been to evaluate the
efficacy through the immediate, mid-term, and long-term ana-
tomic results as well as recanalization rate, with the definitions of
recanalization being relatively heterogeneous in the literature.'’
Several scales have been proposed to evaluate aneurysm occlu-
sion; however, the 3-grade Raymond (or Montreal) scale is still
the most commonly used in the literature." Defining efficacy of
aneurysm treatment through the evaluation of aneurysm occlu-
sion is already quite debatable as the link between aneurysm oc-
clusion status and rupture/rerupture is not completely estab-
lished. However, as the risk of rupture/rerupture of a treated
aneurysm is probably at its maximum in cases of aneurysm rem-
nant, evaluation of aneurysm treatment efficacy with angio-
graphic results and recanalization rate is probably acceptable, if
not perfect. In fact, the ISAT data, where endovascular anatomic
results achieved were often crude by today’s standards, rather in-
dicates that the link between occlusion and rupture is limited. The
target aneurysm rebleed rate at 10 years was extremely low and in
only half of that small number of cases did it lead to a poor clinical
outcome.®

As shown before, evaluation of aneurysm treatment efficacy
with TAR is essentially merely evaluating efficacy through the rate
of aneurysm retreatment. As stated by the MAPS investigators,
retreatment is a much more important event to the patient com-
pared with an asymptomatic angiographic finding of residual
aneurysm.

However, it is possible to evaluate aneurysm occlusion sta-
tus objectively in a study singularly when an independent core
laboratory is used and results have an acceptable reproducibil-
ity, whereas aneurysm retreatment decisions cannot be so ob-
jectively evaluated.'? Moreover, volumetric measurement of
aneurysm changes over time as an imaging end point can limit
the variability of visual assessment.'>'* On the contrary, an-
eurysm retreatment is the result of a completely subjective de-
cision process involving the treating physician and the patient
who always has the possibility to refuse the retreatment of the
incompletely treated aneurysm. Moreover, as soon as TAR (re-
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treatment) is used as the primary end point of a trial, it can
certainly modify the indications for retreatment for the pa-
tients included in the trial knowing that the treating physician
cannot be blind regarding the treatment used. TAR transfers
the variability of angiographic evaluation (minimized by
blinded dual core lab reading with inter- and intraobserver
reproducibility assessments) toward the variability of many
therapists who additionally take into consideration far more
variables than just anatomy. This transfer adds great interin-
dividual heterogeneity and additional influencing variables.
MAPS investigators have identified the drawbacks related to
the use of TAR to evaluate aneurysm treatment efficacy, but
still their conclusion is that “target aneurysm recurrence is a
promising clinical outcome measure that correlates well with
established angiographic measurements.” It would have been
effectively surprising to learn that TAR was not well correlated
with aneurysm occlusion status, which would have meant that
completely occluded aneurysm or modest neck remnants have
been retreated.

Defining the appropriate way to evaluate the efficacy of intra-
cranial aneurysm treatment is certainly not simple. The best way
would be the protection afforded by a given treatment against
bleeding/rebleeding as the true clinical end point. However, this
parameter is not feasible as bleeding/rebleeding events are ex-
ceedingly rare after aneurysm treatment even in previously
ruptured aneurysms, let alone unruptured aneurysms. TAR
that is overwhelmingly determined by aneurysm retreatment is
certainly not a good tool as indications for aneurysm retreat-
ment are unknown and very heterogeneous; including from
one country to another, from one center to another, from one
physician to another, not to mention from one day to another
for the same physician. This additional heterogeneity outbal-
ances the positive effect of the clinical relevance of TAR. Eval-
uating efficacy with anatomic results as a surrogate end point is
certainly not perfect, but it is a relatively simple, clinically
meaningful, and a far more reproducible way of doing com-
parison between different aneurysm treatments.
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EDITORIAL

Counterpoint—Target Aneurysm
Recurrence: Measuring What
Matters

C.G. McDougall, S.C. Johnston, A. Gholkar, and A.S. Turk

What Is Target Aneurysm Recurrence?

arget aneurysm recurrence (TAR) has been proposed as a

measure of clinical effectiveness after aneurysm treatment. It
is a composite end point that is meant to capture the clinical
events that are most important to patients after aneurysm treat-
ment, specifically aneurysm rupture and retreatment. Because
sudden unexplained deaths may also be due to aneurysm rupture,
such deaths are conservatively assumed to be due to aneurysmal
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hemorrhage and are included as one of the components of TAR.
Thus, TAR is said to have occurred if =1 of the following hard end
points is experienced by a patient following treatment:

1) Target aneurysm rupture
2) Sudden unexplained death
3) Target aneurysm retreatment.

This effectiveness scale was proposed in the context of the
Matrix and Platinum Science (MAPS) trial, a randomized trial
that enrolled 626 patients and mandated 5 years of clinical follow-
up.' It is hoped that TAR events in MAPS can be correlated with
the core laboratory adjudicated angiographic treatment results.
Thus, it may be possible to better understand how angiographic
outcomes predict future clinical recurrences. One-year results
have been reported, and the 5-year follow-up, upon which future
publications will be based, was completed in October 2014.

TAR Matters Because It Is What Patients Care About
When we treat patients with aneurysms, particularly patients who
have recovered after treatment of a ruptured aneurysm, it is strik-
ing to see how traumatized many of them are, even years after
experiencing an SAH. Like patients with posttraumatic stress dis-
order, many live with fear hanging over them, even if they are told
that the chance of recurrent SAH is exceedingly rare. Recurrent
hemorrhage looms in overwhelming importance in the minds of
these patients, even if this worry is disproportionate to the fre-
quency with which posttreatment hemorrhage occurs.

Retreatment is a major event for a patient. In addition to being
costly, it carries physical risk, and it reminds patients that treat-
ment is imperfect in that it provides only partial protection from
future hemorrhage. Once a patient has been treated and the pro-
cedural risks are no longer an issue, rehemorrhage and retreat-
ment are far and away the 2 events that concern patients most.

If we, in turn, care about what really matters to our patients,
we must track and measure these events and strive to fully
understand why they happen. Only then can we systematically
address and reduce the rates of rehemorrhage and, consequently,
retreatment.

Why “Adequate Occlusion” Is Inadequate
From the inception of aneurysm treatment, the immediate goal of
treatment has been complete aneurysm occlusion. Long experi-
ence with surgical clipping and infrequent recurrent hemorrhages
led to the dogma that surgically obliterated aneurysms rarely re-
bleed. Despite exceptions being reported,” this assumption has
largely carried over to endovascular aneurysm treatment.
Although the definitions of angiographic occlusion after coil-
ing are quite heterogeneous, the most widely used classification
scale is the 3-point Raymond (Modified Montreal) scale.” Recog-
nizing that “complete” aneurysm occlusion after coiling is only
achieved half of the time or less,"*” we have seen creep into the
endovascular literature the concept of “adequate occlusion,”
wherein “complete occlusions” and “neck remnants” are lumped
together as “adequate occlusions.” This concept is based on the
intuitively attractive, but unproven, assumption that rehemor-
rhage is exceedingly rare in aneurysms that have neck remnants
but no residual filling of the aneurysm sac. The implied converse

assumption is that recurrent hemorrhage is only important (if
ever) in aneurysms with residual filling.

Unfortunately, other than the Cerebral Aneurysm Rerupture
After Treatment (CARAT) Trial,® precious few data exist to sup-
port the correlation between completeness of endovascular coil-
ing and the risk of clinical recurrence. As CARAT investigators,
we are very much aware that CARAT had major limitations. For
example, aneurysm occlusion rates in CARAT were derived ret-
rospectively from angiographic reports dictated by physicians
who were self-reporting their treatment results during a period
that predated uniform reporting standards such as the Raymond
scale. It should be abundantly clear that these results would not be
expected to correlate reliably with independent core laboratory
readings, and it is unfortunate that, years later, we still lack pro-
spective evidence reliably correlating angiographic end points
with clinical outcomes. While the findings of CARAT have been
widely referenced, CARAT constitutes level B evidence at best.

In the meantime, this rational-but-unproven assumption of
“adequate occlusion” has been coupled with the belief that we
cannot measure the clinical events that actually matter. Regardless
of how intuitively attractive the angiogram is as an end point,
until the evidentiary vacuum is addressed, the assumption that
angiographic results correlate with patient outcomes is only a cir-
cular argument: “We believe that it matters so we measure it/We
measure it so we believe that it matters.” Once this potentially fatal
error is accepted, the circular logic seems inescapable. Indeed, the
suggestion of Pierot et al® that more accurate volumetric analysis
of residual aneurysm filling would be an improvement perpetu-
ates the circular argument. Only through research that shows
more precisely how angiographic remnants link to the clinical
events that we care about can we resolve this dilemma.

The question is further begged—what do we tell our patients
who have Raymond 3 remnants? That their aneurysm occlusion is
inadequate? Raymond 3 residual is very common, occurring in
roughly 20%-35% of patients in multiple randomized trials."*”
Similarly, deterioration in angiographic occlusion between treat-
ment and early angiographic follow-up is in the range of 35%—
50%.>'% Are these patients shouldering the bulk of rehemor-
rhages while we reassure them by quoting low rehemorrhage rates
that use the entire population (“adequate” and “inadequately”
occluded) as the denominator? We do not and cannot know until
we track, measure, and correlate TAR with angiographic end
points.

TAR: Imperfect but Fundamental

A fair criticism of TAR is that were TAR to be widely adopted,
most TAR events would likely be the result of retreatment—that
is, TAR essentially equals retreatment. It is likely that, as with
angiographic occlusion scales, retreatment as an end point is
more likely to be internally consistent between treatment arms
within a trial but less reliable when used to compare one trial with
another. Because the indications for retreatment are currently un-
clear, practice patterns can vary widely, making comparisons be-
tween trials problematic if the principal measure is essentially the
retreatment rate. Indeed, the MAPS investigators found that in
North America, if the treating physician reported residual aneu-
rysm filling (Raymond 3), retreatment was performed within the
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first year in 49.2% of patients. For centers outside North America,
the comparable retreatment rate was only 19.2%; but with longer
follow-up, the retreatment rate for patients with Raymond 3 re-
sidual rose to 47.6%, a rate not statistically different from the
North American rate (A.S. Turk, DO, unpublished data, 2014).
Given that physicians in both locations behaved similarly in re-
treating patients with Raymond 3 residual aneurysm filling, it is
not clear why retreatment was delayed at centers outside North
America, but the need for longer follow-up is clear.

The most recent data from the International Subarachnoid
Aneurysm Trial (ISAT), reporting follow-up extending beyond 10
years, suggest that despite older technology with questionable
rates of angiographic occlusion, rehemorrhage rates are low but
still roughly triple the rate seen after surgical clipping.'’ We do
not know whether the recurrent hemorrhages happened only in
patients with residual aneurysm filling or to what extent hemor-
rhages occurred in patients with “adequate occlusion.” Moreover,
we do not know what role retreatment— or lack of retreatment—
played in preventing or permitting recurrent hemorrhage. As re-
assuringas it is that ISAT rehemorrhage rates are low, we must not
accept the belief that rates are low enough. Truly understanding
who needs to be retreated is key to driving down the rate of de-
layed rehemorrhage. For now, we remain in the dark regarding
how to manage roughly one-third of our patients—those whom
we all seem to believe have “inadequate occlusion.”

It is our belief that the balance between retreatment and rehe-
morrhage can offset the criticism that TAR equals retreatment
and that retreatment is arbitrary. Completely occluded aneu-
rysms and tiny neck remnants are rarely retreated, so it is primar-
ily aneurysms with residual filling (Raymond 3) that are retreated.
If residual aneurysm filling is the strongest predictor of rehemor-
rhage, it is reasonable to expect that for a given rate of residual
angiographic filling, lower rates of retreatment will ultimately
lead to higher rates of rehemorrhage and vice versa.

For example, if one were to compare the MAPS with the
HydroCoil Endovascular Aneurysm Occlusion and Packing
Study (HELPS) Trial, one would observe that both trials have
similar rates of residual aneurysm filling—approximately one-
third of patients—but dramatically different rates of retreat-
ment (roughly 9% for unruptured aneurysms and 14% for rup-
tured aneurysms in MAPS versus 3% overall in HELPS)."'* If the
presumed inverse relationship between retreatment and rehem-
orrhage holds, then with time, rehemorrhages will eventually
comprise a much higher proportion of TAR in centers where few
retreatments are done, while centers aggressively retreating resid-
ual aneurysm filling may find that their TAR rates are almost
entirely driven by retreatments. With a retreatment rate of only
3% as in HELPS, even a few rehemorrhages would result in re-
hemorrhage becoming a meaningful proportion of the overall
TAR rate. Unfortunately, in HELPS as in many other otherwise
excellent prospective trials, no attempt was made to capture rehe-
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morrhage rates beyond the relatively short-term angiographic
end points, in effect burying the impact of delayed hemorrhage.

Conclusions

Studying the balance between retreatment and rehemorrhage,
specifically correlating TAR with the angiographic results, is the
only viable way to address the issue of retreatment. The question is
not TAR versus the angiographic results, it is how the angio-
graphic results predict what we care about—target aneurysm
recurrence.

Disclosures: C.G. McDougall—RELATED: Consultancy: | am on the Scientific Advi-
sory Board for Covidien and a consultant for MicroVention.
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REVIEW ARTICLE

Cerebrovascular Reactivity Mapping: An Evolving Standard for
Clinical Functional Imaging

J.J. Pillai and D.J. Mikulis
O=

ABSTRACT

SUMMARY: This review article explains the methodology of breath-hold cerebrovascular reactivity mapping, both in terms of acquisition
and analysis, and reviews applications of this method to presurgical mapping, particularly with respect to blood oxygen level-dependent
fMRI. Its main application in clinical fMRI is for the assessment of neurovascular uncoupling potential. Neurovascular uncoupling is
potentially a major limitation of clinical fMRI, particularly in the setting of mass lesions in the brain such as brain tumors and intracranial
vascular malformations that are associated with alterations in regional hemodynamics on either an acquired or congenital basis. As such,
breath-hold cerebrovascular reactivity mapping constitutes an essential component of quality control analysis in clinical fMRI, particularly
when performed for presurgical mapping of eloquent cortex. Exogenous carbon dioxide challenges used for cerebrovascular reactivity
mapping will also be discussed, and their applications to the evaluation of cerebrovascular reserve and cerebrovascular disease will be
described.

ABBREVIATIONS: BH = breath-hold; BOLD = blood oxygen level-dependent; CO, = carbon dioxide; CVR = cerebrovascular reactivity; NVU = neurovascular

uncoupling

eurovascular coupling is the basis for the blood oxygen

level-dependent (BOLD) effect, which refers to the micro-
vascular response to neural activation and the consequent re-
gional decrease in deoxyhemoglobin concentration resulting
from greater oxygen delivery to the microvasculature than oxygen
consumption by the stimulated adjacent neurons.'” In reality,
the BOLD signal is determined by a complex interaction of
changes in CBV, CBF, and the cerebral metabolic rate of oxygen
consumption and other factors such as capillary attenuation and
diameter and hematocrit.* This neurovascular coupling involves
a complex cascade of events at the microstructural, biochemical,
and electrophysiologic levels, which includes many components
such as astrocytes, neurotransmitters, and chemical mediators in
addition to neurons proximally and vascular smooth muscle dis-
tally.”> Excellent reviews of this topic have been provided by
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Koehler et al, 2009,> and Attwell et al, 2010.° In general, it is
thought that neurotransmitters such as glutamate that are re-
leased at synapses bind to separate receptors on astrocytes and
neurons and result in release of various chemical mediators from
each that then directly affect arteriolar smooth-muscle tone. For
example, nitric oxide released from neurons and prostaglandins
released from astrocytes can result in vasodilation.® However,
neurovascular coupling is a complex and incompletely under-
stood process that involves multiple signaling pathways, includ-
ing astrocytic signaling mechanisms involving increases in astro-
cytic calcium levels.”

While in healthy volunteer BOLD fMRI studies and fMRI
studies involving patients without regional hemodynamic altera-
tions or abnormalities of arterial or venous vasculature, the neu-
rovascular coupling cascade can be assumed to be intact, the same
is not necessarily true for patients with intracranial mass lesions,
brain AVMs, cerebral infarctions, or cerebrovascular disease. In
these latter cases, the neurovascular coupling cascade may break
down at any level from the proximal neuronal end (in the case of
nonviable or impaired cortex) to the distal microvascular re-
sponse. This phenomenon is referred to as neurovascular decou-
pling or neurovascular uncoupling (NVU). In most cases in which
electrical activity is present in viable but nevertheless diseased
cortex, the breakdown may occur at the astrocytic, neurotrans-
mitter, or, most often, the vascular “end organ” level. In these
cases, evaluation of cerebrovascular reactivity (CVR) can be a use-
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ful method for detection of NVU potential. NVU is a critical
problem in presurgical fMRI because it can manifest as false-neg-
ative activation on BOLD fMRI tasks. Unlike in the research set-
ting, where the emphasis typically is on reduction of false-posi-
tives (type I statistical errors) by use of stringent statistical
thresholds or use of corrections for multiple comparisons, in clin-
ical presurgical fMRI, the emphasis is on the avoidance of false-
negatives (type II errors). False-negative activation on clinical
fMRI can lead to serious consequences because it may result in
inadvertent resection of eloquent cortex that appears BOLD-“si-
lent” or -“invisible” on BOLD activation maps because it may be
incapable of displaying a robust or even minimal BOLD response
to an appropriate neural stimulus. Similarly, NVU may result, in
some cases, in false-positive activation that could result in insuf-
ficient resection of a lesion such as a tumor, and this may ad-
versely affect the patient’s overall prognosis. In such a setting, the
ability to detect NVU may be critical for patient care because it
may necessitate the use of complementary electrophysiologic
evaluation (ie, intraoperative cortical stimulation mapping) for
the reliable mapping of such eloquent cortex.

It is well-known that in cases of high-grade glioma, tumor
angiogenesis is associated with abnormal vasoactivity and perme-
ability of the neovasculature; thus, NVU is a recognized phenom-
enon in this subset of patients with brain tumor.” However, it has
recently been demonstrated that similar NVU can occur with
lower grade tumors as well.*'° In the case of low-grade gliomas,
the exact mechanism responsible for the NVU is not clear but may
be associated with astrocytic dysfunction related to the infiltrative
tumors. The prevalence of NVU in brain tumors is quite high

according to recent series,®*°

though the examples in these series
suggest that NVU may not necessarily be an all-or-none (ie, bi-
nary) phenomenon, but rather may be present to variable degrees,
resulting in variable degrees of reduction of expected ipsilesional
BOLD activation in eloquent cortical regions and complete ab-
sence of detectable activation only in some cases.'® Detection of
such NVU potential is critical for adequate interpretation of clin-
ical BOLD fMRI activation maps because false-negative activation
may be present, depending on the statistical thresholding used.
Similar NVU can be seen in AVMs due to regional hemodynamic
abnormalities related to the exhaustion of vascular reserve sec-
ondary to arteriovenous shunting and loss of perfusion pressure
or venous congestion with high outflow resistance.

The Breath-Hold Cerebrovascular Reactivity Mapping
Technique

Although hypercapnia challenges have been used in conjunction
with BOLD imaging to very effectively evaluate brain CVR, the
criterion standard technique for such CVR mapping has been
exogenous carbon dioxide (CO,) gas administration during MR
imaging.''”'> The breath-hold (BH) technique offers a simpler
alternative that is easier to implement in the clinical setting and
yet can produce similar increases in arterial CO, levels and resul-
tant similarly useful BOLD CVR maps as those achieved by using
gas-inhalation techniques.'* This technique involves short-dura-
tion BHs, typically in the range of 10-30 seconds, which alternate
with periods of normal breathing. Even BHs that are much
shorter (eg, as short as 3 seconds) may produce brief states of
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hypercapnia that result in measurable BOLD signal changes, but
the robustness of the BOLD response and the number of voxels in
the brain cortex displaying BOLD signal changes increase with the
increasing duration of the BH.">"” In addition, the reproducibil-
ity of such BOLD responses is greater and interscan variability is
minimized with longer BH periods.'>'® While BHs in the range of
20-30 seconds may be feasible for healthy volunteers, in some
patients, such as those with brain tumors, a compromise may be
necessary between ideal BH duration and patient comfort/toler-
ance limits. Furthermore, healthy volunteer studies have shown
that the use of blocks of paced breathing between successive BH
blocks provides a more consistent BOLD baseline from which the
breath-hold BOLD signal response can be extracted, resulting in
more accurate assessment and reduced interscan variability.'*'”

Other studies have suggested that use of end-expiration BHs
results in greater reproducibility than end-inspiration BH tech-
niques because end-expiration offers a more natural resting equi-
librium state involving the diaphragm, lungs, and chest wall be-
fore initiation of a BH challenge.'>'” Thomason and Glover'®
have even suggested that the BOLD response resulting from end-
expiration BHs is slightly different from that of end-inspiration
BHs in that the latter involves more of a biphasic BOLD response,
which is less desirable.'*> One major perceived limitation of BH
techniques for CVR mapping is the problem of compliance-re-
lated poor repeatability in the setting of neurologically impaired
patients. Unlike with exogenous CO, administration, where pre-
cise quantitative assessment of partial pressure of carbon dioxide
and partial pressure of oxygen levels and controlled administra-
tion of inhaled CO, can be assured, with BH techniques, patient
performance can substantially affect these parameters. To allay
these concerns, Bright and Murphy' studied 12 healthy volun-
teers who performed a BH task simulating differing degrees of
task compliance with recording of their expired (end-tidal) gas O,
and CO, levels. They noted that while all BH challenges are asso-
ciated with a mild hypoxia effect in addition to the intended hy-
percapnia, the effect of the hypoxia is minimal, and by using end-
tidal CO, as a regressor in their general linear model analysis,
repeatable measurements of BOLD signal change as a measure of
CVR were possible.13 Furthermore, their results are consistent
with those of Tancredi and Hoge,'® who used a similar BH para-
digm and reported that the mild hypoxia induced by the BH task
did not significantly affect their CVR results.

At Johns Hopkins, we have developed a BH CVR protocol that
has been successfully implemented in approximately 95% of pa-
tients who have undergone routine clinical BOLD fMRI presur-
gical mapping examinations during the past 4 years. The tech-
nique uses 16-second BH blocks that produce consistently robust
BOLD signal changes with minimal patient discomfort. The
much longer regular breathing (control) blocks allow equilibra-
tion of the BOLD signal following each BH hypercapnia chal-
lenge. Unlike the protocol used by Bright and Murphy,'’ which
used end-expiration BHs, at our institution we have adopted end-
inspiration BHs because in our experience, it has been easier for
neurologically impaired patients to perform end-inspiration BHs.
We use a slow, controlled 4-second inspiration before a 16-second
BH period, which is then followed by a 40-second block of self-
paced normal breathing; this cycle is repeated 4 times, and at the



FIG 1. A patient with a left perirolandic low-grade glioma who performed the identical breath-
hold protocol at both 7T and 3T. Notice the higher resolution of the 7T imaging due to inher-
ently higher signal-to-noise ratio; the BH CVR map at 7T (A) was thresholded to 0.5% positive
BOLD signal change during hypercapnia relative to baseline, whereas the BH CVR map at 3T (B)
was thresholded at 0.175% positive BOLD signal change. Comparable results are noted at both

field strengths in terms of NVU detection potential.

end of the last BH period, an additional 20-second period of nor-
mal breathing is incorporated for a total task duration of 4 min-
utes 20 seconds.

Analysis of BH BOLD data is easily accomplished by using a
general linear model approach; however, the modeling of the he-
modynamic response function is based on the hemodynamic re-

sponse function proposed by Birn et al*

to specifically model the
hemodynamic response to a BH task. This modeling takes into
account the relatively longer normal breathing blocks that are
required for equilibration of BOLD signal following each hyper-
capnia challenge. At our institution, a standard 2D single-shot
gradient-echo EPI T2*-weighted BOLD sequence is used for the
BH task on a 3T MR imaging system with the following parame-
ters: TR = 2000 ms, TE = 30 ms, flip angle = 90°, 24-cm FOV,
64 X 64 X 33 acquisition matrix, 4-mm section thickness with
1-mm intersection gap.'’

The advantages of the BH technique in patients with neuro-
logic impairment, compared with exogenous CO, administration
methods, are that no equipment setup time is needed either out-
side or within the MR imaging scanner and there is no need for the
use of a nasal cannula or facemask. Use of facemasks as part of
breathing circuits or gas delivery systems may be uncomfortable
for neurologically impaired patients who may be undergoing
multiple challenging BOLD functional activation paradigms in
the same lengthy MR imaging session, especially with additional
physical constraints imposed by the use of a head coil, head pad-
ding, headphones and video goggles, or other fMRI stimulus-
presentation hardware (eg, screens/mirrors mounted on a head
coil when projector systems are used).

Monitoring of patient task performance can be achieved via
the use of a standard respiratory belt (provided by most major MR
imaging scanner vendors), which is applied by the MR imaging
technologist before the start of the scan session. Real-time moni-
toring of patient task performance can be accomplished via eval-
uation of the respiratory waveform/bellows; if regular frequency
of respirations and consistency of chest wall excursion amplitude
are not observed during the initial run, then the task will be re-
peated, typically with observed improvement in the degree of

task compliance and resultant reduction
of physiologic noise on the brain BOLD
CVR maps.

Despite concerns in research studies
regarding the lack of absolute quantifi-
cation of CVR by using BH CVR mapp-
ing, variable repeatability/reproducibil-
ity, and variable patient compliance, as
discussed above in detail, we have found
such a technique to be perfectly adequate
for regional relative CVR assessment in
the setting of structural brain lesions such
as brain tumors. In such cases, for the de-
tection of NVU potential, we only need to
assess relative CVR (ie, ipsilesional re-
gional CVR relative to normal contralat-
eral hemispheric cortical CVR). Further-
more, we stress the need for patient
practice in a prescan training session for
the following reasons: 1) Assessment of adequate patient task per-
formance can be made, 2) patient familiarity with the task instruc-
tions can ensure excellent task compliance, and 3) patient anxiety
can be minimized before scanner bore entry. The MR imaging
technologist then repeats the instructions for further reinforce-
ment immediately before actual patient performance of the BH
paradigm in the scanner. Such prescan training can be accom-
plished in approximately 5 minutes for most patients and can be
incorporated into a longer prescan training session for clinical
fMRI presurgical mapping examinations. We have reported, in
several articles, the feasibility of the use of our protocol in patients
with brain tumor at 3T.>%'>?! We have observed similar success
at higher field strengths. Figure 1 shows an example of a patient
with a left perirolandic low-grade glioma who performed the
identical BH protocol at both 7T and 3T.

There are some contraindications, however, to the perfor-
mance of the BH task. These include patients with dementia or
profound language-comprehension difficulties and patients with
severe visual impairment who cannot read the visual textual cues
that are used as instructions for the task inside the scanner. Fur-
thermore, patients with a large body habitus who are literally too
large to fit inside the bore of the MR imaging scanner or who are
too large to allow sufficient chest wall excursion within the scan-
ner bore generally cannot perform the BH task. In addition, pa-
tients with severe respiratory disorders such as emphysema or
chronic bronchitis who may have elevated baseline partial pres-
sure of carbon dioxide levels may not experience the same degree
of hypercapnia during performance of a BH task as a person with
normal respiratory status; thus, BOLD CVR mapping using a BH
task may not be successful in these individuals.

Applications of BH CVR Mapping to Presurgical Mapping
The following clinical case exemplifies the value of BH CVR map-
ping in clinical presurgical mapping BOLD fMRI examinations.
Figure 2 demonstrates a 41-year-old ambidextrous (but pri-
marily right-handed) male patient with a large infiltrative nonen-
hancing T2/FLAIR hyperintense left temporal lobe low-grade oli-
goastrocytoma (World Health Organization grade II) who had
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FIG 2. A large left temporal lobe recurrent nonenhancing low-grade oligoastrocytoma in a
41-year-old ambidextrous (but primarily right-handed) male patient. A, The prominent regional
decrease in CVR on the BH CVR maps (thresholded at a positive 0.35% BOLD signal change
during hypercapnia relative to baseline) along the lateral tumor margin as manifested by dis-
continuity of the cortical “ribbon” of red CVR signal change. Although a mild degree of func-
tional Wernicke area activation is seen along the posterosuperior margin of the mass (B), the full
extent of Wernicke area activation and inferior parietal lobule activation could not be reliably
determined in light of the NVU potential suggested by the abnormally decreased regional CVR.
B, Activation from 5 different language tasks (silent word generation in red, sentence comple-
tion in yellow, rhyming in light blue, sentence reading comprehension in green, and passive story
listening in purple), overlaid on both sagittal and axial postcontrast TI-weighted 3D MPRAGE
images. Note the relative paucity of activation overall in the left temporal lobe. The respiratory
bellows are displayed in the bottom half of the figure (C), in which the y-axis represents the
amplitude of the respiratory waveform in arbitrary units, while the x-axis represents the timing
of the respiratory chest wall movements in minutes. Note the periodic chest wall movements
during the breathing blocks of the paradigm and the relatively flat baseline during the breath-
hold blocks. Excellent task performance is noted.

FIG 3. Data from healthy controls showing the relationship between the percentage change in the
BOLD signal as a function of increasing arterial partial pressure of carbon dioxide. Note the sigmoidal
shape of the curve with maximum slope at approximately 40 mm Hg, which is the typical value of
resting arterial CO,. This is the point of maximum reactivity and maximum vascular reserve.

reliably determined. Prominent regional
decrease in CVR on the BH CVR maps in
the lateral left temporal lobe cortex in the
areas of tumoral infiltration strongly sug-
gested NVU in this clinically asymptom-
atic patient. Activation from 5 different
language tasks (silent word generation,
sentence completion, rhyming, reading
comprehension, and passive story listen-
ing) was displayed in both sagittal and ax-
ial anatomic overlays on postcontrast T1-
weighted anatomic images. Note the
relative paucity of language activation in
the left temporal lobe, which is likely to be
due to NVU. The respiratory signal/bel-
lows tracing demonstrates excellent task
performance. In light of these limitations
of fMRI localization, the patient under-
went awake craniotomy with intraopera-
tive cortical-stimulation mapping.

CVR Physiology and Cerebrovascular
Reserve

As flow resistance increases due to either
inflow or outflow obstruction, a vasodila-
tory response will develop in normal seg-
ments of the vasculature to maintain
blood flow. Exhaustion of vascular re-
serve occurs when this compensatory
mechanism reaches a maximum. Under
these conditions, it is thought that no fur-
ther vasodilation is possible even to other
vasodilatory stimuli, including those of
neuronal origin. If neurovascular cou-
pling is exhausted, then blood flow aug-
mentation in response to neural activa-
tion will not occur and BOLD signals will
not show the expected increase, resulting
in type II errors during fMRI experi-
ments. When testing CVR by using a CO,
stimulus in patients with any of the dis-
ease conditions that alter vascular resis-
tance, the manner in which CO, is applied
is the least critical element in assessing the
effect of the disease on tissue reactivity.
More critical are the methods used to an-
alyze the relationship between CO,
changes and blood flow. If the need for
reproducibility is important, then knowl-
edge of arterial CO, levels is critical. The
relationship between CO, and blood flow
follows a sigmoidal curve (Fig 3). Because

undergone previous subtotal resection approximately 2 years be-
fore presentation and now presented with prominent tumor pro-
gression. Although a mild degree of functional Wernicke area
convergent activation was seen along the posterosuperior margin
of the mass, the full extent of Wernicke area activation and infe-
rior parietal lobule (receptive language) activation could not be

10 Pillai Jan 2015 www.ajnr.org

vascular reserve is consumed through compensatory vasodilation
in response to increasing vascular stenosis (resistance), no change
in reactivity will be observed because the sigmoidal curve is rela-
tively linear over a wide range. However, with additional increases
in vascular stenosis, the slope of the curve decreases, indicating a
leveling off of reactivity to the same incremental change in CO,.



FIG 4. CVR map on the right obtained in a patient with high-grade stenosis of the left internal
carotid artery. Red, yellow, and orange indicate degrees of positive BOLD signal during a CO,
stimulus of 10 mm Hg above resting levels. Blue indicates a decrease in BOLD signal representing
steal physiology in the left anterior cerebral artery and MCA territory. This territory would not
be expected to show any response to an fMRI experiment that would activate tissue in the
regions. A standard right-sided finger-tap motor paradigm shows only right-hemispheric acti-
vation. This should not be interpreted to mean that the right hemisphere is controlling right
hand movement. It is a type Il error caused by neurovascular uncoupling.

FIG 5. The slope of the sigmoidal curve decreases secondary to hy-
potension. The vasodilatory response to CO, is reduced because
some vascular reserve is expended to maintain blood flow at normal
levels. Note the red portion of the curve that indicates a drop in flow
with high CO, stimuli. Although not discussed in the article, we be-
lieve that this is a reflection of data points representing steal phe-
nomena. This drop would be expected earlier (smaller elevations in
CO,) in vascular beds exposed to higher proximal resistances as in
carotid stenosis. Adapted with permission from BMJ Publishing Group
Limited. Harper AM, Glass HI. Effect of alterations in the arterial car-
bon dioxide tension on the blood flow through the cerebral cortex at
normal and low arterial blood pressures. J Neurol Neurosurg Psychi-
atry 1965;28:449 -52.

Further increases in stenosis will lead to maximal vasodilation.
The vascular bed cannot respond to further elevations in CO,. At
this point, flow resistance has reached an absolute minimum.
When this condition is observed clinically, blood flow in the af-
fected vascular territory becomes blood pressure—dependent and
hemodynamic transient ischemic attacks or even stroke can oc-
cur. If a global vasodilatory stimulus occurs such as hypotension

or hypercapnia, then steal phenomena
can develop, in which blood flow is di-
rected away from the territory that is
maximally vasodilated. Mapping those
areas in the brain that have this physiol-
ogy is useful for stratifying the risk of isch-
emic injury (2-5 times higher if steal is
present®>%) and for validating the ability
of the tissue to respond to an fMRI stim-
ulus (Fig 4).

The issue becomes more complex,
however, when reserve in the impaired
tissue is not fully exhausted. If the tissue
retains some vasodilatory capacity, then a
small CO, stimulus should elicit a posi-
tive BOLD response. A slightly higher
CO, stimulus, however, may exhaust the
tissue’s reserve; with normal tissue lower-
ing flow resistance to a greater degree,
flow will be directed away from the tissue
with lower initial reserve. The presence or
absence of steal physiology therefore be-
comes dependent on the magnitude of the
applied CO, stimulus and the difference
in vascular reserve between tissue perfusion beds. The importance
of this observation is that a perfusion bed with positive reactivity
at low CO, stimuli may become exhausted and develop negative
reactivity (ie, decreased blood flow in response to higher CO,
levels, ie, steal physiology) (Fig 5).

If a supramaximal stimulus is applied (acetazolamide), then
that vascular territory in the brain with the lowest vascular reserve
may show steal physiology even if there is only marginal steno-
occlusive disease affecting this tissue. Even the normally perfused
brain would be expected to show this effect under a maximal
stimulus because flow resistance (impedance) in gray matter and
white matter perfusion beds differs considerably. White matter—
penetrating arteries have resistances typically >3-4 times higher

2628 T view of the

than those of penetrating arteries in the cortex.
added complexity rendered by the total of these issues, accurate
assessment of the state of CVR deficits requires measurement of
the entire vasodilatory portion of the sigmoidal curve (resting
partial pressure of carbon dioxide level to 15-20 mm Hg above the
resting level). This would require precision control of CO,, pref-
erably holding arterial O, constant while mapping CVR for all
increments of CO, from resting values to marked hypercapnia. In
general, this is impractical without application of CO, protocols
that incorporate this entire range of stimuli. Reasonable estimates
of reactivity can be obtained by using known step changes in CO,
stimuli, such as resting CO, compared with resting CO, + 10 mm
Hg or even with BH techniques. BH techniques, however, pose
unique challenges to CVR analysis to be discussed next.

If follow-up CVR mapping is needed after treatment interven-
tions, then a highly reproducible vasodilatory stimulus is pre-
ferred. If the primary clinical goal is to apply fMRI tools for pre-
surgical localization of eloquent cortex in relation to brain
neoplasms, then reproducibility is not as much of a concern in
this single-use setting. The primary concern under these condi-
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tions is to adequately interrogate the tissue for evidence of ex-
hausted reserve. If one assumes “ideal” conditions by using
“noise-free” BOLD acquisitions, vascular beds that are maximally
vasodilated will show blood flow reductions to tiny elevations in
CO,. Therefore, BH techniques that produce small-but-gradual
increases in CO, would easily detect areas with exhausted reserve.
Furthermore, quantitation of BOLD signal change is not neces-
sary because only the presence of BOLD signal decrease, not the
magnitude of the decrease, is needed to generate maps of ex-
hausted reserve. The elegance of this construct lies in its indepen-
dence from any form of thresholding for distinguishing normal-
from-abnormal perfusion beds. Simply observing the direction of
the change in the BOLD signal in response to the stimulus is all
that is required. CVR maps can then be simplified showing areas
of positive and negative change. The magnitude of change is not
needed.

In real life, the BOLD signal is not perfect and control of CO,
is not perfect. There is considerable noise in BOLD images requir-
ing repeated application of stimuli during image acquisition to
extract signal in a statistically meaningful fashion from the noise.
The well-known low-frequency baseline drift of BOLD signals
must also be accounted for. The CO, stimulus, therefore, must be
large enough to lower the BOLD signal sufficiently to survive the
statistical requirements for significance. Increasing the duration
of image acquisition can also help to improve signal, but there are
practical limits in doing so. Most interesting, absolute adherence
to BOLD signal decreases in response to vasodilatory stimuli may
be too extreme. Small BOLD increases, for example on the order
of a 10% threshold or less, may be acceptable for predicting clin-
ically relevant type II fMRI errors. The real threshold for this is not
currently known. However, if small positive BOLD responses are
considered acceptable, then a greater degree of complexity is in-
troduced into the analysis. If the CO, stimulus is small, it may
become very difficult to distinguish tissue with vascular impair-
ment from normal tissue because both may show positive re-
sponses. If a slightly larger CO, stimulus is then provided, previ-
ously positive-reacting tissue may then show a negative response
when the limit of vasodilation is reached. Because the levels of
CO, achieved with BH CVR are unknown and because the pres-
ence of BOLD signal change in impaired tissue is dependent on
CO, elevations achieved, the final CVR maps would be expected
to have lower prediction accuracy for type II fMRI errors than
those in which tight control of CO, is applied. Nevertheless, it is
foreseeable that population-based BH CVR standardization, in-
cluding duration of BH, number of repeats, minimum BOLD
SNR requirements, and methods of data analysis, should help to
alleviate this issue.

The methods used to analyze breath-hold CVR data deserve
comment. Compared with controlled CO, data in which the stim-
ulus is precisely known, breath-hold CO, levels are unknown and
there is no reference CO, waveform for regression against the
BOLD signal. The relationship between the time the individual
begins breath-holding and the subsequent rise in brain blood CO,
is unknown. Clearly some delay needs to be applied to generate
the highest correlation between CO, and the BOLD signal. We
have empirically found this to be approximately 11 seconds (un-
published data). Another method for assessing this correlation is
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to use the BOLD signal measured from a large purely venous
structure such as the superior sagittal sinus. The temporal pattern
of the signal change can then be used as the regressor for the
correlation analysis. There is, therefore, no need to use a time
delay for compensation because the signal in the brain and the
sagittal sinus is virtually identical in time. However, we have ob-
served differences between CVR maps generated by using the 2
analysis methods. More work in this area is clearly needed to
establish preferred analytic approaches.

Application of Vasodilatory CO, Stimuli

BH results in a gradual increase in arterial CO, concentrations,
but there is considerable uncertainty about the levels of CO,
achieved in the blood. Exogenous administration of CO, is an
attractive alternative because measurement of end-tidal CO, lev-
els is enabled (as opposed to BH). This feature should theoreti-
cally permit accurate quantitation of CVR. In fact, elevation of
arterial CO, concentrations by using exogenous administration
of CO, has been in common use for many years. It is based on the
assumption that sampling end-tidal CO, under these circum-
stances is a reasonable approximation of the actual partial pres-
sure of CO, in the blood. The problem with this assumption is
that end-tidal CO, and partial pressure of CO, are not equivalent
because the method without re-breathing cannot account for the
physiologic gradient between end-tidal CO, and partial pressure
of CO,. In young healthy individuals, the gradient is generally
small but still unknown; therefore, quantitative errors in CVR will
be present. The error will increase as a function of age, body po-
sition, exercise, and the presence of existing pulmonary disease.?’
Furthermore, administration of exogenous CO, can stimulate
ventilation depending on the CO, chemoreflex sensitivity of the
individual so that partial pressure of CO, may not change at all or
may even decrease.?® Therefore, if quantitative CVR is required,
simple mask application of CO, stimuli is unsuitable. The abil-
ity to precisely control arterial blood gasses including CO, and
O, independent of the respiratory rate and tidal volume is
desirable for several reasons. Knowledge of arterial CO, levels
with high temporal resolution enables the application of the
CO, waveform as the preferred regressor against the BOLD
data, yielding more accurate CVR values. Fluctuations in arte-
rial O, will also affect the BOLD signal independent of flow-
related changes caused by CO,. Elimination of this confound is
also desirable.

Reproducibility is important in assessing disease progression/
regression and for determining response to revascularization.
These goals can only be achieved with accurate reproducible stim-
uli. Finally, the ability to precisely control blood gasses opens
considerable opportunities for research in brain blood flow and
brain blood flow control. For example, generating maps of mean
CVR values for a population of controls for each age of life could
be used to detect the effects of disease on the brain vasculature in
a variety of disorders affecting the central nervous system such as
vascular and Alzheimer dementia. There are currently 2 methods
available that enable precise control of arterial blood gasses: the
dynamic end-tidal forcing method® and the prospective end-
tidal targeting method.”"



CONCLUSIONS

BH CVR is simple, inexpensive, and easy to implement clinically
because all that is necessary from the data-collection standpoint is
to confirm that the subject can perform the maneuver as intended
before scanning. The information gained can be extremely useful
in validating the ability of a perfusion bed to respond to a vasodi-
latory stimulus, an essential requirement for applying reliable
fMRI mapping. Limitations do exist, however, that require addi-
tional investigation before widespread use of BH techniques can
be recommended for use in settings other than presurgical plan-
ning. Methodology that enables precise control of arterial blood
gasses is preferred, but even though this methodology is available,
it is not yet universally implemented. Nevertheless the impor-
tance of interrogating blood flow control and the state of vascular
reactivity in the brain is expected to increase, gaining relevance in
both clinical and research environments.
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Are There Differences between Macrocyclic Gadolinium
Contrast Agents for Brain Tumor Imaging? Results of a
Multicenter Intraindividual Crossover Comparison of
Gadobutrol with Gadoteridol (the TRUTH Study)
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ABSTRACT

BACKGROUND AND PURPOSE: Gadobutrol (Gadavist) and gadoteridol (ProHance) have similar macrocyclic molecular structures, but
gadobutrol is formulated at a 2-fold higher (1 mol/L versus 0.5 mol/L) concentration. We sought to determine whether this difference
impacts morphologic contrast-enhanced MR imaging.

MATERIALS AND METHODS: Two hundred twenty-nine adult patients with suspected or known brain tumors underwent two 1.5T MR
imaging examinations with gadoteridol or gadobutrol administered in randomized order at a dose of 0.1 mmol/kg of body weight. Imaging
sequences and T1 postinjection timing were identical for both examinations. Three blinded readers evaluated images qualitatively and
quantitatively for lesion detection and for accuracy in characterization of histologically confirmed brain tumors. Data were analyzed by
using the Wilcoxon signed rank test, the McNemar test, and a mixed model.

RESULTS: Two hundred nine patients successfully completed both examinations. No reader noted a significant qualitative or quantitative
difference in lesion enhancement, extent, delineation, or internal morphology (P values = .69-1.00). One hundred thirty-nine patients had
at least 1 histologically confirmed brain lesion. Two readers found no difference in the detection of patients with lesions (133/139 versus
135/139, P = .317;137/139 versus 136/139, P = .564), while 1 reader found minimal differences in favor of gadoteridol (136/139 versus 132/139,
P =.046). Similar findings were noted for the number of lesions detected and characterization of tumors (malignant/benign). Three-reader
agreement for characterization was similar for gadobutrol (66.4% [k = 0.43]) versus gadoteridol (70.3% [k = 0.45]). There were no
significant differences in the incidence of adverse events (P = .199).

CONCLUSIONS: Gadoteridol and gadobutrol at 0.1 mmol/kg of body weight provide similar information for visualization and
diagnosis of brain lesions. The 2-fold higher gadolinium concentration of gadobutrol provides no benefit for routine morphologic
imaging.

ABBREVIATIONS: GBCA = gadolinium-based contrast agent; GRE = gradient recalled-echo; SE = spin-echo

adobutrol (Gadavist, Gd-BT-DO3A; Bayer HealthCare,
Wayne, New Jersey) and gadoteridol (ProHance, Gd-HP-
DO3A; Bracco Diagnostics, Monroe, New Jersey) are nonionic
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macrocyclic gadolinium-based contrast agents (GBCAs) ap-
proved by the US Food and Drug Administration and other reg-
ulatory bodies for MR imaging of the CNS in adults and children
older than 2 years of age."* The approved routine dose of both
agents is 0.1 mmol/kg of body weight. Structurally, the 2 agents
differ only in that a hydroxypropyl group on the gadoteridol mol-
ecule is replaced by a trihydroxybutyl group on the gadobutrol
molecule.” The published 1 relaxivity values at 1.5T are 4.7-5.2
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L X mmol™! X second™' for gadobutrol and 4.1-4.3 L X
mmol ' X second ! for gadoteridol.** The presence of human
serum albumin has no significant effect on the relaxivity of either
agent because neither exhibits protein binding. The only signifi-
cant difference between the agents is that gadobutrol is formu-
lated at a 1.0-mol/L concentration while gadoteridol, similar to
other GBCAs approved for CNS MR imaging, is formulated at a
0.5-mol/L concentration.

A previous single-center comparison of enhancement effec-
tiveness between the 2 agents suggested the superiority of 1.0-
mol/L gadobutrol over 0.5-mol/L gadoteridol® in a limited study
population (51 patients) with inconsistent, sequence-dependent
differences in quantitative enhancement.

The purpose of this multicenter, multinational study was to
determine, in a larger patient population by using a rigorous
double-blind, randomized, intraindividual, crossover design,
whether 1.0-mol/L gadobutrol has benefit over 0.5-mol/L gad-
oteridol for morphologic brain MR imaging when these agents are
administered at identical 0.1-mmol/kg doses in 2 identical MR
imaging examinations at 1.5T.

MATERIALS AND METHODS

The study was Health Insurance Portability and Accountability
Act—compliant, was conducted according to good clinical prac-
tice standards, and was registered at www.clintrials.gov (reference
NCT01613417). All patients signed an approved informed con-
sent form before enrollment.

Patients

Two hundred twenty-nine patients referred for contrast-en-
hanced MR imaging for known or suspected brain tumors were
enrolled in a consecutive manner at 19 participating centers be-
tween September 2012 and November 2013. The highest number
of patients enrolled at any center was 30. Thirteen centers enrolled
between 9 and 25 patients. The remaining 5 centers enrolled be-
tween 1 and 4 patients. Patients were ineligible if they received any
investigational drug within 30 days before study agent adminis-
tration. Subjects were also excluded if they were to receive any
treatment between the 2 examinations that could affect lesion
visualization (eg, radiation therapy, steroids, or chemotherapy).
Patients were also ineligible if they were pregnant or nursing or
had impaired renal function, congestive heart failure, claustro-
phobia, gadolinium allergy, a cardiac pacemaker, or other contra-
indications to MR imaging.

The 229 enrolled patients (98 men, 131 women; mean age,
55.3 £ 14.4 years; range, 19—86 years) were prospectively ran-
domized to receive contrast agent according to 1 of 2 administra-
tion orders: Gadoteridol was administered first to patients in
group A (n = 113), while gadobutrol was administered first to
patients in group B (n = 116).

MR Imaging

MR imaging was performed on 1.5T systems from several vendors
(Siemens Avanto [n = 26], Sonata [n = 10], Aera [n = 6], Sym-
phony [# = 1], Siemens, Erlangen, Germany; Philips Achieva
[n = 101], Philips Healthcare, Best, the Netherlands; GE Signa
Excite [n = 24], HDx [n = 45], Optima [n = 16], GE Healthcare,

Milwaukee, Wisconsin) using a multichannel head coil. Although
higher field strength 3T systems are widely used, especially for
their advantages for advanced imaging techniques, this study was
performed at 1.5T because these systems are still more commonly
used throughout the United States, Europe, and other areas
worldwide.

A rigorously controlled imaging protocol comprising T1-
weighted spin-echo (SE), T2-weighted fast spin-echo, and T2-
weighted FLAIR acquisitions before contrast injection and T1 SE
and 3D-T1-weighted high-resolution gradient recalled-echo
(GRE) acquisitions after injection ensured protocol uniformity
across sites and within individual patients. Sequence parameters
varied within predefined ranges necessitated by the use of differ-
ent imaging systems. However, the same MR imaging scanner,
imaging planes, section prescriptions, and sequence parameters
were used for both examinations in each patient. Scan parameters
were as follows—for the T1 SE sequence: TR = 333-767 ms, TE =
7.7-16 ms, excitations = 1-3, section thickness = 4—5 mm,
FOV = 17 X 22-28 X 28 cm; for the T1 GRE sequence: TR =
5.3-2050 ms, TE = 1.19-7.24 ms, flip angle = 8°-30°, excita-
tions = 0.8-1, section thickness = 1-3 mm, FOV = 23 X 18—
28 X 28 cm. Parallel imaging was not used for any patient. Axial
scans were all acquired along the inferior callosal plane to ensure
image comparability among scans within patient comparisons
and across patients.

IV contrast-agent administration was performed identically in
both examinations at 0.1 mmol/kg of body weight (0.2 mL/kg for
gadoteridol and 0.1 mL/kg for gadobutrol) by using either a man-
ual bolus injection (n = 207) or a power injector (n = 22). All
injections were followed by a saline flush of up to 30 mL. Each
agent was administered by an independent drug-dispensing per-
son in the order determined by a randomization list to maintain
the study blinding.

Postcontrast image acquisition began at a prespecified time
between 3 and 10 minutes after injection but could vary within
this range, depending on the site-specific protocol. However, the
timing and order of postcontrast sequences were mandated to be
identical for both examinations within each patient. The interval
between MR imaging examinations was >48 hours to avoid car-
ryover effects but <14 days to minimize the chance of measurable
lesion evolution.

Image Evaluation. All images were evaluated by 3 independent
neuroradiologists (S.B., E.B., and T.H with 20, 11, and 24 years of
neuroradiology experience, respectively) who were unaffiliated
with the study centers and blinded to the contrast agent used,
patient clinical and radiologic information, and interpretations
by on-site investigators. Each reader evaluated all patient images
separately and independently on a multimonitor workstation.
The reading consisted of 2 sessions.

Diagnostic Performance. In the first session, each reader evalu-
ated images presented in unpaired, randomized order to deter-
mine the extent of anatomic coverage (complete or partial) and to
rate the overall quality of visualization (nondiagnostic, poor, fair,
good, excellent). Any images rated nondiagnostic would be ex-
cluded from subsequent evaluation.

Next, assessments of diagnostic performance were performed
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by each offsite reader separately for lesions detected in each of the
2 examinations. For this assessment, each reader assigned a diag-
nosis to each detected lesion from a list of 99 possible diagnoses
ratified by the World Health Organization”® that covers the range
of nontumor diagnoses (white matter disease, vascular lesions,
infective/inflammatory disease, infarct, hemorrhage, postopera-
tive or posttreatment changes) and tumor diagnoses (astrocytic
tumors, oligodendroglial tumors, ependymal cell tumors, mixed
gliomas, neuroepithelial tumors of uncertain origin, tumors of
the choroid plexus, neuronal and mixed neuronal-glial tumors, pi-
neal parenchymal tumors, tumors with neuroblastic or glioblastic
elements [embryonal tumors], tumors of the sellar region, hemato-
poietic tumors, germ cell tumors, tumors of the meninges, nonme-
ningothelial tumors of the meninges, tumors of cranial and spinal
nerves, metastatic tumors, and cysts and tumorlike lesions).

For each lesion, readers assigned either a single diagnosis or
could choose to assign differential diagnoses (ie, 2, 3, or > 3 di-
agnoses). With this approach, a confidence score for correct le-
sion diagnosis was determined by using a 5-point scale as follows:
5 (single diagnosis, correctly matched with final TRUTH standard
diagnosis); 4 (2 differential diagnoses, the first or second correctly
matched); 3 (3 differential diagnoses; the first, second, or third cor-
rectly matched); 2 (>3 differential diagnoses; the first, second, or
third correctly matched) or 1 (no match or nondiagnostic images or
lesions confirmed at final diagnosis but not detected at MR imaging).

Subsequent comparisons of diagnostic performance (lesion
detection rate, accuracy for tumor characterization—that is, the
distinction between benign and malignant tumors based on
World Health Organization brain tumor classification) and con-
fidence for lesion characterization were performed for patients
with histologically confirmed brain tumors after biopsy or surgi-
cal resection. For these evaluations, patients with only follow-up
diagnostic data from alternative imaging procedures were ex-
cluded. A fourth independent neuroradiologist (T.F. with 20
years of neuroimaging experience), unaffiliated with the study
centers and blinded to all clinical and radiologic information,
matched the findings of the 3 blinded readers to the final lesion
diagnosis for each patient.

Qualitative and Quantitative Assessment of Diagnostic
Information. Inthe second reading session, qualitative and quan-
titative assessment of images from each patient was performed
with images presented in global matched-pairs fashion. For each
randomized patient number, all images from examination 1 were
displayed simultaneously with the images from examination 2.
Each reader could perform all routine interactive image-manip-
ulation functions (eg, window/level, zoom, pan) on both image
sets. If the postinjection images from either examination were con-
sidered technically inadequate by any of the 3 readers (eg, if artifacts
compromised interpretability), no further assessment was per-
formed for that patient by that reader. Once the readers’ assessments
were recorded and signed off on an electronic Case Report Form, the
database for that reading was automatically locked.

Qualitative Assessment. Technically adequate images were eval-
uated qualitatively for diagnostic information and scored in terms
of the following: 1) overall diagnostic preference, 2) lesion border
delineation, 3) disease extent, 4) visualization of lesion internal
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morphology, and 5) lesion contrast enhancement compared with
surrounding normal tissue. All assessments were performed by
using 3-point scales from —1 (examination 1 superior) through 0
(examinations equal) to +1 (examination 2 superior). For the
various end points, superiority for 1 examination was recorded if
itallowed better separation of =1 lesion from surrounding tissue,
structures, or edema; better definition of lesion extent; clearer
depiction of intralesion features; better difference in signal inten-
sity between lesions and surrounding normal tissue; or depiction
of =1 lesion seen only on that examination.

Quantitative Assessment. Quantitative evaluation was also per-
formed by each reader, independently by using a simultaneous
matched-pairs approach. Signal-intensity (SI) measurements
were made by using ROIs positioned on areas of normal brain
parenchyma and on up to 3 enhancing lesions per patient identi-
fied on postcontrast images from both examinations. Each region
of interest placed on the selected postinjection image from one
examination appeared simultaneously on the corresponding im-
age from the other examination, to ensure that ROIs of equal size
were positioned at identical coordinates on all corresponding im-
age sets. Minor adjustments to ROI position were permitted to
allow for slight differences in patient alignment, always taking care to
avoid inclusion of vessels. When multiple lesions were present, ROIs
were placed on up to 3 of the largest, most conspicuous lesions. A
multimonitor imaging workstation (Aquarius, Version 4.4.1.4; Tera-
Recon, San Mateo, California) was used to determine SI values on a
pixel-by-pixel basis and to calculate the percentage enhancement
(E%) of lesions and the lesion-to-background ratio (LBR) on T1 SE
sequences by using the equations below:

SI of lesion (postcontrast) — SI of lesion (precontrast)

% = -
SI of lesion (precontrast)
X 100
SI of lesion
R= ST of brain
Safety Assessments

Monitoring for adverse events was performed from the time the
patient signed the informed consent form until 24 hours after
administration of the first study agent and then from the moment
the second study agent was administered until 24 hours after ad-
ministration of the second agent. Events were classified as serious
(death, life-threatening, requiring/prolonging hospitalization) or
nonserious (mild [no disability/incapacity; self-resolving], mod-
erate [no disability/incapacity; requiring treatment], or severe
[temporary and/or mild disability/incapacity; requiring treat-
ment]). Decisions on event severity and its relationship to the
study agent (has reasonable possibility or not) were made by the
investigating radiologist.

Statistical Analysis

Power determination was based on the primary efficacy assump-
tion that a 0.1-mmol/kg dose of gadoteridol is noninferior to an
equivalent dose of gadobutrol in terms of global diagnostic pref-
erence. Sample size was calculated (nQuery, Version 6.01; Statis-
tical Solutions, Cork, Ireland) by using the Newcombe-Wilson



FIG 1. Flow chart outlining patient enrollment, drop-out rates, and lesion study populations.

scoring method, which is based on the lower confidence limit for
the difference in paired proportions; an estimated enrollment of
185 subjects was deemed necessary for the lower limit of the ob-
served 2-sided 95% confidence interval for the difference to ex-
ceed —5% with 85% power. If one assumed a patient drop-out
rate of 10%, a minimum enrollment of 206 subjects was planned.

Analysis of blinded reader evaluations was performed by using
the statistical software package SAS, Version 9.2 (SAS Institute,
Cary, North Carolina). The distribution of reader preferences for
the diagnostic information end points was tested by using the
Wilcoxon signed rank test. The Altman general approximate nor-
mal method was used to estimate the 2-sided 95% confidence
interval for the difference in matched-paired proportions.

Differences in quantitative enhancement between gadoteridol
and gadobutrol were analyzed by using a mixed-effects model.
The change from predose was the response variable, and factors
included in the model were patient, period, sequence, study agent,
and predose score. Patient nested within sequence was the ran-
dom effect.

Determinations of diagnostic performance, including 95%
confidence intervals, were performed for patients with histologi-
cally confirmed tumors from biopsy or surgery in terms of the
lesion-detection rate and accuracy for tumor characterization.
Comparison of detection rate and accuracy was performed by
using the McNemar test. Interreader agreement was presented as
percentage agreement and was assessed by using generalized k
statistics. Agreement was classified as excellent (k > 0.8), good
(k = 0.61-0.8), moderate (k = 0.41-0.6), fair (k = 0.21-0.4), or

poor (k = 0.2). An overall mean confi-
dence score = SD for lesion characteriza-
tion was determined from the individual
lesion confidence scores assigned to each
patient. Comparison of mean confidence
scores was performed by using a paired ¢
test. The Fisher exact test was used to
compare the incidence of adverse events
for the 2 agents and overall quality of vi-
sualization. All statistical tests were con-
ducted at a significance level of P < .05.

RESULTS

Patients

All 229 enrolled patients underwent at
least 1 contrast-enhanced MR imaging
examination and were included in the
overall safety population. Twenty patients
discontinued after the first examination
(13/113 [11.5%] after gadoteridol; 7/116
[6.0%] after gadobutrol; P = .165). Rea-
sons for discontinuation included with-
drawal of consent (n = 11), surgical in
tervention (n = 3), mild adverse event
(n = 2), claustrophobia (n = 1), change
of hospital (n = 1), inability to obtain in-
travenous access (n = 1), and lack of en-
hancing lesion (n = 1). Of the remaining
209 (91.3%) patients, 11 were excluded
from the efficacy population because of
protocol violations (study agent doses missing or differing by
>15%, n = 9; differences of >2 minutes between injection and
postdose acquisition start times, n = 2). The final efficacy analysis
population therefore comprised 198 patients, of which 93 (43
men, 50 women; mean age, 54.4 * 14.4 years; range, 19-79) were
randomized to group A, and 105 (47 men, 58 women; mean age,
55.9 = 14.3 years; range, 25— 82 years), to group B (Fig 1). There
were no significant between-group differences in sex (P = .835),
age (P = .463), age groups (18—64 years, =65 years; P = .184),
weight (P = .071), height (P = .503), or race (P = .150)
distribution.

Anatomic coverage was considered complete for all 198 pa-
tients by readers 1 and 3 and for 197/198 patients by reader 2. All
images from both agents were considered diagnostic by all read-
ers, and no images were excluded due to motion degradation.
Readers 1, 2, and 3 considered the overall quality of visualization
to be good or excellent for 91.4%, 89.9%, and 98.5% of patients,
respectively, after gadoteridol, and for 92.9%, 90.4%, and 100% of
patients after gadobutrol with no significant differences noted
(P=.709,P = 1.0, P = .248;readers 1, 2 and 3, respectively). Four
hundred forty-four lesions were identified on-site in these 198
patients (Table 1). Of these lesions, 373/444 (84%) in 181 patients
were diagnosed as tumors (293 [66%] malignant; 80 [18%] be-
nign), while 71/444 (16%) were nontumors. Among these 198
patients, 139 had at least 1 lesion that was confirmed histologically
after biopsy or surgery. In these 139 patients there were 308 le-
sions (tumors and nontumors), which were included in subse-
quent analysis of the lesion-detection rate. Among these 139 pa-
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Table 1: TRUTH standard lesion diagnoses

Specific Diagnosis N =444 (%)
Malignant tumor diagnoses (n = 293) (66%)
Anaplastic astrocytoma (grade IlI) 12(27)
Glioblastoma multiforme (grade 1V) 55(12.4)
Anaplastic oligodendroglioma (grade Ill) 4(0.9)
Anaplastic oligoastrocytoma (grade Ill) 8(1.8)
Ependymoastrocytoma 2(0.5)
Malignant lymphoma 1(0.2)
Metastatic tumors 211(47.5)

Benign tumor diagnoses (n = 80) (18%)

Astrocytoma (grade Il) 2(0.5)
Pilocytic astrocytoma (noninvasive, grade I) 1(0.2)
Oligodendroglioma (grade I1) 1(0.2)
Ependymoma (grade I1) 1(0.2)
Mixed oligoastrocytoma (grade Il) 1(0.2)
Pineocytoma (grade I) 1(0.2)
Pituitary adenoma 5(11)

Craniopharyngioma (grade I) 1(0.2)
Meningioma (grade I) 38(8.6)
Atypical meningioma (grade I1) 9(2.0)
Benign mesenchymal tumor 1(0.2)
Melanocytoma 1(0.2)
Hemangioblastoma (grade 1) 1(0.2)
Schwannoma (neurinoma, neurilemmoma) (grade I) 16 (3.6)
Cysts and tumorlike lesions (epidermoid) 1(0.2)

Nontumor diagnoses (n = 71) (16%)

White matter disease 1(0.2)
Vascular lesion 10(2.3)
Infective/inflammatory disease 2(0.5)
Infarct 1(0.2)
Hemorrhage 1(0.2)
Postoperative/posttreatment changes 56 (12.6)

tients, 128 had 246 lesions that were confirmed histologically as
tumors, while the remaining 11 patients had lesions confirmed
histologically as nontumors. All 246 histologically confirmed tu-
mors were included in assessments of accuracy for tumor charac-
terization (ie, benign-versus-malignant tumors based on World
Health Organization brain tumor classification) and for confi-
dence in brain tumor characterization (Fig 1).

Qualitative Image Assessment
Figure 2 graphically displays the results of the 3 blinded readers
for global diagnostic preference, lesion-border delineation, dis-
ease extent, internal morphology, and qualitative assessment of
contrast enhancement, respectively. No significant differences be-
tween gadoteridol and gadobutrol were noted by any reader for
any parameter. The 95% confidence intervals for all qualitative
assessments confirmed that gadoteridol is not inferior to gad-
obutrol. Agreement among the 3 blinded readers was high for all
assessments, ranging from 82.5% of patients for assessment of
lesion contrast enhancement to 97.9% of patients for definition of
disease extent.

Examples of comparative enhancement between gadoteridol
and gadobutrol are shown in Figs 3 and 4.

Quantitative Evaluation

Readers also recorded lesion signal-intensity measurements rela-
tive to normal brain parenchyma for up to 3 lesions in each pa-
tient. The mean percentage signal enhancement of lesions on T1
SE images was similar for gadoteridol and gadobutrol for all 3
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readers (reader 1: 97.3% versus 96.9% [P = .620]; reader 2: 95.6%
versus 98.8% [P = .451]; reader 3: 92.8% versus 95.3% [P =
772]).

No significant differences between gadoteridol and gad-
obutrol were noted by any reader for pre- to postdose changes in
lesion-to-background ratio on T1 SE images (Fig 5). Similar find-
ings were noted for assessments of T1 GRE images.

Diagnostic Performance

Lesion Detection. No significant differences between agents were
noted by readers 1 and 2 in the number of patients with brain
lesions, while only minimal differences were noted by reader 3
(Table 2). Similarly, no significant differences were noted by read-
ers 1 and 2 in the number of lesions detected. On the basis of 308
lesions included in the analysis, all 3 readers agreed for 70.8%
(k = 0.39) of lesions after gadoteridol administration and for
72.4% (k = 0.47) of lesions after gadobutrol administration. At
the patient level, on the basis of 139 subjects with histopathologic
disease confirmation, all 3 readers agreed in 95.7% (k = 0.44) of
patients after gadoteridol administration and in 95.0% (k = 0.48)
of patients after gadobutrol.

Accuracy for Tumor Characterization. Readers 1 and 2 noted no
significant differences between gadoteridol and gadobutrol for
characterization of detected tumors either at the patient level
or at the lesion level (Table 3). Conversely, improved lesion
characterization with gadoteridol was noted by reader 3. On
the basis of 128 subjects with histologically confirmed brain
tumors, all 3 readers agreed in their assessments for 70.3%
(k = 0.45) of patients after gadoteridol and for 66.4% (k =
0.43) of patients after gadobutrol.

Confidence for Brain Tumor Diagnosis. Of 128 patients with his-
tologically confirmed brain tumors, slightly higher mean confi-
dence scores were assigned in the gadoteridol group (reader I:
3.6 = 1.8 versus 3.3 = 1.9, P = .016; reader 2: 3.6 * 1.5 versus
3.4 *1.6,P=.011;reader3:3.5 * 1.6 versus 3.3 = 1.7, P = .119),
indicating more single diagnoses and fewer differential diagnoses
with gadoteridol. Similar findings were noted for 246 histologi-
cally confirmed tumors (reader 1: 3.5 * 1.8 versus 3.2 * 1.9, P =
.001; reader 2: 3.7 = 1.6 versus 3.4 = 1.7, P < .001; reader 3: 3.3 =
1.7 versus 3.2 = 1.8, P = .033).

Safety

Fifteen (6.8%) patients reported adverse events after gadoteridol
administration. The most frequent events were dysgeusia (n = 4),
nausea (n = 4), and headache (n = 2), followed by “feeling hot,”
lethargy, cough, dyspnea, pruritus, rash, dizziness, vomiting, mi-
graine, urticaria, and vascular rupture. Two events in 2 patients
were local injection site reactions. Eight (3.7%) patients reported
adverse events after gadobutrol administration. These included 1
case of injection site reaction plus dizziness, dysgeusia, headache,
vomiting, paraesthesia, fatigue, dizziness, convulsion, and oro-
pharyngeal pain. There was no significant difference in the inci-
dence of adverse events between the 2 agents (P = .199); no seri-
ous adverse events were reported for either agent.



DISCUSSION
A previous small, single-center, intraindividual study compared
contrast-enhancement effectiveness of 1.0 mol/L gadobutrol and
0.5 mol/L gadoteridol in 51 patients scheduled for neurosurgery.®
Independent injections of gadobutrol and gadoteridol at doses of
0.1-mmol Gd/kg of body weight were administered in random-
ized order. For the primary efficacy variable “preference in con-
trast enhancement for one contrast agent or the other,” the rate of
“gadobutrol preferred” was significantly higher compared with
the rate of “gadoteridol preferred.”®

Other studies have been performed as part of clinical trials for
marketing approval for 1.0 mol/L gadobutrol in Japan® and the
United States.'®"! The study in Japan was a multicenter, single-
blind, randomized, intraindividual crossover comparison con-
ducted in 175 patients.” Each patient underwent 1 MR imaging
examination with gadobutrol and the other with gadoteridol,
each at a dose of 0.1 mmol/kg of body weight, administered twice,

FIG 2. Bar graphs show reader preference and diagnostic results
from 3 independent blinded readers for the following: global diag-
nostic preference (A), border delineation (B), internal morphology (C),
lesion extent (D), and qualitative contrast enhancement (E). Compar-
isons are based on 198 patients for reader 1,194 patients for reader 2,
and 196 patients for reader 3. Each reader expressed no preference
for either agent in the overwhelming number of cases for all 5 assess-
ments. The small number of cases in which 1 agent is preferred is
nearly equally distributed for gadobutrol versus gadoteridol. Note
the very high reader agreement for all measures.

for a total dose of 0.2 mmol/kg of body weight. Imaging was per-
formed after the first and second dose of gadobutrol, but only
after the second dose of gadoteridol. Noninferiority of gad-
obutrol (both doses) to gadoteridol at 0.2 mmol/kg of body
weight was demonstrated. However, a major limitation of that
study is that though a single 0.1-mmol/kg dose of gadoteridol
was administered, no images were acquired and the 2 agents
were not compared at a single dose. Hence, it is not possible to
determine whether a single dose of gadoteridol would have
proved noninferior to a single dose of gadobutrol. The second
phase III clinical trial, which is unpublished, found no differ-
ences between a 0.1-mmol/kg dose of gadobutrol and an equiv-
alent 0.1-mmol/kg dose of gadoteridol for enhanced CNS MR
imaging.”'®"! In this study, no differences were noted in qual-
itative visualization end points (contrast enhancement, lesion
border delineation, and visualization of lesion internal mor-
phology), number of lesions detected, or accuracy for lesion
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FIG 3. A 6l-year-old man with brain metastases from primary lung
cancer. Images were acquired before (A, unenhanced T1 SE) and after
(B, T1 SE; C, high-resolution T1 GRE) administration of gadoteridol and
before (D, unenhanced T1 SE) and after (E, T1 SE; F, high-resolution T1
GRE) administration of gadobutrol. Two lesions clearly seen in both
examinations show no differences in contrast enhancement or in the
size of lesions.

diagnosis. The results of the study are reflected in the current
prescribing information for gadobutrol in the United States."
Our findings confirm that no major differences between gad-
oteridol and gadobutrol are apparent when single 0.1-mmol/kg
doses of each agent are administered to patients with confirmed
brain lesions. Specifically, evaluating images in matched pairs
from =194 patients for qualitative visualization end points, 3
blinded, expert neuroradiologists expressed no preference for ei-
ther agent in most cases. In the few cases in which a reader ex-
pressed preference, the number of preferences for gadobutrol was
approximately equal to the number of preferences for gadoteri-
dol. Similar findings were noted for quantitative enhancement
measurements: No significant differences between gadobutrol
and gadoteridol were noted either for mean percentage signal
enhancement or for pre- to postdose changes in the lesion-to-
background ratio. The interreader agreement for assessment of
images was high in all cases (complete agreement for 82.5%-—
97.9% of patients among qualitative end points). For patients
with histologically confirmed brain tumors, no significant differ-
ences were noted by 2 blinded readers for either lesion detection at
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FIG 4. A 5l-year-old woman with glioblastoma multiforme. Images
were acquired before (A, unenhanced T1 SE) and after (B, T1 SE; C,
high-resolution T1 GRE) administration of gadoteridol and before (D,
unenhanced T1SE) and after (E, T1 SE; F, high-resolution T1 GRE) admin-
istration of gadobutrol. A rim-enhancing mass in the right thalamus
with extension into the posterior interhemispheric region is clearly
seen in both examinations. No differences in contrast enhancement
or in the size of lesions are apparent.

both patient and lesion levels or for characterization of tumors as
malignant or benign. Although 1 blinded reader noted a signifi-
cant benefit for gadoteridol in patients with brain tumors, the
conclusion of our study is that the preference and diagnostic per-
formance of gadobutrol and gadoteridol are similar for imaging of
brain tumors when administered at an approved dose of 0.1
mmol/kg of body weight.

Although the interreader agreement for lesion characteriza-
tion was considered moderate (k = 0.43—0.45), evaluations were
performed in a fully blinded fashion (ie, without access to patient
clinical history or the results of other diagnostic tests), and only
images acquired by using conventional sequences were evaluated
(ie, without the additional information available from advanced
imaging techniques such as perfusion, diffusion, or spectroscopic
imaging). Moreover, at variance with many literature reports,
agreement in this study was determined across 3 readers rather
than 2. Hence, if 2 of the 3 readers agreed in their diagnosis but the
third disagreed (eg, regarding classification of a detected glioma as
grade IIT [malignant] versus grade IT [benign] according to World
Health Organization criteria”®), the overall consensus was dis-



agreement among readers. In this context, overall agreement
across 3 readers for 66.4% of patients (k = 0.43) after gadobutrol
and 70.3% of patients (k = 0.45) after gadoteridol was good.

Two conclusions can be derived from this study. First, findings
demonstrate that the 2-fold higher concentration of gadobutrol in
the commercially available formulation provides no advantage
for morphologic imaging of brain lesions. This conclusion is not
unexpected, given that image acquisition for morphologic imag-
ing of brain tumors typically begins at least 3—5 minutes following
contrast administration, by which time contrast equilibration will
have occurred, which would obviate any potential benefits of a
higher administered concentration.'*'* Second, although 71 re-
laxivity is a major factor for contrast efficacy,'” the slightly dif-
ferent rl relaxivity values for gadobutrol and gadoteridol are
insufficient to show any discernable clinical effect, either for qual-
itative or quantitative lesion enhancement or for diagnostic
performance.

These conclusions are supported by other intraindividual
crossover studies performed at 1.5T comparing these agents with
other GBCAs for brain tumor imaging. Thus, Greco et al'* com-

FIG 5. Blinded reader comparison of mean postcontrast-precontrast lesion-to-background ra-
tio on T1 SE sequences after 0.1-mmol/kg doses of gadoteridol and gadobutrol. No significant

differences were noted by any reader.

pared gadoteridol with gadopentetate dimeglumine (Magnevist
[Bayer HealthCare Pharmaceuticals]; 71: 3.9—4.1 L X mmol ' X
second ~')*® in 80 subjects for the presence of disease, degree of
enhancement, number of lesions, and additional information
gained (lesion-border delineation, improved visualization, dis-
tinction of edema, disease classification, and determination of
recurrent tumor) and found no significant GBCA preference as
determined by 2 blinded readers. More recently, separate pro-
spective multicenter intraindividual crossover studies have com-
pared gadobutrol with gadoterate meglumine (Dotarem [Guer-
36 L X mmol ' X
second ')* in 136 patients’> and gadobenate dimeglumine

(MultiHance [Bracco Diagnostics]; r1: 6.3-7.9 L X mmol ' X
1\4,5
) 5.

bet, Aulnay-sous-Bois, Francel]: rl:

second in 123 patients.'® In the former study,'” significant
preference for gadobutrol over gadoterate meglumine was noted
by 2 of 3 blinded readers for overall preference. However, none of
the 3 readers considered gadobutrol superior to gadoterate me-
glumine for lesion delineation, while only 1 blinded reader noted
minimally significant preference for gadobutrol for the definition
of lesion internal structure. Quantitatively, the percentage lesion
enhancement following gadobutrol was
approximately 9% higher than that fol-
lowing gadoterate meglumine, but this
yielded no significant difference between
the 2 agents for measured contrast-to-
noise ratio, and no differences in the
number of lesions detected with either
agent were observed. In comparison, in
the latter study,'® all 3 blinded readers
demonstrated a highly significant (P <
.0001) preference for the higher relaxivity
0.5-mol/L gadobenate dimeglumine over
1.0-mol/L gadobutrol for all qualitative
end points (lesion-border delineation,
definition of disease extent, visualization
of lesion internal morphology, lesion
contrast enhancement, and global diag-
nostic preference) with good interreader
agreement for all evaluations. In addition,
significant superiority was noted for all
quantitative assessments with a mean dif-

Table 2: Detection of histologically confirmed brain tumors on MR images acquired after administration of 0.1-mmol/kg gadoteridol or
0.1-mmol/kg gadobutrol in 139 patients with 308 brain lesions subsequently confirmed at biopsy or surgery

Reader 1 Reader 2 Reader 3
Lesion Detection Gadoteridol  Gadobutrol  Gadoteridol Gadobutrol Gadoteridol Gadobutrol
No. patients with tumors detected at MRl 133(95.7%)  135(97.1%) 137(98.6%)  136(97.8%)  136(97.8%)  132(95.0%)
P value (95% Cl of difference, %) 317 (—4.2t014) 564 (—17 to 3.2) .046 (0.1t0 5.7)
No. tumors detected at MRI 240 (77.9%) 236 (76.6%) 269 (87.3%) 263 (85.4%) 230 (74.7%) 220 (71.4%)

P value (95% Cl of difference, %) 0.480 (—2.3 to 4.9) 0239 (-13t05.2) 0.018 (0.6 to 5.9)

Table 3: Accuracy for brain tumor characterization on MR images acquired after administration of 0.1-mmol/kg gadoteridol or
0.1-mmol/kg gadobutrol in 128 patients with 246 histologically confirmed brain tumors

Reader 1 Reader 2 Reader 3
Lesion Characterization Gadoteridol Gadobutrol Gadoteridol Gadobutrol Gadoteridol Gadobutrol
No. patients with tumors correctly characterized at MRI 94 (73.4%) 96 (75.0%) 106 (82.8%) 101(78.9%) 93(72.7%) 83 (64.8%)
P value (95% Cl of difference, %) 695(—9.4 10 6.2) J132(—11t0 8.9) .012 (1.8 t0 13.8)
No. tumors correctly characterized at MRI 169 (68.7%) 164 (66.7%) 198 (80.5%) 188 (76.4%) 166 (67.5%) 148 (60.2%)
P value (95% Cl of difference, %) 492(—3.8t07.8) 059 (—0.1to 8.3) .001(3.0 to 11.6)

AJNR Am J Neuroradiol 361423 Jan 2015  www.ajnr.org 21



ference of approximately 22% in the percentage lesion enhance-
ment between gadobenate dimeglumine and gadobutrol.

Together with our findings, these studies suggest that only
rl differences of a certain magnitude are sufficient to elicit
discernable clinical differences in GBCA performance. Thus,
intraindividual studies that have compared GBCAs with simi-
lar r1 relaxivity have generally demonstrated similar image
quality and diagnostic performance,'®'"'* while studies that
have compared GBCAs with higher rI have demonstrated
measurable differences in image preference and diagnostic
performance.'®

In terms of safety, both gadoteridol and gadobutrol, given at a
dose of 0.1 mmol/kg of body weight, were safe and well-tolerated
in patients with suspected or confirmed brain pathology, with no
serious adverse events reported for either agent. The rates of ad-
verse events were similar for the 2 agents and were similar to rates
reported previously for the 2 agents in other comparative studies;
in the phase II/III study performed in Japan, 8 adverse events in 7
(4.3%) patients were reported following cumulative doses of 0.2
mmol/kg of body weight of both gadobutrol and gadoteridol,”
while in a smaller intraindividual comparative study,® neither
agent caused any unexpected or serious adverse events during the
study period.

The principal limitations of our study are that although 198 of
229 enrolled patients were included in the per-protocol efficacy
population, histologic confirmation of disease was available for
only 139 patients, of which only 128 were diagnosed as having
brain tumors. On the other hand, this population size and the
number of confirmed tumors evaluated (n = 246) are comparable
with previous intraindividual comparisons of GBCAs for brain

tumor imaging'*™'®

and should be sufficiently robust to provide a
true reflection of the comparable performance of these 2 GBCAs.
Additionally, a second limitation is that advanced imaging tech-
niques (eg, perfusion, diffusion, and functional techniques) were
not performed. Such techniques are often used to improve the
grading and characterization of brain tumors and might have im-
proved both diagnostic performance and interreader agreement
in this study had they been used. Although previous studies have
compared GBCAs for perfusion imaging,'® future studies might
benefit from including this technique in the imaging protocol.

In summary, the overriding conclusion of our study is that
gadoteridol and gadobutrol confer similar image enhancement
and diagnostic performance when administered under identical
conditions at an approved dose of 0.1 mmol/kg of body weight.
The similar performance of these 2 GBCAs shows that the small
difference in r1 values between the 2 agents does not confer any
diagnostic advantage. Furthermore, our study confirms the find-
ings of a previous multicenter study'®'' showing that the 2-fold
higher gadolinium concentration of the gadobutrol formulation
has no significant impact on routine morphologic imaging of
brain lesions.

CONCLUSIONS

Gadoteridol and gadobutrol at 0.1 mmol/kg of body weight pro-
vide similar qualitative and quantitative imaging results for visu-
alization and diagnosis of brain lesions without any significant
differences in safety or tolerability.
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ORIGINAL RESEARCH
PRACTICE PERSPECTIVES

Interobserver Agreement in the Interpretation of Outpatient
Head CT Scans in an Academic Neuroradiology Practice

G. Guérin, S. Jamali, C.A. Soto, F. Guilbert, and J. Raymond

)

ABSTRACT

BACKGROUND AND PURPOSE: The repeatability of head CT interpretations may be studied in different contexts: in peer-review quality
assurance interventions or in interobserver agreement studies. We assessed the agreement between double-blind reports of outpatient
CT scans in a routine academic practice.

MATERIALS AND METHODS: Outpatient head CT scans (119 patients) were randomly selected to be read twice in a blinded fashion by 8
neuroradiologists practicing in an academic institution during 1 year. Nonstandardized reports were analyzed to extract 4 items (answer to
the clinical question, major findings, incidental findings, recommendations for further investigations) from each report, to identify agree-
ment or discrepancies (classified as class 2 [mentioned or not mentioned or contradictions between reports], class 1 [mentioned in both
reports but diverging in location or severity], 0 [concordant], or not applicable), according to a standardized data-extraction form.
Agreement regarding the presence or absence of clinically significant or incidental findings was studied with k statistics.

RESULTS: The interobserver agreement regarding head CT studies with positive and negative results for clinically pertinent findings was
0.86 (0.77-0.95), but concordance was only 75.6% (67.2%—82.5%). Class 2 discrepancy was found in 15.1%; class 1 discrepancy, in 9.2% of
cases. The k value for reporting incidental findings was 0.59 (0.45—0.74), with class 2 discrepancy in 29.4% of cases. Most discrepancies did
not impact the clinical management of patients.

CONCLUSIONS: Discrepancies in double-blind interpretations of head CT examinations were more common than reported in peer-
review quality assurance programs.

ABBREVIATION: CHUM = Centre Hospitalier de 'Université de Montréal

he delivery of optimal radiology services may require contin-

uous vigilance and perhaps quality assurance interven-
tions." > The content of these interventions may not be evident,
however. In addition, the manner in which the error, discrepancy,
and disagreement should be handled both in theory and in clinical
practice is evolving.*

Discrepancies in peer-review approaches have been known for
along time.”” In 1959, Garland® claimed that radiologists missed
approximately 30% of tuberculosis cases in screening chest x-ray
examinations.” Garland’s report launched a series of investiga-
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tions that continue today. However, there is no consensus on a
standard method or protocol for evaluating errors and discrepan-
cies in imaging reports, and rates published in the literature differ
widely.'>'%"'* Multiple variations in study parameters, including
sampling sources, methods, imaging modalities, specialties, cate-
gories, interpreter training levels, and degrees of blinding, may
have contributed to this wide spectrum.>*°

Recently, CT and MR imaging reports of the head, neck, and
spine were re-read by staff neuroradiologists, and a 2% clinically
significant discrepancy rate was found, an excellent result com-
pared with the 3%—6% radiologic error rates published in general
radiology practices.!>'¢

To anyone who has studied reliability or precision of diagnos-
tic imaging tests, such levels of disagreement between interpreta-
tions may appear unbelievably low. Peer-review quality assurance
“errors and discrepancies” and disagreements in reliability studies
of imaging test interpretations may not measure the same things.
Discrepancies in the reporting of imaging studies can thus be
approached from at least 2 different perspectives.



From a quality assurance point of view, optimal radiology ser-
vices require continuous quality assurance interventions. One re-
portis the true right one, and discrepancies are errors that must be
minimized. Performance can be measured; deviations and outli-
ers can be identified, and appropriate measures can then be taken
to improve performance.'”

A different vocabulary is used when discrepancies are exam-
ined from a scientific point of view. In the typical absence of a
criterion standard of “truth,” the uncertainty is a reality that must
be admitted and taken into account when using imaging reports
for clinical decisions. Reliability and agreement can be measured
by using proper methods, including independent readings; and
concordant or diverging verdicts can be tabulated and summa-
rized, though imperfectly, by using marginal sums and appropri-
ate statistical tools (such as k statistics). No test and certainly no
imaging study requiring an element of interpretation will ever be
perfectly repeatable.

Reconciliation between these 2 perspectives is desirable. The
credibility of quality assurance programs disconnected from scien-
tific methods is shaky. If only errors could be defined, perhaps as
discrepancies beyond “normal discrepancies.” Unfortunately at-
tempts to define an acceptable level of radiologic discrepancy are
probably futile. Multiple variables are at play, and distinctions, even
between acceptable discrepancy and negligence, may remain
blurry."”

To our knowledge, reliability and agreement in the indepen-
dent interpretation of head CT scans by expert neuroradiologists
in a routine academic clinical practice have not been reported. In
contrast to a peer-review approach, examining discrepancies after
independent interpretations of clinical cases in everyday practice
and looking for consensus on discrepant cases may provide a re-
alistic and favorable framework for continuous quality improve-
ment for each and all professionals, rather than the identification
of specific deviant individuals. With this end in view, we studied
the discrepancy in independent double readings of outpatient
head CT scans in an academic practice. We hypothesized that our
study would show a discrepancy rate in the range of =5%.

MATERIALS AND METHODS

The present article was written in accordance with the “Guide-
lines for Reporting Reliability and Agreement Studies” frame-
work.'® A protocol was initially prepared, including a detailed
data-collection form for each interpretation, prespecified plans
for comparing pairs of reports, and statistical analyses. The pro-
tocol was discussed and accepted by all participating radiologists and
by the head of the clinical neuroradiology service. Readers were in-
formed that the identity of the participating radiologists would re-
main anonymous. As part of a pilot quality-improvement program,
the necessity for obtaining informed consent was waived. Nonurgent
outpatient head CT scans were interpreted on a double-blind basis
within 2 consecutive days. The 2 reports were analyzed by 1 author
(G.G.), who filled out the corresponding data-collection forms.

Patients

During 12 months (between July 2012 and July 2013), 119 outpa-
tients (71 women; 48 men; mean age, 60.5 * 15.4 years) with head
CT requests from any outpatient clinic, including a neuro-oncol-

ogy clinic (n = 35,29.4%), were randomly selected from the Cen-
tre Hospitalier de 'Université de Montréal (CHUM), Notre-
Dame Hospital imaging library on a basis of 2—5 cases per week,
on certain weeks only (cases could only be submitted to double
reading when the first adjudicator was available to review reports
in a timely fashion). No formal sample-size calculations were per-
formed because this pilot project was considered exploratory, but
a statistical consultant advised that >100 patients were necessary
to provide meaningful confidence intervals.

Cases were blindly and randomly selected and sent back, just
as a “new case” would be interpreted within the workflow of the
next consecutive day, for an independent re-reading. Cases that,
by chance, happened to be read twice by the same reader were
excluded from analyses (n = 5). CT scans from the emergency
department or performed on hospitalized patients were excluded
for methodologic and ethical considerations. The first report was
automatically erased from the patient file when the second report
became available but was saved in a separate file for this study. In
this fashion, the second reader never had access to the first report,
and head CTs were interpreted twice in a blinded fashion. All
examinations were anonymously integrated in the daily work-
load, and both reports were dictated within 2 consecutive days.
The second readings were made available to clinicians and became
the permanent official report, unless flagged by G.G. When a find-
ing was mentioned in the first but not in the second report, the
second reader was asked to review or discuss the case with the first
reader and amend the report if necessary. When the most inclu-
sive or “safest” report was the second official one, no immediate
revision was undertaken.

Readers

The readings were performed by 8 certified staff radiologists, fel-
lowship-trained and specialized in neuroradiology with clinical
experience ranging from 1 to 37 years (mean, 17.9 * 7.3 years;
median, 17 years). They worked independently, rotating each day
within the same tertiary institution. They were aware that a study
was ongoing but could not guess which patients were included
(<1% of the patients being examined were part of the study).

Data Extraction and Analyses

Each report was analyzed by 1 author (G.G.) to extract the follow-
ing 4 items: 1) response to the question raised by the requesting
physician, 2) major/clinically pertinent findings (defined as re-
lated to the clinical question or requiring immediate management,
such as recent ischemic lesions, tumor evolution or recurrence, acute
sinusitis, and so forth), 3) incidental findings (defined as not being
related to the clinical question and requiring no immediate manage-
ment, such as chronic sinusitis, cerebral atrophy, old lacunar in-
farcts), 4) further investigations being proposed.

Pairs of reports were compared, and agreement was assessed
regarding the following: 1) detection agreement or agreement on
the presence or absence of an abnormal finding, sorting out pos-
itive-versus-negative test results; and 2) agreement on the de-
scription of the findings regarding the 4 previously mentioned
items. For each of the first 3 items (clinical question, major clinically
pertinent finding, and incidental finding), concordance was rated
according to the content of the reports (and not according to the
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Table 1: Agreement among double-blind reports

Concordant Readings (Cl 95%)

Class 2 Discrepancies Class 1 Discrepancies

Clinically pertinent findings
Incidental findings 65.5%

Further investigations

75.6% (n = 90) (67.2%—82.5%)
(n = 78) (56.6%73.5%)

Answer to the clinician’s question 86.7% (n = 85) (78%—-92.5%)
86.6% (n = 103) (79.2%-91.6%)

151% (n = 18)
29.4% (n = 35)
122%(n =12)

9.2% (n =)
5% (n = 6)
1%(n=1)
13.4% (n = 16)

Table 2: Class 2 discrepancies in clinically significant findings

Age (yr) Sex NC or CE Context Discrepancies
1 66 F CE F-up meningioma Progression vs stable
2 82 F CE F-up meningioma Progression vs stable
3 47 M NC F-up subdural hematoma Complete resolution vs partial regression
4 60 F NC F-up hydrocephalus Stable vs progression
5 47 F CE F-up metastasis resection No recurrence vs recurrence suspicion
6 77 M CE Lymphoma Normal vs clival lesion
7 76 M NC F-up pituitary apoplexy Unchanged vs new hemorrhage
8 63 M NC F-up glaucoma Optic nerve atrophy vs normal
9 66 M NC F-up subdural hematoma Persistence vs complete resolution
10 64 F NC Post-op adenoma Residual mass vs normal
n 75 F CE Seizures Schizencephaly vs no mention
12 74 M NC F-up subdural hematoma Rebleeding vs no rebleeding
13 58 F CE F-up metastases No recurrence vs recurrence
14 37 F NC F-up glioblastoma Herniation vs no mention
15 62 F CE Breast CA Choroidal mets suspicion vs no mention
16 77 F NC Dementia White matter disease vs no mention
17 76 M CE Memory loss Cerebral trophy vs no mention
18 42 M CE F-up glioblastoma Progression vs stable

Note:—NC indicates noncontrast CT; CE, contrast-enhanced CT; CA, cancer; F-up, follow-up; Post-op, postoperative; mets, metastases.

FIG 1. Class 2 discrepancies in pertinent findings. A, A patient followed for recurrence of a
resected breast cancer metastasis; one reader reported a recurrence (arrow), whereas the other
observer did not mention this finding. B, A lytic lesion of the clivus (circle) was reported by one

but not the other reader.

clinical significance of the discordance) as the following: not applica-
ble (in the absence of a clinical question or of any finding); 0, concor-
dant; class 1 discordance, the same findings noted in both reports but
in different locations or diverging in severity; class 2 discordance, the
finding was not mentioned in one of the reports or opinions diverged
on the evolution or recurrence of a lesion.

Subsequently, a senior author (J.R.) who had not previously
read any of the examinations reviewed all reports and data-collec-
tion forms (unmasked).

Statistical Analyses

The concordance rates for responses to the clinical questions
raised by the referring physicians, clinically pertinent findings,
incidental findings, and proposed investigations were tabulated to
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provide proportions (with 95% confi-
dence intervals). Class 2 discrepancies in
reporting pertinent clinical findings from
contrast-enhanced and nonenhanced
CTs were compared by using the Fisher
exact test. The Cohen k was calculated
(with 95% confidence intervals) for the
presence/absence of clinically pertinent
findings and incidental findings. « values
were interpreted according to Landis and
Koch."

RESULTS

There were 119 CT examinations; 53
(44.5%) were contrast-enhanced. A clini-
cal question was formulated by the re-
questing physician in 98 cases (82.4%)
and the reader responses were concordant
in 88.1% of cases (95% CI, 80.6%-92.9%). The Cohen « for pos-
itive studies was 0.86 (0.77—0.95) and 0.59 (0.45—0.74) for the
presence/absence of any clinically pertinent findings and for inci-
dental findings, respectively.

Readings were in agreement for 75.6% (67.2%—82.5%), 65.5%
(56.6%—73.5%), and 86.6% (79.2%-91.6%) of clinically pertinent
findings, incidental findings, and recommendations for further in-
vestigations, respectively (Table 1). Rates were similar for the 2 sub-
groups (referred from the neuro-oncology clinic or from all other
clinics).

Class 2 discrepancies in reporting clinically pertinent findings
were found in 18 cases (15.1%). They are summarized in Table 2.

Examples include the presence or absence of a tumor recurrence



FIG 2. Class 2 discrepancies in incidental findings. A, One reader reported a polypoid posterior
nasal lesion (arrow), whereas the other observer did not mention this incidental finding. B, A

pineal cyst (circle) was mentioned in only 1 of the 2 reports.

(n = 4, Fig 1A), the growth of a meningioma (n = 2), the evolu-
tion of chronic subdural hematomas (n = 2), and the presence of
a lytic bone lesion (Fig 1B). These discrepancies were normally
distributed between readers (n = 1, 3, 5, 7, 11, 5, 3, 1 for 36
discrepant reports). There was no significant difference between
contrast-enhanced (n = 9 of 53) and nonenhanced studies (n = 9
of 66, P = .62).

Class 1 discrepancies in clinically pertinent findings were seen
in the interpretation of 11 cases. Examples include the location of
recent ischemic lesions (n = 2), tumor extensions (n = 2), or the
disconnection of a ventricular shunt (n = 1).

Class 2 discrepancies in reporting incidental findings were
seen in 35 cases. Examples include the presence or absence of
white matter disease (n = 10), chronic sinusitis (n = 6), old
strokes (n = 5), atrophy (n = 4), a nasal polyp (Fig 2A), or a
pineal cyst (Fig 2B). Class 1 discrepancies in calling incidental
findings were seen in 6 cases. Examples include the location of
lacunar infarcts (n = 2) or the extension of chronic sinusitis
(n=2).

The senior author confirmed the discrepancies identified by
the first adjudicator in all cases, except for 2 minor modifications
in the categorization of incidental findings.

DISCUSSION
The salient findings of this study are the following: 1) The inter-
observer agreement regarding head CT outpatient studies with
positive and negative findings measured by the Cohen « was 0.86
(almost perfect), but 2) class 2 discrepancies in clinically pertinent
findings were still found in 15% of cases, above the 5% level we
expected from the 3%—6% discrepancy rates reported in previ-
ously published neuroradiologic peer-review studies.>'>'®
Different aspects of study design may explain our results. The
definitions we used were somewhat arbitrary, though they were
inspired from similar studies.'® Perhaps they were rigorously
applied during data extraction. In the absence of standardization
of reporting, some variability in the attribution of categoric ver-
dicts to the content of reports of different styles is inevitable.
The levels of disagreement that we observed are not unheard
of. Robinson et al*® investigated the concordance among 3

independent observers. Their study
showed agreement in 51%, 61%, and
74% of abdominal, chest, and skeletal
x-rays, respectively. They also assessed
performance by calculating k statistics
of interobserver agreement. Weighted k
values between pairs of observers were
higher with skeletal (0.76—0.77) than
with chest (0.63-0.68) or abdominal
(0.50—0.78) examinations. In a meta-
analysis conducted by Wu et al,” the
global discrepancy rate was 7.7% (in-
cluding a major discrepancy rate of
2.4%). The major discrepancy rate var-
ied according to body region: It was
lower for head (0.8%) and spine CT
(0.7%) than chest (2.8%) and abdomi-
nal CT (2.6%). Blinding of the reference
radiologist to the initial report was, however, associated with
higher discrepancy rates compared with studies that lacked
blinding: Not blinding the initial report yielded a much lower
major discrepancy rate (2.0%; 95% CI, 1.4%-2.7%) than with
blinding (12.1%; 95% CI, 4.4%-29.4%).

Hence, we believe that the main reason for the difference be-
tween our results and those of previous studies on discrepancies in
head CT reports is that we used double-blind reporting. A possi-
ble explanation is that knowledge of the initial report may lead to
a “satisfaction of search” error that reduces discrepancies.”

Most quality assurance studies published in the literature have
assessed the discrepancy rates found through a peer-review ap-
proach.>>%%2! In that context, the opinion of the second ob-
server is considered the criterion standard, and discrepancies are
meant to be errors. However, in many cases, the second radiolo-
gist worked in a setting that differs from the normal clinical con-
text. The second interpretation can be biased in many ways, by
knowledge of the first interpretation, knowledge of the identity of
the first interpreter, or even knowledge of the clinical evolution
and outcome of the patient (ie, hindsight bias). Of course, the
second interpreter is also aware that he or she is working within an
audit process.” Other studies that have used a double-blind
method in a much larger number of patients have found lower
discrepancy rates than those reported here.! In this case, we sus-
pect that the medical director or quality assurance radiologist
knowingly working within an audit process may have biased, ac-
cording to a principle of charity, the selective identification of the
most serious discrepancies only. Our study being done in an
anonymous, nonblaming context, with no intent to identify devi-
ant individuals differs from many quality assurance studies and
may explain why more frequent disagreements could be identi-
fied. Fortunately, most discrepancies had minimal clinical impact
in terms of patient management or outcome.

Discrepancies in the present study do not necessarily mean
errors. The use of clinical judgment, in assessing the impact of
calling a suspicious-but-uncertain finding or the pertinence of
reporting an incidental finding, for example, may lead to varia-
tions from one individual report to the other.

Some societies have proposed guidelines for peer-review
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methods or for holding discrepancy meetings.*>**> Many ques-
tions remain unanswered, such as which method ought to be fol-
lowed or which is most efficient.”>*? A survey of practices in the
United Kingdom has recently shown wide variation in discrep-
ancy meetings.”* Larson and Nance® have emphasized that “peer
review can either serve as a coach or a judge, but it cannot do both
well.” There is a recent trend to shift away from the identification
of deviant individuals to the overall improvement of systems and
patient care, to move away from a blame culture to one of contin-
uous feedback, learning from each other’s methods of working
and reporting and from each other’s mistakes.

The work presented here was a pilot project. It was not de-
signed to compete with commercially available peer-review sys-
tems. The process requires the active participation of a dedicated
third physician (in addition to the 2 readers) and is time-consum-
ing. In this particular case, the third physician was a senior resi-
dent, who considered the experience informative and enriching.
Perhaps this pilot project could shed some light on how we should
understand and design methods purported to improve patient
care, including systematic quality assurance peer-review systems
or discrepancy meetings. Neuroradiologists who participated in this
project were initially surprised to see that discrepancies were com-
mon. They have started to exchange opinions on the pertinence of
incidental findings, for example. The sharing of practices in an open-
minded learning context could be a modest but meaningful step,
from solo practices to a richer, more stimulating professional expe-
rience, perhaps more favorable to better radiology services.

Limitations
There were many limitations to this study: The number of cases
was small, the heterogeneity of clinical presentations was modest,
and the technique was restricted to head CT. Not all patients were
represented, for inpatients and cases from the emergency depart-
ment were excluded. Participating radiologists were from a single,
tertiary referral center. The population we studied had a high
prevalence of positive findings. We were careful to explicitly de-
fine categories in advance in the research protocol and to make
judgments as objective as possible, but such categorization as “in-
cidental finding” remains a judgment that may depend on con-
text, interpretation, local culture, and training. The data were ex-
tracted by a single individual, and the review of the data extraction
forms by the second rater was not blinded. We had made that
decision at the time of study design: A blinded second adjudica-
tion could have produced variability in categorization and discrep-
ancies between adjudicators, at the risk of launching an infinite re-
gress. These limitations may have contributed to overestimating
agreement between reports. Yet, discrepancies were more frequent
than those in previous, nonblinded, peer-review reports, a finding
that remains to be confirmed by other double-blind studies.
Comparing reports that widely vary in format and style is fas-
tidious and time-consuming. Some standardization of reporting
may be necessary to ease the identification of discrepancies.
Adopting a rule of keeping the most inclusive report as the official
report, combined with double-blind reading, may increase the
number of “overcalls,” compared with a single reading. Finally,
no attempt was made to determine the real diagnoses, for the
study was focused on agreement and not on diagnostic accuracy.
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We did not try to study the causes of discrepancies. The protocol
neither included a clinical follow-up period, to monitor what ac-
tually happened to study patients, nor tried to evaluate the theo-
retic impact of any report on clinical decisions.

CONCLUSIONS

Double-blind reading of head CT scans can show class 2 discrep-
ancies in 15% of cases. If duplicated, this finding should be taken
into account when planning quality assurance interventions.
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SOCIAL MEDIA VIGNETTE

Social Media and the Neuroradiologist: A Brief Introduction

se of social media by medical professionals is increasing.

Twitter (twitter.com, San Francisco, California) is the so-
cial media platform that has attracted the most attention. Re-
cently, radiologists have used Twitter as a “virtual lounge” to
engage in professional conversations on topics related to their
shared interests or concerns. Twitter has been increasingly
used during scientific national and international meetings as
an effective means of communication. A recent study by
Hawkins (@MattHawkinsMD) et al' demonstrated the in-
creasing trend of Twitter use during the Annual Meetings of
the Radiological Society of North America. Our personal ex-
perience also showed increased and effective use of Twitter
during the Annual Meeting and Chapter Leadership Confer-
ence of the American College of Radiology.

For this year’s American Society of Neuroradiology (ASNR)
Annual Meeting, the hashtag #ASNR14 was registered with
Symplur (Upland, California), a healthcare social media ana-
lytics organization. Hashtags are words or phrases preceded
with the symbol # and serve as tags for following and tracking
conversations and groups of messages. Our on-the-scene ex-
perience and analysis of the aggregated data by Symplur shows
that neuroradiologists have not embraced social media as fast
as other radiologists. A total of 404 tweets using the “ASNR14”
hashtag were logged from May 15 to May 23, 2014 (Fig 1).
These tweets were posted by 51 users, including 11 radiologists
attending the meeting, 12 radiologists not attending the meet-
ing, 8 non-radiologists, and 20 institutional accounts. Of the
total tweets, 56% (227 of 404) were sent by 3 users, all of whom
were radiologists.

Twitter is a microblogging platform that logs almost 340
million tweets (small on-line posts consisting of 140 or fewer
characters) each day. Such platforms are not just the domains
of teenagers; corporations, politicians, the news media, and
social movements have recognized the potential power of these
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new methods of communication and networking.? Familiarity
with such social media provides neuroradiologists with a pow-
erful tool for communication, which can be used for profes-
sional (and personal) purposes.

Common concerns when discussing social media for
healthcare are privacy and patient information confidentiality.
A simple caveat must always be kept in mind: what is posted
remains forever. As such, one should refrain from posting any-
thing that could be offensive to others or embarrassing to the
sender. Many platforms provide options to limit others’ access
to one’s posts per the user’s discretion. However, it is better to
assume that such “firewalls” are not always functional. An-
other concern regarding social media is the potential infringe-
ment of one’s professional life into one’s personal life. Many
people use their Twitter account only for professional pur-
poses and do not post private matters. Others create more than
one account and use each account for a different purpose.

The value of social media for networking is underestimated.
Through the use of hashtags (searchable tags), people from
around the world can find ongoing or past conversations on
topics of interest. They can join these conversations by includ-
ing the same hashtag in their posts, thus allowing an unlimited
number of people to join the conversation, a true “Conversa-
tion Sans Frontiéres.” Some conversations stay on the Web for
potential interested parties who may not be on-line in real
time, and participants can join and engage in them at their
convenience. An off-line user can be invited into conversations by
inclusion of his or her Twitter ID (handle) preceded by “@.” Such
networking potentials offer great value for busy neuroradiologists
and can open new horizons for professional links and research col-
laborations. For those exploring the job market, this platform may be
used for researching job opportunities.’

Twitter has been used in national and international confer-
ences as a means of communication between individuals re-
garding particular sessions as well as a platform for organizers
to make meeting-related announcements. Twitter allows peo-
ple from around the world who are not physically present to
join the conversation and be part of the “think tank.” For ex-
ample, the ASNR 2014 debate session on the role of diffusion
tensor imaging in traumatic brain injury prompted a stimulat-
ing and energetic Twitter conversation between individuals
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FIG1. Frequency of posted tweets related to the 2014 Annual Meeting of the American Society of Neuroradiology (ASNR 2014) from May 15-23,
2014.
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ORIGINAL RESEARCH
BRAIN

Patient Selection for Stroke Endovascular Therapy—
DWI-ASPECTS Thresholds Should Vary among Age Groups:
Insights from the RECOST Study

F. Daniere, K. Lobotesis, P. Machi, O. Eker, I. Mourand, C. Riquelme, X. Ayrignac, J.F. Vendrell, G. Gascou, J. Fendeleur, C. Dargazanli,
R. Schaub, H. Brunel, C. Arquizan, A. Bonafé, and V. Costalat

ABSTRACT

BACKGROUND AND PURPOSE: The purpose of this study was to evaluate the benefits of endovascular intervention in large-vessel
occlusion strokes, depending on age class.

MATERIALS AND METHODS: A clinical management protocol including intravenous treatment and mechanical thrombectomy was
instigated in our center in 2009 (Prognostic Factors Related to Clinical Outcome Following Thrombectomy in Ischemic Stroke [RECOST]
study). All patients with acute ischemic stroke with an anterior circulation major-vessel occlusion who presented within 6 hours were
evaluated with an initial MR imaging examination and were analyzed according to age subgroups (younger than 50 years, 50-59 years,
60—69 years, 70-79 years; 80 years or older). The mRS score at 3 months was the study end point.

RESULTS: One hundred sixty-five patients were included in the analysis. The mean age was 67.4 years (range, 29-90 years). The mean baseline
NIHSS score was 17.24 (range, 3-27). The mean DWI-derived ASPECTS was 6.4. Recanalization of TICI 2b/3 was achieved in 80%. At 3 months, 41.72%
of patients had a good outcome, with a gradation of prognosis depending on the age subgroup and a clear cutoff at 70 years. Only 19% of patients
older than 80 years had a good outcome at 3 months (mean ASPECTS = 7.4) with 28% for 7079 years (mean ASPECTS = 6.8), but 58% for 60— 69
years (mean ASPECTS = 6), 52% for 5059 years (mean ASPECTS = 5.91), and 72% for younger than 50 years (mean ASPECTS = 6.31). In contrast,
the mortality rate was 35% for 80 years and older, and 26% for 7079 versus 5%—9% for younger than 70 years.

CONCLUSIONS: The elderly may benefit from thrombectomy when their ischemic core volume is low in comparison with younger
patients who still benefit from acute recanalization despite larger infarcts. Stroke volume thresholds should, therefore, be related and
adjusted to the patient’s age group.

schemic stroke is the third leading cause of death in France

(fourth in the United States"?), leading to significant disabil-
ity.> The World Health Organization predicts an increasing num-
ber of strokes in Europe during the next 10 years.* Intravenous
recombinant tissue plasminogen activator for cerebral arterial oc-
clusion is the established therapy to date for acute ischemic stroke.
The odds ratio benefit is 1.28 1.7 for a favorable outcome versus
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a placebo™® within 4.5 hours after stroke onset. Initially, being
older than 80 years of age was established as a bad prognostic

7-10and even considered an exclu-

factor in intravenous treatment
sion criterion.” Today, this statement is seen as controversial, with
recent studies having shown that elderly patients would still ben-
efit from IV tPA.'"'? In addition, new therapeutic strategies in
stroke units are increasingly involving adjunctive endovascular
techniques when fibrinolysis is contraindicated or has failed or
when large and proximal intracranial vessels are occluded."*""”
Previous studies have shown that mechanical thrombectomy by
using Stentrievers (Trevo; Stryker, Kalamazoo, Michigan), in par-
ticular new stent retrievers,'® was successful in achieving a high
rate of arterial recanalization and favorable clinical outcome in
large-vessel occlusion.'®>! Nevertheless, inclusion and exclusion
criteria for these new invasive strategies are still being evaluated
and may need to be optimized to avoid futile recanalization, par-
ticularly for fragile patients. The purpose of this study was to
investigate the benefits and safety of these new recanalization de-
vices according to age subgroups.



MATERIALS AND METHODS

Data Selection

From September 2009 to May 2012, a management protocol in-
cluding intravenous therapy and mechanical thrombectomy was
instigated in our center RECOST study, which followed discus-
sion and consensus agreement among our neurologists, neurora-
diologists, and anesthetists. Prospective data collection via a spe-
cific stroke data base was organized under the supervision of
dedicated clinical research assistance. Acceptance by the institu-
tional ethics committee of Montpellier—Centre Hospitalier Uni-
versitaire was also obtained. Only anterior circulation strokes
were retrieved from this data base to select a more homogeneous
stroke population. At the time of the study, 211 patients had been
entered and 165 were retrieved for analysis, from which 151 had
completed follow-up assessment at 3 months. Patients were di-
vided following age subgroups: younger than 50 years, between 50
and 59 years, between 60 and 69 years, between 70 and 79 years,
and older than 80 years.

Initial Neurologic Examination

At first, a stroke neurologist systematically evaluated all patients
with the suspicion of an acute ischemic stroke and assessed the
severity of the neurologic deficit by using the National Institutes
of Health Stroke Scale score.

MR Imaging Protocol

A comprehensive acute brain MR imaging examination with
MRA was performed as part of the initial patient work-up. MR
imaging examinations were performed by using a 1.5T whole-
body MR imaging system (Magneton Avanto; Siemens, Erlangen,
Germany), equipped with a standard 16-channel receive-only
head-neck coil. Standardized imaging protocol covering the en-
tire brain included an axial isotropic diffusion-weighted echo-
planar spin-echo sequence with b=0and b=1000 s/mm? (TR/TE,
4900/90 ms; 25 sections; section thickness, 5 mm; gap, 0 mm;
voxel size, 1.9 X 1.9 X 5 mm?; acquisition time, 44 seconds), axial
T2*-weighted gradient-echo sequences, fluid-attenuated inver-
sion-recovery sequences, and axial T2. T2 gradient-echo imaging
was performed to screen for intracranial hemorrhage. DWI se-
quences were acquired, as was an apparent diffusion coefficient
map to identify the infarct core. The Alberta Stroke Program Early
CT Score, calculated on DWI, was used to assess and quantify the
infarct core.”>**> FLAIR and T2 were also used to corroborate
information regarding the time from symptom onset. FLAIR can
assess slow flow in the distal territory, showing bright vessels,
which are associated with good outcome after recanalization with
IV treatment. Parenchymal FLAIR hypersignal was used by the
neurologic team to decide on IV treatment but did not interfere
with the decision-making for mechanical treatment. When the
FLAIR findings were negative, the T2 was cancelled to shorten
the examination. When they were positive, the T2 was performed
to confirm a physiologic aging of the infarct suspected on the
FLAIR. Then, a high-spatial-resolution 3D contrast-enhanced
MR angiography with centric k-space ordering was performed
just before the perfusion imaging with a fast-spoiled gradient re-
focused-echo sequence in the coronal plane: (TR/TE, 3.44/1.2 ms;
flip angle, 28°% FOV, 300 X 197 mm; voxel size, 1 X 0.8 X 0.7

mm?). One hundred four sections with a thickness of 0.7 mm in
the coronal plane, providing arterial coverage from the aortic arch
to the cranial vertex, were obtained during a 22-second acquisi-
tion. A phase-contrast solution (0.2 mL/kg, 0.5-mmol/kg Gd-
DTPA) was then injected and flushed with 20 mL of saline at 2
mL/s for the contrast-enhanced MRA acquisition. It depicts in-
tracranial and extracranial large-vessel occlusion. If the clinical/
radiologic mismatch was not clear, a gradient-echo echo-planar
imaging sequence (TR/TE, 1420/25 ms; 25 sections; section thick-
ness, 5 mm; gap, 0 mm; pixel size, 1.8 X 1.8 X 5 mm?”; 65 dynamic
frames at intervals of 2 seconds) was performed synchronized with
an intravenous contrast agent injection (0.5-mmol/kg Gd-DTPA)
with a flow rate of 6 mL/s followed by a flush of 20-mL saline. These
perfusion-weighted images were used to assess a diffusion/perfusion
mismatch. If the clinical/radiologic mismatch appeared to be self-
evident (ie, an ASPECTS 8 with an NIHSS score of 18), no perfusion
was mandatory because the NTHSS score was considered the main
biomarker of impaired brain perfusion.

The mean time between MR imaging door entrance and MR
imaging ending was 22 minutes. Furthermore, patients with
wake-up stroke are treated routinely in our center on the basis of
the FLAIR sequences. Since 2009, the mechanical recanalization
in our clinical center follows MR imaging selection. A second
neuroradiologist not involved in the initial management reviewed
all MR imaging.

Stroke Management Protocol

Inclusion criteria for endovascular therapy were the following:
proximal major vessel occlusion (middle cerebral artery: proxi-
mal M1, distal M1, M1-M2, M2; intracranial carotid bifurcation;
tandem M1 with an ICA occlusion), all patients with stroke with a
relevant deficit, and a time window of <<6 hours. Exclusion crite-
ria were the following: MR imaging—ASPECTS <5; NIHSS of <8;
and spontaneous NIHSS improvement. The FLAIR/T2 images
were not considered exclusion criteria for mechanical treatment.

An ASPECTS =5 on DWI sequences and an NTHSS of =8
were the only criteria of inclusion written down for the protocol.
Nevertheless, the interventionist and neurologist were systemati-
cally checking for a clinical/radiologic mismatch between DWI
and NIHSS to confirm their decision. If unclear (ie, ASPECTS 5
and NTHSS 9), the PWI/DWI mismatch was studied to confirm
the presence of salvageable brain based on the TTP map, with a
threshold set at +5 seconds (Fig 1).>*?> The volume and the to-
pography of the penumbra were analyzed by the neuroradiologist
regarding the volume ratio (PWI/DWI) and the functional im-
portance of the cortical area involved in this expected salvageable
brain. The main goal was to avoid any futile recanalization.

For all patients with ischemic stroke presenting with a large-
vessel occlusion confirmed on MR imaging, 2 therapeutic options
were proposed, depending on the time from symptom onset and
contraindications to intravenous thrombolysis. Stand-alone
thrombectomy was performed in patients who were outside the
IV fibrinolytic therapeutic window (ie, between 4.5 and 6

hours)?*”

and in patients with any contraindications to IV fibri-
nolysis, (eg, warfarin, anticoagulation therapy with international
normalized ratio of >1.5, recent surgery, or history of hemor-

rhage/hematoma). A combined therapy, including IV fibrinolysis
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FIG 1. Use of DWI/PWI mismatch in patient selection.

(0.9 mg/kg) and thrombectomy, was chosen in all other cases
within 4.5 hours after symptom onset.

Device

Endovascular procedures were performed by using several stent
retrievers (Solitaire FR; Covidien, Irvine, California; Revive; Cod-
man Neurovascular, Raynham, Massachusetts; Trevo). These de-
vices are a stent-based thrombectomy system with a closed-cell
design and a longitudinal split section. They are delivered through
a standard microcatheter (inner lumen diameter of 0.021 inches
or 0.027 inches) via a 0.016-inch nitinol push wire.

Mechanical Thrombectomy Protocol

After MR imaging, the anesthesiologist followed the patient with
stroke to the angiosuite and performed a fast induction while the
interventionist was preparing the table. This general anesthesia
did not delay the routine management and offered very quick
access to the target vessel without patient motion. All procedures
were performed via a femoral artery approach. An 8F or 9F Merci
balloon guiding catheter (Concentric Medical, Mountain View,
California) was introduced through a femoral sheath into the ap-
propriate carotid artery. A 0.21-inch-internal-diameter micro-
catheter, Prowler Select Plus (Codman & Shurtleff, Raynham,
Massachusetts), Vasco 21 (Balt, Montmorency, France), or Head-
way microcatheter (MicroVention, Tustin, California), was nav-
igated distal to the point of occlusion over a 0.014-inch steerable
microwire. The stent retriever was then introduced through the
microcatheter, and the device was deployed across the occluding
thrombus and maintained in place for a few minutes (3—7 min-
utes). After this time, the fully deployed stent retriever and the
delivery microcatheter were gently pulled back together and re-
covered through the balloon guiding catheter. Manual aspiration
was performed through the hemostatic valve during the retrieval
to reverse the flow and to aspirate clot debris eventually present in
the lumen of the guide catheter. The integrity of the stent was
consistently checked after every pass.
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In our protocol, the patient received a full dose of IV fibrino-
Iytics (0.9 mg/kg) when administered as a combined treatment.
No additional IA fibrinolytics were allowed in the protocol to
decrease the hemorrhagic-transformation risk.*®

Recanalization was quantified by the Thrombolysis In Cere-
bral Infarction scale.*® Successful recanalization was defined as
TICI 2b or 3 in all treatable vessels. If the treatable vessel was not
opened to at least TICI 2b with a maximum of 5 passes of the
thrombectomy device, then the treatment was considered failed.
All TICI scores were independently reviewed by a second neuro-
radiologist not involved in the procedure.

Postoperative Management

CT was carried out in the angiogsuite after all procedures were
performed, to screen for immediate hemorrhagic transformation,
any unforeseen procedural complications, or initial blood-brain
barrier disruption, which was defined as an intraparenchymal en-
hancement on a noncontrast CT, just after the mechanical treat-
ment. A further CT or MR imaging was performed at 24 hours.
All 24-hour CT and MR imaging was reviewed by a second
neuroradiologist.

Three-Month Follow-Up

All patients were scheduled for a 3-month evaluation with a stroke
neurologist. The modified Rankin Scale score at 3 months was
recorded’®’! and dichotomized as a favorable outcome with a
score of 0—2 or an unfavorable outcome with a score of 3—6.

Statistical Analysis
For univariate analysis, a global description of the sample was
realized by giving the frequencies for categoric variables. Quanti-
tative variables were described with means and SDs, but also with
median, minimum, maximum, and interquartiles (25th and 75th
centiles) if the distributions were not normal (tested with the
Shapiro-Wilk test). For continuous variables, the comparisons of
means between groups (good Rankin versus bad Rankin) were
performed by using a parametric test (Student ¢ test) or a non-
parametric test (Mann-Whitney U test) if the distributions were
not normal. For categoric variables, the comparisons of percent-
ages between groups (good Rankin versus bad Rankin) were made
by using the x” test or the Fisher exact test if the x> was not valid.
For multivariate analysis, the variables included in the logistic
model were those that have been shown previously to be associ-
ated with studied dependent variables. To determine the relative
importance of the predictor variables with regard to the modified
Rankin Scale score, we performed multivariate analysis by using
logistic regression. A stepwise selection of the variables was used.
Age, NIHSS score on arrival, and duration of the obstruction were
entered into the model as continuous variables. The categoric
variables entered in the model were dichotomous. Odds ratios
and their confidence intervals were calculated. The a-to-enter
and a-to-exit were set at .05. To assess the predictive ability of the
model, we calculated the concordance rate between predicted and
observed responses. The goodness of fit of the logistic regression
model was assessed by using the likelihood ratio test and the Hos-
mer-Lemeshow test. All analyses were 2-tailed, with a P value <
.05 considered statistically significant. Statistical analysis was per-



formed by using SAS statistical software, Version 9 (SAS Institute,
Cary, North Carolina).

RESULTS

Patient Characteristics

From September 2009 to May 2012, 211 consecutive patients with
large-vessel occlusions were treated by mechanical thrombec-
tomy in the setting of acute ischemic stroke (On-line Table). One
hundred sixty-five of 211 patients who had an anterior circulation
stroke (47% women and 53% men) were retrieved from the data
base. The mean age was 67.4 years (range, 29—90 years). The mean
baseline NTHSS was 17.24 (range, 3-27) with higher initial NTHSS
in the elderly: 16.39 (younger than 50 years), 15.24 (50-59 years),
16.54 (60— 69 years), 17.84 (70-79 years), and 18.83 (80 years and
older).

Acute MR Imaging

The mean ASPECTS on DWI was 6.40: 6.39 (younger than 50
years), 6.27 (50-59 vyears), 5.77 (60—69 years), 6.43 (70-79
years), and 7.25 (80 years and older) (On-line Table). Sixteen
patients had an intracranial carotid bifurcation occlusion (9.7%);
49, a tandem occlusion (29.7%); 93, an M1 occlusion (56.36%);
and 7, an M2 occlusion (4.24%). MR perfusion was performed in
38 cases and showed a perfusion-diffusion mismatch in 33 cases
(87%).

Recanalization Rate

Fifty-five patients (33.0%) received stand-alone thrombectomy,
and 110 patients (67.0%) received a combined therapy, less fre-
quent in those 80 years of age and older (On-line Table). Recan-
alization of TICI 3 was achieved in 59.76% (98 patients); and TICI
2b, in 20.12% (33 patients), with an overall successful recanaliza-
tion rate of 80% (TICI 3 and TICI 2b) with no differences among
age groups. A failure rate was observed in 20%. The mean time
between symptom onset and recanalization was 311 minutes
(range, 153-574 minutes) with a mean number of stent retriever
passes of 2 without differences among age groups.

Peri- and Postprocedural Complications

There were 27 (16.46%) periprocedural complications: 17 distal
or collateral emboli, 5 dissections, 2 arterial injuries, and 3 spasms
(On-line Table). These were without significant differences
among ages: 11% (younger than 50 years), 22% (5059 years),
22% (60—69 years), 26% (70-79 years), and 19% (80 years and
older). Initial blood-brain barrier disruption was found in 87 pa-
tients (62.59%). Intracranial hemorrhagic transformation on day
1 on CT or MR imaging was depicted in 41 patients (25.95%) and
was symptomatic in only 7.6%, but it was not correlated to the
recanalization rate. Ischemic lesion worsening on day 1 on CT or
MR imaging was found in 38 patients (25%). There was a signif-
icant increase in ischemic lesion worsening for patients who did
not experience recanalization (58%) versus those who did (17%),
(P <.05).

Clinical Follow-Up
At 3 months, 14 patients were lost to follow-up (8.5%), while
41.72% of patients had a good outcome (On-line Table). A clear

FIG 2. Modified Rankin Scale score and mortality according to the
age subgroups.

Table 1: Univariate analysis

P
Variable (mRS) No. Mean Minimum Median Maximum Value
Age
0/1/2 63 6149 30.00 63.00 88.00  <.001
3/4/5/6 88 71.32 29.00 75.00 90.00
Initial NIHSS score
0/1/2 62 15.74 3.00 16.00 27.00 <.001
3/4/5/6 86  18.21 6.00 19.00 27.00
Initial ASPECTS
0/1/2 63 6.35 1.00 7.00 9.00 599
3/4/5/6 84 650 0.00 7.00 10.00
Time
0/1/2 51 285.67 153.00 282.00 458.00 .013
3/4/5/6 64 33550  179.00 321.00 855.00
Passes
0/1/2 63 163 0.00 1.00 5.00 .005
3/4/5/6 87 215 0.00 2.00 5.00

gradation of the prognosis was observed depending on age, with a
cutoff at 70 years (Fig 2). The mean age of patients with a good
outcome was 61.5 years of age (95% CI, 57.97-65.01) and 71.3
years of age (95% CI, 68.71-73.93) in cases of bad outcome (P <
.001) (Table 1). Only 19% of patients who were older than 80
years (28% for 70—79 years) had a good outcome at 3 months
(mRS 0-2), with a 35% mortality rate (26% for 70—79 years). On
the contrary, good outcome was observed between 52% and 78%
of patients younger than 70 years; mortality, in <10% of patients
(Fig 2). The mean modified Rankin Scale score at 3 months was
2.22 for patients younger than 70 years and 4.1 for those older
than 70 years. On multivariate analysis, the odds ratio of bad
outcomes was 1.092 (95% CI, 1.046—1.141) for every 5 years’
increase in age (P < .0001) (Table 2). The NIHSS were higher in
those older than 70 years (18.1 versus 16.1; P = .007). There were
no other statistically significant differences comparing patients
older than 70 years with those younger than 70 years in terms of
sex, ASPECTS, recanalization rate, site of occlusion, time from
onset to recanalization, or complications.

On univariate analysis, criteria significantly related to a
good outcome at 3 months were initial NIHSS and rapid recan-
alization (Tables 1 and 3). The mean initial NIHSS related to good
outcome was 15.74 versus 18.21 for bad outcome (P < .001). A
faster recanalization time was associated with a good outcome

AJNR Am J Neuroradiol 36:32-39  Jan 2015  www.ajnr.org 35



Table 2: Multivariate analysis

Variable Adjusted Odds Ratio 95% Cl P Value
Age
Each 5-yr increase 1.092% 1.046-1.141 <.0001
Time
Each 60-min increase 1.009° 1.002-1.016  .0093

2 For each 5-year increase, risk of bad outcomes at 3 months increased by 1.092.
® For each 60-minute increase to recanalization time, bad outcomes at 3 months
increased by 1.009.

Table 3: Univariate analysis

Variable mRS0-2 mRS3-6 P Value

TICl score

0/1/2a 1333%  86.67% .000329

2b/3 49.58% 50.42%
BBBD

No 50.98% 49.02%  .095777

Yes 36.25%  63.75%
Aggravation of lesions

No 5333%  46.67% .000021

Yes 1.76% 88.24%
Hemorrhagic or complications at 24 hr

No 49.06% 50.94%  .002663

Yes 21.05%  78.95%

Note:—BBBD indicates blood-brain barrier disruption.

FIG 3. Outcome in protocol deviation (DWI-ASPECTS <5) according
to the age subgroups.

(mean time between onset and recanalization, 286 minutes and 7
seconds; P = .013). The number of stent retriever passes was also
correlated to clinical outcome with 1.63 passes for good outcome
and 2.15 for bad outcome (
score of TICI 0/1/2a was a strong predictive factor for a bad out-
come with 87% with mRS 3—6 (P < .0003) at 3 months. Hemor-
rhagic transformation and ischemic core extension at 24 hours
were correlated to bad outcome: 79% with mRS 3—-6 (P = .002)
and 88% with mRS 3—-6 (P < .001), respectively. On multivariate
analysis, only recanalization time was significant, with an odds
ratio of 1.009 (95% CI, 1.002—1.016) for each increase of 60 min-
utes (P = .0093).

= .005). The final recanalization

Protocol Deviation

We included 26 patients with a DWI-ASPECTS <5: 2 younger
than 50 years, five 50-59 years, seven 60—69 years, eleven 70—79
years, and one 80 years or older (Fig 3). Initially, patients with an
ASPECTS lower than 5 should not have been considered for me-
chanical treatment. Nevertheless, the ASPECTS in an emergency
has been, in some cases, underestimated by the team on call.
Sometimes they decided to try to recanalize the patient to avoid a
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malignant infarction; this choice explained a large part of the pro-
tocol deviation observed in this series. Each case has been re-
viewed by 2 neuroradiologists to independently assess the initial
ASPECTS and confirm clear protocol deviations. For this popu-
lation, the mean NTHSS for 70 years and older was 17.24, and the
mean time between symptom onset and recanalization was 311
minutes. Stand-alone thrombectomy was received by 58%, and
combined procedures, by 42%. The recanalization rate of TICI
2b/3 was achieved in 80%, and no difference existed in terms of
complications periprocedurally and symptomatic hemorrhagic
transformation. Only 10% of elderly patients (older than 70) who
were considered to have protocol deviations regarding the initial
DWI-MR imaging (ASPECTS <5) achieved a good outcome,
whereas 60% of patients younger than 70 years of age had an mRS
0-2 at 3 months. Ten patients in the subgroup 70—79 years were
considered to have protocol deviations and were all rated mRS
3—6 at 3 months. The ASPECTS for good outcomes at 3 months
was 7.4 for 80 years and older versus 6.31 for younger than 50
years, 5.91 for 50—59 years, 6 for 60—69 years, and 6.8 for 70-79
years.

Three patients had NTHSS of <8: 1 in the 5059 year group, 1
in the 60—69 year group, and 1 in the 80 years and older group.
These 3 patients presented with a symptomatic large-vessel stroke
of the ICA. The practitioners on call should have waited for a
clinical worsening of the patients before any treatment. Neverthe-
less, vertigo and dizziness were reported by 1 patient with an in-
tracranial ICA occlusion with an NTHSS score of 5. Because the
high risk of major stroke has been proved in the case of symptom-
atic large-vessel stroke, they decided to treat by a mechanical ap-
proach. In the second patient, a symptomatic intracranial carotid
bifurcation occlusion was reported with a fluctuating deficit of
5-8. The patient scored 5 at admission, and despite the threshold
of 8 having not been reached, the team decided to proceed with
treatment. The 2 patients were fully recanalized with a final mRS
1 at 3 months. In the third case, the NTHSS score was 7 foran MCA
occlusion, and the ASPECTS was 10. The team on call considered
a clinical/radiologic mismatch present and started a combined
strategy despite the initial NIHSS score of 7.

DISCUSSION

This study showed a major difference in patient outcome depend-
ing on age (Tables 1 and 2). In our study, 50% of patients were
younger than 70 years. In this younger population, thrombec-
tomy efficacy results seemed to be promising, with a good out-
come between 58% and 72% at 3 months. These results are en-
couraging, considering that these patients initially had a severe
neurologic deficit and a high NIHSS, secondary to a large-vessel
occlusion, which is poorly treatable by IV fibrinolysis alone.>***
A large prospective multicenter study of large-vessel occlusion in
the anterior circulation treated with the Solitaire device (Covi-
dien) recently reported a favorable outcome (mRS 0-2) in 57.9%
of patients with a mean age of 68.4 years, underlining the impor-
tance of age.”® In our study, there seemed to be an important
cutoff at 70 years of age. Only 19% of patients older than 80 years
had a good outcome at 3 months and 28% between 70 and 79
years. Loh et al’® also showed that elderly patients were more



likely to die from their stroke than those younger than 80 years,
regardless of recanalization success (48% of mortality versus 15%;
OR, 5.5).

These differences among age subgroups are not related to a
delayed presentation time for the elderly. The time between onset
of symptoms and recanalization was, in our study, roughly equiv-
alentamong age classes. Moreover, from a technical point of view,
the TICI 2b/3 recanalization rate was roughly similar between
elderly and younger patients, despite predictably more challeng-
ing anatomy in the elderly. The complication rate was in the same
range for each age subgroup. Consequently, the huge difference in
outcomes between elderly and young patients cannot be solely
related to technical issues.

However, physiologic differences may influence this poor
outcome in elderly patients. The NIHSS is a well-established
initial prognostic factor for intravenous thrombolysis*” and en-
dovascular treatment.’®>? The mean initial NIHSS for a good
outcome at 3 months was 15.74 versus 18.21 for an unfavorable
one. For the same level of occlusion and initial DWI-ASPECTS,
the mean initial NTHSS was higher in elderly patients (18.1 for 70
years and older versus 16.1 for younger than 70 years). A higher
NIHSS at entrance for the same level of occlusion could be the
direct consequence of a physiologically less effective collateral
blood supply and therefore larger penumbra in the elderly. The
elderly also have less vascular reserve?®*!; hence infarct pro-
gression may be more rapid and may hence lead to a worse
outcome. Furthermore, the elderly have a higher baseline dis-
ability before acute stroke and higher rates of in-hospital com-
plications and are more likely to have comorbidities and stroke
complications.*>*

Initial ASPECTS is an important prognostic criterion closely
related to decision-making. Initial infarct size has proved to be a
critical determinant of the 3-month functional outcome.***¢
Nezu et al*” showed that an ASPECTS =5 was related to symp-
tomatic intracerebral hemorrhage and ASPECTS =7 corre-
sponded to an mRS score of 0—2 at 3 months in patients treated
with rtPA. In our stroke-management protocol, an ASPECTS <5
was therefore initially chosen as an exclusion criterion. Neverthe-
less, the predictive values of the ASPECTS for a good outcome
were very different depending on age subgroups. Our study
showed that the 80 years and older group who had good outcomes
at 3 months had a mean ASPECTS of 7.4 versus 5.91 for patients
60—69 years. In addition, 90% of elderly patients who were con-
sidered to have protocol deviations on initial DWI-MR imaging
(high initial necrotic core with ASPECTS <5) demonstrated a bad
outcome at 3 months. On the contrary, we observed a good out-
come for DWI-MR imaging protocol deviation (ASPECTS <5) in
patients younger than 70 years of age in 60%, suggesting that
younger patients may still benefit from acute recanalization de-
spite more extensive initial necrotic cores. Initial MR imaging
selection criteria may need to be refined and adapted, depend-
ing on the age class, with probably a lower necrotic core vol-
ume (initial ASPECTS-DWI) cutoff for elderly patients and,
conversely, a higher volume for patients younger than 70 years.
DWI lesion volume was not estimated in our study. Using DWI
lesion volume could be an interesting work to purchase and

ameliorate our results on the ASPECTS evaluation to refine the
conclusion.*®

In our protocol, stand-alone thrombectomy and combined
therapy were not randomized. Most interesting, we noticed that
there was no significant difference in terms of prognosis in indi-
viduals treated by endovascular therapy alone versus combined
treatment in each age category. Nevertheless, the synergy between
thrombolysis and endovascular therapy was more frequent in
young patients due to rare IV contraindications in this sub-

1°? dem-

group compared with the elderly. Because Davalos et a
onstrated that combined therapy had better results at 3 months
than stand-alone cases (66% of good outcome versus 42%),
there is a possibility that this synergistic effect of combined
treatment, more often missing in the elderly group, also influ-

enced the final results.

Limitations

One of the major limits of our study is the use of decades to
separate our patients, which does not consider physiologic age
and baseline health. Comorbidities and life expectancy have to be
studied jointly with age in making the decision to treat. Further-
more, thrombectomy has been performed by many different neu-
roradiologists in our center who all had different rates of learning
to manage the procedure. In addition, 14 patients (8.5%) were
lost to follow-up and were not analyzed. These results need fur-
ther confirmation.

CONCLUSIONS

Endovascular techniques promise good results in terms of prog-
nosis in patients with an acute stroke secondary to a major vessel
occlusion. Patients younger than 70 years benefit the most from
acute mechanical recanalization in anterior circulation stroke
(mRS 0-2, 62%; mortality, <10%). However, in patients older
than 70 years, the benefit of mechanical thrombectomy drops
(mortality between 26% and 35% with only 19%—-26% chance of
good outcome). Elderly patients usually benefit if their baseline
ischemic volume is low in comparison with young patients who
may still benefit from acute recanalization despite larger necrotic
cores. Stroke-volume thresholds should, therefore, be related and
adjusted to the patient’s age class.

Disclosures: Alain Bonafé—UNRELATED: Consultancy: Covidien,* Stryker.* Vincent
Costalat—UNRELATED: Consultancy: Covidien, Stryker, MicroVention, Codman,
Balt; Payment for Lectures (including service On Speakers Bureaus): Stryker, Balt,
MicroVention, Codman; Payment for Development of Educational Presentations:
Covidien, MicroVention, Stryker; Travel/Accommodations/Meeting Expenses Un-
related to Activities Listed: MicroVention, Sequent, Stryker, Codman. *Money paid
to the institution.

REFERENCES

1. Roger VL, Go AS, Lloyd-Jones DM, et al. Heart disease and stroke
statistics: 2011 update: a report from the American Heart Associa-
tion. Circulation 2011;123:e18—e209

2. Minifio AM, Murphy SL, Xu J, et al. Deaths: final data for 2008. Natl
Vital Stat Rep 2011;59:1-126

3. Kelly-Hayes M, Beiser A, Kase CS, et al. The influence of gender and
age on disability following ischemic stroke: the Framingham study.
] Stroke Cerebrovasc Dis 2003;12:119-26

4. Truelsen T, Piechowski-Jozwiak B, Bonita R, et al. Stroke incidence

AJNR Am J Neuroradiol 36:32-39  Jan 2015 www.ajnr.org 37



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

38

and prevalence in Europe: a review of available data. Eur ] Neurol
2006513:581-98

. Hacke W, Kaste M, Bluhmki E, et al. Thrombolysis with alteplase 3

to 4.5 hours after acute ischemic stroke. N Engl ] Med
2008;359:1317-29

. Tissue plasminogen activator for acute ischemic stroke: the Na-

tional Institute of Neurological Disorders and Stroke rt-PA Stroke
Study Group. N Engl ] Med 1995;333:1581-87

. Longstreth WT Jr, Katz R, Tirschwell DL, et al. Intravenous tissue

plasminogen activator and stroke in the elderly. Am | Emerg Med
2010;28:359-63

. Berrouschot J, Rother J, Glahn J, et al. Outcome and severe hemor-

rhagic complications of intravenous thrombolysis with tissue plas-
minogen activator in very old (> or =80 years) stroke patients.
Stroke 2005;36:2421-25

. Engelter ST, Bonati LH, Lyrer PA. Intravenous thrombolysis in

stroke patients of > or = 80 versus < 80 years of age: a systematic
review across cohort studies. Age Ageing 2006;35:572—80
Heuschmann PU, Kolominsky-Rabas PL, Misselwitz B, et al. Predic-
tors of in-hospital mortality and attributable risks of death after
ischemic stroke: the German Stroke Registers Study Group. Arch
Intern Med 2004;164:1761—68

Wardlaw JM, Murray V, Berge E, et al. Recombinant tissue plasmin-
ogen activator for acute ischaemic stroke: an updated systematic
review and meta-analysis. Lancet 2012;379:2364 72
Garcia-Caldentey J, Alonso de Lecinana M, Simal P, et al. Intrave-
nous thrombolytic treatment in the oldest old. Stroke Res Treat
2012;2012:923676

Smith WS, Sung G, Saver J, et al. Mechanical thrombectomy for
acute ischemic stroke: final results of the Multi MERCI trial. Stroke
2008;39:1205-12

Rha JH, Saver JL. The impact of recanalization on ischemic stroke
outcome: a meta-analysis. Stroke 2007;38:967-73

Mazighi M, Serfaty JM, Labreuche J, et al. Comparison of intrave-
nous alteplase with a combined intravenous-endovascular ap-
proach in patients with stroke and confirmed arterial occlusion
(RECANALISE study): a prospective cohort study. Lancet Neurol
2009;8:802—-09

Roth C, Papanagiotou P, Behnke S, et al. Stent-assisted mechanical
recanalization for treatment of acute intracerebral artery occlu-
sions. Stroke 2010;41:2559—67

Penumbra Pivotal Stroke Trial Investigators. The Penumbra Pivotal
Stroke Trial: safety and effectiveness of a new generation of me-
chanical devices for clot removal in intracranial large vessel occlu-
sive disease. Stroke 2009;40:2761-68

Saver JL, Jahan R, Levy EI et al. Solitaire flow restoration device
versus the Merci retriever in patients with acute ischaemic stroke
(SWIFT): a randomised, parallel-group, non-inferiority trial. Lan-
cet 2012;380:1241-49

Castafio C, Dorado L, Guerrero C, et al. Mechanical thrombectomy
with the Solitaire AB device in large artery occlusions of the ante-
rior circulation: a pilot study. Stroke 2010;41:1836—40

Costalat V, Machi P, Lobotesis K, et al. Rescue, combined, and
stand-alone thrombectomy in the management of large vessel
occlusion stroke using the Solitaire device: a prospective 50-pa-
tient single-center study: timing, safety, and efficacy. Stroke
2011;42:1929-35

Machi P, Costalat V, Lobotesis K, et al. Solitaire FR thrombectomy
system: immediate results in 56 consecutive acute ischemic stroke
patients. ] Neurointerv Surg 2012;4:62—66

Pexman JH, Barber PA, Hill MD, et al. Use of the Alberta Stroke
Program Early CT Score (ASPECTS) for assessing CT scans in
patients with acute stroke. AJNR Am ] Neuroradiol
2001;22:1534—-42

Barber PA, Demchuk AM, Zhang J, et al. Validity and reliability of a
quantitative computed tomography score in predicting outcome of
hyperacute stroke before thrombolytic therapy: ASPECTS Study

Daniere Jan 2015 www.ajnr.org

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Group—Alberta Stroke Programme Early CT Score. Lancet 2000;
355:1670-74

Butcher KS, Parsons M, MacGregor L, et al. Refining the perfusion-
diffusion mismatch hypothesis. Stroke 2005;36:1153-59

Wittsack HJ, Ritzl A, Fink GR, et al. MR imaging in acute stroke:
diffusion-weighted and perfusion imaging parameters for predict-
ing infarct size. Radiology 2002;222:397—403

Hacke W, Kaste M, Fieschi C, et al. Intravenous thrombolysis with
recombinant tissue plasminogen activator for acute hemispheric
stroke: the European Cooperative Acute Stroke Study (ECASS).
JAMA 1995;274:1017-25

Hacke W, Kaste M, Fieschi C, et al. Randomised double-blind pla-
cebo-controlled trial of thrombolytic therapy with intravenous al-
teplase in acute ischaemic stroke (ECASS II): Second European-
Australasian Acute Stroke Study Investigators. Lancet 1998;352:
1245-51

Furlan A, Higashida R, Wechsler L, et al. Intra-arterial prourokinase
for acute ischemic stroke: the PROACT II study—a randomized
controlled trial. Prolyse in Acute Cerebral Thromboembolism.
JAMA 1999;282:2003-11

IMS 1II Trial Investigators. The Interventional Management of
Stroke (IMS) II study. Stroke 2007;38:2127-35

Rankin J. Cerebral vascular accidents in patients over the age of 60.
II. Prognosis. Scott Med ] 1957;2:200—15

van Swieten JC, Koudstaal PJ, Visser MC, et al. Interobserver agree-
ment for the assessment of handicap in stroke patients. Stroke
1988;19:604—-07

Saqqur M, Uchino K, Demchuk AM, et al. Site of arterial occlusion
identified by transcranial Doppler predicts the response to intrave-
nous thrombolysis for stroke. Stroke 2007;38:948 —54

Linfante I, Llinas RH, Selim M, et al. Clinical and vascular outcome
in internal carotid artery versus middle cerebral artery occlusions
after intravenous tissue plasminogen activator. Stroke 2002;33:
2066-71

Molina CA, Alexandrov AV, Demchuk AM, et al. Improving the pre-
dictive accuracy of recanalization on stroke outcome in patients
treated with tissue plasminogen activator. Stroke 2004;35:151-56
Pereira VM, Gralla J, Davalos A, et al. Prospective, multicenter, sin-
gle-arm study of mechanical thrombectomy using Solitaire flow
restoration in acute ischemic stroke. Stroke 2013;44:2802—07

Loh Y, Kim D, Shi ZS, et al. Higher rates of mortality but not mor-
bidity follow intracranial mechanical thrombectomy in the elderly.
AJNR Am ] Neuroradiol 2010;31:1181—-85

Adams HP Jr, Davis PH, Leira EC, et al. Baseline NIH Stroke Scale
score strongly predicts outcome after stroke: a report of the Trial of
Org 10172 in Acute Stroke Treatment (TOAST). Neurology 1999;53:
126-31

Costalat V, Lobotesis K, Machi P, et al. Prognostic factors related
to clinical outcome following thrombectomy in ischemic stroke
(RECOST study): 50 patients prospective study. Eur ] Radiol 2012;
81:4075-82

Dévalos A, Pereira VM, Chapot R, et al. Retrospective multicenter
study of Solitaire FR for revascularization in the treatment of acute
ischemic stroke. Stroke 2012;43:2699-705

Epstein SE, Lassance-Soares RM, Faber JE, et al. Effects of aging on
the collateral circulation, and therapeutic implications. Circulation
2012;125:3211-19

Hecht N, He J, Kremenetskaia I, et al. Cerebral hemodynamic re-
serve and vascular remodeling in C57/BL6 mice are influenced by
age. Stroke 2012;43:3052—62

Di Carlo A, Lamassa M, Pracucci G, et al. Stroke in the very old:
clinical presentation and determinants of 3-month functional
outcome: a European perspective—European BIOMED Study of
Stroke Care Group. Stroke 1999;30:2313-19

Denti L, Scoditti U, Tonelli C, et al. The poor outcome of ischemic
stroke in very old people: a cohort study of its determinants. ] Am
Geriatr Soc 2010;58:12—17

Yoo AJ, Chaudhry ZA, Nogueira RG, et al. Infarct volume is a pivotal



45.

46.

biomarker after intra-arterial stroke therapy. Stroke 2012;43:
1323-30

Yoo AJ, Verduzco LA, Schaefer PW, et al. MRI-based selection for
intra-arterial stroke therapy: value of pretreatment diffusion-
weighted imaging lesion volume in selecting patients with acute
stroke who will benefit from early recanalization. Stroke 2009;
40:2046-54

Sanak D, Nosal V, Horak D, et al. Impact of diffusion-weighted
MRI-measured initial cerebral infarction volume on clinical

47.

48.

outcome in acute stroke patients with middle cerebral artery
occlusion treated by thrombolysis. Neuroradiology 2006;48:
632-39

Nezu T, Koga M, Kimura K, et al. Pretreatment ASPECTS on DWI
predicts 3-month outcome following rt-PA: SAMURALI rt-PA Reg-
istry. Neurology 2010;75:555—61

de Margerie-Mellon C, Turc G, Tisserand M, et al. Can DWI-
ASPECTS substitute for lesion volume in acute stroke? Stroke 2013;
44:3565—-67

AJNR Am J Neuroradiol 36:32-39  Jan 2015  www.ajnr.org 39



ORIGINAL RESEARCH
BRAIN

Percentage Insula Ribbon Infarction of >50% Identifies
Patients Likely to Have Poor Clinical Outcome Despite Small
DWI Infarct Volume

V.M. Timpone, M.H. Lev, S. Kamalian, L.T. Morais, A.M. Franceschi, L. Souza, and P.W. Schaefer

§ o=

ABSTRACT

BACKGROUND AND PURPOSE: Large admission DWI infarct volume (>70 mL) s an established marker for poor clinical outcome in acute
stroke. Outcome is more variable in patients with small infarcts (<70 mL). Percentage insula ribbon infarct correlates with infarct growth.
We hypothesized that percentage insula ribbon infarct can help identify patients with stroke likely to have poor clinical outcome, despite
small admission DWI lesion volumes.

MATERIALS AND METHODS: We analyzed the admission NCCT, CTP, and DWI scans of 55 patients with proximal anterior circulation
occlusions on CTA. Percentage insula ribbon infarct (>50%, =50%) on DWI, NCCT, CT-CBF, and CT-MTT were recorded. DWI infarct
volume, percentage DWI motor strip infarct, NCCT-ASPECTS, and CTA collateral score were also recorded. Statistical analyses were
performed to determine accuracy in predicting poor outcome (MRS >2 at 90 days).

RESULTS: Admission DWI of >70 mL and DWI-percentage insula ribbon infarct of >50% were among significant univariate imaging
markers of poor outcome (P <.001). In the multivariate analysis, DWI-percentage insula ribbon infarct of >50% (P = .045) and NIHSS score
(P <.001) were the only independent predictors of poor outcome. In the subgroup with admission DWI infarct of <70 mL (n = 40), 90-day
mRS was significantly worse in those with DWI-percentage insula ribbon infarct of >50% (n = 9, median mRS = 5, interquartile range =
2-5) compared with those with DWI-percentage insula ribbon infarct of =<50% (n = 31, median mRS = 2, interquartile range = 0.25-4,P =
.036). In patients with admission DWI infarct of >70 mL, DWI—percentage insula ribbon infarct did not have added predictive value for
poor outcome (P = .931).

CONCLUSIONS: DWI—percentage insula ribbon infarct of >50% independently predicts poor clinical outcome and can help identify
patients with stroke likely to have poor outcome despite small admission DWI lesion volumes.

ABBREVIATIONS: IQR = interquartile range; PIRI = percentage insula ribbon infarct

M ultimodality imaging is gaining importance as a prognostic  infarct volume, Alberta Stroke Program Early CT Score, and “ma-

tool in the setting of acute stroke; however, finding a reli-  lignant” CTA collateral profile.'

able and practical imaging marker that can provide additional Large admission DWI infarct volume (>70 mL) is one of the

prognostic information over the National Institutes of Health more established lmaglng markers for poor clinical outcome in

Stroke Scale alone has been challenging. Currentimaging markers  acute stroke.>*> DWI lesion volume has been shown to influence

that have been shown to be predictive of clinical outcome inacute  response to both intravenous and intra-arterial treatment; specif-

stroke with proximal anterior circulation occlusions include DWT ically, a large pretreatment DWI lesion is recognized as a clin-
ically useful marker for poor treatment response.”* Clinical

outcome is more variable in patients with small infarcts (<70
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mL).” An imaging marker that can more reliably predict clin-
ical outcome in patients with small DWT infarcts has not been
established, to our knowledge. Such a marker could be a useful
tool for risk-benefit stratification and patient selection for rep-
erfusion therapy.

One potential imaging marker that could help improve pre-
diction of clinical outcome in small infarcts is percentage insular

ribbon infarction (PIRI). Prior studies have suggested that prox-



imal MCA infarcts that involve the insula are associated with in-
farct growth and unfavorable clinical outcome.>” This associa-
tion is understandable from knowledge of the vascular supply of
the insula, which comprises almost exclusively superior and infe-
rior division M2 branches. An infarct from a proximal MCA oc-
clusion that spares the insula may be indicative of good MCA
collateral flow, whereas an infarct from a proximal MCA occlu-
sion with insula involvement may be a sign of insufficient MCA
collateral flow. Furthermore, the insula is recognized as a func-
tional integration center for autonomic responses, and alterations
in blood glucose, blood pressure, myocardial contractility, and
body temperature may also contribute to adverse outcome in ce-
rebral ischemia.>®

The purpose of our study was to determine whether
percentage insular ribbon infarct can help identify patients
with stroke with proximal vessel occlusions likely to have
poor clinical outcome, despite small admission DWI lesion
volumes.

MATERIALS AND METHODS

Patient Selection

We retrospectively identified 200 consecutive patients with acute
ischemic stroke admitted during a 2-year period. This study was
Health Insurance Portability and Accountability Act compliant
and was approved by our institutional review board. All patients
underwent the standard acute stroke imaging algorithm at our
institution. We reviewed the clinical and imaging data of this
study cohort. Fifty-five patients met the following inclusion cri-
teria: 1) imaging within 9 hours of symptom onset including
NCCT, head and neck CTA, CTP with 8-cm shuttle mode ante-
rior circulation coverage, and MR imaging—DWI within 3 hours
of CTP; 2) large-vessel occlusion (ICA terminus and/or proximal
MCA [M1 or M2], as per the Boston Acute Stroke Imaging
Scale®); and 3) modified Rankin Scale score recorded at admission
and 3 months after admission. Of the patients excluded, 52 had no
proximal occlusion, 41 did not have admission DWI, 21 had a
CTP-DWI interval of >3 hours, 13 had posterior circulation
strokes, 10 had uninterpretable images, 6 did not have recorded
admission and/or 3-month mRS, and 2 had inappropriate loca-
tion of the CTP acquisition.

Image Acquisition

All imaging was performed in accordance with the standard insti-
tutional acute stroke imaging algorithm. CT was performed by
using a helical scanner (LightSpeed 64; GE Healthcare, Milwau-
kee, Wisconsin). Noncontrast head CT was acquired in a helical
mode (1.25-mm thickness, 120 kV, 250 mAs) and was reformat-
ted at 5-mm intervals. CTA was performed after administration of
80-90 mL of nonionic contrast (iopamidol, Isovue Multipack-
370; Bracco Diagnostics, Princeton, New Jersey) followed by 40
mL of saline, both at 4 mL/s (1.25-mm thickness, 120 kV, auto
mA, 0.5-0.7 s/rotation). CTP used 35 mL of nonionic contrast
(Isovue Multipack-370; Bracco Diagnostics) at 7 mL/s followed
by 40 mL of saline at 4 mL/s (acquisition time, 90 seconds; 80 kV;
500 mAs maximum), providing sixteen 5-mm thick sections
(8-cm coverage) through the anterior circulation. All CTP images

were postprocessed with CTP 4D automated software (GE
Healthcare). The average total estimated effective radiation dose
from the entire CT/CTA/CTP acquisition was approximately 11
mSv.

MR imaging was performed by using a 1.5T Signa scanner
(GE Healthcare). Our stroke protocol included a single-shot
echo-planar spin-echo DWI sequence with two 180-degree
radiofrequency pulses to minimize eddy current warping.
Three images per section were acquired at b=0 s/mm?, fol-
lowed by 25 at b=1000 s/mm?>, for 28 images per section.
Twenty-three to 27 sections covered the entire brain. Imaging
parameters were TR/TE, 5000/80-110 ms; FOV, 22 cm; ma-
trix, 128 X 128 zero-filled to 256 X 256; 5-mm section thick-
ness with a 1-mm gap.

Image Analysis

We analyzed, by visual inspection, the following imaging markers
on the admission scans of the 55 study patients: 1) percentage
insula ribbon infarct (>50%, =50%) on NCCT, DWI, CT-CBF,
and CT-MTT; 2) percentage DWI motor strip infarct (less than
one-third, one-third to two-thirds, more than two-thirds); and 3)
CTA collateral score (0 = absent collaterals in >50% of an M2
territory, 1 = diminished collaterals in >50% of an M2 territory,
2 = diminished collaterals in <50% of an M2 territory, 3 = col-
laterals equal to those of the contralateral side, 4 = increased
collaterals)." Percentage insula ribbon infarct for each case was
determined by visually inspecting the insula on each contiguous
imaging section and deciding whether the abnormality as a whole
involved more or less than 50% of the total insula. A 50% PIRI
binary threshold for total insula was selected because approxi-
mately 50% of the insula is supplied by branches from the
superior division and 50% is supplied by the inferior division
of the MCA. In addition, this was an overall more reproducible
and accurate imaging marker in predicting clinical outcome on
preliminary analysis, performing better than the 25% PIRI total
insula, the 50% PIRI anterior insula, and the two-thirds on 1
section/50% on 2 section techniques used in prior publications.®”
These imaging markers were independently determined by 2
board-certified radiologists with 1 year and 20 years of dedicated
neuroradiology experience. Interpreting radiologists were
blinded to all clinical and imaging information except for acute
neurologic symptoms. Any disagreements were resolved by
consensus.

In addition, DWI infarct volumes were manually segmented
by a board-certified radiologist with 5 years of general and 2 years
of dedicated neuroradiology experience and were corrected by an
experienced Certificate of Added Qualification—certified neuro-
radiologist with 20 years’ experience, using semiautomated soft-
ware (Analyze 8.1; AnalyzeDirect, Overland Park, Kansas).
NCCT-ASPECTSs were recorded by the same Certificate of
Added Qualification—certified neuroradiologist according to
standard methodology, rating 10 distinct brain regions for isch-
emic hypoattenuation or loss of gray-white matter differentia-
tion. Similarly, the interpreting radiologists were blinded to all
clinical and imaging information except for acute neurologic
symptoms.
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Admission clinical and imaging variables, stratified by good-versus-poor outcome

(3-month mRS 0-2 versus 36, respectively)

using the k statistic. MedCalc for Win-

dows software, Version 11.5.1.0 (Med-

. All B Gty oo Clisein @ ,  Calc Software, Mariakerke, Belgium)
Variable® Patients (mRS 0-2) (mRS 3-6)  Value . .

- was used to perform statistical analysis.
Patient (No.) (%) 55 23 (42) 32(58) - . .
Female sex (No.) (%) 26 (4) 12 (52) 14 (43) 731 Statistical significance was P < .05.
Age (yr) (mean) 67 =15 63*+17 70 =13 .064
Right hemisphere (No.) (%) 23(42) 8(35) 15 (47) .535 RESULTS
Baseline NIHSS (medlan) (lQR) 14 (6—]8) 6 (4—“) 17 (]4—20) <.001 Patient demographics) treatments, and
IV treatment (No.) (%) 18 (33) 9(39) 9(28) 392 ynivariate predictors of poor clinical out-
IA treatment (No.) (%) 4(7) 1(4) 3(9) 466 . . .
Any treatment (IV or |A) (No.) (%) 10 (18) 3(13) 7(22) 395 come are listed in the Table. Mean time
No IV or IA treatment (No.) (%) 23(42) 10 (43) 13(41) 628  from symptom onset to CT was 3 hours
Ictus to DWI (min) (mean) 286 + 108 277 =134 291+ 87 68 48 = 1 minute 43 seconds. Fourteen pa-
Ictus to CT perfusion (min) (mean) 229 £107 224 +140 232 +79 79 tients were imaged at 0—3 hours, 36 at 3—6
DWI volume >70 mL (No.) (%) 15(27) 0(0) 15(27) <001 pours, and 5 at 6-9 hours. The median
DWI-PIRI >50% (No.) (%) 22 (40) 3(5) 19(35) <.001 . . .
NCCT ASPECTS (median) (IQR) 8(6-10) 9(8-10) 75-8)  <ooi  (interquartilerange [IQR]) time between
Collateral score (median) (IQR) 2(1-3) 2(2-3) 10-2) 002  CTand MR imaging studies was 51 min-
Malignant collateral pattern (No.) (%) 4 (7) 0(0) 4(7) J31 utes (range, 41-65 minutes).
NCCT-PIRI >50% (No.) (%) 17(31) 2(4) 15(27) .003 Admission NIHSS score was the only
Pyylmotarsinp Scc(’re' ;T/e)dia”) (IQR) 0 EOEO) 0 EO_)O) 0 EO_)]'S) 010 significant clinical predictor of poor out-
CT-CBF-PIRI >50% (No.) (%, 39 (7 14 (25 25 (45 133 ..
CT-MTT-PIRI >50% (No.) (%) 44 (80) 17(3) 27 (49) 294  come (P <.001). Admission DWI of >70

Note:—IA indicates intra-arterial.

@ Results expressed as absolute numbers (%), mean (£SD), or median (IQR).

b Continuous, ordinal, and discrete variables compared with the unpaired t test, Mann-
exact test, respectively.

FIG 1. Scatterplot showing clinical outcome for patients stratified by
infarct volume and DWI-PIRI. There was a 100% specific admission
70-mL DWI volume cutoff value for poor outcome.

Statistical Analysis

Cases were dichotomized into good (mRS 0-2) versus poor (mRS
3-6) clinical outcome. Univariate binary logistic regression was
performed on all imaging markers to determine significance in
predicting poor outcome. Adjusting for time-to-imaging and
treatment assignment, we performed multivariate binary logistic
regression with stepwise selection on significant univariate pre-
dictors of poor clinical outcome (baseline NIHSS score, DWI-
PIRI, DWI infarct volume, CTA collateral score, NCCT-PIRI, and
NCCT-ASPECTS). Two multivariate models with and without
DWTI imaging predictors were analyzed. We compared contin-
uous, ordinal, and discrete variables using the unpaired ¢ test,
Mann-Whitney U test, and Fisher exact test, respectively. In-
terrater agreement for imaging markers was determined by
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mL (P < .001), DWI-PIRI of >50% (P <
.001), NCCT-ASPECTS (P < .001),
NCCT-PIRI of >50% (P = .003), CTA
collateral score (P = .002), and DWI mo-
tor strip (P = .01) were significant imag-

Whitney U test, and Fisher

ing univariate predictors of poor outcome. PIRI of >50% on
CT-CBF and CT-MTT were not significant univariate predictors
of poor outcome.

In multivariate analyses, the first binary logistic regression
model, with DWI-PIRI of >50%, NIHSS score, DWI of >70-mL
threshold, NCCT-ASPECTS, and CTA collateral score as covari-
ates revealed DWI-PIRI of >50% (P = .045) and NIHSS score
(P < .001) to be the only independent predictors of poor out-
come. Considering that some centers may have limited access to
MR imaging in the emergency department, we performed a sec-
ond binary logistic model with NCCT-PIRI of >50%, NIHSS
score, NCCT-ASPECTS, and CTA collateral score as covariates,
which revealed the NIHSS score (P < .001) to be the only inde-
pendent predictor of poor outcome.

The DWI volume threshold of 70 mL was 100% specific and
47% sensitive for poor outcome (Fig 1). Fourteen of 14 patients
with DWI lesion volume of >70 mL had mRS 3—-6. When DWI
volume was <70 mL, clinical outcome was highly variable; 24/41
patients with DWI lesion volume of <70 mL had good outcome
with mRS 0-2 and 17/41 patients had poor outcome with mRS
3-6.

In patients with admission DWT infarct of <70 mL (n = 40),
the 90-day mRS score was significantly worse in those with DWI-
PIRI of >50% (n = 9, median mRS = 5, IQR = 2-5) compared
with those with DWI-PIRI of =50% (n = 31, median mRS = 2,
IQR = 0.25-4, P = .036) (Figs 2 and 3). Furthermore, 67% of
patients with DWT lesion volume of <70 and DWI-PIRI of >50%
had poor outcome. In patients with admission DWT infarct of
>70 mL, DWI-PIRI did not have added predictive value for poor
outcome (P = .931).

Interobserver agreement analyses revealed k values of 0.81 for
DWI-PIRI, 0.82 for NCCT-PIRI, 0.74 for DWI motor strip score,



0.69 for CBF-PIRI, 0.77 for MTT-PIRI, and 0.44 for CTA collat-
eral score.

DISCUSSION

This study demonstrates that DWI-PIRI of >50% independently
predicts poor clinical outcome and can help identify patients with
stroke likely to have poor outcome despite small admission DWI
lesion volumes. Consequently, the DWI-PIRI score may help to
more accurately weigh the potential risks versus benefits of ad-
vanced stroke treatments than assessment by the NIHSS score and
DWTI lesion volume alone.

These results are consistent with earlier studies demonstrating
that insula infarcts are predictive of penumbral loss and poor clinical
outcome compared with infarcts sparing the insula.>”'>!' Of note,
diffusion and perfusion MR imaging have been used to demon-
strate that infarctions of the insula are associated with an in-

FIG 2. In patients with DWI infarct volumes of <70 mL, 90-day mRS
was significantly worse when the DWI-PIRI was >50% compared with
a DWI-PIRI of =50% (P = .036). In patients with DWI infarct volumes
of >70 mL, DWI-PIRI did not have added predictive value for poor
outcome (P = .93]).

FIG3. Sampleimaging from 2 patients with ICA terminus occlusions. Patients A and B had similar
baseline NIHSS scores (11 and 8), similar small volume infarcts on DWI (50 and 59 mL), the same
collateral score (2), the same treatment (IV tPA), but differing degrees of insula involvement. The
patient with >50% DWI-PIRI (patient A) had a poor clinical outcome (mRS 5 at 90 days), whereas
the patient with =<50% DWI-PIRI (patient B) had a good clinical outcome (mRS 1at 90 days).

creased percentage of mismatch loss (conversion of potentially
viable neighboring penumbra into infarction).>” Fink et al® di-
chotomized patients with insula infarcts into “major” (equal to or
more than two-thirds on 1 section or >50% on =2 sections)
versus smaller “minor” insula lesions and found major insula in-
farct involvement to be associated with larger MCA territory in-
farcts and higher NIHSS scores, indicating more severe clinical

deficits. In another study, Christensen et al'®

showed significantly
worse mRS scores at 3 months in patients with right-sided insula
infarcts compared with those with left-sided infarcts or no
insula involvement.

Our study further expands on these findings by the following
means: 1) demonstrating the added prognostic value of DWI-
PIRI of >50% in predicting clinical outcome in patients with
small DWT lesion volumes, 2) developing a practical and easily
reproducible DWI-PIRI scoring system, 3) applying this PIRI
scoring method in a patient population with ICA terminus and/or
proximal MCA occlusions, and 4) providing direct comparison of
our PIRI scoring method with other important imaging and clin-
ical markers of stroke outcome.

Specifically our results show DWI-PIRI of >50%, DWTI infarct
volume of >70 mL, NCCT ASPECTS, NIHSS score, CTA collat-
eral score, and DWI motor strip score to be univariate predictors
of poor clinical outcome, with DWI-PIRI of >50% and NIHSS
score being the only independent predictors of poor outcome.
The added predictive value of DWI-PIRI to the NIHSS score
makes sense if one considers that the NIHSS is a clinical assess-
ment measuring deficits from the infarct and ischemic penumbra.
The NIHSS cannot distinguish whether clinical deficits originate
from infarcted tissue or tissue at risk for infarction. The DWI-
PIRI score provides a unique visual marker that adds value to the
NIHSS by partly delineating the amount of clinical deficit due to
infarct and by predicting infarct progression. Thus, the addition
of DWI-PIRI may be a useful adjunct to the NIHSS and DWI
infarct volume in helping to predict clinical outcome, particularly
in patients with small DWI infarct volumes who may have a
higher potential for infarct growth.

Our threshold of >50% DWI insula
infarct involvement for predicting poor
clinical outcome adds to the recent work
of Kamalian et al,” who demonstrated
that >25% DWI insula infarct involve-
ment was the strongest predictor of large
mismatch loss (infarct growth) in a co-
hort of patients with proximal middle ce-
rebral artery occlusions. Our observed
larger threshold of >50% insula infarct
involvement is likely because we assessed
a different outcome measure. While Ka-
malian et al measured changes in lesion
volumes based on follow-up scans, we in-
directly assessed loss of insula and other
MCA region functions as measured by the
90-day modified Rankin Scale.

The insula has long been an estab-
lished marker of early MCA stroke'>'?
and has been shown to be among the
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brain regions most vulnerable to ischemia.'* The association
between insula infarct involvement and worsened tissue and
clinical outcome may be 2-fold: 1) Insula infarcts may serve
as a marker for poor collateral flow throughout the greater
MCA territory, and 2) infarcts of the insula may lead to auto-
nomic system alterations that may contribute to adverse tissue
outcome.

The insula is supplied almost exclusively by M2 segment MCA
branches, with a small contribution from M1 insular branches in
some individuals."”” The superior MCA division gives rise to
branches that supply the anterior insula, whereas the inferior
MCA division supplies the posterior insula. The insula is vulner-
able to ischemia from proximal occlusion of the M1 MCA seg-
ment and the superior and inferior division MCA branches be-
cause there is limited possibility of recruiting pial collateral supply
from the anterior or posterior cerebral arteries. An infarct due to
proximal MCA occlusion that spares the insula but involves the
more downstream MCA territory might be indicative of good pial
collateral circulation, whereas an MCA occlusion with infarct in-
cluding the insula can be a sign of insufficient collateral circula-
tion and thus infarct growth.’

Another link between insula infarct and worsened outcome
may be related to the role of the insula in modulation of the
autonomic nervous system. Clinical and experimental investiga-
tions indicate that there is increased sympathetic nervous system
activity, including increased plasma catecholamine levels, in in-
sula infarcts.>'® Some of the effects of sympathetic system activa-
tion have been associated with adverse clinical or tissue outcome
in cerebral ischemia. For example, an elevated norepinephrine
concentration after stroke is a predictor of insula involvement and
poor neurologic outcome,'® and likewise poststroke hyperglyce-
mia occurs more often with insular infarcts and is associated with
larger infarct size and poor neurologic outcome.'” A recent
study by Kemmling et al'® found a significant association between
the development of hospital-acquired pneumonia in the setting of
right hemispheric peri-insular strokes, an association that is
thought to be related to autonomic modulation of the immune
system.

The insula is a highly recognizable anatomic structure on
cross-sectional imaging due to its distinctive location adjacent to
the frontal and temporal operculum, just medial to the Sylvian
fissure. Our high interobserver agreement in determining the
DWI-PIRI score is in keeping with prior structural MR imag-
ing studies that show high reproducibility for anatomic
localization."®

Limitations of this study include a relatively small sample size,
retrospective design, and heterogeneity of treatment. It is note-
worthy that the unenhanced CT insula score was not an indepen-
dent predictor of outcome in the multivariate model, when DWI
was excluded and the admission NTHSS score was included. This
may be secondary to both shorter time to imaging and lesser
sensitivity for infarct detection, compared with DWI. Recana-
lization status, an established predictor of stroke outcome, was
not available for a large number of our patients, thus preclud-
ing its entrance into our analysis. Our findings should be val-
idated in a larger prospective study that adjusts for recanaliza-
tion status.
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CONCLUSIONS

DWI percentage insula ribbon infarct of >50% predicts poor
clinical outcome in acute ischemic stroke and can help identify
patients who are likely to have a poor clinical outcome despite
small admission DWT lesion volumes. Because it facilitates direct
visual estimation of the likelihood of poor outcome, the DWI-
PIRI score may help more accurately weigh the potential risks
versus benefits of advanced stroke treatments than clinical assess-
ment by the NTHSS and estimation of DWT lesion volume alone.
Consideration of DWT insula infarct involvement may be an ad-
ditional tool for risk-benefit stratification and patient selection
for reperfusion therapy.
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Middle Cerebral Artery Stenosis in Patients with Acute
Ischemic Stroke and TIA in Israel

G. Telman, H. Hurani, E. Sprecher, and E. Kouperberg

ABSTRACT

BACKGROUND AND PURPOSE: Middle cerebral artery stenosis is not frequent but a well-established cause of first and recurrent
ischemic stroke. Our aim was to investigate middle cerebral artery stenosis in the biethnic (Jewish and Arab) population of patients with
acute ischemic stroke and transient ischemic attack in northern Israel.

MATERIALS AND METHODS: The study population included 1344 patients from the stroke data registry who had been hospitalized in the
neurologic department because of acute ischemic stroke (1041) or TIA (303) and had undergone transcranial Doppler sonographic exami-
nation during the hospitalization.

RESULTS: Of the 1344 patients, 120 (8.9%) were found to have MCA stenosis. The patients with intracranial stenosis were older and had
more vascular risk factors (hypertension, diabetes, and hyperlipidemia) and vascular diseases (ischemic heart and peripheral vascular
disease) than those without intracranial stenosis. Logistic regression analysis revealed that diabetes (P = .002) and peripheral vascular
disease (P = .01), but not ethnicity, were independent and significant predictors for the presence of MCA stenosis.

CONCLUSIONS: Anindependent and significant correlation was found between MCA stenosis and vascular risk factors (diabetes mellitus)
and vascular diseases, thus emphasizing the similarity of intracranial MCA stenosis and other vascular diseases originating from athero-

sclerosis. There was no influence of ethnicity on intracranial stenosis in our population.

ABBREVIATION: TCD = transcranial Doppler sonography

ntracranial stenosis is most commonly due to an atherosclerotic
lesion of the intracranial vessels, leading to subsequent narrow-
ing or occlusion of these vessels."> This condition is being in-
creasingly recognized as an important and underestimated etiol-
ogy in acute ischemic stroke.’” Differences in the prevalence of
intracranial stenosis in various populations have been reported,
with the most vulnerable patients seeming to be Asians, Hispan-
ics, and African Americans.®'° Because intracranial stenosis usu-
ally represents an atherosclerotic lesion, it is not surprising that
there is a clear correlation between intracranial stenosis and vas-
cular diseases and vascular risk factors."' '3
The aim of the present study was to search for possible deter-
minants of potentially symptomatic middle cerebral artery steno-
sis in patients with stroke and transient ischemic attack in a bieth-
nic (Jewish and Arab) population of northern Israel.
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Many studies in the literature suggest different transcranial
Doppler sonography (TCD) parameters (peak systolic velocity,
mean velocity) and different values as cutoffs for the diagnosis of
intracranial stenosis. There are also many different definitions in
the literature of intracranial stenosis (eg, “mild, moderate, and
severe,” “less and more than 50%,” “50%—69% and more than
70%,” and so forth). There are still no generally accepted criteria for
moderate intracranial stenosis. In this study, potentially symptom-
atic intracranial stenosis was defined as cases in which TCD exami-
nation showed a peak velocity in the middle cerebral artery, either left
or right, of =140 cm/s. This value was used by some researchers as a

criterion correlating with MCA stenosis of =50%.>'¢

MATERIALS AND METHODS

This study was based on the stroke data registry from the vascular
laboratory of the Department of Neurology and the Prometheus
computerized registry system containing all details of patients
hospitalized in the Rambam Health Care Campus, Haifa, Israel,
from the end of 1999 to 2010. The 1344 patients included in the
study were those consecutively referred from the neurologic de-
partment to the vascular laboratory for transcranial Doppler ex-



Table 1: Distribution of demographic and vascular risk factors and vascular diseases in the

whole group of patients®

mg/dL; or by a previous diagnosis of hy-

perlipidemia. Atrial fibrillation was di-

. All Patients Patier}ts with . Patient.s without. agnosed by a physician who reviewed
Risk Factor (N =1344) Intracranial Stenosis  Intracranial Stenosis P Value . .
patient electrocardiograms, by follow-

Age 65.67 £13.2 66.02 =129 63.85 £ 129 <.04 o th dical 4 b .
Sex (male) 983 (73.1%) 81(67.5%) 902 (67.2%) 14 ing the medical records, or by a previous
Ethnicity (Arab) 310 (23.1%) 23(19.1%) 287 (23.5%) 28 medical diagnosis. Ischemic heart dis-
CVA 1041(77.5%) 107 (89.2%) 934 (76.3%) 0005  ease was defined by a history of myocar-
TIA . 303 (22.5%) 13(10.8%) 290 (23.8%) 0005 dial infarction, angina pectoris, signs of
Hypertension 946 (70.4%) 93 (77.5%) 853 (69.8%) 068 i hemia on the electrocardiogram, or
Diabetes 470 (35%) 61(50.8%) 409 (33.5%) o002 ds. Perinheral
Hyperlipidemia 686 (51%) 72 (60%) 614 (50.25%) 04 Y the medical records. Peripheral vas-
Smoking 454 (33.8%) 32(26.7%) 422 (34.5%) 07 cular disease was defined by a history of
IHD 398 (29.6%) 42 (35%) 356 (29.1%) 18 intermittent claudication, peripheral
M 187 (13.9%) 17 (14.2%) 170 (13.9%) 9 vascular surgery or angioplasty, or by a
A 138 (10.3%) 8(6.7%) 130 (10.6%) iy previous diagnosis. Permission for this
PVD 94 (7%) 17 (14.2%) 77 (6.3%) 004

Note:—CVA indicates cerebral vascular accident; IHD, ischemic heart disease; AF, paroxysmal or chronic atrial fibrilla-

tion; PVD, peripheral vascular disease; MI, myocardial infarction.
2X* analyses and t tests, uncorrected for multiple comparisons, were performed.

amination because of acute ischemic stroke or TIA. TIA was de-
fined clinically as a transient episode of neurologic dysfunction of
ischemic origin lasting <24 hours. Of those patients included in
the study, 1041 had cerebral vascular accident and 303 had TIA.
From those patients with cerebral vascular accident, 117 (11.2%)
instances were attributed to the vertebrobasilar territory. Of
strokes attributed to the carotid territory, 484 (52.4%) were left-
sided. Data for every patient in the study included demographic
variables, risk factors, vascular diseases, and results of the TCD
examination.

A Pioneer TC 8080 TCD machine (Viasys Nicolet, Madison,
Wisconsin), was used. Parameters used for monitoring were the
following: depth of insonation of MCA, 51-63 mm; sample vol-
ume, 3 mm; power of insonation, 100%; range, 154 cm/s; 256-
point fast Fourier transformation. All examinations were
performed by a highly experienced TCD operator (E.K). Intra-
observer agreement for the TCD examination was estimated by
the comparison of MCA peak systolic velocities at 2 consecutive
examinations and was very good (k = 0.84).

The assignment of ethnicity (Arab or Jewish) was performed
by place of birth and residence in addition to first and family
names. We examined interobserver agreement among 4 observers
for this method of classification of ethnicity in a biethnic northern
Israeli population, and agreement was found to be almost perfect,
Kk = 0.96, as assessed by the Fleiss k statistic.!”

Hypertension was defined by either a systolic blood pressure of
=140 mm Hg or a diastolic blood pressure of =90 mm Hg, by the
use of antihypertensive medication, or by a previously established
diagnosis of hypertension (in most cases). In those cases in which
the hypertension was diagnosed for the first time, the diagnosis
was based on repeat measurements throughout the hospitaliza-
tion. Diabetes mellitus was defined by a recorded random blood
glucose level of =200 mg/dL, by the use of insulin or an oral
hypoglycemic agent, or by a previous diagnosis of diabetes melli-
tus. Hyperlipidemia was defined by the use of lipid-lowering
medications; by a fasting serum total cholesterol concentration
of >200 mg/dL, alow-density lipoprotein cholesterol concentra-
tion of >140 mg/dL, a high-density lipoprotein cholesterol con-
centration of <40 mg/dL, or a triglyceride concentration of >150

study was obtained from the local ethics
committee.

Statistical Analysis

Basic comparisons between groups of
patients with and without MCA stenosis consisted of ¢ tests for
normally distributed continuous data and x* tests for categoric
data. In cases in which there were >2 levels in the nonparametric
variables tested, additional y* tests were conducted to further ex-
amine the distributions. To control for the multiple influences of
risk factors in predicting stenosis, we conducted logistic regres-
sion analyses. JMP (SAS Institute, Cary, North Carolina) was used
for the statistical analyses.

RESULTS

The mean age of the 1344 patients was 64 * 12.9 years (range,
20-94 years). There were 360 female (26.8%) and 310 Arab
(23.1%) patients. Of the 1344 patients, 1041 (77.5%) had acute
ischemic stroke and 303 had TIA. Table 1 presents the distribu-
tion of vascular diseases and vascular risk factors among the pa-
tients included in the study.

TCD data showed that 120 patients (8.9%) had potentially
symptomatic MCA stenosis. Seventy-seven of these patients had
clinical manifestations related to the side of stenosis, and 34
(28.3%) had bilateral potentially symptomatic intracranial steno-
sis of the MCA. The patients with intracranial stenosis were older
and had more vascular risk factors (hypertension, diabetes, and
hyperlipidemia) and vascular diseases (ischemic heart disease and
peripheral vascular disease) than those without intracranial
stenosis.

Logistic regression analysis revealed that only diabetes melli-
tus (P = .002) and peripheral vascular disease (P = .01) were
independent and significant predictors for the presence of MCA
stenosis (Table 2). No influence of ethnicity on the presence of
significant intracranial stenosis was found, either before or after
the logistic regression analysis.

DISCUSSION

In this study, we explored the possible predictors of potentially
symptomatic MCA stenosis in a large group of patients with
stroke and TIA, representing a biethnic population in northern
Israel that has not been previously studied. TCD is considered a
reliable method for the detection of intracranial stenosis.'® The
prevalence of MCA stenosis in the population of patients with
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Table 2: LoFistic regression analysis of possible predictors of

EH:?crania stenosis in patients with acute ischemic stroke or
Odds  95% Confidence
Effect Ratio Limits P Value

Ethnicity (Arab vs Jewish)  0.785 0.479-1.284 33
Age (per yr) 1.009 0.992-1.026 3
Sex (male vs female) 0.715 0.466-1.097 124
Hypertension 1138 0.709-1.826 .59
Diabetes 1.889 1.274-2.801 .002°
Smoking 0.723 0.460-1.137 16
Hyperlipidemia 1352 0.899-2.033 15
IHD 1243 0.746-2.071 4
PVD 2.197 1.210-3.987 o
Ml 0.736 0.381-1.423 .36
AF 0.582 0.272-1.247 16

Note:—IHD indicates ischemic heart disease; AF, paroxysmal or chronic atrial fibril-
lation; PVD, peripheral vascular disease; MI, myocardial infarction.

@ Multivariate logistic regression analysis of factors potentially leading to intracranial
stenosis. The overall logistic regression model was significant, P = .0003.

® Significant parameters.

stroke and TIA in northern Israel was found to be similar to thatin
other studies examining white patients.'>** As expected, we
found that patients with potentially symptomatic intracranial ste-
nosis were older and had more vascular risk factors. Logistic re-
gression analysis showed that diabetes mellitus and peripheral
vascular disease were independent and significant predictors of
intracranial stenosis in the studied population. Similar data
pointing to the important influence of diabetes in the appearance
of intracranial stenosis can be found in the literature.*' >

The other significant finding was a high prevalence of periph-
eral vascular disease in patients with potentially symptomatic in-
tracranial stenosis. Such data may indicate vulnerability of the
peripheral arteries of relatively small diameter in a different loca-
tion for the development of atherosclerotic lesions in some pa-
tients. This finding is supported by other studies that found a
correlation between intracranial stenosis and peripheral vascular
disease.”* We did not find any differences in the prevalence of
intracranial stenosis between the Jewish and the Arab patients,
either before or after the logistic regression, contrary to many
other populations studied.

Limitations

The main limitation of this study was that although all patients in-
cluded in the study were consecutively examined by TCD, those pa-
tients who were referred for TCD examination were not consecutive.
The main reason for not referring patients for TCD was the severity
of the stroke or comorbidities. Some other patients were, on the con-
trary, in good condition and were discharged from the hospital be-
fore TCD. Overall, we were able to perform TCD in 61% of patients
included in our stroke data base. Because many of those patients had
severe stroke due to large-vessel disease, it seems that some underes-
timation of the prevalence of potentially symptomatic intracranial
stenosis may have occurred in our cohort.

Another limitation of our study was that we were not able to
evaluate internal carotid artery stenosis in our patients simulta-
neously with intracranial stenosis. ICA stenosis in the neck is an
established important cause of TTA and stroke, and it is important
to see MCA stenosis in the perspective of incidence, coexistence,
and so forth with ICA stenosis.
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CONCLUSIONS

This study dealt mainly with the predictors of potentially symp-
tomatic intracranial stenosis and showed that diabetes and pe-
ripheral vascular disease, but not ethnicity, were independent and
significant predictors for the presence of MCA stenosis. The
screening of patients with stroke and TTA for the presence of po-
tentially symptomatic intracranial stenosis is important because
evidence exists that patients with MCA stenosis are prone to se-
vere and devastating first and recurrent strokes and these require
more aggressive treatment than any other group of strokes related
to large-vessel disease.”® Finally, data about MCA stenosis are
relatively limited compared with numerous other sites of athero-
sclerosis related to stroke. Further exploration of different aspects
of MCA stenosis, including genetic and population-based screen-
ing studies, is needed for better understanding of stroke mecha-
nisms in this group of patients.
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Abnormal White Matter Integrity in Chronic Users of
Codeine-Containing Cough Syrups: A Tract-Based Spatial
Statistics Study

Y.-w. Qiu, H.-h. Su, X.-f. Lv, and G.-h. Jiang
N O=

ABSTRACT

BACKGROUND AND PURPOSE: Codeine-containing cough syrups have become one of the most popular drugs of abuse in young people
in the world. Chronic codeine-containing cough syrup abuse is related to impairments in a broad range of cognitive functions. However,
the potential brain white matter impairment caused by chronic codeine-containing cough syrup abuse has not been reported previously.
Our aim was to investigate abnormalities in the microstructure of brain white matter in chronic users of codeine-containing syrups and to
determine whether these WM abnormalities are related to the duration of the use these syrups and clinical impulsivity.

MATERIALS AND METHODS: Thirty chronic codeine-containing syrup users and 30 matched controls were evaluated. Diffusion tensor imaging
was performed by using a single-shot spin-echo-planar sequence. Whole-brain voxelwise analysis of fractional anisotropy was performed by
using tract-based spatial statistics to localize abnormal WM regions. The Barratt Impulsiveness Scale 11 was surveyed to assess participants’
impulsivity. Volume-of-interest analysis was used to detect changes of diffusivity indices in regions with fractional anisotropy abnormalities.
Abnormal fractional anisotropy was extracted and correlated with clinical impulsivity and the duration of codeine-containing syrup use.

RESULTS: Chronic codeine-containing syrup users had significantly lower fractional anisotropy in the inferior fronto-occipital fasciculus
of the bilateral temporo-occipital regions, right frontal region, and the right corona radiata WM than controls. There were significant
negative correlations among fractional anisotropy values of the right frontal region of the inferior fronto-occipital fasciculus and the right
superior corona radiata WM and Barratt Impulsiveness Scale total scores, and between the right frontal region of the inferior fronto-
occipital fasciculus and nonplan impulsivity scores in chronic codeine-containing syrup users. There was also a significant negative
correlation between fractional anisotropy values of the right frontal region of the inferior fronto-occipital fasciculus and the duration of
codeine-containing syrup use in chronic users.

CONCLUSIONS: Chronic codeine-containing syrup abuse may be associated with disruptions in brain WM integrity. These WM micro-
structural deficits may be linked to higher impulsivity in chronic codeine-containing syrup users.

ABBREVIATIONS: BIS = Barratt Impulsiveness Scale; CCS = codeine-containing syrup; FA = fractional anisotropy; IFO = inferior fronto-occipital fasciculus; A, =
axial diffusivity; A | = radial diffusivity; TBSS = tract-based spatial statistics

odeine is by far the most widely used opiate in the world. It has
been frequently used as an antitussive agent." It has relatively
specific central inhibition of the cough center in the medulla and does
not cause respiratory depression. Although codeine is a less addictive
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opiate than heroin, continued use can result in physical and psycho-
logical dependence.> Codeine-containing cough syrups (CCSs) have
become one of the most popular drugs of abuse in young people in
the world.” The exact neurobiologic mechanism underlying CCS ad-
diction is not fully understood. Codeine dependence is different
from that of other illicit opioid drugs, and its misuse is associated
with a different clinical course.* CCS contains a combination of co-
deine, a sympathomimetic, and an antihistamine, all of which have
central nervous system action, which is not typical of other opioids.*

Understanding the mechanism of CCS dependence and devel-
oping better therapies to stop CCS abuse are important because of
the increasing incidence of dependency. Emerging technologies

O Indicates open access to non-subscribers at www.ajnr.org
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such as neuroimaging have contributed to new insights into the
neuropharmacology of CCS addiction.>” Hou et al® used single-
photon emission CT to demonstrate that the availability of dopa-
mine transporter in the striatum and the volume, weight, and
technetium Tc99m-TRODAT-1 corpus striatum/whole-brain
uptake ratio were significantly less pronounced in CCS users than
in controls. Using high-resolution structural MR imaging and
resting-state functional MR imaging, our previous studies re-
ported that the gray matter volume of the ventral medial prefron-
tal cortex and its functional integrity were deficient in chronic
CCS users.”” However, to the best of our knowledge, the integrity
of white matter in CCS users has not been investigated. Knowl-
edge of white matter brain abnormalities and any association be-
tween these abnormalities and cognitive function in CCS users
might facilitate identification of possible pharmacotherapies that
could be used to treat this disorder.

Diffusion tensor imaging is an MR imaging technique used to
quantitatively investigate white matter axonal integrity in vivo.
DTT is based on the measurement of water molecular motion.
Axonal structure restricts water diffusion so that it is greater in the
axis parallel to the main axis of axons. Fractional anisotropy (FA)
is a measure of the degree to which water diffusion is constrained in
the brain, and it is widely used as a general index of axonal integrity.*”
The component measures from which FA is derived, the first (A,)
and second (A | ) principal eigenvalues, indicate diffusion axial (par-
allel) and radial (perpendicular) to the primary axis of the axon.
These values provide additional insight into the nature of white mat-
ter deficits."”"" The former provides an index of axonal injury, and
the latter is sensitive to changes in myelination.'®'?

In this study, DTI was used to investigate the white matter
integrity of chronic CCS users. An observer-independent tract-
based spatial statistics (TBSS) analysis was performed on the DTI
data. This method retains the strengths of voxel-based analysis
while addressing some of its drawbacks. Drawbacks include align-
ing images from multiple subjects and the arbitrariness of the
choice of spatial smoothing.'? The aims of this study were the
following: 1) to investigate differences in the topographic distri-
bution of the integrity of white matter between CCS users and
healthy controls, 2) to determine whether there was any relation-
ship among abnormalities in the integrity of white matter and the
duration of CCS use and a clinical impulsivity trait in CCS users.

MATERIALS AND METHODS

Subjects

This prospective study was approved by the local ethics commit-
tee. Written informed consent was obtained from all subjects.
Sixty subjects, including 30 control subjects and 30 chronic CCS
users, participated in this study. The CCS users were randomly
selected from among patients seeking treatment at the Addiction
Medicine Division of Guangdong No.2 Provincial People’s Hos-
pital. All the CCS users were screened by using the Diagnostic and
Statistical Manual of Mental Disorders-IV criteria. A urine test and
an interview were conducted by a clinical psychologist. All pa-
tients were naive for other types of illicit drug use. None of the 60
subjects (30 CCS users and 30 controls) included in present study
meet the criteria of Diagnostic and Statistical Manual of Mental
Disorders-IV for alcohol dependence, and none used alcohol reg-

ularly. Patients regularly used cigarettes and denied any use of
psychotropic agents in the month before MR imaging. Inclusion
criteria for the control subjects were a lack of a diagnosis of sub-
stance abuse or dependence. Exclusion criteria for all participants
included neurologic illness, schizophrenia, bipolar disorder, prior
significant head trauma, positive HIV status, diabetes, hepatitis C,
other major medical illness, and left-handedness.

Behavioral Assessments

The Barratt Impulsiveness Scale (BIS) 11 was surveyed soon after
MR imaging to assess participants’ impulsivity. The BIS 11 is one
of the oldest and most widely used self-reporting measures of
impulsive personality traits. This 30-item self-rated scale evalu-
ates 3 factors: attentional/cognitive traits, which refer to tolerance
for cognitive complexity and persistence; motor, which refers to
the tendency to act on the spur of the moment; and nonplan
impulsivity, which refers to the lack of a sense of the future. Items
were rated from 1 (rarely/never) to 4 (almost always/always). All
items were summed to determine overall impulsiveness scores.
Higher scores indicated greater impulsivity.'* The BIS 11 is a valid
and reliable instrument for evaluating healthy and psychiatric
Chinese populations.'”

Image Acquisition

MR imaging data were obtained with a 1.5T MR scanner (Achieva
Nova-Dual; Philips, Best, the Netherlands). Each subject lay su-
pine with his or her head snugly fixed by a belt and foam pads.
Before the DTT scan, a T1-weighted 3D sequence and fluid-atten-
uated inversion recovery images were captured to exclude sub-
jects with abnormalities. Diffusion imaging data were acquired in
32 diffusion gradient directions (b=800 s/mm? along 32 noncol-
linear directions) plus b=0 reference images by using a single-
shot spin-echo-planar sequence to collect diffusion-weighted im-
ages. Other imaging parameters were as follows: TR = 10,793 ms,
TE = 62 ms, FOV = 230 X 230 mm?, matrix = 128 X 128, section
thickness = 2 mm with no section gap, and voxel size = 2 X 2 X
2 mm’.

Data Preprocessing

All DTI datasets were preprocessed by using the fMRI of the Brain
Software Library, Version 4.1.7 (FSL; http://www.fmrib.ox.ac.
uk/fsl). The raw DTT dataset was corrected for eddy current distor-
tion and head motion by registering the diffusion-weighted images
with the null image. This was performed by using affine transforma-
tions in the Diffusion Toolbox, Version 2.0, (part of FSL).'® The DTI
datasets were then skull-stripped by using the Brain Extraction Tool,
Version 1 (part of FSL) to remove background noise and nontissue
components.'” The diffusion tensor was then calculated by using the
DTIFit (from FSL) program for whole-brain volumes to produce FA
and axial and radial diffusivities.

TBSS Analysis

Whole-brain voxelwise statistical analysis of the FA data was per-
formed by using TBSS."'>'® The TBSS method minimizes poten-
tial misalignment problems of other voxel-based whole-brain
forms of analysis by identifying a white-matter “skeleton” re-
stricted only to the center of the major white-matter tracts. FA
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Table 1: Demographic and clinical characteristics of the chronic codeine-containing cough syrup users and controls®

Characteristic CCS Users (n = 30) Controls (n = 30) Z Value P Value
Age (yr) (mean, range) 25.07 (3.084, 20-31) 23.97 (2.470,20-29) 2706 133
Sex (male/female) 28:2 282 - 1
Education (yr) 13.03 (2.760) 12.07 (3.423) 1126 233
Nicotine (No. cigarette/day) 16.53 (9.609) 13.50 (8.823) 0.036 208
Cough syrup use (yr) (range) 5.08 (1~8) N/A - -
Age of first use of cough syrup (yr) (range) 19.93 (12~30) N/A - -
Mean dose (mL/day) (range) 487.33 (60~1800) N/A - -
Total BIS scores 71.63 (4.597) 57.13 (5.178) 0.778 .000°
Attentional impulsivity 18.27 (2.947) 15.57 (1.633) 5.341 .000°
Motor impulsivity 30.50(2.739) 22.13(3.381) 2727 .000°
Nonplan impulsivity 22.87 (1.961) 19.63 (2.710) 1.755 .000°

Note:—NA indicates not applicable; —, no value.
#Unless otherwise indicated, data are means = SDs.
ep < .05.

values were mapped for each individual onto this standard skele-
ton for group comparison.

All subjects’ FA data were aligned into a common space by using the
FSL Nonlinear Registration Tool, ENIRT (http:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FNIRT), which uses a b-spline representation of the regis-
tration warp field."® The cross-subject mean FA image was calcu-
lated and used to generate a mean FA skeleton representing the
centers of all tracts common to the whole study group. The
threshold of the mean FA skeleton was set at 0.2 to exclude voxels
that contained gray matter or CSF. Previous studies have also used
the same threshold for the FA skeleton.'® Each individual sub-
ject’s aligned FA data were projected onto this masked skeleton by
filling the skeleton with FA values from the nearest relevant tract
center. The skeletonized FA data were fed into the following vox-
elwise cross-subject statistics, which were based on a nonparamet-
ric permutation test (Randomize, part of FSL; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/Randomise/UserGuide).

Nonparametric 2-sample independent ¢ tests were used to
identify group differences in FA. This comparison was based on a
permutation method because of the substantial non-Gaussian
distribution of the FA data.!>?° Age, years of formal education,
and histories of smoking were demeaned and served as nuisance
covariates to ensure that any observed difference of FA was inde-
pendent of these factors. Threshold-free cluster enhancement,?’
an alternative to conventional cluster-based thresholding, which
normally compromises the arbitrary definition of the cluster-
forming threshold, was used to identify the significant differences
between the 2 groups at P < .05. Multiple comparisons were ac-
counted for by controlling for the family-wise error rate. Only
clusters still significant after the voxel-level family-wise error
(part of FSL) correction were reported. The most probable ana-
tomic localization of each cluster was determined by the FSL At-
lases tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), which in-
corporates several anatomic templates, including the Talairach
atlas, Montreal Neurological Institute structural atlas, Julich his-
tologic atlas, Oxford thalamic connectivity atlas, Harvard-Oxford
cortical and subcortical structural atlases, and the Johns Hopkins
University DTI-based WM atlases. All reported brain images were
acquired by using the “tbss_fill” script from the FSL package.

Volume-of-Interest Analysis of Diffusion Indices
Volume-of-interest analysis was performed to explore the micro-
structural mechanisms of the observed changes in FA. Changes in
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the axial and radial diffusivities (axial, principal longitudinal di-
rection, A;, and radial, transverse diffusion component, [A| =
(A2 + A3) / 2]) of clusters showing significant FA decrease were
calculated. VOI masks were first extracted on the basis of clusters
showing significant intergroup FA differences. These VOI masks
were then back-projected to the original images of each subject.
The mean values of the diffusion indices within the VOIs were
then calculated. A 1-sample Kolmogorov-Smirnov test was per-
formed to evaluate the normality of the data. A 1-way analysis of
covariance with the group as the independent variable and diffu-
sion indices as the dependent variables was performed after con-
trolling for age, formal years of education, and history of smoking.
Statistical significance was set at P < .05. A Bonferroni correction
was performed for multiple comparisons. A Pearson correlation
analysis was used to assess correlations between changes in FA
within the VOIs and behavioral measures and the duration of
CCS use. P < .05 was considered statistically significant.

RESULTS

Demographic and Behavioral Measures

There were no significant differences in age, sex, formal years of
education, or number of cigarettes smoked per day between the
chronic CCS users and controls. The mean duration of CCS use
was 5.05 years. The mean age of the first use of CCS was 19.93
years. The mean dose of CCS used was 487.33 mL/day in CCS
users (Table 1).

A comparison of average of BIS 11 scores from the chronic CCS
users and control groups is shown in Table 1. CCS users had signifi-
cantly higher attentional impulsivity, motor impulsivity, nonplan
impulsivity, and total scores than the control group (P < .05).

TBSS

A value of 0.2 was used to threshold the mean FA skeleton
volume so that a total of 140,033 voxels were entered into the
voxelwise TBSS analysis. The spatial distribution of the brain
regions is presented in Fig 1 and Table 2. Chronic CCS users
had lower FA than controls. CCS users had a significantly lower
FA (P < .05; threshold-free cluster enhancement—corrected)
in the inferior fronto-occipital fasciculus (IFO) of the bilateral
temporo-occipital regions and the right frontal and the right
corona radiata regions than controls. There were no white
matter regions in which the controls had significantly lower FA
values than the CCS users group.



VoI

Five clusters showed significant differences between the 2 groups,
so the 2 left temporo-occipital IFO clusters were combined into 1
cluster. Four parts of the brain that showed significantly low FA
values in CCS users were extracted for VOI-based analysis. The
results are listed in Table 3. Clusters in CSS users from the bilateral

FIG1. TBSS analysis of FA maps. Maps of the t value (P < .05 corrected for multiple comparisons)
show, in red, the areas of significantly reduced FA in chronic codeine-containing cough syrup
users compared with controls. A, The frontal region of the right IFO. B, The temporo-occipital
region of the right IFO. C, The temporo-occipital region of left IFO. D, The right superior corona

radiata.

temporo-occipital regions of the IFO and the right corona radiata

had lower FA values, greater radial diffusivity (P = .000; P = .001,

and P = .011, respectively), and a lower axial diffusivity (P = .027;

P = .014, and P = .018, respectively) than clusters from controls.

The right frontal part of the IFO had a trend-level increase in

radial diffusivity (P = .001) and no difference in longitudinal
diffusivity (P = .097).

The Pearson correlation analysis
demonstrated significant negative cor-
relations between FA values of the right
frontal region of the IFO (r = —0.479,
P = .007) and the right superior corona
radiata WM (r = —0.450, P = .013) with
the BIS total scores (Fig 2) of chronic
CCS users. There was a significant nega-
tive correlation between FA values of the
right frontal region of the IFO (r =
—0.479, P = .007) and nonplan scores
(Fig 2) of chronic CCS users. There was
also a significant negative correlation
between FA values of the right frontal
region of the IFO (r = —0.561, P = .001)
and the duration of CCS use (Fig 3) in
chronic CCS users.

DISCUSSION

Here, DTI was used with an observer-
independent whole-brain  voxelwise
TBSS analysis to investigate the integrity
of the WM of chronic CCS users. A con-
trol group was matched for age, sex, and
years of education. Chronic CCS users
had significantly lower FA values in the
inferior fronto-occipital fasciculus of
the right frontal region and the bilateral
temporal-occipital regions and the right
superior corona radiata WM (Fig 1 and
Table 2). These results reflect the deficits
in WM integrity and a disruption in the
organization of WM tracts in chronic
CCS users. This disruption appeared to
be related to both myelin pathology and
axonal injury, given the increased radial
diffusivity and decreased axial diffusiv-
ity observed. Most important, the results
of correlation analyses showed that FA

Table 2: Neuroanatomic regions with reduced FA in CCS users relative to healthy controls

Average FA
Talairach Cluster Cccs P Values
Anatomic Regions Laterality Coordinates (x, y, z)* Size (cm) Users Controls (Minimum)®

Frontal region of the IFO R 67,154,68 136 0.533 0.564 .048
Temporo-occipital region of IFO R 54,9577 389 0.452 0.499 .031
L 130,84,65 40 0.622 0.661 .042
123,66,72 38 0.477 0.549 .046
Superior corona radiata R 71,8312 586 0.578 0.646 .031

Note:—L indicates left; R, right.

# All the coordinates are denoted by Montreal Neurological Institute space coordinates.

b p < 05, threshold-free cluster enhancement—corrected).
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Table 3: Group differences in diffusivity indices from volumes of interest (corrected for age, education, and histories of smoking)

A, (x 10°°mm?/s) (Mean) A, (x10°mm?/s) (Mean)
Anatomic Region Controls CCS P Value Controls CCS P Value
Right frontal part of IFO 137 £ 0.05 135 £ 0.05 .097 0.50 = 0.05 0.54 = 0.03 .001*
Right temporo-occipital part of IFO 143 = 0.08 137 £0.06 .014* 0.40 = 0.05 0.45 + 0.04 .001*
Left temporo-occipital part of IFO 144 = 0.07 140 = 0.07 .027° 0.46 = 0.05 0.51 = 0.04 .000°
Right superior corona radiata 127 £ 0.07 122 £ 0.07 0182 0.53 £ 0.05 0.56 = 0.04 omn®

2P <.05

FIG 2. Correlations between mean fractional anisotropy and impulsivity traits in the chronic CCS users.

users (Fig 2). These findings suggest that
chronic CCS abuse may cause progres-
sive brain WM integrity impairment.
Furthermore, these WM microstruc-
tural deficits may be linked to higher im-
pulsivity traits in chronic CCS users.

Abnormal WM Integrity in Chronic
CCS Users

Alow FA value was found in the bilateral
IFO, the right frontal region, and the
bilateral temporo-occipital regions of
chronic CSS users. The IFO is thought to

FIG3. Correlations between mean fractional anisotropy of the right frontal region of the IFOand part of the dorsal visual stream,??

the duration of CCS use in chronic CCS users.

of the right frontal region of the IFO and the right superior corona
radiata WM was negatively correlated with BIS total scores; FA of
the right frontal region of the IFO was negatively correlated with
nonplan impulsivity and the duration of CCS use in chronic CCS
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originating from the dorsal parieto-oc-
cipital and medial parietal areas and
projecting into the lateral prefrontal areas.>” The IFO is thought
to be involved in processing information that controls action.**
Abnormal WM integrity in the IFO has consistently been
observed in other forms of addiction, such as Internet,?®



1,2° and heroin.?” The observation of a lower FA value in

alcoho
the bilateral IFO of chronic CCS users is consistent with these
previous reports and with the clinical observation that CCS abuse
is associated with impaired cognitive control.>* The anterior part
of the IFO may be involved in response inhibition. Increased co-
herence of the anterior part of the IFO might give rise to an in-
creased ability to implement inhibition to overcome the incorrect
visuospatial task preparation and hence the incorrect competing
response found in invalidly but not validly cued trials.*® The neg-
ative correlation among FA values of the right frontal region
of the IFO and BIS total scores and nonplan scores supports this
hypothesis.

The right superior corona radiata WM also had a lower FA
value in CCS users. The corona radiata comprises WM fibers link-
ing the cerebral cortex to the internal capsule and provides im-
portant connections among the frontal, parietal, temporal, and
occipital lobes.*® Given its anatomic location, the corona radiata
WM has been linked to risk-taking, including both cognitive and
motor components.*>*° The abnormal WM integrity of the right
superior corona radiata observed in this study may account for
the risk-taking behavior and higher impulsivity found in chronic
CCS users. Loss of WM integrity in the corona radiata has been
consistently observed in cocaine,’! methamphetamine,3 2 and al-
cohol dependence.?® These findings are consistent with those of
previous results. The significant negative correlation between the
FA value of the right superior corona radiata and the BIS total
score supports the conclusions of previous functional studies
linking the parietal lobe to impulse control.**

Results also showed the FA values of the right frontal region
of the IFO to be negatively correlated to the duration of CCS use.
The disruption of white matter integrity in this region may be due
to this use. The FA values of the 3 other parts of the brain regions
that showed differences between users and controls did not dem-
onstrate any such correlation. Several factors might explain these
findings. First, the relatively small sample size could have insuffi-
cient power to detect such a difference. Although no significant
correlation was found between the FA values of the other 3 parts
of the brain and the duration of CCS use, negative trends were
observed. Further studies with larger sample sizes are needed.
Second, the lower FA values in these regions may not be the result
of CCS abuse. They may represent a predisposition to substance
abuse.” Further studies with long-term follow-up are needed to
confirm this inference.

Possible Mechanisms Underlying Decreases in FA
The FA value of WM may be affected by many factors, including
myelination, axon size, axon attenuation, axonal path geometry,

36 Results showed

and extracellular water space between fibers.
CCS-related WM microstructural damage to be associated with
reduced axial diffusivity and increased radial diffusivity in bilat-
eral temporo-occipital regions of the IFO and right superior co-
rona radiata WM. Radial diffusivity mainly reflects the integrity
and thickness of myelin sheets covering the axons.'* Axial diffu-
sivity may reflect the organization of the fibers and axon integ-
rity.'* The disruption of WM integrity seen in the brain of chronic
CCS users is most likely a manifestation of the loss of myelin and
axon integrity. Postmortem and DTI studies have also demon-

strated myelin dissolution®® and axon disruption” in opiate-de-
pendent individuals. Biittner et al*” found B-amyloid precursor
protein—-immunopositive accumulations to be significantly more
pronounced in heroin-predominant polydrug addicts, indicating

127

diffuse axonal damage. Similarly, Bora et al*” demonstrated wide-

spread deficits of white matter integrity in heroin addicts.

Relationship between FA and Behavioral Measures in
Chronic CCS Users

Chronic CCS users showed significantly higher BIS total scores, at-
tentional scores, nonplan scores, and motor scores than controls.
These findings are consistent with the results of previous neuropsy-
chological studies of heroin and cocaine addicts.”® Results also
showed that the BIS total scores were correlated to the FA values of
the right frontal region of the IFO and the right superior corona
radiata in CCS users. Higher nonplan impulsivity scores were asso-
ciated with more severe loss of white matter integrity in the right
frontal region of the IFO. This association indicates that disruption of
the WM integrity in these regions may be responsible for the higher
impulsivity found in chronic CCS users. These inferences are sup-
ported by a previous study by Lane et al,*® which showed a significant
relationship between impaired decision-making (by Iowa gambling
task) and DTI-measured white matter integrity in the frontal and
parietal regions of cocaine-dependent subjects. In turn, the findings
of significant associations among impaired white matter integrity in
the right frontal region of the TFO and the right superior corona
radiata WM and higher impulsivity in CCS users suggest that white
matter integrity may serve as a predictor of abstinence or a potential
new treatment target for CCS users.

Limitations of This Study

There were several limitations to the current study. First, the study
was cross-sectional in design. The integrity of abnormal white
matter was observed in CCS users, and associations with chronic
CCS use were inferred. However, we cannot absolutely assert the
causation of the CCS dependence and the abnormalities of the
white matter integrity. It requires a long-term longitudinal fol-
low-up with detailed experimental and clinical profiling of a co-
hort of subjects in a future study. The second limitation of this
study concerns imaging. The assessment of small fiber tracts was
difficult with TBSS because only the major white matter tracts
were included in the skeleton.'? Because of the nonlinear align-
ment process, the FA, A |, and A, values that were attributed to a
given voxel were not actually measured from that spatial location.
Instead, they were derived from a neighborhood, which may dis-
guise the results.'” Third, the DTI sequence had only 1 acquisition
at b=0 s/mm?, due to limitations of the imager.*° Last, the life-
time quantity of alcohol use was not measured in present study;
although none of the subjects included in present study met the
Diagnostic and Statistical Manual of Mental Disorders-IV criteria
for alcohol dependence, binge drinking has been found to be as-
sociated with reduced FA in previous studies.*' Heavier alcohol
use without dependence could be related to the present findings.

CONCLUSIONS
DTI was used with TBSS analysis to investigate the microstructure
of WM in chronic CCS users. Chronic CCS users are character-
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ized by impairment of WM fibers in the bilateral temporo-occip-

ital regions and the right frontal region of the IFO and the right

superior corona radiata. In addition, these progressive changes in

WM microstructure may be neural and cause greater impulsivity

in chronic CCS users.
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ORIGINAL RESEARCH
BRAIN

Iron and Volume in the Deep Gray Matter: Association with
Cognitive Impairment in Multiple Sclerosis

C.M. Modica, R. Zivadinov, M.G. Dwyer, N. Bergsland, A.R. Weeks, and RH.B. Benedict

ABSTRACT

BACKGROUND AND PURPOSE: There is a well-established correlation between deep gray matter atrophy and cognitive dysfunction in
MS. However, the cause of these signs of neurodegeneration is poorly understood. Iron accumulation in the deep gray matter is higher in
patients with MS compared with age- and sex-matched healthy controls, and could contribute to disease progression. Our objective was
to evaluate the relationship between iron and cognition in several deep gray matter structures while accounting for the influence of
volume loss.

MATERIALS AND METHODS: Eighty-five patients with MS and 27 healthy volunteers underwent 3T MR imaging and neuropsychological
examination. We used SWI filtered phase to analyze the mean phase of low-phase voxels, indicative of abnormal iron accumulation.

RESULTS: Correlations between mean phase of low-phase voxels and cognitive tests were found in the caudate nucleus (r = 0.240 and
0.232), putamen (r = 0.368, 0.252, and 0.238), globus pallidus (r = 0.235), and pulvinar nucleus of thalamus (r = 0.244, 0.255, and 0.251) (P <
.05). However, correlations between structure volume and cognition were more robust. Furthermore, the introduction of structure
volume into hierarchical regression analyses after iron metrics significantly improved most models, and mean phase of low-phase voxels
did not account for significant variance after volume.

CONCLUSIONS: These findings suggest that iron accumulation plays a significant, if minor, role in MS cognitive decline.

ABBREVIATIONS: BVMT-R = the total learning portion of the Brief Visuospatial Memory Test-Revised; CVLT2 = total learning portion of the California Verbal
Learning Test; DGM = deep gray matter; DKEFS-CS = Delis-Kaplan Executive Function System Sorting Test; LPV = low-phase voxel; MP-LPV = mean phase of the

low-phase voxels; NP = neuropsychological; PASAT = 3-second Paced Auditory Serial Addition Test; SDMT = Symbol Digit Modalities Test

nvestigation of iron accumulation in the central nervous system
Iis an emerging area of research. Iron is elevated in MS at the
areas of demyelination' and in the CSF,” and could potentially
contribute to the understanding of progressive neurodegenera-
tive disease. Iron deposition may adversely impact cellular func-
tion, such as enhancing or decreasing production of proteins, or it
can cause oxidative stress leading to cell death, directly causing
structural damage in the brain.?
SWI is an available method that estimates the degree of iron
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deposition, in vivo, using MR imaging.* In a study examining the
deep gray matter (DGM) of patients with MS, low-phase voxel
(LPV) analysis reflected increased iron accumulation in the cau-
date nucleus, putamen, globus pallidus, and pulvinar.” Even in
clinically isolated syndrome, this representation of increased iron
accumulation was found in the putamen and pulvinar.® In a pe-
diatric MS cohort, analysis of LPV reflected increased iron accu-
mulation in both the thalamus and pulvinar while the volume of
the LPV was increased in the pulvinar.” LPV volume was also
increased in clinically isolated syndrome in the caudate nucleus,
putamen, and pulvinar,® and magnetic susceptibility (also indic-
ative of iron level) was increased in the caudate nucleus, putamen,
globus pallidus, and pulvinar.®

Contemporary research shows that brain atrophy is predictive
of cognitive disability in MS, more so than lesion burden.”'* GM
atrophy is the subject of intense research because of its correlation
with disease progression, neurologic disability,'" cognitive im-
pairment, and neuropsychiatric symptoms.'? Regional analysis of
the DGM in MS revealed that volume is reduced in the thalamus,
caudate nucleus, putamen, and globus pallidus.'*'* Likewise,
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Table 1: Demographic characteristics, neuropsychological test scores, and mean phase of
the low-phase voxels across subcortical deep gray matter structures

evaluation. Patients with depressive dis-
orders that emerged after MS onset were

— MS (n = 85) NC (n =27) P Value permitted, but those meeting criteria for
ChZFaCTGFIStICS 499 o R current major depressive episode were ex-
£ 55 cation 4]22 - 32 ?;z - 2(1"7 Ega cluded. Participants were free of develop-
Female, n (%) 59 (69.4) 17 (63.0) NS? mental delay and any medical history that
Caucasian, n (%) 73 (85.9) 24 (88.9) NS? could potentially impact cognitive ability.
Rightjha”def' n (%) 77 (90.6) 25(92.6) Ns® . Of the patients with MS, 57 (67.1%) were
:;?g;';it;gﬁgm ]%29(6_1‘27) p 167) =001 in relapsing-remitting, and 28 (32.9%)
DMT duration® 38436 were in secondary-progressive disease
EDSSS 36+19 course. Sixty-eight (80.0%) patients with
T2 lesion volume 18.5 203 MS were on disease-modifying therapy at
Tl lesion volume 34%71 the time of the study. Therapy included
e s e . . d intramuscular interferon beta-1a, 44 mcg
izg//‘; igg - :23 igg - ]8075 <:g]07]d subcutaneous interferon beta-1a, natali-
DKEFS-CS 95+3.0 N7 =24 <001®  zumab, glatiramer acetate, mycopheno-
CVLT2 521+ 131 644 +74 <.001 late mofetil, intravenous immunoglobu-
BVMT-R 78*28 104 %15 <001 1in, interferon beta-1b, mitoxantrone,
MPT_PI;:l\z:mus 0,099 + 0016 0,092 = 0.0 0272 and the following combinations: intra-
Caudate nucleus —0178 £ 0,021 —0.166 = 0.0 oo72  muscular interferon beta-1a + mycophe-
Putamen —0184 = 0.033 —0172 +0.028 Ns? nolate  mofetil, 22 mcg + 44 mcg
Globus pallidus —0.195 + 0.036 —0.179 + 0.029 NS? subcutaneous interferon beta-1a, and
Pulvinar —0.157 = 0.036 —0.139 £ 0.012 .014% glatiramer acetate + mycophenolate

Note:—NC indicates healthy control; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale; NS, mofetil.

not significant.
2 P value is based on -way ANOVA.
®n = 68 for calculation of DMT duration as only 68 were on therapy.

“n = 83 for calculation of mean EDSS as 2 patients were not assessed during their clinical visit.

MR Imaging Acquisition and Analysis
Participants were examined on a 3T

9 Pvalueis based on I-way ANCOVA, controlling for age and years of education. Age, education, disease duration, and Signa Excite HD 12.0 Twin Speed 8-chan-
DMT duration data are given as mean years = SD. Lesion volume is given as mean milliliters = SD. NP test dataforthe o] scanner (GE Healthcare, Milwaukee,

SDMT, PASAT, DKEFS-CS, CVLT2, and BVMT-R are given as mean test score = standard deviation. MP-LPV data in the
thalamus, caudate nucleus, putamen, globus pallidus, and pulvinar structures are given as radians = SD.

lower thalamus volume is found in clinically isolated syndrome,*”
and both whole thalamus and pulvinar volume are decreased in
patients with pediatric onset.' DGM volumes are strongly corre-
lated with fatigue'” and performance on cognitive tests.'*'* Total
DGM volume was the strongest predictor of Expanded Disability
Status Scale scores in a study utilizing various MR imaging met-
rics; LPV analysis, reflecting iron accumulation in the DGM, fur-
ther increased the percentage of variance in the regression
model.'®

In sum, the literature shows that DGM atrophy is strongly
associated with cognitive dysfunction in MS.'? However, the role
of iron deposition, as observed with SWI-filtered phase, in ex-
plaining cognitive dysfunction is less clear, and potentially inter-
active effects of iron and volume have not been explored. Here we
present findings from an initial investigation of the relationship of
iron deposition and cognitive ability in patients with MS.

MATERIALS AND METHODS

Participants

We studied 85 patients with clinically definite MS'® and 27
healthy, demographically matched controls (Table 1) with ap-
proval from the Institutional Review Board. These subjects were a
subset from a previously published cohort, and informed consent
was obtained.'>"? Patients were excluded from the study if they
had previous or current substance abuse, current or past major
medical, neurologic, or psychiatric disorder outside of MS, or if
they had arelapse or steroid pulse treatment within 8 weeks before
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Wisconsin) with a maximum slew rate of
150 T/m/s and maximum gradient ampli-
tude in each orthogonal plane of 50 mT/m. A multichannel head
and neck coil (GE Healthcare) was used to acquire: 2D multipla-
nar dual FSE proton density and T2WT; FLAIR; 3D high-resolu-
tion TIWT using a fast-spoiled gradient echo with magnetization-
prepared inversion recovery pulse and spin-echo TIWI; and SWI.
Scans were acquired in an axial-oblique orientation, parallel to the
subcallosal line. One average was used for all pulse sequences.
With the exception of SWI, all sequences were acquired with a
256 X 192 matrix (frequency X phase), FOV of 25.6 cm X 19.2
cm (256 X 256 matrix with phase FOV = 0.75), for an in-plane
resolution of 1 mm X 1 mm. For all 2D scans (proton density/T2,
FLAIR, spin-echo T1), we collected 48 contiguous, 3-mm-thick
sections. For the 3D high-resolution inversion recovery—fast-
spoiled gradient echo, we acquired 180 1-mm-thick locations.
Other relevant parameters were: for dual FSE proton density/T2,
TE1/TE2/TR = 9/98/5300 ms, echo-train length = 14; for FLAIR,
TE/TT/TR = 120/2, 100/8, 8500 ms, echo-train length = 24; spin-
echo TIWI, TE/TR = 16/600 ms; for 3D high-resolution TIWI,
TE/TI/TR = 2.8/900/5.9 ms, flip angle = 10°. SWI was acquired
using a 3D flow-compensated gradient-echo sequence with 64
contiguous, 2-mm-thick sections, a 512 X 192 matrix, FOV =
25.6 cm X 19.2 cm (512 X 256 matrix with phase FOV 0.75), for
an in-plane resolution of 0.5 mm X 1 mm, flip angle = 12°, and
TE/TR = 22/40 ms.

T2 and T1 lesion volume was measured using a semiauto-
mated edge detection contouring technique as previously de-



FIG1. Scandemonstrating deep gray matter structure segmentation.
FMRIB’s Integrated Registration and Segmentation Tool was applied
to the 3D high-resolution TIWI to segment the DGM. Pulvinar (yellow
and red) was segmented using a semiautomated contouring
technique.

scribed.?® To segment the thalamus, caudate nucleus, putamen,
and globus pallidus, FMRIB’s Integrated Registration and Seg-
mentation Tool®" (http://www.fmrib.ox.ac.uk/) was applied to
the 3D high-resolution TIWI (Fig 1). As the pulvinar was not
identified in this manner, the most representative section was
outlined for each patient using a semiautomated contouring tech-
nique (Fig 1).>* The SWI-filtered phase image processing method
and reproducibility were discussed in a previous study involving
reliable scan-rescan analysis in a subset of 6 patients with MS and
6 healthy volunteers.® Voxels having a mean phase value 2 SDs
below normal mean phase were identified on a structure-by-
structure basis, as previously described, with normal mean phase
identified from 330 healthy volunteers aged 887 years.”® The
thresholded phase voxels, which were identified as abnormally
low, were analyzed to calculate their mean phase, yielding mean
phase of the low-phase voxels (MP-LPV).?*

Neuropsychological Testing

Neuropsychological testing (NP) was conducted under the super-
vision of a board-certified neuropsychologist blinded to MR im-
aging findings. Tests measured processing speed, executive func-
tion, and memory in accordance with the recommendations of a
consensus panel,23 and were as follows: oral administration of the
Symbol Digit Modalities Test (SDMT)>** for visual information-
processing speed; 3.0-second interval Paced Auditory Serial
Addition Test (PASAT)*® for auditory information-processing
speed; the Correct Sorts component of the Delis-Kaplan Execu-
tive Function System Sorting Test (DKEFS-CS)*° for executive
function; the Total Learning portion of the second edition of the
California Verbal Learning Test (CVLT2)*’ for auditory/verbal
learning and memory; and the Total Learning portion of the Brief
Visuospatial Memory Test-Revised (BVMT-R)?® for visual learn-
ing and memory.

Statistical Analysis
Patients with MS and healthy controls as well as cognitively im-
paired and nonimpaired patients with MS were compared with

respect to demographic characteristics and MR imaging findings
using 1-way ANOVA. Z scores were calculated for each NP test
based on healthy controls.>® Impairment was defined as either: a z
score < —2 on 1 test with a z score of < —1.5 on at least 1 other
test; a zscore of < —1.5 on at least 3 tests, as previously defined.*®
In patients with MS, age and years of education were correlated
with some NP test scores (SDMT, PASAT, DKEFS-CS, CVLT2);
therefore, NP tests were compared between patients with MS and
healthy controls using 1-way ANCOVA controlling for age and
years of education. Partial correlations controlling for age
and years of education assessed the association between NP tests
and individual DGM structure volumes, disease duration, and
duration of disease-modifying therapy. Pearson correlations were
examined between MP-LPV and structure volume and LPV vol-
ume. Partial correlations controlling for LPV volume, age, and
years of education were examined between NP tests and MP-LPV
for individual structures of the DGM. Structures that had the
strongest relationship of MP-LPV to NP test performance were
included in hierarchical linear regression analyses controlling for
age and years of education (in Block 1), followed by LPV volume
of the structure in Block 2, MP-LPV of the structure in Block 3,
and total tissue volume of the structure in Block 4. In this manner,
we assessed the association between iron deposition and cogni-
tion, and then reassessed the association while controlling for the
effects of atrophy. Tests were considered significant at P < .05.
Analyses were conducted using SPSS for Windows, version 20.0
(IBM, Armonk, New York).

RESULTS
As expected, patients with MS were significantly more cognitively
impaired and performed significantly worse on cognitive tests
compared with healthy controls (Table 1). MP-LPV was signifi-
cantly lower in patients with MS in the thalamus, caudate nucleus,
and pulvinar, whereas a statistical trend was found for the puta-
men (P = .085) and globus pallidus (P = .051) (Table 1). Age,
education, and MP-LPV did not significantly differ between cog-
nitively impaired patients with MS and nonimpaired patients
with MS, but duration of disease did (P = .009). Except for the
globus pallidus with CVLT2, all individual structure volumes
were significantly correlated to NP test scores (Table 2). Duration
of disease and duration of disease-modifying therapy were not
related to NP test scores, and were not further investigated.
Next, we assessed whether MP-LPV was linearly related to
cognitive performance in patients with MS. To account for the
possibility that tissue atrophy results in tissue loss specifically in
regions of low-phase value, thereby potentially altering distribu-
tion of iron accumulation, we chose to control for the LPV vol-
ume. Controlling for LPV volume, MP-LPV of the caudate nu-
cleus, putamen, globus pallidus, and pulvinar, but not the
thalamus, correlated with multiple NP test results (Table 2).
MP-LPV was positively correlated with total volume in the
same structure in the caudate and pulvinar, and there was a trend
with the putamen (P = .075), indicating that as iron accumula-
tion increases, the structure decreases in size. MP-LPV was nega-
tively correlated with LPV volume in the same structure in the
putamen, globus pallidus, and pulvinar, indicating that as iron
accumulation increases, the voxels that contain abnormally high
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Table 2: Partial correlation of structure volume and mean phase of the low-phase voxels to neuropsychological tests in patients with

multiple sclerosis

SDMT PASAT DKEFS-CS CVLT2 BVMT-R
r P r P r P r P r P

Volume?®

Thalamus 0.548 <.001 0.354 .001 0.422 <.001 0.313 .004 0.415 <.001

Caudate nucleus 0.470 <.001 0.357 .001 0.409 <.001 0.257 .019 0.348 .001

Putamen 0.516 <.001 0.405 <.001 0.429 <.001 0.382 <.001 0.518 <.001

Globus pallidus 0.449 <.001 0.296 .007 0.348 .001 NS 0.282 .010

Pulvinar 0.279 .0n 0.275 .012 0.309 .005 0.221 .044 0.327 .003
MP-LPV®

Caudate nucleus 0.240 .030 0.232 .036 NS NS NS

Putamen 0.368 .001 NS 0.252 .022 NS 0.238 .031

Globus pallidus NS NS NS NS 0.235 .033

Pulvinar 0.244 .027 NS 0.255 .021 NS 0.251 .023

Note:—NS indicates not significant.
2 Controlling for age and education.
® Controlling for age, education, and low-phase voxel volume.

Table 3: Mean phase of the low-phase voxels correlated with structure volume and with

low-phase voxel volume

the clinical significance of MP-LPV. We
therefore conclude that the association

Volume LPV Volume between iron accumulation and cognitive
r P P impairment is significant, but consider-
Caudate nucleus 0.268 013 NS ably smaller than with DGM atrophy or
Putamen NS —0.502 <001 13 lesion volume.
Globus pallidus —0.452 <.001 —0.483 <.001 . X .. .
Pulvinar 0266 o 0659 <001 Previous studies examining cognition

Note:—NS indicates not significant.

iron accumulation decrease in collective volume in those struc-
tures (Table 3).

Finally, we investigated whether iron-sensitive metrics would
have a significant bearing on cognitive function relative to age,
education, and volumes of the DGM structures showing a signif-
icant correlation between MP-LPV and cognition. The R* and P
values of each regression model are reported in Table 4. With the
exception of the caudate nucleus for the PASAT, MP-LPV (con-
trolling for LPV volume) added significant variance in the regres-
sion models predicting performance score. However, volume of
the structure improved all of the models, except for DKEFS-CS
and BVMT-R, as predicted by MP-LPV of the pulvinar. More-
over, when a second series of regression models was conducted
with structure volume entered ahead of the iron metrics, MP-LPV
was not statistically significant. Furthermore, when a third series
of regression models was conducted with T2 lesion volume en-
tered along with age and education, none of the other MR imaging
measures remained statistically significant.

DISCUSSION

This study demonstrated a correlation between iron accumula-
tion, as measured by SWI-filtered phase, and cognition in MS. We
found that MP-LPV is decreased among patients with MS in the
thalamus, caudate nucleus, and pulvinar, and there is a decreasing
trend, indicative of higher iron content, in the putamen and glo-
bus pallidus. In addition, MP-LPV of the pulvinar, caudate nu-
cleus, putamen, and globus pallidus, but not the thalamus as a
whole, is related to cognitive performance. Whereas the correla-
tion between MP-LPV and cognition is statistically significant, the
effect size is modest and smaller than the volume/cognition cor-
relation in the DGM. In regression models predicting NP tests,
total structural volume significantly increased the R* after MP-
LPV, whereas entering structure volume first in the models erased
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in MS have used other methods of inves-
tigating iron. An increase in R2* rate, in-
dicative of iron, in the basal ganglia, but not the thalamus, of
patients with MS correlated with a combined standardized score
of the SDMT and PASAT.?' T2 hypointensity, indicative of iron,
in the globus pallidus and caudate nucleus of patients with MS
correlated with performance on the SDMT.?? Similar to our find-
ings, these studies showed correlations between iron and cogni-
tion in the DGM; however their correlations were stronger, with r
values in the 0.3—0.6 range. The effects of R2*, however, may be
hidden by local increases in water content,>® and T2 relaxation
times are more variable in older subjects,”* making SW1 a prefer-
able measure of iron. Magnetic field correlation, another MR im-
aging method unaffected by dipolar relaxation which is used for
iron imaging, found that iron in the thalamus correlated with
CVLT2, and that neither the globus pallidus nor the putamen
were correlated to SDMT or CVLT2,%® which contrasts with our
findings. Sensitivity to magnetic field inhomogeneities with dif-
fering length scales may help explain why these methods yield
disparate results.>

While the observation of MR imaging phase value as an inter-
pretation of iron concentration is increasingly common, it does
not differentiate between iron that is shielded or unshielded, in-
tracellular or extracellular. If iron accumulation is not properly
shielded, oxidative stress could lead to necrosis of the cells within
its immediate vicinity.? As suggested by Kovtunovych et al,”” with
macrophages releasing iron into both spleen tissue and circula-
tion, focal iron deposits in the DGM could disperse within the
focal area and out into surrounding tissue upon cell death. By
definition, MP-LPV is a measurement in the voxels of the highest
iron concentration; its value may be attenuated if iron dissipates
as a structure atrophies, thereby masking its association with cog-
nitive performance. We controlled for this confound by making
use of the LPV volume as a covariate in our analysis.



Table 4: Summary of hierarchical linear regressions predicting neuropsychological test scores

Independent Variable Model F Change
NP Test (Final Standardized Beta, P Value) R? R? Change P Value F Change P Value
SDMT
Block 1 Age (—0.115,.238), Ed (0.146, .125) 0.064 0.064 .068 2.780 NS
Block 2 Putamen LPV volume (0.012,.929) 0.082 0.018 .074 1.609 NS
Block 3 Putamen MP-LPV (0.154, .241) 0.206 0.124 .001 12.515 .001
Block 4 Putamen volume (0.468, <.001) 0.333 0.127 <.001 15.028 <.001
PASAT
Block 1 Age (0.112, .318), Ed (0.175, .096) 0.033 0.033 255 1388 NS
Block 2 Caudate n. LPV volume (0.009, .941) 0.042 0.010 318 0.806 NS
Block 3 Caudate n. MP-LPV (0.120, .304) 0.094 0.052 .092 4.564 .036
Block 4 Caudate n. volume (0.319, .009) 0.169 0.075 .on 7.093 .009
DKEFS-CS
Block1 Age (—0.081, .444), Ed (0.191, .078) 0.058 0.058 .085 2.544 NS
Block 2 Pulvinar LPV volume (0.161, .365) 0.072 0.013 109 1142 NS
Block 3 Pulvinar MP-LPV (0.160, .373) 0.132 0.061 .022 5.577 .021
Block 4 Pulvinar volume (0.214, .123) 0.158 0.026 .017 243 NS
CVLT2
Block 1 Age (—0.207,.049), Ed (0.158, .122) 0.093 0.093 .018 4.212 .018
Block 2 Putamen LPV volume (0.066, .661) 0.133 0.040 .009 3.710 NS
Block 3 Putamen MP-LPV (0.019, .894) 0.164 0.031 .006 2.942 NS
Block 4 Putamen volume (0.333, .012) 0.228 0.064 .001 6.589 .012
BVMT-R
Block 1 Age (—0.144, 175), Ed (0.083, 437) 0.042 0.042 7 1798 NS
Block 2 Pulvinar LPV volume (0.221, .213) 0.076 0.034 .092 2.981 NS
Block 3 Pulvinar MP-LPV (0.146, .413) 0.134 0.058 .02 5.365 .023
Block 4 Pulvinar volume (0.222, .109) 0.162 0.028 014 2.625 NS

Note:—Ed indicates education; n, nucleus; NS, not significant.

With the exception of the thalamus, most of the DGM struc-
tures examined had MP-LPV values that positively correlated
with structure volume and negatively correlated with LPV vol-
ume. We would expect MP-LPV to be positively correlated with
structure volume if focal deposits of iron accumulation were con-
nected to atrophy. MP-LPV in the globus pallidus, however, neg-
atively correlated with structure volume, which could indicate a
curiously different role for iron in that structure. Meanwhile, MP-
LPV was conspicuously higher in the thalamus compared with
other structures examined, possibly reflective of different func-
tions of the thalamus. The caudate and putamen together make
the striatum of the basal ganglia, a region receiving signals from
the sensorimotor, premotor, motor, and prefrontal cortices in-
volving voluntary movement.”® Meanwhile, the pulvinar receives
signals from the visual cortex involving visual attention. Several
of the NP tests used manual movement (DKEFS-CS, BVMT-R)
and visual perception (SDMT, DKEFS-CS, BVMT-R), likely tax-
ing these structures.

This study is limited by the cross-sectional design, which
makes it difficult to characterize the effects of iron in disease
course and whether it impacts or is impacted by atrophy. A lon-
gitudinal study should help elucidate the temporal and spatial
relationships between high iron concentration and tissue atrophy.
It also is important to note that the pulvinar structure was ana-
lyzed using a single-section method and semiautomated contour-
ing technique, which potentially introduces more variance than
analysis using FMRIB’s Integrated Registration and Segmentation
Tool.

CONCLUSIONS
High iron deposition, as measured by mean phase of the low-
phase voxels, in pulvinar, putamen, caudate nucleus, and globus

pallidus is correlated with cognitive performance in patients with
MS. However, the contribution of structure volume is more ro-
bust. Longitudinal investigation is underway that may tease apart
the temporal evolution of iron deposition and atrophy in MS.
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Preoperative Prognostic Value of Dynamic Contrast-Enhanced
MRI-Derived Contrast Transfer Coefficient and Plasma Volume
in Patients with Cerebral Gliomas

T.B. Nguyen, G.O. Cron, J.F. Mercier, C. Foottit, C.H. Torres, S. Chakraborty, J. Woulfe, G.H. Jansen, .M. Caudrelier, J. Sinclair,
MJ. Hogan, RE. Thornhill, and I.G. Cameron

ABSTRACT

BACKGROUND AND PURPOSE: The prognostic value of dynamic contrast-enhanced MR imaging—derived plasma volume obtained in
tumor and the contrast transfer coefficient has not been well-established in patients with gliomas. We determined whether plasma
volume and contrast transfer coefficient in tumor correlated with survival in patients with gliomas in addition to other factors such as age,
type of surgery, preoperative Karnofsky score, contrast enhancement, and histopathologic grade.

MATERIALS AND METHODS: This prospective study included 46 patients with a new pathologically confirmed diagnosis of glioma. The
contrast transfer coefficient and plasma volume obtained in tumor maps were calculated directly from the signal-intensity curve without
Tl measurements, and values were obtained from multiple small ROIs placed within tumors. Survival curve analysis was performed by
dichotomizing patients into groups of high and low contrast transfer coefficient and plasma volume. Univariate analysis was performed by
using dynamic contrast-enhanced parameters and clinical factors. Factors that were significant on univariate analysis were entered into
multivariate analysis.

RESULTS: For all patients with gliomas, survival was worse for groups of patients with high contrast transfer coefficient and plasma volume
obtained in tumor (P < .05). In subgroups of high- and low-grade gliomas, survival was worse for groups of patients with high contrast
transfer coefficient and plasma volume obtained in tumor (P <<.05). Univariate analysis showed that factors associated with lower survival
were age older than 50 years, low Karnofsky score, biopsy-only versus resection, marked contrast enhancement versus no/mild enhance-
ment, high contrast transfer coefficient, and high plasma volume obtained in tumor (P < .05). In multivariate analysis, a low Karnofsky score,
biopsy versus resection in combination with marked contrast enhancement, and a high contrast transfer coefficient were associated with
lower survival rates (P < .05).

CONCLUSIONS: In patients with glioma, those with a high contrast transfer coefficient have lower survival than those with low
parameters.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; HGG = high-grade glioma; HR = hazard ratio; K" = contrast transfer coefficient; rCBV = relative cerebral
blood volume; V,, = plasma volume

n patients presenting with cerebral gliomas, the World Health
Organization tumor grade is an important prognostic factor
along with clinical and radiologic findings such as age, preopera-
tive Karnofsky performance status, and the presence of contrast
enhancement.'™ The extent of tumor resection is another known
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factor affecting patient survival.' Recently, by using dynamic sus-
ceptibility contrast MR imaging, the relative CBV was identified
as an important prognostic marker for survival independent of
tumor grade.>” For example, Law et al® have shown that gliomas
with high relative cerebral blood volume (rCBV) (>1.75) have a
shorter time to progression compared with tumors with similar
grades but lower rCBV, regardless of tumor grade.

While dynamic susceptibility contrast-derived rCBV has been
shown to predict survival in patients with gliomas in single-center
studies, the need for normalization of semiquantitative values
with a manually defined reference region can introduce interpa-
tient and interscanner variability and thus limits its use in a multi-
institutional clinical trial.® Furthermore, measurements can be
biased by T1 effects due to extravascular contrast leakage in tumor
vessels.”'® Hemodynamic parameters are more readily quantified
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by using a dynamic contrast-enhanced (DCE) MR imaging tech-
nique, which allows simultaneous measurement of CBV and the
contrast transfer coefficient (K"™"*). K" is the volume transfer
coefficient of contrast from the vascular compartment to the ex-
travascular compartment. It is influenced by cerebral blood flow
and vascular permeability.'" While K"™ has been found to in-
crease with glioma grade, its prognostic value remains un-
clear.'®'* A previous study reported that in patients with high-
grade gliomas (HGGs), higher values of K**" were associated

with longer survival.'?

This finding is unexpected because high
K" implies, in theory, a higher level of angiogenesis, greater
biologic aggressiveness, and a shorter survival.

The goal of our study was to determine the prognostic values
of K™ and plasma volume (V) obtained in tumor by using a
simple DCE MR imaging acquisition that relies on the change in

signal intensity rather than the T1 relaxation rate.

MATERIALS AND METHODS

Subjects

All examinations were conducted in accordance with the guide-
lines for human research at our institution, and written informed
consent was obtained from all participating subjects. All adult
patients presenting at The Ottawa Hospital with a newly diag-
nosed brain lesion compatible with a glioma between December
2008 and March 2011 were included in this prospective study. We
set the following exclusion criteria: prior surgery or biopsy of the
presenting brain lesion, pregnancy, renal failure, and a known
history of allergy to gadolinium-based MR imaging contrast
agent.

We recorded clinical variables such as the following: age, sex,
use of steroids before preoperative MR imaging, and the preop-
erative Karnofsky score. Following MR imaging, patients under-
went surgery (biopsy or resection), depending on tumor size, tu-
mor location, and the patient’s general condition. The median
time interval between the MR imaging examination and surgery
was 5.0 days (95% CI, 3.9-7.0 days). Histopathologic diagnosis
was provided by an experienced neuropathologist (J.W., with 12
years of experience, or G.H.]., with 23 years of experience) by
using the World Health Organization classification. From the op-
erative report, the type of surgery was classified as biopsy or re-
section. The main outcome measure was overall survival. Fol-
low-up clinical information was obtained primarily from chart
review, telephone interview, and archived obituaries. The fol-
low-up period was defined as the interval between the date of
surgery and the date of death or the date the patient was last
known to be alive. Follow-up was halted on December 12, 2012.

MR Imaging Acquisition
All preoperative and postoperative MR imaging data were ac-
quired by using either a 1.5T (Symphony; Siemens, Erlangen,
Germany) or a 3T clinical scanner (Magnetom Trio; Siemens).
Preoperative anatomic imaging was performed by using standard
sagittal T1-weighted, axial T1-weighted pre- and postcontrast in-
jection, axial FLAIR, axial T2, and coronal T1 postcontrast injec-
tion sequences.

DCE MR imaging was performed following the axial T1-
weighted precontrast imaging. At 1.5T, DCE MR imaging was
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performed by using a 2D FLASH pulse sequence (5 axial sections
centered on the tumor, TR = 45 ms, TE = 2.1, 5.5 ms, flip angle =
90°, matrix = 96 X 128, FOV = 17 X 23 cm?, section thickness =
5 mm, At = 2.2 seconds). 2D FLASH was used for dynamic im-
aging on the 1.5T scanner due to hardware limitations because the
desired temporal resolution (At < 3 seconds) could only be
achieved with 2D sequences. At 3T, a 3D FLASH sequence was
used (18 axial sections, TR = 6.5ms, TE = 1.7, 3.9 ms, flip angle =
30°, matrix = 96 X 128, FOV = 23 cm?, section thickness = 5
mm, At = 2.9 seconds).

Gadopentetate dimeglumine (Magnevist; Bayer Pharma, Ber-
lin, Germany) was injected at 0.1 mmol/kg and 4 mL/s, beginning
40 seconds after the start of the scan. The duration of the DCE
sequence was 220 seconds.

Pharmacokinetic Modeling

DCE magnitude images were processed directly in nordicICE,
Version 2 (NordicNeuroLab, Bergen, Norway) to generate maps
of V, and K"™*" with the assumption that changes in contrast
concentration are proportional to changes in MR imaging signal
intensity with the same proportionality constant in tissue and in
blood. Kinetic parameters (K" and V) were estimated by using
a 2-compartment extended Tofts model implemented in the nor-
dicICE software.'* The vascular input function was calculated
from the superior sagittal sinus.'®

Image Interpretation

A neuroradiologist (C.H.T.) blinded to the histopathologic grade
determined the degree of contrast enhancement relative to the
choroid plexus: none, mild (less than that of the choroid plexus),
or marked (equal to or more than that of the choroid plexus).

A senior radiology resident (J.F.M, third-year radiology resi-
dent) traced 4 ROIs (each 25 mm?) in the solid part of the tumor
in the areas of visually highest V /K" present on the acquired
sections. The maximum value among the 4 region-of-interest val-
ues was obtained for K™ and V, for each patient. All ROIs were
verified by a neuroradiologist (T.B.N., with 10 years of experi-
ence) to ensure that inadvertent placement on an adjacent vessel
was avoided.

Statistical Analysis

All data were analyzed by using MedCalc for Windows, Version
11.5 (MedCalc Software, Mariakerke, Belgium). Patients were di-
vided into 2 groups based on their tumor values of V,, and K™,
Threshold values of 0.05 minutes™ "' and 5% for K"*™ and V,
respectively, were chosen for simplicity and convenience so that
they might be used in clinical practice and for comparison with
other related studies. We checked that each group had atleast 30%
of patients. Kaplan-Meier survival curves were obtained for pa-
tients with no or mild enhancement versus marked enhancement
and for high tumor V /K™ versus low V /K", Kaplan-Meier
survival analysis was also performed for the subgroups of patients
with low- and high-grade gliomas. Potential prognostic variables
for time-to-death were explored by using Cox proportional haz-
ards modeling. We selected clinical/radiologic/histopathologic
variables such as tumor grade, age older than 50 years, Karnofsky
performance status score lower than 80, tumor size of >4 cm,



Table 1: Summary of clinical characteristics as univariate predictors of overall survival in

46 patients with gliomas

radiation and chemotherapy. Among 37

patients with HGGs, 1 had an oligoden-

Characteristics No. % HR (95% Cl) P Value droglioma, 4 had oligoastrocytomas, and
Age 32 had pure astrocytomas. Thirty-four
50 Years or younger 18 391 1 . p) dard ch h
Older than 50 years 28 609 7.62(217-2671) .002 patients underwent standard chemother-
Karnofsky performance score apy and radiation treatment. One patient
=80 25 543 1 was enrolled in a clinical trial combining
<80 . 21 457 286(135-6.08) .007 temozolomide with bevacizumab or a
VI e ey placebo. Twenty-eight patients (4 with
<4cm 17 37 1 . .
=4 cm 29 63 130(061-280) 50 low-grade gliomas and 24 with HGGs) re-
Surgery ceived steroids before their MR imaging
Biopsy only 9 196 1 at admission compared with 18 who did
Resection 37 804 419(177-9.93) .001 not (5 low-grade gliomas and 13 HGGs).
hlistopathologicigrade ) ) In patients with HGGs, no statistically sig-
Grade 2 (8 pure astrocytomas, 1 oligodendroglioma) 9 19.6 1 i Jiff found in th
Grade 3 (6 pure astrocytomas, 2 oligoastrocytomas, 9 19.6 0.087(0.83-9.45) .87 n{ 1cant di erencg was found in the me-
1 oligodendroglioma) dian V,, or K" between patients who
Grade 4 (26 pure astrocytomas, 2 oligoastrocytomas) 28 40.8 4.14(1.25-13.8) .02 received steroids versus those who did not
Steroid administration (P> .64).
No 18 391 1
Yes 28 619  211(0.96-4.65) .06 Kaplan-Meier Survival Curve

Table 2: Summary of imaging characteristics as univariate predictors of overall survival in

46 patients with gliomas

Analysis
Twenty-nine deaths occurred. The me-
dian follow-up for those still alive was 836

Characteristics No. % HR (95% CI) PValue  days. The median survival time for all pa-
Sequence tients was 597 days with a 1-year survival
2D 31 67 1 probability of .62.
3D 15 33 1.00 (0.44 to 2.29) .99
Contrast enhancement Histopathologic Grade
None/less than that of choroid plexus 15 33 1 Patients with glioblastoma multiforme
Equal/more than that of choroid plexus 31 67 8.11(2.44-26.90) .0007 had a statistically significant worse sur-
Ktrans (minfl) K . K
<005 7 370 1 vival rate compared w1th. those with
=005 29 630 7.63(263-221) 0002  grades 3 and 2 (P < .05, Fig 1A). There
V,, (mL/100 g) was no statistical difference found in the
<5 20 435 1 .003 survival curves for patients with grade 3
=5 26 565  417(177-9.80) 001 versus 2. When we compared those with

biopsy versus resection, and degree of tumor enhancement be-
cause these variables have been reported as prognostic factors.'™
Clinical and imaging variables that resulted in a probability < .05
on univariate analysis were entered into multivariate analysis in a
forward stepwise regression. Multivariate analysis was performed
for 3 models, each model including an imaging variable and clin-
ical variables. For each model, a variable is entered into the model
with P <.05. Significant variables are entered sequentially; after a
variable is entered in the model, variables that became nonsignif-
icant (P > .1) are removed. Degree of contrast enhancement,
K™%, and V , were not entered in the same model because they
are not independent variables.

RESULTS

Study Population

Forty-six patients with gliomas were included in this study. Seven
patients were recruited but were excluded due to lack of a surgical
biopsy (n = 2) or the presence of metastatic disease on histo-
pathologic examination (n = 5). Patient demographics, tumor
size, and histopathologic grade are summarized in Table 1, while
DCE MR imaging parameters are summarized in Table 2. Among
9 patients with a low-grade glioma, 1 had an oligodendroglioma
and 8 had pure astrocytomas. Four of those patients underwent

grade 2 gliomas who had a diagnosis from
a surgical resection (not from a biopsy) with those with grade 3
gliomas, a trend of longer survival for low-grade gliomas was seen,
though it was not statistically significant (P = .2, Fig 1B).

Degree of Contrast Enhancement

There was a statistical difference in survival between groups with
no or mild enhancement versus marked enhancement for all
patients (P = .0001) and for subgroups of low-grade gliomas (P =
.002) and HGGs (P = .01). For patients with anaplastic astrocy-
tomas, marked enhancement was associated with worse survival
(P = .04). Among patients with glioblastoma multiforme, 1 had
mild enhancement and 1 did not have any enhancement. Their
survival rate was not different from those with marked enhance-
ment (P = .81).

K" and V,
For all gliomas, a statistically significant difference was present in
the comparison of survival curves between groups with low and
high K"*™ and V,, (P < .05, Figs 2 and 3). Subgroup analysis of
patients with HGGs and low-grade gliomas also revealed signifi-
cant decreases in survival rates in the high K™*"* and V, groups
compared with their respective “low” counterparts. Further sub-
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group analysis of patients with HGGs who underwent resection
showed significant decreases in survival rates for patients with
high K**™* (P = .007), but not for patients with high V, (P=.08).

Table 3: Three models combining an imagingbparameter with

clinical factors as potential prognostic varial

survival in patients with gliomas

les of overall

Factors HR (95% Cl) P Value
Model 1
Age older than 50 yr 1.03 (0.99-1.06) 17
Biopsy Vs resection 4.11(1.68-10.05) .002
Grade 3 vs 2 1.20 (0.19-7.65) .85
Grade 4 vs 2 1.21(0.28-5.33) .80
Karnofsky score < 80 2.56 (1.19-5.51) .02
K™ = 0,05 min "’ 4.53(122-16.82) 02
Model 2
Age older than 50 yr 1.06 (1.03-1.09) .0002
Biopsy vs resection 3.68 (1.54-8.78) .004
Grade 3 vs 2 1.06 (0.16-6.89) .95
Grade 4 vs 2 176 (0.35-8.75) 49
Karnofsky score < 80 3.21(1.48-6.92) .003
V, =5mL/100 g 130 (0.37-4.54) 68
Model 3
Age older than 50 yr 1.03 (0.99-1.07) .087
Biopsy vs resection 4.36 (1.77-10.77) .002
Grade 3 vs 2 1.28 (0.20-8.25) 79
Grade 4 vs 2 1.00 (0.22-4.63) .99
Karnofsky score < 80 2.51(116-5.43) .02
Marked contrast enhancement 4.79 (1.22-18.87) .03

In patients with anaplastic astrocytomas, those with high K**"
and high V,, had a worse prognosis (P = .04). In patients with
glioblastoma multiforme, there was a trend toward shorter sur-
vival for patients with high K™*"*/high V , but this did not reach
statistical significance (P = .26 and P = .50, respectively).

2D versus 3D Sequence

We did not find any significant differences in survival rates be-
tween groups who had 2D versus 3D sequences for all gliomas and
for subgroups of low-grade gliomas and HGGs (P > .5).

Univariate Predictors of Overall Survival

Univariate predictors of poorer survival were age older than 50
years, preoperative Karnofsky score of <80, biopsy only, grade 4,
marked contrast enhancement, and high K""*" and V, values
(Table 1). We did not find tumor size a significant prognostic
variable (P = .5). Patients who were prescribed steroids at
admission before their MR imaging examination appear to
have a poorer prognosis (hazard ratio [HR] = 2.11, 95% CI
0.96—4.65) than those who were not, but there were more
HGGs among them. We found a statistically significant differ-
ence in survival between grades 4 and 3 (HR= 4.77, 95% CI,
1.13-20) and grades 4 and 2 (HR = 4.14, 95% CI, 1.25-13.8),
but not between grades 3 and 2 (HR = 0.087, 95% CI, 0.83—
9.45). When we compared the prognostic value of the 2 DCE

FIG1. Kaplan-Meier analysis of overall survival according to histopathologic grades. A, All patients (between grades 2 and 3, P = .8; and between
grades 3and 4, P = .02). B, All patients, excluding those with low-grade gliomas who had a biopsy (between grades 2 and 3, P = .2; between grades
3and 4, P = .02).

FIG2. Kaplan-Meier analysis of overall survival according to K"™. A, All patients (P = .0001). B, Those with low-grade gliomas (P = .002). C, Those
with high-grade gliomas (P = .004).

66 Nguyen Jan 2015 www.ajnr.org



FIG 3. Kaplan-Meier analysis of overall survival according to V,,. A, All patients (P = .0004). B, Those with low-grade gliomas (P = .005). C, Those

with high-grade gliomas (P = .02).

parameters, patients with high K" had a higher hazard of
mortality (HR = 7.63, 95% CI, 2.63-22.11) compared with v,
(HR = 4.17,95% CI, 1.77-9.80). Patients with marked tumor
enhancement also had a higher hazard of mortality (HR =
8.11,95% CI, 2.44-26.90).

Multivariate Predictors of Overall Survival

In multivariate analysis combining clinical and imaging parame-
ters, Karnofsky score of <80 and biopsy were the only significant
clinically poor prognostic factors in any model (Table 3). Age
older than 50 years was a significant prognostic factor in only 1 of
the 3 models. Histopathologic grading and V, did not remain
significant factors in our multivariate analysis. High K"*"* and
contrast enhancement were significant poor prognostic factors,
along with biopsy and Karnofsky score of <80.

DISCUSSION

In our study of patients with gliomas, preoperative Karnofsky
performance score and the type of surgery were important prog-
nostic factors in both univariate and multivariate analysis, in
agreement with the findings in previous studies.' Grade IV was
found to be a poor prognostic factor compared with grades 3 and
2 in univariate analysis. However, we did not observe a significant
difference in survival for grade 3 versus 2. Because some of our
patients with grade 2 were diagnosed via biopsy only, sampling
error could have led to an improper grading of the tumor, which
could explain why we did not observe a statistical difference in
survival rates between patients with grade 2 and those with grade
3 gliomas.

With dynamic susceptibility contrast MR imaging, numerous
previous articles have recently established rCBV as a prognostic
factor in patients with low- and high-grade gliomas.>” However,
use of DSC-derived rCBV as a potential biomarker in a multi-
institutional trial is currently limited because it is a semiquantita-
tive measurement, which can be influenced by many postprocess-
ing steps, including the technique of correction for contrast agent
extravasation and the choice of the normal contralateral white
matter.®® For patients with gliomas, CBV obtained from the nor-
mal contralateral white matter has been shown to have significant
interscanner Variability.8 For DCE, measurement of absolute
CBV might be possible because correction of contrast leakage
across tumor vessels can be more accurately quantified by using a
proper pharmacokinetic model. Furthermore, DCE is not influ-
enced by susceptibility artifacts, which can make measurements

of rCBV by using DSC difficult in gliomas with hemorrhagic com-
ponents or gliomas located near the skull base.

In patients with gliomas, the use of DCE imaging as a potential
biomarker for prognosis has not been well studied. We have
found that marked contrast tumoral enhancement and high V ,
were negative prognostic factors in all patients with gliomas and
in the subgroups of patients with high- and low-grade gliomas.
While contrast enhancement remains a significant factor in mul-
tivariate analysis, V,, and histopathologic grade did not add any
prognostic value when age, type of surgery, and Karnofsky per-
formance status score were also included. Because the hazard ra-
tios for V,, and grade were less than those for age and type of
surgery in univariate analysis, we believe that the small sample size
in our study did not allow detection of those weaker prognostic
factors in multivariate analysis.

High K" had the same negative prognostic value as marked
contrast tumoral enhancement in patients with gliomas and in
subgroups of patients with high- and low-grade gliomas. While
measurement of K" requires some postprocessing, K""* might
represent a more objective metric in the setting of a multicenter
clinical trial because qualitative assessment of the degree of con-
trast enhancement is subject to interobserver variability. The
prognostic value of K" is similar to that in our findings with CT
perfusion.'® In a different cohort of 20 patients with high-grade
gliomas who underwent preoperative CT perfusion, we found
that those with a combination of high CBV and permeability sur-
face had an HR of 6.0 (95% CI, 4.2-7.8,) compared with those
with lower values. Mathematic modeling based on DCE MR im-
aging revealed that K" was correlated with tumor aggressive-
ness, perhaps due to the increased vessel growth and permeability
required for cellular proliferation.'”> However, Mills et al'*> ob-
served a positive correlation between K'"*" and prognosis in their
group of 19 patients with high-grade gliomas, which led to their
hypothesis that tumors with higher baseline K**"* might be more
responsive to radiation treatment or chemotherapy than those
with lower K", Another study by Awasthi et al'” found that
high K"*"*/volume of extravascular space was correlated with a
high expression of matrix metalloproteinases and was associated
with poorer survival.

These conflicting results on the prognostic value of K"*"°
could be due to the small sample size, different effects of covariate
factors (such as the extent of tumor resection, use of radiation
treatment or chemotherapy, and molecular/genomic markers),
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and/or different DCE MR imaging methods.'®'? The method for
DCE MR imaging—parameter estimation can influence the mag-
nitude of the hazard ratio. Our method did not use baseline T1
measurements to convert signal intensity to gadolinium concen-
tration as suggested by DCE MR guidelines published by Leach et
al.?° This simpler method can yield more useful measurements when
the signal intensity—to-noise ratio is low, such as in poorly enhancing
tumors.”' The method is implemented on commercially available
software, and postprocessing time is relatively short.

Our study was limited by the small number of patients, espe-
cially those with low-grade gliomas and nonenhancing tumors. A
second limitation is that the location of the tumor and the treat-
ment received after surgery were not included as independent
variables in our study. For example, 3 patients with glioblastomas
did not undergo radiation treatment. This could have explained
why we did not find tumor size a statistically significant prognos-
tic factor. We are also aware of potential measurement bias due to
methodologic differences between the 2D and 3D techniques used in
our study. However, we do not believe that the different pulse se-
quence and field strengths had a major systematic effect on the phar-
macokinetic parameters in our study. Although, in theory, 2D and
3D gradient-echo sequences might have different sensitivities to wa-
ter exchange and inflow effects, we did not find a statistical difference
in the mean and median values of pharmacokinetic parameters in
groups of patients scanned with 2D-versus-3D sequences. There was
no significant difference in survival for patients with gliomas scanned
with 2D-versus-3D sequences. MR imaging signal-intensity curves
from the superior sagittal sinus and tumor were not systematically
different between patients in the 2 groups.

Because many patients with gliomas received steroids at the
time of admission, this treatment might have introduced a mea-
surement bias on the pharmacokinetic parameters. However, in
our study, we did not observe a statistical difference in K**"* or VP
in patients with grade 3 and 4 gliomas who were given steroids
versus those who were not. Corticosteroid treatment has been
reported to decrease contrast enhancement in malignant gliomas
and to reduce total fractional blood volume.*>** Animal studies
have suggested that its antiangiogenic effects are both transient
and vessel-size-dependent. In rats with gliomas treated with dexa-
methasone, rCBV was only significantly reduced on the third day
following treatment.”> While rCBV measured by gradient-echo
MR imaging was reduced >50%, an increase in rCBV was ob-
served with spin-echo MR imaging.>* Our study patients usually
had started steroid treatment for only a short duration (usually <72
hours) before their MR imaging examination. This duration might
explain why we did not see any significant effect on our hemody-
namic parameters. This finding is in agreement with that in Bastin et
al,”> who did not find a significant change in tumor CBV and CBF
before and after 48 —72 hours of dexamethasone treatment.

CONCLUSIONS

Preoperative high K""*" obtained from DCE MR imaging is asso-
ciated with poorer outcome in patients with low- and high-grade
gliomas. High tumoral K**" has the same prognostic value as the
presence of marked tumoral enhancement on postcontrast T1-
weighted images.
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ABSTRACT

BACKGROUND AND PURPOSE: Brain tumor location has proved to be a prognostic factor that may be associated with features of
neoplastic origin. Mutation of p53 is an atypical genetic change that occurs during tumorigenesis. Thus, a potential correlation may exist
between tumor location and p53 status. The purpose of the current study was to identify anatomic characteristics of mutant p53
expression by using quantitative neuroimaging analyses.

MATERIALS AND METHODS: Preoperative MR images from 182 patients with histologically confirmed low-grade gliomas were retro-
spectively analyzed. All tumors were manually marked and registered to the standard space. Using a voxel-based lesion-symptom mapping
analysis, we located brain regions associated with a high occurrence of p53 mutation and corrected them by using a permutation test. The

acquired clusters were further included as a factor in survival analyses.

RESULTS: Statistical analysis demonstrated that the left medial temporal lobe and right anterior temporal lobe were specifically associ-
ated with high expression of mutant p53. Kaplan-Meier curves showed that tumors located in these regions were associated with
significantly worse progression-free survival compared with tumors occurring elsewhere.

CONCLUSIONS: Our voxel-level imaging analysis provides new evidence that genetic changes during cancer may have anatomic speci-
ficity. Additionally, the current study suggests that tumor location identified on structural MR images could potentially be used for
customized presurgical outcome prediction.

ABBREVIATIONS: LGG = low-grade glioma; MGMT = O6-methylguanine DNA methyltransferase; MNI = Montreal Neurological Institute; PFS = progression-free
survival; VLSM = voxel-based lesion-symptom mapping

liomas originate in glial cells in the brain and are the most  affect young adults.” For patients with LGGs, histologic grading

common type of primary brain tumor."> Low-grade gliomas ~ remains the most important factor influencing prognosis.* Mo-

(LGGs) constitute 10%—20% of primary brain tumors and mainly ~ lecular markers involved in low-grade glioma pathways also play a

critical role in determining prognosis.>®

The TP53 mutation is an early event in genetic pathogenesis
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that occurs in all types of cancer. The incidence of TP53 mutation
in LGGs is approximately 53% in diffuse astrocytoma, 44% in
oligoastrocytoma, and 13% in oligodendroglioma.>” Mutant p53
protein is commonly regarded as a surrogate marker for a muta-
tion in TP53.® Furthermore, p53 mutations acquire oncogenic
properties that enable them to promote proliferation, invasion,
metastasis, and cell immortalization.”'® Although it has been
widely accepted that the loss of p53 function plays an important

112 the prognostic role of p53 mu-

role in glioma tumorigenesis,
tations has remained controversial and no consistent relation-
ship with response to therapy or overall outcome has been
reported.®'?

Associations have been made that link tumor location and
genetic features in glioma. For example, anatomic characteristics

have been demonstrated for several tumor-related molecular bio-



markers, such as 1p and/or 19q,'* isocitrate dehydrogenase 1,"
O6-methylguanine DNA methyltransferase (MGMT),'® and
TP53."7 Because location may be related to the genetic profile of

1,18-2% tumor location is one of the most

the origin of a tumor cel
important characteristics for predicting the development of a gli-
oma and the prognosis of a patient.'*'>'®>! However, identifying
brain tumor precursor cells and their distinct genetic profiles to
increase survival via customized treatment paradigms is a major
challenge in neuro-oncologic studies.”>*>

Moreover, this issue is far from clear because anatomic char-
acteristics of tumor-related gene expression are rarely investi-
gated. Dichotomous statistics of tumor location based on which
lobe is involved have ignored important information such as tu-
mor size. With the goal of providing a more reliable and precise
brain atlas to demonstrate the statistical correlation between p53
mutations and tumor intensity, the current study used a voxel-
based lesion-symptom mapping (VLSM) approach.”* One hun-
dred eighty-two patients with primarily diagnosed LGG were in-
cluded in this study. VLSM-defined regions associated with high
expression of the p53 mutant were located mainly in the left me-
dial and right anterior temporal lobes. Notably, patients with tu-
mors located in VLSM-defined regions had shorter progression-
free survival times (PFSs) compared with those whose tumors
occurred elsewhere.

MATERIALS AND METHODS

Patients

One hundred eighty-two patients with newly diagnosed LGGs
treated at our institute between September 2006 and December
2011 were enrolled in the current retrospective study. Clinical
information of these patients was collected from the Chinese Gli-
oma Genome Atlas data base (http://www.cgga.org.cn). Inclusion
criteria were the following: 1) histologic confirmation of the LGG
with no previous diagnosis of any type of brain tumor, 2) no
history of radiation therapy or chemotherapy, 3) no history of
biopsy, 4) high-resolution presurgical T2-weighted images, and
5) tissue available for testing p53 expression. Histologic diagnoses
were re-evaluated by 2 neuropathologists for all cases according to
the new World Health Organization classification of tumors of
the nervous system. Surgical resection was used to establish his-
topathologic diagnoses for all patients. Corresponding frozen tis-
sues were reviewed to ensure a minimum of 80% tumor nuclei
and a maximum of 50% necrosis.>> Additional patient character-
istics are summarized in the Table. This study was approved by the
institutional review board, and written informed consent was ob-
tained from all patients.

MR Imaging and Tumor Registration

MR imaging for most patients (n = 129) was performed on a
Magnetom Trio 3T (Siemens, Erlangen, Germany) scanner. The
T2-weighted image parameters included the following: TR =
5800 ms; TE = 110 ms; flip angle = 150°% FOV = 240 X 188 mm?
and voxel size = 0.6 X 0.6 X 5 mm”’. A minority of clinical struc-
tural images were acquired on a Magnetom Verio 3T (Siemens)
(n = 32) or Signa HD 1.5T (GE Healthcare, Milwaukee, Wiscon-
sin) scanner (n = 21). Tumors shown on T2-weighted images
were delineated by 2 senior neurosurgeons (J.W. and Z. Z., with

Clinical characteristics of patients

Status of p53
Mutated (%) Wild-Type (%)
Characteristics (n=16) (n=66) P Value
Age
40 yr and older 41(55) 33 (45) 028
Younger than 40 yr 75 (69) 33(31)
Sex
Male 70 (65) 37(35) 469
Female 46 (61) 29 (39)
History of seizures
Yes 70(62) 42(38) 378
No 46 (66) 24 (34)
Preoperative KPS
=80 109 (65) 58 (35) 499
<80 7(47) 8(53)
Pathology
Oligodendroglioma 10 (36) 18 (64) .003
Astrocytoma 48 (76) 15 (24)
Oligoastrocytoma 58 (64) 33(36)

Note:—KPS indicates Karnofsky Performance Status Scale.

16 and 18 years of experience, respectively, in diagnosis by using
brain MR imaging) who were blind to patient information. All
lesion maps were re-evaluated by a neuroradiologist (S.W.L., with
24 years of experience). Tumor masks were combined as a new
tumor mask in the analysis when <5% discrepancy was found. If
=5% discrepancy was found, the neuroradiologist determined
the tumor border. Images of each patient were then registered to a
high-resolution (1.0-mm isotropic) brain atlas (Montreal Neuro-
logical Institute 152 [MNI152,]) by using a normalizing algo-
rithm provided by SPM8 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm8).

Voxel-Based Lesion-Symptom Mapping

We first examined the overlap of the normalized tumor masked
regions for the entire group and 2 subgroups of patients. Conse-
quently, we performed VLSM analysis®* for the entire cohort of
patients to determine brain regions that had a significant expres-
sion of the p53 mutant. A regression analysis relating p53 muta-
tion to tumor intensity was fit at each voxel. Patients were then
scored by the expression level of p53 mutants in their tumors.
With age, sex, and pathology being regressed out, the voxels show-
ing significant correlations of p53 mutants were identified, and
the results were further corrected for multiple comparisons by
using a permutation test (n = 500).>>*” The t value of the voxel
that was greater than the ¢ value in >95% of permutations was
kept in the VLSM results (with an « set at .05; power, > 8).%7

P53 Immunohistochemistry

Immunoperoxidase staining for p53 mutants was performed on
formalin-fixed, paraffin-embedded tissue sections following the
standard procedure introduced in our previous study.?® Briefly,
5-mm tissue sections were deparaffinized, rehydrated, and incu-
bated with 1.0% hydrogen peroxide in tris-buffered saline to
block endogenous peroxidase activity. Antigen unmasking was
performed by heating samples in sodium citrate buffer (10-
mmol/L sodium citrate, pH = 6.0) for 10 minutes at 100°C. Non-
specific protein binding was blocked by incubation in 5% horse
serum in phosphate-buffered saline, and rabbit polyclonal p53
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FIG1. Overlap of tumor lesions. Overlap of all 182 patients with low-grade gliomas included in our study (A), overlap of a subgroup of 116 patients
with mutant p53 gliomas (B), and overlap of a subgroup of 66 patients with wild-type p53 gliomas (C). The color range indicates the proportion
of overlap of different cohorts, from violet (I case) to red (>25% of cases overlap). Brain sections are displayed from z-coordinates —32 to +58

in the MNI space.

immune globulin G was then applied to the sections for 60 min-
utes at room temperature. Tumor sections were incubated in sec-
ondary antibody for 30 minutes at room temperature following
washes in phosphate-buffered saline. Sections were washed and
treated with Elite ABC (VECTASTAIN; Vector Laboratories, Bur-
lingame, California), washed again, and then developed with 3,3'-
diaminobenzidine tetrahydrochloride (50 mg 3,3’-diaminoben-
zidine in 100 mL phosphate-buffered saline and 150 mL of 3%
hydrogen peroxide). After being rinsed in phosphate-buffered sa-
line, slides were dehydrated in graded alcohols, cleared in xylene,
and permanently covered. The immunohistochemical expres-
sions of p53 protein were independently reviewed by 2 experi-
enced pathologists and were then classified as the following: —,
negative; +, isolated positive cells; + +, clusters of positive cells;
and + ++, mostly positive cells. The scales of positive cells were
then used to score mutant p53 expression levels that were docu-
mented from 0 (—) to 3 (+++).

Survival Analysis

Progression-free survival time was considered to be the end point
of this study, measured from the date of the first surgical resection
to disease progression. After subtotal resection, any volume in-
crease of =25% in the MR imaging was classified as tumor pro-
gression. Any tumor regrowth after gross total resection was clas-
sified as tumor recurrence.”® Survival differences between
patients with p53 mutations and wild-type p53 were evaluated by
using log-rank analysis applied to Kaplan-Meier curves. Conse-
quently, the same analysis was also performed to test the differ-
ence in outcome between tumors associated with high-expressing
regions of p53 mutations and tumors not associated with these
expression patterns. Additional survival analyses in subdivided
patient groups, defined by tumor location and p53 status, were
performed to further evaluate the effect of p53 mutations on pa-
tient outcome. Among patients having p53 mutations, tumors
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associated with high-expressing regions of p53 mutations and tu-
mors not associated with these expression patterns were input
into a log-rank analysis. For tumors located in VLSM-defined
regions, a survival analysis was performed on 2 groups that were
determined by their p53 mutation status. Last, a multivariate Cox
proportional hazard analysis was performed to determine
whether factors including age, sex, history of seizures, preopera-
tive Karnofsky Performance Status score, histopathology, and p53
mutation were predictors for PFS.

RESULTS

Demographic Characteristics

The overlap of all 182 tumors based on T2-weighted hyperinten-
sity demonstrated 3 clusters of tumors that occurred with high
frequency. Most interesting, hemispheric asymmetry was present
on the overlap map (Fig 1A). Specifically, clusters in the right
hemisphere were mainly located in the medial temporal lobe and
insula, while most clusters in the left hemisphere were located in
the frontal lobe, particularly at the subventricular zone surround-
ing the left anterior horn of the lateral ventricle. The asymmetric
distribution of highly overlapping clusters implies that the occur-
rence and development of LGGs may have specific anatomic char-
acteristics. LGGs with p53 mutations occurred more frequently in
the bilateral temporal lobes and the insula, while LGGs with wild-
type p53 demonstrated strong localization in the left frontal lobe
(Fig 1B, -C).

Voxel-Based p53 Mutation Mapping

Note that overlaying the lesions yielded the distribution incidence
of tumors, instead of truly specific anatomic correlates of the ex-
pression of mutant p53. To avoid this, we used VLSM analysis to
show the statistically significant regions associated with specific
genetic changes. Adequate voxels with high-power values (>0.8)
were included in the analysis (Fig 2). Two clusters associated with



FIG2. Power map for voxel-based lesion-symptom mapping analysis. The color map on the MNI space shows the distribution of power, ranging
from O (violet) to 1(red), with a set to P < .05. Only voxels with high-power values (>0.8) were included in the VLSM analysis.

FIG 3. Voxel-based lesion-symptom mapping—defined p53 high-mutant regions. VLSM analysis shows regions associated with high expression
of mutant p53 in low-grade gliomas. The left-medial temporal lobe and right-anterior temporal lobes are significantly correlated to high mutant
p53 expression. The color range indicates the level of t values from red to yellow (least to most significant). Only significant voxels are rendered
on the basis of a critical threshold determined by permutation testing (n = 500, P < .05).

high expression of mutant p53 were identified in each hemisphere
following the permutation-based correction, with major expres-
sion being localized to the left medial temporal lobe and the right
anterior temporal lobe (Fig 3). Overall, 78.7% (70/89) of cases
were detected as having p53 mutations when their tumors in-
volved the VLSM region; furthermore, 49.5% (46/93) of the cases
showed expression of wild-type p53 when the tumor did not in-
volve the VLSM region.

Survival Analysis

PFES information was available in 82 patients. PFS-based survival
analysis showed no difference in patients with p53-mutated tu-
mors compared with those with p53 wild-type tumors (P =
.2994) (Fig 4A). In contrast, a significantly worse outcome (PFS)
was observed in patients with tumors located in VLSM-defined
regions compared with those with tumors outside these regions
(P = .0269) (Fig4B). To further investigate the role of p53 muta-
tions in influencing PFS in VLSM-defined regions, we applied a
survival analysis to the subdivided cohorts according to tumor
location and p53 status. No significant relationship was observed
among patients with tumors in VLSM-identified regions; how-
ever, a trending difference of PFS was observed among patients
with wild-type and mutant p53 tumors (P = .1032) (Fig 4C).
Most interesting, among p53-mutated cases, a shorter PFS was

observed in patients with tumors located in VLSM-identified re-
gions (P = .0088) compared with those with tumors outside these
regions (Fig 4D). Finally, a multivariate Cox proportional hazard
analysis showed that VLSM-region involvement (P = .010, haz-
ard ratio = 3.909), age (40 years or older) (P = .015, hazard
ratio = 3.400), and preoperative Karnofsky Performance Sta-
tus < 80 (P = .024, hazard ratio = 9.222) were prognostic factors
(On-line Table).

DISCUSSION

The current study demonstrated the voxelwise brain risk atlas of
LGG occurrence. More important, 2 regions associated with high
expression of mutant p53 were identified in each hemisphere by
using VLSM analysis. Furthermore, we demonstrated that pa-
tients with tumors located in VLSM-identified regions had signif-
icantly worse outcomes (PFS) compared with those with tumors
occurring elsewhere in the brain.

Anatomic Characteristics of Genetic Changes in Tumors

Previous studies have demonstrated a correlation between genetic
changes and tumor location. For instance, tumors with isocitrate
dehydrogenase 1 mutations have frequently been found in the
frontal lobe."> Additionally, the occurrences of MGMT promoter-
methylated glioblastomas have been lateralized to the left
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FIG 4. Kaplan-Meier curves showing the PFS for patients with low-grade gliomas. A, No signifi-
cant difference was observed between patients with wild-type p53 tumors and those with mu-

mutant p53s were predominantly lo-
cated in the bilateral temporal lobes. Of
note, the inverse localization between
brain regions highly associated with p53
mutations and those associated with the
loss of 1p and/or 19q provided new ra-
dio-epidemiologic insight to the current
hypothesis.

Origin of Low-Grade Gliomas

The current hypothesis on tumor origin
holds that gliomas may arise from neu-
ral stem cells that are mostly isolated
from the subventricular zone, which
lines the lateral ventricles; the dentate
gyrus within the hippocampus; and po-
tentially along deep white matter
tracts.'>2%3° Our results, in some way,
support the neural stem cell hypothesis.
This finding is because of the 182 LGGs
examined on T2-weighted images, most
of the overlay of the tumor areas was lo-
cated in the subventricular zone sur-

tant p53 tumors (log-rank, P = .2994). B, A statistically significant difference in PFS was observed

between patients with tumors in VLSM-identified regions and patients with tumors located
outside VLSM-identified regions (log-rank, P = .0269). C, Among patients with tumors located in
VLSM-identified regions, a trend toward a difference in PFS was observed between patients with
wild-type p53 tumors and those with mutant p53 tumors (log-rank, P = .1032). D, Among patients
with mutant p53 tumors, a significantly worse PFS was observed in patients with tumors located
in VLSM-identified regions compared with patients with tumors outside these regions (log-rank,

P = .0088).

hemisphere, while MGMT-unmethylated glioblastomas have
been lateralized to the right hemisphere.'® Moreover, it has been
shown that phosphatase and tensin homolog loss mostly occurs in
the left frontal lobe*® and that allelic loss of chromosomal arms 1p
and/or 19q is more common in the frontal, parietal, and occipital
lobes."* These molecular biomarkers have been long confirmed as
playing an important role in the tumorigenesis of specific regions.
In the current study, overlaying a map of tumors demonstrated
that LGGs with wild-type p53 mostly occurred in the frontal
lobes. In comparison, LGGs with mutant p53 were predomi-
nantly located in the bilateral temporal lobes and insula. This
finding is consistent with a previous report that TP53 mutations
frequently arise in the temporal lobe.'”

VLSM analyses were then applied to statistically identify the
anatomic correlation between tumor incidence and gene expres-
sion. In this study, we found that 2 specific brain regions were
associated with high-expression levels of mutant p53, which has
not been documented in previous LGG studies. Because p53 mu-
tation is an early event in the molecular pathogenesis of LGGs, the
strong propensity for p53-mutation gliomas to occur in the tem-
poral lobes and insula indicated that p53 mutations may play a
particularly important role in glioma tumorigenesis in these
regions.'*° TP53 mutation and loss of 1p and/or 19q were hy-
pothesized to be mutually exclusive on the basis of previous mo-
lecular-epidemiologic evidence.*'” In addition, allelic loss of
chromosomal arms 1p and 19q has been shown to be common in
most brain regions except for the temporal lobe.'* On the basis of
neuroimaging analysis, the current study showed that LGGs with
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rounding the left lateral ventricle, ante-
rior horn, and hippocampus. Most
important, these regions have long been
proposed as a possible source of human
gliomas, and a number of animal models
also support this theory. Specifically, an-
imals exposed to carcinogens and can-
cer-causing viruses demonstrate tumor formation within the sub-
ventricular zone, and these tumors quickly migrate into deep
white matter regions, masking their original source.’

Another model by using the human glial fibrillary acidic pro-
tein promoter to undertake hGFAP-cre-mediated deletion of p53
and NFI showed that early inactivation of p53, in addition to NF1I
loss, induces glioblastoma development with the earliest identifi-
able area of a tumor being confined to the subventricular zone.”'
Although neural stem cells are the source of initiation for gliomas,
their progression toward a tumorigenic state may be regulated by
multiple developmental signaling pathways. Notably, gene ex-
pression involved in these pathways is asymmetric.’> For in-
stance, the SUFU gene in the sonic hedgehog pathway is overex-
pressed in the left hemisphere,® and the activation of the sonic
hedgehog pathway predisposes neural progenitor cells to glioma

formation,>*>°

which may lead to asymmetry in tumorigenesis.
The current study identified the locations associated with high
p53 mutation in both hemispheres, but with asymmetric distri-
bution; these findings may serve as a new example of the asym-
metric expression associated with genetic changes in brain

tumors.

P53 Mutations, Tumor Location, and Survival Outcome

The prognostic or predictive role of p53 mutations has remained
controversial. Inconsistent associations have been reported be-
tween the overexpression of mutant p53 and patient outcome or
tumor response to therapy.'*>° A recent meta-analysis suggested
that p53 expression is not a significant prognostic marker for hu-



man astrocytomas (P = .531, hazard ratio = 1.034).% Most inter-
esting, the same results were demonstrated in this study. There are
2 possible explanations for this. First, it could be that p53 status
has no significant impact on survival prognosis. Second, p53
could interact with a multitude of other factors to influence
prognosis.

In the current study, the shortest PFS was identified in patients
with mutant p53 tumors localized to VLSM-identified regions
when cohorts were subdivided according to tumor location and
p53 status. This finding suggests that mutant p53 has a significant
influence on the prognosis of tumors involving VLSM-identified
regions rather than other regions. Survival benefits from region-
specific gene expression in tumors have been reported in other
molecular biomarkers. As previously discussed, tumors with a
methylated MGMT promoter are associated with significantly
longer survival periods when located in specific regions in the left
hemisphere compared with tumors located in the right hemi-
sphere that have an unmethylated MGMT promoter.'® Addition-
ally, it has been shown that tumors with mutations in isocitrate
dehydrogenase I in the frontal lobe are associated with a favorable
prognosis.® This study observed a significantly poor prognosis
for patients with tumors located in VLSM-identified clusters,
which suggests that the impact of p53 status on prognosis may
also have regional specificity. We further infer that p53 mutations
could play a major role in the tumorigenesis of gliomas arising
from the temporal-insula area. Additionally, a multivariate sur-
vival analysis revealed that a preoperative Karnofsky Performance
Status < 80, VLSM-region involvement, and age older than 40
years are significant prognostic factors for PES in LGGs. On the
basis of these findings, regions associated with a higher incidence
of genetic changes (as can be identified by using neuroimaging)
could potentially be used for customized molecular therapy and
survival prediction.

In the current study, VLSM analysis***° was used to identify
the anatomic specificity of lesion-related characteristics. Al-
though entitled “lesion-symptom mapping,” the principle of this
approach allowed us to investigate the anatomic correlates of any
characteristic that could be associated with tumors (genetic
changes in this case). A related method, entitled “analysis of dif-
ferential involvement,” has demonstrated the practical role of
voxel-based neuroimaging analysis in localizing tumor-associ-
ated molecular events. On the basis of a voxelwise Fisher exact
test, analysis of differential involvement has been used to identify
the anatomic correlates of tumor-specific biomarkers (such as
MGMT methylation'® and isocitrate dehydrogenase 1'°) in the
brain. The VLSM approach was used in the current study, how-
ever, because the regression model is more appropriate than the
Fisher exact test when analyzing the graded data of gene
expression.

Limitations

Several limitations to the current study should be considered.
First, PFS was used as the end point of this study because patients
with LGGs have a relatively long survival time; most of our pa-
tients are still alive. Nevertheless, patients who were not available
for follow-up assessment may have influenced the integrity of our
analyses. This may be the reason that no significant difference in

PFS was observed between patients with mutant and wild-type
p53 tumors when VLSM regions were involved. Additionally,
clinical image registration of anatomically distorted brain struc-
tures into a 3D standard space can be challenging. Thus, every
tumor mask was determined and manually checked by 2 indepen-
dent neurosurgeons to minimize inaccuracy.

CONCLUSIONS

This analysis allowed us to identify anatomic correlations among
genetic lesions on a voxel basis and levels of mutant p53 expres-
sion in a large cohort of patients with LGGs. In addition, we dem-
onstrated that tumor location could be an independent prognos-
tic factor for tumor progression and that tumors located in
VLSM-defined regions associated with high expression of mutant
p53 have generally worse PFS. Our study provides an example that
molecular-related brain regions identified on structural MRI
could be used in preoperative surgical planning and clinical sur-
vival predictions.
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MRI Grading versus Histology: Predicting Survival of World
Health Organization Grade II-1V Astrocytomas

A. Lasocki, A. Tsui, M.A. Tacey, KJ. Drummond, K.M. Field, and F. Gaillard

ABSTRACT

BACKGROUND AND PURPOSE: Histologic grading of intracranial astrocytomas is affected by sampling error and substantial inter- and
intraobserver variability. We proposed that incorporating MR imaging into grading will predict patient survival more accurately than
histopathology alone.

MATERIALS AND METHODS: Patients with a new diagnosis of World Health Organization grades II-1V astrocytoma or mixed oligoastro-
cytoma diagnosed between September 2007 and December 2010 were identified. Two hundred forty-five patients met the inclusion
criteria. Preoperative MRIs were independently reviewed by 2 readers blinded to the histologic grade, and an MR imaging grade was given.
The MR imaging and histopathologic grades were compared with patient survival.

RESULTS: Patients with grade Il or Il astrocytomas on histology but evidence of necrosis on MR imaging (consistent with a grade IV tumor)
had significantly worse survival than patients with the same histology but no evidence of necrosis on MR imaging (P = .002 for grade Il
histology and P = .029 for grade lll). Their survival was not significantly different from that in patients with grade IV tumors on histology
(P = 164 and P = 385, respectively); this outcome suggests that all or most are likely to have truly been grade IV tumors. MR imaging
evidence of necrosis was less frequent in grade Il and Il oligoastrocytomas, preventing adequate subgroup analysis.

CONCLUSIONS: MRimaging can improve grading of intracranial astrocytomas by identifying patients suspected of being undergraded by
histology, with high interobserver agreement. This finding has the potential to optimize patient management, for example, by encouraging

more aggressive treatment earlier in the patient’s course.

ABBREVIATIONS: ECOG = Eastern Cooperative Oncology Group; HR = hazard ratio; IDHI = isocitrate dehydrogenase-1

anagement of intracranial astrocytic tumors is heavily in-
fluenced by the histologic grade obtained at the time of
surgical biopsy or resection. World Health Organization grade IV
astrocytomas (glioblastoma) are the most common, and most
glioblastomas are considered to arise de novo (primary glioblas-
tomas)."* Grade IT and I1I astrocytomas (diffuse astrocytoma and
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anaplastic astrocytoma, respectively) may also progress to grade
IV (glioblastoma) with time. Secondary glioblastomas are associ-
ated with a better prognosis and typically demonstrate isocitrate
dehydrogenase-1 (IDHI) mutations.” Assigning a specific grade is
important for routine patient management and for inclusion into
clinical trials. The overall tumor grade depends on the highest
grade component within the sample obtained; however, astrocy-
tomas are heterogeneous tumors on both imaging and histology,
and different components of the same tumor may exhibit differ-
ent grades on histopathology. As a result, sampling error some-
times occurs when grading astrocytomas from surgical speci-
mens, in particular when the specimen was obtained by biopsy.>~
It also remains a risk with a resection because the pathologist
typically does not receive the entire resected tumor for examina-
tion, as generally occurs with visceral tumors. The highest grade
component may therefore not be present in the sample available
for analysis. This sampling error can lead to undergrading of tu-

mors, which, in turn, can potentially result in undertreatment. In
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addition, due to varying practices even among pathologists work-
ing within the same department, interobserver correlation for his-
topathology has been shown to be only poor to moderate (k =
0.06-0.66).°"®

MR imaging has been shown to correlate with histologic
grade®'* but has the important advantage of being able to scan
the entire tumor in vivo and is therefore not susceptible to sam-
pling error. When evaluating MR imaging, the literature usually
uses histologic grade as the criterion standard; this practice makes
it difficult to interpret the results given the aforementioned limi-
tations of histopathology (sampling error and inter- and intraob-
server variability) and likely underestimates the accuracy and util-
ity of MR imaging. Using histopathology as the criterion standard
also does little to clarify the practical questions of how to proceed
when histopathology and MR imaging are disparate and which of the
2 better predicts the patient’s outcome in this situation. In particular,
itis not clear whether a patient should be presumed to have a higher
grade tumor when the MR imaging appearance suggests a higher
grade than the histologic assessment.

In this study, we correlated MR imaging appearances with
patient survival and compared how well the MR imaging grade
predicted biologic behavior compared with the histologic grade.
We proposed that incorporating MR imaging into grading could
predict patient survival better than the current criterion standard
of histopathology alone.

MATERIALS AND METHODS

Patient Selection

Patients with a new diagnosis of a World Health Organization
grade II-IV astrocytoma or mixed oligoastrocytoma were identi-
fied through the Central Nervous System Tumor Data Base at our
hospital, which routinely captures all new patients with astrocy-
toma treated at our institution. All were adults who had not un-
dergone treatment before surgery. Protoplasmic astrocytomas
(n = 9) and gemistocytic astrocytomas (# = 5), which are known
to have atypical imaging appearances, were excluded, as were pa-
tients with imaging appearances suggestive of gliomatosis cerebri
(n = 4). Pure oligodendrogliomas were also not included. We
included only patients with MR imaging performed before their
first operation for this tumor, including at least a postcontrast
sequence, available for review on the PACS. Seventeen patients
were excluded due to a lack of preoperative postcontrast MR im-
aging. The study period was September 2007 to December 2010,
to allow adequate time for survival information. Institutional Hu-
man Research Ethics Committee approval was obtained.

Patient demographics and baseline Eastern Cooperative On-
cology Group (ECOG) performance status were obtained from
the data base. The histologic grade of the tumor was taken from
the histopathology report available on the clinical information
system of the hospital. One patient was excluded because the his-
topathology had been reported at another institution and was not
available for review. Of the histology reports included, all except 1
patient’s histology was reported by 1 of 2 experienced neuropa-
thologists. Histology for this single outlying patient and for 6 pa-
tients for whom the histopathologic grade was not clearly stated in
the hospital report were blindly reviewed and graded by 1 of the 2
neuropathologists for the purposes of the study. IDHI mutation test-
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ing was subsequently performed for patients with evidence of necro-
sis on MR imaging but grade II or IIT histology, to determine if this
subset of patients showed an association with IDHI mutations,
which would be suggestive of secondary glioblastomas. The prolifer-
ative index (Ki-67 or topoisomerase) was also determined for these
patients, either taken from the formal hospital report (n = 10) or
calculated on subsequent review if not reported initially (n = 13).

MR Imaging Review

Preoperative MRIs were independently reviewed retrospectively on
the PACS by 2 readers, blinded to the histologic grade, and an MR
imaging grade was given. The readers were an MR imaging fellow
and a neuroradiologist with 5 years of subspecialty experience. For
this study, the MR imaging grade was determined on the basis of the
postcontrast MR imaging, as a surrogate for the histologic grading
criteria used at our institution. MR imaging grade IV was assigned
when there was evidence of necrosis—a complete enhancing ring on
a postcontrast T1-weighted sequence around a central nonenhanc-
ing area. If there was enhancement but no convincing necrosis, this
finding was designated grade III. Wispy enhancement was not con-
sidered sufficient for grade ITI. MR imaging grade II was assigned
when the tumor demonstrated no contrast enhancement or necrosis.
Discrepancies in the grade between the 2 MR imaging readers were
decided by consensus, with knowledge of their initial MR imaging
grade but again blinded to the histopathologic grade.

Most MR imaging studies (236 patients) were performed en-
tirely at our institution, on 1 of 3 scanners (Magnetom Tim Trio;
Siemens, Erlangen, Germany, 3T, software VB 17; Signa HDx,
1.5T; GE Healthcare, Milwaukee, Wisconsin, software Version 14;
Signa LX, 1.5T; GE Healthcare, software Version 9.1). Most (212
of 245) were standard diagnostic studies. At 1.5T, these generally
included at least axial TIWI, T2WI, FLAIR, and DWI sequences;
sagittal TIWL and a susceptibility-sensitive sequence (varying
among scanners). Postcontrast T1-weighted sequences were per-
formed in the axial and coronal planes, and usually a volumetric
acquisition for the purposes of stereotaxis was performed. At 3T, the
only difference was that the pre- and postcontrast T1-weighted se-
quences were acquired volumetrically, with reconstructions in 3
planes. Overall, MR spectroscopy and dynamic susceptibility con-
trast perfusion were performed in 63 and 31 patients, respectively.
The remainder (n = 33) were most commonly limited volumetric
postcontrast TIWT studies for stereotaxis. The standard intravenous
contrast medium administered was 15 mL of gadopentetate dime-
glumine, with the postcontrast sequence generally performed 2-3

minutes after contrast administration.

Surgical Technique

Surgical biopsies and resections were guided stereotactically by
targeting the most suspicious areas on MR imaging by using the
VectorVision Navigation System (BrainLAB, Feldkirchen, Ger-
many). This usually incorporated a volumetric postcontrast
T1WI sequence. Information about whether the operation was a
biopsy or resection was obtained from the data base.

Statistical Analysis
Interobserver reliability and agreement between the 2 readers of
MR imaging grades were evaluated by using the k statistic, while



the Spearman correlation coefficient was used to assess the corre-
lation between the histology and MR imaging grades. Both uni-
variate and multivariate Cox logistic regression analyses were
used to test for associations between overall survival and age, sex,
performance status, and a combination of MR imaging and his-
tologic grades. ECOG performance status was considered in a
binary manner, namely 0—1 and 2—4. This grouping was selected
because it provided better balance between the 2 groups than the
other of the 2 groupings commonly used in the literature: 0—2 and
3—4. Different categoric variables were created that reflected dif-
ferent combinations of MR imaging and histologic grades. For the
univariate analysis, the log-rank test was used for associations
between survival and categoric variables, while Cox regression
was used for continuous variables such as age. Kaplan-Meier
curves were estimated to illustrate the association and nonasso-
ciations between survival and the categoric variables, with the Cox
proportional hazard model used to compare survival between
groups, after adjusting for relevant covariates. Results are pre-
sented as hazard ratios (HRs) with 95% confidence intervals. A
2-tailed P value of .05 was considered statistically significant.
STATA statistical analysis software (Version 12.1; StataCorp, Col-
lege Station, Texas) was used.

RESULTS

Patient Demographics

Two hundred forty-five patients met the inclusion criteria, of 281
patients identified initially. There were 136 men (56%) and 109
women. Patient ages ranged from 19 to 89 years, with a median of 61
years. Patient age was found to be a strong predictor of survival in-
dependent of histologic grade; hence, all results provided are cor-
rected for age. Forty patients (16%) had grade IT histology, 35 (14%)
had grade III, and 170 (69%) had grade IV. Thirty-four patients
(14%) had mixed oligoastrocytomas; the remainder had astrocyto-
mas (n = 211). All patients underwent MR imaging within 11 days
before surgery, and all except 7 patients, within 7 days. ECOG per-
formance status data were available in 91% of patients (223 of 245):
Ninety-seven patients were ECOG 0; 60, ECOG 1; 33, ECOG 2; 25,
ECOG, 3; and 8, ECOG 4. As for age, performance status was an
independent predictor of survival, thus the associations with survival
for the MR imaging and histologic grades were also corrected for
performance status. These baseline characteristics and the univariate
results are presented on Table 1.

MR Imaging Histology Correlation

The MR imaging and histologic grades are compared in Table 2
for astrocytomas and in Table 3 for mixed oligoastrocytomas.
Overall agreement between the 2 MR imaging readers was high,
occurring in 233 of 245 patients, or 95% (k = 0.87). Correlation
between the MR imaging consensus grade and the histologic
grade was moderate at 82% (k = 0.58).

Astrocytomas

Of the 25 patients with grade IT histology, 5 (20%) exhibited MR
imaging evidence of necrosis (consistent with a grade IV tumor).
Their mean survival was 233 days, significantly worse than the
survival of patients with grade II histology but no evidence of
necrosis on MR imaging (median survival, >946 days; P = .002;

Table 1: Patient baseline characteristics and univariate results

No. (%), Unless
Otherwise

Variable Specified HR  95%Cl P Value
Total 245
Sex
Female 109 (44.5%) 1 - -
Male 136 (55.5%) 115 0.86-1.54 346
Age (yr)
Continuous
Median (IQR) 61(49-7) 105 104-107  <.001
Categorized
19-53 79(322%) 1 - -
54-67 80 (32.7%) 259 175-3.84 <.001
68+ 86 (35.1%) 5.05 342-747 <.001
MRI grade
I 39(15.9%) 1 - -
1]l 19 (7.8%) 228 0.97-538 .059
v 187 (76.3%) 839 4.50-15.67 <.001
Histology grade
Il 40 (16.3%) 1 - -
n 35(14.3%) 255  1.28-5.08 .007
\% 170 (69.4%) 5.88 332-1043 <.001
Histology type
Astrocytoma 211(86.1%) 1 - -
Oligoastrocytoma 34 (13.9%) 031 0.18-0.52  <.001
ECOG (continuous)
Mean * SD 0.78 =139 147  130-1.67 <.001
ECOG (grouped)
0-1 157(641%) 1 - -
2-4 66(269%) 213 154-294 <001
Note:—IQR indicates interquartile range.
Table 2: Number of patients with astrocytoma with each
histologic and MRI grade
MRI Histologic Grade
Grade ] [} v Total
] 15 5 1 21
1l 5 7 4 16
I\ 5 16 153 174
Total 25 28 158 21

Table 3: Number of patients with mixed oligoastrocytoma with
each histologic and MRI grade

MRI Histologic Grade
Grade ] [} v Total
1l 13 5 0 18
1l 1 1 1 3
I\ 1 1 |l 13
Total 15 7 12 34

HR = 44.6; 95% CI, 4.0-502.6). These patients with necrosis on
MR imaging had statistically equivalent survival (P = .164) com-
pared with those with grade IV histology (median survival, 257
days), though with a slight trend toward worse survival (HR =
1.9;95% CI, 0.8—4.8). The survival of these 3 groups is compared
on the Kaplan-Meier curve (Fig 1).

For the grade ITI histology group, 16 of 28 (59%) had evidence
of necrosis on MR imaging, with a median survival of 245 days.
Examples are shown in Fig 2. Again, their survival was signifi-
cantly worse than that for patients without MR imaging evidence
of necrosis (median survival, 564 days; P = .029; HR = 3.3; 95%
CI, 1.1-9.8) and was equivalent to that of the grade IV histology
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group (P = .385). These survivals are compared on the Kaplan-
Meier curve (Fig 3).

IDHI mutation status was tested on all 21 patients with grade
I or IIT histology but MR imaging evidence of necrosis, and it was
negative in all patients. The proliferative index varied widely,
from 1% to >75%. Five of the 21 patients had further surgery
within 4 months of their initial surgery (after 8, 10, 46, 90, and 109
days, respectively). In each case, histology showed grade IV tu-
mor. Histology was obtained by resection in 9 of 21 patients
(43%) with grade II or IIT histology but MR imaging evidence of
necrosis and by biopsy in the other 12. This proportion obtained
by resection was slightly higher than that for the patients with
grade II or IIT histology but no evidence of necrosis on MR imag-
ing (11 0f 32, 34%). This difference was not statistically significant
(P = .533).

Of patients with grade II histology, there was no significant
difference in survival (P = .300) between those with no enhance-
ment (MR imaging grade IT) compared with those with enhance-
ment but no evidence of necrosis (MR imaging grade III). Simi-
larly, for patients with grade IIT histology, there was no significant
difference in survival (P = .119) between those with MR imaging
grades of II and III. Of the patients with grade IV histology, im-
aging of 4 demonstrated enhancement but not convincing necro-
sis on MR imaging, and imaging of 1 patient did not exhibit any
enhancement. These 5 patients without evidence of necrosis on

FIG 1. Kaplan-Meier survival curve showing survival of patients with
grade Il astrocytomas on histology, with and without evidence of
necrosis on MR imaging, compared with patients with grade IV
histology.

FIG 2. Examples of postcontrast Tl-weighted sequences of patients with grade Ill astrocytomas

on histology but MR imaging evidence of necrosis.
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MR imaging showed a trend toward longer survival (median sur-
vival, 589 days) compared with the remaining patients with grade
IV histology (median survival, 252 days; HR = 0.4; 95% CI, 0.1-
1.3), though with the small number of patients, this was not sta-
tistically significant (P = .138).

Mixed Oligoastrocytomas

Fewer grade I and III oligoastrocytomas showed evidence of ne-
crosis on MR imaging (only 1 of each grade); this result precluded
adequate subgroup analysis. IDHI was positive in 1 of these 2
patients. When corrected for age, ECOG performance status, and
histologic grade, patients with mixed oligoastrocytomas had sig-
nificantly better survival than those with pure astrocytomas (P =
.031; HR = 0.52; 95% CI, 0.3-0.9).

DISCUSSION
We have described a simple yet robust approach to MR imaging
grading of intracranial astrocytomas. MR imaging can accurately
identify a significant number of patients undergraded by histol-
ogy, in particular those suspected of truly having grade IV tumors
on the basis of MR imaging evidence of necrosis. The survival data
strongly suggest that all or most of the astrocytomas with grade II
and IIT histology but evidence of necrosis on MR imaging were
indeed glioblastomas. In addition, they appear to have generally
been primary glioblastomas, given IDHI mutation negativity,
rather than secondary glioblastomas (which are associated with
IDH1 mutations and typically have a better prognosis).> Under-
grading occurred with both stereotactic biopsies and definitive
resections. We have shown that MR imaging has excellent inter-
observer agreement, better than the inter- and intraobserver
agreement reported for pathologic grading of astrocytomas (k =
0.06—0.66).°"® In addition, combining MR imaging studies from
different scanners indicates that these results using standard se-
quences should be achievable in most institutions, rather than
being vendor- or model-specific. Finally, the high correlation be-
tween a relatively inexperienced reader and a more experienced
reader shows that the grading system can be easily used by radi-
ologists of varying experience.

We consider grade IV the most important histologic grade to
determine accurately at diagnosis because the management is
usually more aggressive than for grade III and, in particular, grade

II tumors,'>*”

and patients can deteriorate rapidly. Correct iden-
tification of grade IV tumors allows ap-
propriate intensification of treatment to
a multimodality regimen at diagnosis.
Patients with grade IV tumors are also
those who are potential candidates for
the greatest number of clinical trials and
novel therapies. Clinical trial participa-
tion has been shown to be an indepen-
dent predictor of longer survival in gli-
oblastoma'®; hence, being ineligible
for a trial due to undergrading has the
potential to adversely affect a patient’s
outcome.

Our results build on work by authors
at least as far back as Dean et al, ° who, in



1990, aimed to grade astrocytic tumors on the basis of a variety of
MR imaging features. Already >2 decades ago, they postulated
that “MR imaging may serve as an adjunct in case management
when the clinical course and MR findings appear to be at odds
with the neuropathologic diagnosis.” Our results are similar to a
much more recent study of 151 patients by Pope et al,'® in which
patients with grade IIT histology but MR imaging evidence of ne-
crosis (8 of 43 grade III tumors, 19%) had survival similar to that
in patients with grade IV tumors, and 105 of 110 histologically
proved grade IV tumors had MR imaging evidence of necrosis. In
our study, the number of patients with grade IIT histology but MR
imaging evidence of necrosis was greater (16 0f28, 57%). We have
also shown a similar difference in survival for patients with histo-
logic grade IT tumors and evidence of necrosis on MR imaging (5
of 25, 20%), which was not examined by Pope et al.

Previous articles have shown overall moderate correlation be-
tween an MR imaging grade by using conventional sequences and

9-14,20

the histopathologic grade, which improves when adding ad-

vanced imaging sequences such as perfusion (in particular relative

cerebral blood volume) or spectroscopy.'®!"!>1421-24 The results
13,21

for DWT have been conflicting, as they have for the presence

FIG 3. Kaplan-Meier survival curve showing survival of patients with
grade lll astrocytomas on histology, with and without evidence of
necrosis on MR imaging, compared with patients with grade IV
histology.

FIG 4. Suggested management algorithm for a combined histologic/MR imaging grading system.

of magnetic susceptibility suggestive of hemorrhage.?>*® A prac-
tical difficulty with the advanced sequences is that they are gener-
ally continuous variables, with at least some overlap between tu-
mors of different grades. It is likely that the degree of overlap
between tumor grades would substantially increase once those
tumors with MR imaging evidence of necrosis are excluded; this
change would decrease the specificity and thus the utility of these
sequences. A further difficulty with many of the studies of MR
imaging grading of astrocytic tumors is that grade IIT and IV tu-
mors have been considered together as “high-grade glio-
mas,” b3 1421-23:25.27.28 11y general, distinction between grade I11

and IV tumors was inaccurate'"?”

or was not assessed, yet this
distinction can be very important for determining both manage-
ment options and clinical trial inclusion. Not unexpectedly, our
simple grading system was less helpful in differentiating grade II
and ITI tumors on the basis of the presence or absence of enhance-
ment, and this is likely to be a setting in which the advanced
sequences will have particular value.

We acknowledge that management may have varied substan-
tially among patients. Age and performance status are both im-
portant factors in the decision-making process, and we think that
correcting for these variables addresses this variation in manage-
ment between patients, especially given that ours is a single-insti-
tution study in the post-Stupp era.'” During the study period, our
postsurgery standard therapy for patients with grade IV tumors
was combination temozolomide and radiation therapy followed
by adjuvant temozolomide; patients with grade IIT tumors were
initially treated with surgery and postoperative radiation therapy,
followed by the introduction of temozolomide when there was
evidence of recurrence, while patients with grade II tumors were
generally managed with surgery alone, followed by active surveil-
lance until evidence of dedifferentiation was seen. Molecular and
genetic markers such as IDHI mutation status, proliferative in-
dex, and O6-methylguanine DNA methyltransferase methylation
were not typically obtained during the study period and were not
used to guide treatment. A further potential criticism of this study
is that advanced imaging sequences were underused in determin-
ing the MR imaging grade. Although advanced sequences can be
beneficial in grading, our aim was to develop a fairly direct MR
imaging correlate for the WHO classifi-
cation, which was simple and reproduc-
ible by all institutions. Additionally,
given that we have shown that the pres-
ence of necrosis on MR imaging (as a
surrogate for necrosis on histopathol-
ogy) is sufficient to identify most grade
IV tumors, including those suspected of
being undergraded due to sampling er-
ror, itis not clear from the literature how
useful the advanced sequences are for as-
sessing tumors that do not have evi-
dence of necrosis on the postcontrast
T1-weighted sequence.

Our patient group consisted of those
with a higher proportion of grade IV tu-
mors than some other studies. This may
partly relate to our exclusion of patients
with protoplasmic and gemistocytic
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variants and those suspected on MR imaging of having gliomato-
sis cerebri. It is not clear whether these patients were included in
other studies. We considered it important to exclude these histo-
logic variants from our study because they have imaging appear-
ances that vary significantly from the more common diffuse fibril-
lary variety (contrast enhancement and cystic change being far
more common), and in the case of gemistocytic astrocytomas, the
prognosis is worse."**?° The patients suspected of having gliom-
atosis cerebri were also excluded for this same reason of having a
worse prognosis because including them could have unfairly bi-
ased against histology. Nevertheless, due to the size of our study,
the absolute number of grade II and III tumors was large com-
pared with that in the existing literature.

The management of astrocytomas has progressed beyond just
histologic assessment, with molecular and genetic markers being
able to provide information on prognosis and expected treatment
outcomes.” The interpretation and implications of the genetic
analysis are affected by the histologic grade, however; hence, it
remains important to optimize the accuracy of grading. Accurate
grading becomes even more important when these markers are
not available (for example, due to cost). In either case, using MR
imaging to improve the accuracy of grading can help optimize
management and prognostication with little or no added cost be-
cause an MR imaging has generally already been performed.

The algorithm we suggest for incorporating an MR imaging
grade into the overall management (Fig 4) hinges on all patients
with grade IT and grade III astrocytoma having their preoperative
MR imaging reviewed for grading, with the radiologist aware of
the histology but potentially blinded to the histologic grade. If the
MR imaging does show evidence of necrosis, our results suggest
that the tumor can simply be treated as grade IV, with the appro-
priate multimodality therapy. If histologic confirmation of grade
IV tumor is necessary, we suggest reviewing the histology in the
first instance, specifically looking for evidence of necrosis to verify
the MR imaging appearances. If no necrosis is revealed on review,
repeat surgery could also be considered, though in practice, it
would be a last resort. The results for astrocytomas were not re-
produced for oligoastrocytomas due to the smaller numbers and
less frequent upgrading of tumors based on MR imaging.

CONCLUSIONS

Using MR imaging in tandem with conventional histologic grad-
ing can significantly enhance the accuracy of grading of intracra-
nial astrocytomas, with high interobserver agreement. Detection
of necrosis on MR imaging in a histologic grade II or IIT astrocy-
toma suggests that the patient has been undergraded by histology.
This result has the potential to optimize patient management, for
example, by encouraging a more aggressive treatment strategy
earlier in the patient’s course.

Disclosures: Arian Lasocki—RELATED: Support for Travel to Meetings for the Study
or Other Purposes: Radiology Resources (prize awarded by the Royal Australian and
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ORIGINAL RESEARCH
BRAIN

Macro- and Microstructural Changes in Patients with
Spinocerebellar Ataxia Type 6: Assessment of Phylogenetic
Subdivisions of the Cerebellum and the Brain Stem

K. Sato, K. Ishigame, S.H. Ying, K. Oishi, M.l. Miller, and S. Mori
O=

ABSTRACT

BACKGROUND AND PURPOSE: Site-specific degeneration patterns of the infratentorial brain in relation to phylogenetic origins may
relate to symptoms in patients with spinocerebellar degeneration, but the patterns are still unclear. We investigated macro- and micro-
structural changes of the infratentorial brain based on phylogenetic origins and their correlation with symptoms in patients with spino-
cerebellar ataxia type 6.

MATERIALS AND METHODS: MR images of 9 patients with spinocerebellar ataxia type 6 and 9 age- and sex-matched controls were obtained.
We divided the infratentorial brain on the basis of phylogenetic origins and performed an atlas-based analysis. Comparisons of the 2 groups and
a correlation analysis assessed with the International Cooperative Ataxia Rating Scale excluding age effects were performed.

RESULTS: A significant decrease of fractional volume and an increase of mean diffusivity were seen in all subdivisions of the cerebellum
and in all the cerebellar peduncles except mean diffusivity in the inferior cerebellar peduncle in patients compared with controls (P < .0001
to <.05). The bilateral anterior lobes showed the strongest atrophy. Fractional volume decreased mainly in old regions, whereas mean
diffusivity increased mainly in new regions of the cerebellum. Reflecting this tendency, the International Cooperative Ataxia Rating Scale
total score showed strong correlations in fractional volume in the right flocculonodular lobe and the bilateral deep structures and in mean
diffusivity in the bilateral posterior lobes (r = 0.73 to +0.87).

CONCLUSIONS: We found characteristic macro- and microstructural changes, depending on phylogenetic regions of the infratentorial
brain, that strongly correlated with clinical symptoms in patients with spinocerebellar ataxia type 6.

ABBREVIATIONS: FA = fractional anisotropy; ICARS = International Cooperative Ataxia Rating Scale; ICP = inferior cerebellar peduncle; LDDMM = large
deformation diffeomorphic metric mapping; MCP = middle cerebellar peduncle; MD = mean diffusivity; SCA6 = spinocerebellar ataxia type 6; SCP = superior
cerebellar peduncle

Spinocerebellar ataxia type six (SCA6) is a rare, late-onset,  tex.' SCAG is not fatal, but the accompanying cerebellar dysfunc-
autosomal dominant disease. SCA6 is associated with a ge-  tion is permanent and progressive.” Cerebellar atrophy is a char-
netic defect (CAG repeat expansion) in the gene encoding for a  acteristic imaging feature, and mild atrophy of the brain stem
subunit of a voltage-gated calcium channel, which is associated  and subtle atrophy of the thalamus or the cerebral cortex can
with neuronal loss mainly in Purkinje cells in the cerebellar cor-  gccur.®*

Although the definite diagnosis of SCA6 is made by genetic
examination, MR imaging can narrow the differential diagnosis of
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netic origins (the archicerebellum, the paleocerebellum, and the

neocerebellum)®*°

that form distinct neural pathways between
the cerebellum and other regions of the brain. These 3 regions are
believed to have different functions.”'"'? It is of great interest to
know how the cerebellar macro- and microstructural changes in
each phylogenetic region manifest as symptoms in patients with
SCAG6.

Thus, in the present study, we investigated changes of both
volume and diffusion metrics: mean diffusivity (MD) and frac-
tional anisotropy (FA) obtained with DTI. Changes of diffusion
metrics have been reported in other types of spinocerebellar ataxia
and in multiple system atrophy.'>'* There are few DTI studies of
patients with SCA6,">'® and they investigated only part of the
cerebellum or the cerebellar peduncles with manual methods.

We hypothesized that clinical symptoms in patients with
SCAG6 are correlated with macro- and microstructural changes
depending on the phylogenetic origins of the cerebellum. The
purposes of this study were to investigate these correlations and to
identify the site-specific degeneration patterns of the infratento-
rial brain that are also clinically assessable in patients with SCA6.
To our knowledge, this is the first MR imaging study combining
volumetric and DTI analyses based on phylogenetic regions.

MATERIALS AND METHODS

Subjects

This study was approved by our institutional review board and
complied with the Health Insurance Portability and Accountabil-
ity Act. Written informed consent was obtained from all partici-
pants. We acquired MR images of the brain in 9 patients with
SCA6 (5 women and 4 men; mean age, 57.9 = 7.25 years) and 9
age-matched healthy controls (5 women and 4 men; mean age,
58.8 = 7.51 years) obtained between August 2005 and September
2009 from the Johns Hopkins University School of Medicine, and
the images were retrospectively analyzed.

Clinical Evaluation

All participants completed a medical questionnaire, and the
possibility of secondary ataxia was excluded. Symptoms were
assessed with the International Cooperative Ataxia Rating
Scale (ICARS).!” ICARS scores have a maximum of 100 points as
the total of 4 subscores: the static score, limb score, dysarthria
score, and oculomotor score.

The neurologic examinations of all of patients and controls
were performed by a neurologist (S.H.Y.) at the departments of
radiology, neurology, and ophthalmology at the Johns Hopkins
University School of Medicine. The neurologist had >10 years of
experience in the design and measurement of quantitative neuro-
logic assessments and was blinded to the MR imaging results.

Data Acquisition

Brain imaging was performed with a 3T MR imaging scanner
(Intera; Philips Healthcare, Best, the Netherlands). An axial sin-
gle-shot spin-echo echo-planar imaging sequence was used for
the DTI. The parameters used were as follows: TR/TE, 6491/69
ms; b-value, 700 s/mm?; diffusion-encoding gradients, 30 direc-
tions;'® number of signals acquired, 2; FOV, 212 X 212 mm;
matrix size, 256 X 256 mm; intersection gap, 0 mm; section thick-

ness, 2.2 mm; section number, 65. EPI with no diffusion weight-
ing (b=0 s/mm®) was performed for use in spatial normalization.

3D-magnetization prepared rapid acquisition of gradient
echo images and T2WI were acquired. T2WI was used to exclude
other brain diseases. The MPRAGE parameters were as follows:
TR/TE, 10.33/6 ms; FOV, 212 X 212 mm; matrix size, 256 X 256
mm; intersection gap, 0 mm; section thickness, 1.1 mm; section
number, 65. The T2WI parameters were the same as those for
MPRAGE except for the following: TR/TE1/TE2, 3465/28.2/80.0
ms; section thickness, 1.5 mm.

Registration and Normalization

We used a single-subject template, the Johns Hopkins University—
Montreal Neurological Institute template, which was normalized
to Montreal Neurological Institute space.'®*® Each participant’s
MPRAGE and DTT (FA, trace) images were skull-stripped by us-
ing statistical parametric mapping followed by manual delinea-
tion and were normalized to the templates by using a 9-parameter
linear algorithm®' and large deformation diffeomorphic metric
mapping (LDDMM) (http://www.birncommunity.org/tools-
catalog/large-deformation-diffeomorphic-metric-mapping-
lddmm/).>*** Using the deformation fields from LDDMM and
the inverse linear matrix, we then warped our parcellation map
(ie, Johns Hopkins University—Montreal Neurological Institute—
based parcellation map) from the template to each subject’s space.
The details of the LDDMM operation are described else-
where.>*** All image transformation was achieved with the soft-
ware DiffeoMap (https://www.mristudio.org/).

Creation of the Infratentorial Parcellation Map

We modified the Johns Hopkins University—Montreal Neurolog-
ical Institute—based parcellation map in which the original left
and right cerebellum were manually parcellated, and we divided
the cerebellum into 12 subdivisions to create the infratentorial
parcellation map as shown in Fig 1. The vermis was separated
from the hemispheres by its elevated edge and was subdivided into
the anterior and the posterior vermis by the primary fissure. The
left and right hemispheres were subdivided into the anterior and
posterior lobes by the primary fissure. The tonsils were separated
from the hemispheres by the secondary fissure.

The flocculonodular lobes were separated from the hemi-
spheres and the tonsils by the posterolateral fissure. The deep
structures were separated on the basis of the T1-weighted contrast
of the Johns Hopkins University—-Montreal Neurological Institute
atlas. These included the white matter and the 3 nuclei (dentate,
interpositus, and fastigial) of the corpus medullare with the exclu-
sion of the middle cerebellar peduncle (MCP). We divided the
brain stem into 6 subdivisions; the midbrain, the pons, the
medulla, the superior cerebellar peduncle (SCP), the MCP, and
the inferior cerebellar peduncle (ICP) following the original Johns
Hopkins University—Montreal Neurological Institute—based par-
cellation map. In total, the infratentorial parcellation map had 18
subdivisions.

Atlas-Based Analysis
We conducted an atlas-based analysis by using the infratentorial
parcellation map. We measured the volume, MD, and FA of each
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FIG 1. Infratentorial parcellation map. The cerebellum is divided into 12 subdivisions, and the brain stem, into 6 subdivisions.

subdivision and determined the correlation of each with the
ICARS in each subdivision. Volume was evaluated as fractional
volume (ie, the volume in each subdivision divided by the intra-
cranial volume of each subject). We also calculated the percentage
changes in the fractional volume, MD, and FA compared with
controls by dividing each patient’s data by the average of the con-
trols’ data in each subdivision.

CSF spaces were excluded by a signal-intensity threshold at 25
on MPRAGE images and by an MD threshold at 0.0023 mm?/s on
DTI (0.007 mm?/s on trace images). We investigated the correla-
tion of fractional volume and MD in each subdivision to deter-
mine the partial volume effects of CSF due to atrophy on the
results of MD.

Statistics

Statistical analyses were performed with the software SPSS, Ver-
sion 13.0 (IBM, Armonk, New York). Comparisons of the patient
and control groups were performed by using an independent-
samples ¢ test after confirming normal distribution of the data by
Kolmogorov-Smirnov testing. The Mann-Whitney U test was
used for the subdivisions in which the values were not normally
distributed. Correlations between the data and the ICARS scores
were assessed by using a Spearman correlation analysis. We
conducted a multiple linear regression analysis with age effects
as a covariant in the subdivisions in which the data were sig-
nificantly correlated with age. A Bonferroni correction was
adopted when the number of groups was <5, and the false
discovery rate correction was adopted when the number of
groups was >5.
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RESULTS

Whole Brain and the ICARS

We first analyzed the data in 3 regions of the brain: the cerebrum,
the cerebellum, and the brain stem. Among these, only the cere-
bellum showed a significant decrease in fractional volume and a
significant increase in MD in the patients with SCA6 compared
with the controls (P <.0001). The FA did not show any significant
differences. The fractional volume in both the cerebellum and the
brain stem showed significant correlations with the ICARS total
score (P < .05, r = —0.80, —0.77). FA showed neither significant
changes nor significant correlations.

Infratentorial Subdivisions and the ICARS

We next investigated changes of the data in the infratentorial sub-
divisions (Fig 2) and the correlations with the ICARS scores (Ta-
ble). In the cerebellum, all subdivisions showed significant de-
creases of fractional volume (P < .0001 to <.01) and increases of
MD (P < .0001 to <.001) in patients with SCA6 compared with
controls. FA showed significant decreases only in the bilateral
posterior lobes and the right tonsil (P < .01 to <.05). The stron-
gest correlation with the ICARS total score was seen in the frac-
tional volume in the right deep structure (P < .01,r = —0.87) and
the MD in the left posterior lobe (P < .01, r = 0.87).

Among the ICARS subscores, the static and dysarthria scores
showed significant correlations mainly in old regions, including
the archicerebellum and the spinocerebellum (P < .001 to <.05,
r = —.9210 0.85). The limb score showed significant correlations
mainly in the neocerebellum and the right deep structure (P <
.05, r = —0.74 to 0.73). The strongest correlation with ICARS



FIG 2. Comparison of the data in each cerebellar subdivision between patients with SCA6 and controls. Independent samples t tests were
performed with false discovery rate correction applied to P < .05. Ant. indicates anterior; post., posterior.

Correlations between the data and ICARS scores in the infratentorial brain®
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#ICARS scores that significantly correlated with the data are shown. “Static,” “Dysarthria,” and “Limb” are subscores of ICARS. A Spearman correlation analysis with false
discovery rate correction applied to P < .05 was performed. A multiple linear regression analysis excluding age effects was performed in the subdivisions in which the data

significantly correlated with age.
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FIG 3. Percentage changes of fractional volume and MD in patients with SCA6 compared with controls (changes of >25% are shown). The
degrees of percentage change are presented in different colors. The changes of FA are <25% and are not shown.

subscores was the static score and the fractional volume in the
right flocculonodular lobe (P < .01, r = —0.92). FA showed a
significant correlation only with the limb score in the left poste-
rior lobe and in the posterior vermis (P < .05, r = —0.73). In the
brain stem, the fractional volume was significantly decreased in all
of the cerebellar peduncles (P < .01 to <.05). MD was signifi-
cantly increased in the SCP and the MCP (P < .0001 to <.05). A
significant increase of FA was seen in the MCP (P < .05). The
ICARS total score was significantly correlated with the fractional
volume in the midbrain (P < .05, r = —0.77), and the ICARS
static score was significantly correlated with the SCP (P < .05,r =
—0.71).

Percentage Changes of the Data

Percentage changes of the data in the patients with SCA6 com-
pared with the controls are shown in Fig 3. This procedure clari-
fied the difference in the results that depended on subdivisions by
excluding the effects of the volume difference of each subdivision
on the results of fractional volume.

Atrophy of the bilateral anterior lobes was the most promi-
nent, followed by atrophy of the flocculonodular lobes and the
posterior vermis. MD showed the largest increase in the pos-
terior vermis. In terms of phylogenetic origins, atrophy was
seen mainly in old regions, and increased MD was seen mainly
in new regions. FA decreased or increased depending on the
subdivisions, and these changes were <25%. The correlations
between the percentage changes and ICARS scores were indis-
tinguishable from the correlations between the raw data and
ICARS scores.

Correlations between Fractional Volume and MD

To examine the partial volume effects, we investigated the corre-
lations between the fractional volume and MD of each infraten-
torial subdivision. No significant correlation was seen except in
the left posterior lobe in the controls (P < .05, r = —0.74).
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DISCUSSION

The localization of cerebellar functions has been under debate for
more than a century.”® Although much of the cerebellar topogra-
phy is still unmapped, it is known that phylogenetically, the cer-
ebellum has 3 origins: the archicerebellum, the paleocerebellum,
and the neocerebellum.®*'* The archicerebellum corresponds to
the flocculonodular lobes and may include the tonsils as well. The
archicerebellum is also referred to as the “vestibulocerebellum”
because it is connected to the vestibular nuclei, which maintain
equilibrium and eye-movement control. The paleocerebellum in-
cludes the vermis and the hemispheres near the midline or ante-
rior region, and it is also called the “spinocerebellum” because of
its spinal connections, which receive somatosensory information
and control posture/gait and muscle tone. The neocerebellum is
the lateral part of the hemispheres, with principally corticopon-
tocerebellar connections. It is also called the “cerebrocerebellum”
and is related to the planning of movements and speech.

The LDDMM used in this study enabled us to transform sub-
ject images to template images with high accuracy by using a sin-
gle normalized subject (Johns Hopkins University—-Montreal
Neurological Institute template).>***** With LDDMM, we ana-
lyzed the subjects’ brain images on the basis of anatomic units,
and automated segmentation was possible on all subjects” images
(atlas-based analysis).>**¢

Our results confirmed the significant correlation of fractional
volume in both the cerebellum and the brain stem with the symp-
toms of patients with SCA6 (Table). MD was recognized as an-
other parameter to detect cerebellar degeneration. Although it has
been reported that cerebral degeneration can occur in patients
with SCA6,'"*” this finding was not demonstrated in our study.

Our detailed investigation of the cerebellum revealed a signif-
icant decrease of fractional volume and a significant increase of
MD in all subdivisions in the cerebellum in the patients with
SCAG6 (Fig 2). Further analysis of the percentage changes excluded
the effects of volume differences among the subdivisions, and in



turn, the atrophy of small subdivisions became apparent (Fig 3).
This procedure excluded unknown factors that could affect the
correlation between the ICARS scores and the data, as well as age.
The fractional volume was decreased mainly in phylogenetically
older regions of the cerebellum, including the archicerebellum
and the paleocerebellum. The largest atrophy was seen in the bi-
lateral anterior lobes of the paleocerebellum, followed by atrophy
of the posterior vermis and the bilateral flocculonodular lobes.
These new findings have not been made clear in previous studies.
Pathologically, the most prominent degeneration was reported in
the archicerebellum, and the resultant vertigo is a characteristic
feature in patients with SCA6.""

Contrary to fractional volume, a large increase of MD was seen
mainly in new regions of the cerebellum, including the paleocer-
ebellum and the neocerebellum (Fig 3). These regions include the
cerebellar cortex. MD represents the degree of diffusion indepen-
dent of the orientation of the tissue.”®*® The increase of MD in
new regions may thus be related to degeneration of the cerebellar
cortex, but the correct interpretation of the results has not yet
been established. MD often increases due to partial volume ef-

3% However, we observed

fects—that is, the contamination of CSF.
no significant correlation between fractional volume and MD in
most subdivisions. In addition, the MD was increased in the deep
structures in which partial volume effects should be absent or
subtle. These findings suggest that MD reflects other phenomena,
not only partial volume effects.

In the brain stem, all the cerebellar peduncles showed signifi-
cant decreases of fractional volume. MD was significantly in-
creased in the SCP and the MCP. FA was also increased in the
MCP. The percentage changes were similar.

Several studies have investigated changes of volume in the
brain stem,>® but they did not separate the cerebellar peduncles
from the brain stem, or they investigated only the cerebellar pe-
duncles by using manually placed regions of interest.'” The cere-
bellar peduncles are neural pathways connecting the cerebellum
and the brain stem or the cerebrum, which in turn make the
circuits in the cerebellum to control movement.*® DTI en-
abled us to separate the cerebellar peduncles from the brain stem,
and it was revealed that the reported atrophy of the brain stem in
patients with SCA6 may be due to atrophy of the cerebellar
peduncles.

When Purkinje cells are damaged, inhibitory effects by their
efferent fibers would be affected.”® This result explains the de-
crease of fractional volume and increased MD in the SCP in pa-
tients with SCAG6 in the present study because the SCP is the main
efferent pathway from the cerebellum. The cerebellar cortex re-
ceives afferent fibers mainly from the midbrain and the medulla
via the MCP and the ICP. Afferent fibers might be also affected
because atrophy or increased MD were seen in the MCP and the
ICP.

A decrease in FA was seen only in limited subdivisions (Fig
2C). Increased FA was seen in the MCP. FA was increased in the
brain stem and in the deep structures, too. In patients with SCAG6,
the main affected region is the cerebellar cortex.”>?> The utility of
FA as a parameter is unclear without direct white matter damage,
though subsequent white matter degeneration can occur. Taka-
hashi et al** reported that folial white matter degeneration sec-

ondary to cortical degeneration was observed in patients with
SCAG6, but deep white matter was preserved. In general, it is diffi-
cult to detect the changes of FA in the cortex due to its isotropic
feature.”>?°

The cerebellum has a complex network,® which indicates that
it has isotropic features. As a certain fiber in a subdivision in the
cerebellum degenerates, FA in the subdivision can increase be-
cause of more unified fiber orientations. Changes of FA are likely
to be subtle in chronic lesions compared with acute lesions due to
the recovery of FA.>”*® These reasons might explain the unex-
pected changes of FA in our results.

Similar to the percentage changes, some ICARS scores were
well-correlated with the fractional volume mainly in older regions
and with MD mainly in newer regions (Table). Reflecting this
tendency, the ICARS total score showed strong correlations in
fractional volume in the bilateral deep structures and the right
flocculonodular lobe and in MD in the bilateral posterior lobes
(r = 0.73 to £0.87). Strong correlations in fractional volume in
the bilateral deep structures are understandable because most in-
fratentorial fibers pass through the corpus medullare. Atrophy of
the deep structures has not been well-studied, but in the present
study, it was nearly 30% compared with that in controls. Analo-
gously, in the brain stem, the midbrain showed a significant cor-
relation with the ICARS total score.

The ICARS static score showed significant correlations in the
archicerebellum and paleocerebellum. The right flocculonodular
lobe in particular showed a very strong correlation with fractional
volume (r = —0.92). The flocculonodular lobes receive fibers
from the vestibular nuclei and play an important role in bal-
ance.'”'" Our results were consistent with this feature. A correla-
tion between the ICARS static score and fractional volume was
also seen in the SCP. The SCP is the main path of the efferent
fibers from the cerebellum, and our results confirmed its
importance.

The ICARS limb score showed significant correlations in the
neocerebellum and the right deep structure because both are re-
lated to limb function.” It is known that the cerebellar nuclei in the
deep structures are also related to limb movement.

The ICARS dysarthria score showed significant correlations in
the archicerebellum and in the left cerebellar hemisphere. It is
known that development of language in the brain is asymmetric
and that lesions of the superior paravermal region are commonly
associated with dysarthria,” and our results are consistent with
this description. The correlation that we observed between the
dysarthria score and the archicerebellum is a new finding.

There were some limitations in this study. First, the number of
subjects was small. SCAG6 is rare, but studies of larger numbers of
subjects would add credibility to the present findings. Character-
istic site-specific degeneration patterns in patients with SCA6
could be useful for differential diagnoses, but comparisons with
patients with multiple system atrophy, other types of SCA, or
secondary ataxia are necessary.

CONCLUSIONS

We found characteristic macro- and microstructural changes de-
pending on phylogenetic regions of the infratentorial brain that
strongly correlated with clinical symptoms in patients with SCA6.
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3T MRI Reveals Extra- and Intracranial Involvement in Giant
Cell Arteritis

S. Siemonsen, C. Brekenfeld, B. Holst, A.-K. Kaufmann-Buehler, J. Fiehler, and T.A. Bley
O=

ABSTRACT

BACKGROUND AND PURPOSE: The frequency and amount of intracranial, intradural inflammatory vessel wall enhancement in giant cell
arteritis remain unclear. The purpose of this work was to prospectively assess the intracranial extent of vasculitic changes in patients with
giant cell arteritis using a dedicated MR imaging protocol optimized for assessment of mural changes of intracranial arteries.

MATERIALS AND METHODS: Twenty-eight patients with suspected giant cell arteritis underwent 3T MR imaging. Imaging included a
fat-saturated TIWI pre- and postcontrast application optimized for assessment of intradural vessel wall enhancement and high-resolution
fat-saturated TIWI to evaluate superficial extracranial vessels. Temporal artery biopsies were available in 11 cases. Vessel wall enhancement
of intradural and extracranial vessels was evaluated by 2 observers independently.

RESULTS: Twenty patients had giant cell arteritis; 9 cases were biopsy-proved. Clear vessel wall enhancement of superficial extracranial
and intradural internal carotid arteries was detected in 16 and 10 patients, respectively. Slight vessel wall enhancement of the vertebral
arteries was seen. Of 9 patients with giant cell arteritis with vessel occlusion or stenosis, 2 presented with cerebral ischemic infarcts. Vessel
occlusion or stenosis site coincided with the location of vessel wall enhancement of the vertebral arteries in 4 patients and of the intradural
ICAin 1 patient.

CONCLUSIONS: Vessel wall enhancement of intradural arteries, mainly the ICA, can be regularly found in patients with giant cell arteritis.
Mural inflammatory changes of the intradural ICA detected on MR imaging may identify a subgroup of patients with giant cell arteritis and

should be further evaluated in clinical studies.

ABBREVIATIONS: fsTIWI = fat-saturated TIWI; GCA = giant cell arteritis; TAB = temporal artery biopsy; VWE = vessel wall enhancement

iant cell arteritis (GCA) commonly affects large- and
medium-sized arteries with predominance in the aorta
and the supra-aortic vessels such as the subclavian, carotid,
and axillary arteries and the superficial cranial arteries, among
others."” Recent imaging studies have shown inflammatory
involvement of the aorta in up to 65% and of the subclavian
arteries in up to 35% of patients.”*
The extent of vasculitic changes to the intracranial vasculature
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is discussed controversially and is currently not fully understood.
Not a single intracranial artery was involved in a postmortem
study of patients who died during the phase of active GCA when
the extracranial superficial temporal and ophthalmic arteries
were severely inflamed. The different composition of the intracra-
nial arteries with less elastic tissue in the media compared with the
extracranial arteries may correlate with the inflammatory activity
in GCA.> However, a more recent article indicated that intracra-
nial involvement in GCA does occur, presumably less frequently.®

High-resolution MR imaging studies have been proved to re-
liably detect mural inflammation such as mural thickening and
increased mural contrast enhancement of the superficial temporal
and occipital arteries in biopsy-proved GCA.”® Diagnostic crite-
ria for detecting intracranial vasculitis are intramural contrast up-
take, in most cases combined with wall thickening.” These criteria
are valid for patients presenting with primary angiitis of the cen-
tral nervous system, childhood primary angiitis of the central ner-
vous system or GCA, and other causes of central nervous system
vasculitis."®
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FIG 1. Fat-saturated TIWI scans post—contrast medium application and corresponding scouts optimized for assessment of intradural VWE (C
and D), and high-resolution fsTIWI scans to evaluate superficial extracranial vessels (A and B).

A retrospective analysis of high-resolution MR imaging of the
superficial cranial arteries of 50 patients with GCA did not reveal
any inflammatory mural changes of the intracranial arteries of the
circle of Willis."' However, the MR imaging protocol in that par-
ticular study was optimized to depict mural inflammation of the
superficial cranial arteries and was not specifically adjusted for
visualization of the intradural arteries. The purpose of this work
was to prospectively assess the intracranial extent of vasculitic
changes in patients with GCA using a dedicated MR imaging pro-
tocol optimized for assessment of mural changes of intracranial
arteries.

MATERIALS AND METHODS

Patients

Twenty-eight consecutive patients (21 women, 7 men; 62-91
years of age; mean, 74 years) with clinically suspected GCA were
referred to our institution between 2012 and 2013 and were pro-
spectively included in our study. The study was approved by the
local ethics review committee and is in accordance with the Dec-
laration of Helsinki. Written informed consent was obtained
from all subjects. Patients were referred for MR imaging by rheu-
matologists, ophthalmologists, and neurologists experienced in
diagnosing and treating patients with GCA. All patients under-
went an MR imaging examination of the brain, including dedi-
cated sequences optimized for assessment of mural changes of the
extracranial and intracranial arterial vessel walls.

Temporal artery biopsy (TAB) was performed in 11 of the 28
patients. Biopsy specimens were obtained from the frontal branch
of the superficial temporal artery that was clinically most promi-
nently affected. MR imaging was performed before TAB in all
except 1 patient. Twenty patients were found to be positive for
GCA (GCA-positive) according to the clinician’s final diagnosis.
In 11 of these patients positive for GCA, diagnosis was validated
only by fulfillment of the American College of Rheumatology
clinical criteria for GCA,'? and in 9, by positive histopathologic
findings of multinucleated giant cells or mononuclear cells infil-
trating the wall of the frontal branch of the superficial temporal
artery. In 1 patient positive for GCA, histology yielded false-neg-
ative results.

Five patients were found negative for GCA (GCA-negative)
according to the clinician’s final diagnosis. In 3 patients, the def-
inite diagnosis remained unclear; these patients were excluded
from further analysis.
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Of the 20 patients positive for GCA, 18 began corticosteroid
treatment 1-8 days (median, 3.5 days) before MR imaging, while
2 had not received any corticosteroid treatment.

C-reactive protein level and erythrocyte sedimentation rate
were available at admission in all 20 and 19 patients positive for
GCA, respectively. C-reactive protein level was available in all
patients negative for GCA; erythrocyte sedimentation rate, in 4 of
5 patients. In 1 patient, the exact erythrocyte sedimentation rate
was not documented, but a clear elevation was noted.

MR Imaging Examination and Protocol

AlIMR imaging was performed on a 3T system (Magnetom Skyra;
Siemens, Erlangen, Germany) with a 20-channel head coil. The
MR imaging protocol included diffusion-weighted imaging; TOF
angiography; fluid-attenuated inversion recovery; fat-saturated
TIWI (fsT1WI) scans before and after gadolinium administra-
tion, optimized for the assessment of intradural vessel wall en-
hancement (VWE); and high-resolution fsT1WT scans to evaluate
mural changes of superficial extracranial vessels. In 16 patients,
contrast-enhanced MR angiography of the cervical arteries was
performed. All patients received 16 mL of a gadolinium-based
contrast agent (gadopentetate dimeglumine, 0.5 mmol/mL, Mag-
nograf; Marotrast, Jena, Germany).

For DWI, a single-shot, spin-echo, echo-planar imaging se-
quence was used, and images were collected with b=0 and 1000
s/mm?. TOF angiography was performed by using 3D fast imag-
ing with a steady-state precession sequence with venous satura-
tion, a magnetization transfer saturation pulse, and a tilted opti-
mized nonsaturation excitation—up pulse. Coronal oriented
multisection fsSTIWI spin-echo sequences were acquired before
and 3 minutes after venous injection of a gadolinium-based con-
trast agent. The image localizer was positioned perpendicular to
the orientation of the vessel. Postcontrast, multisection fsT1WI
spin-echo images were acquired with an in-plane resolution of
0.2 X 0.2 mm. Two consecutive acquisitions were performed cov-
ering 10.8 cm in a craniocaudal direction with the lowest section
leveling with the earlobes (Fig 1). Details on sequence parameters
are shown in Table 1.

MR Imaging Evaluation

The extracranial vessels (ie, the frontal and parietal branches of
the superficial temporal and the occipital arteries) were evaluated
by 2 experienced neuro-/radiologists (S.S. and T.A.B.) on fsTIWI



Table 1: MRI sequence parameters

Section
Sequence TE(ms) TR(ms) Tl(ms) FOV(mm) Matrix Sections Thickness (mm) Flip Angle Orientation Gap
FLAIR 90 9000 2500 230 270 X 320 25 5 Axial 10%
DWI 90 7900 230 256 X 256 25 5 Axial 10%
TOF 343 21 200 384 X 331 136 5 18° Axial
fsTIWI pre- and post-GD 11 549 200 320 X 320 20 2 150° Coronal
2 X fsTIWI post-GD 22 500 200 1024 X 768 18 3 Axial

Note:—GD indicates gadolinium injection.

FIG 2. A patient with GCA with vessel wall enhancement of extracranial (A) and intracranial intradural internal carotid arteries (B). In contrast,

patient with GCA without VWE of intracranial intradural arteries (C).

high-resolution MR images. Both readers were blinded to the
clinical, biopsy, and laboratory findings. As previously proposed,
mural thickening and prominent contrast enhancement of the
vessel wall were considered signs of mural inflammation.” MRI
signs of extracranial vessel wall inflammation and thickening were
documented by each rater separately for all 3 locations bilaterally.
In case of differing results, a consensus rating was established.
Depending on the consensus, we dichotomized patients in the
following manner: Patients with signs of inflammation of any of
the evaluated branches of the superficial temporal artery or occip-
ital artery were grouped into MR-GCA-positive, and patients with
negative ratings, into MR-GCA-negative.

Intradural vessels of patients were evaluated on fsTIWI before
and after contrast agent administration independently for signs of
vessel wall enhancement and/or thickening indicating mural in-
flammation by 2 experienced neuroradiologists (S.S. and C.B.)
who were blinded to the patient’s clinical information and diag-
nosis during the rating. The wall of the internal carotid artery was
rated as positive contrast-enhancing (MR-ICA-positive) in cases
where a circular enhancement was clearly visible distant from the
cavernous sinus (ie, at least 2 sections distant from the last section
including a part of the cavernous ICA; Fig 2). Otherwise patients
were rated as MR-ICA-negative. The vertebral arteries were eval-
uated at least 0.5 cm distant from entering the spinal canal, close
to the confluens to avoid misjudging the accompanying venous
vessels at the site of dural penetration. Similarly, the anterior ce-
rebral artery, posterior cerebral artery, and middle cerebral artery
were evaluated for VWE. Any sign of clear enhancement in com-
parison with corresponding native scans was rated as positive. In
case of differing results, a consensus rating was established by a
third experienced neuroradiologist (B.H.).

The V4 segment of the vertebral artery was not assessable in 6
patients due to positioning of the localizer but was included in the
analysis in all other cases. Similarly, the basilar artery was prone to

pulsation artifacts and was not assessable in 3 patients. In addi-
tion, cerebral MR images and angiographies were evaluated by 1
experienced neuroradiologist (S.S.) for acute ischemic infarction
visible on DWI, signs of previous infarction, or other pathologies
on FLAIR images. TOF angiography of intracranial vessels and
contrast-enhanced angiography of cervical vessels if available
were evaluated for stenosis or vessel occlusion. These ratings were
performed independent from intracranial and extracranial rat-
ings, and evaluators were blinded to the results of ratings of extra-
or intracranial VWE.

Statistical Analysis

The interobserver agreement for extracranial and intracranial
vessel involvement was evaluated with the Cohen « test and mag-
nitude guidelines applied according to Landis and Koch.'? The
median values and SD for age, C-reactive protein level, and eryth-
rocyte sedimentation rate were calculated for the patient groups
(GCA-positive and GCA-negative). The diagnosis of GCA by MR
imaging was compared with the clinical diagnosis. In addition,
association of extracranial and intracranial mural inflammation
with the GCA diagnosis was evaluated by using the x* test. The
sensitivity, specificity, and positive and negative predictive values
were calculated and reported with corresponding confidence in-
tervals and P values (Fisher exact test). Statistical analysis was
conducted by using R statistical computing software, Version
3.0.0 (http://www.r-project.org/).

RESULTS

Clinical Findings of Patients

The mean * SD level of C-reactive protein at admission was
80.5 * 71.6 mg/dL in patients positive for GCA and 36.6 * 65.7
mg/dL in patients negative for GCA. The mean * SD erythrocyte
sedimentation rate at admission, if available, was 70.58 * 31.57
mm/h in patients positive for GCA and 45.50 * 38.79 mm/h in
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Table 2: Patient details on clinical and MRI findings

Initial Presentation ROIDS to MRI
Patient No. Age (yr) Sex GCA-Diagnosis MR-GCA MR-ICA TAB to MRI (days) (days)
1 77 F Positive Positive R+L Positive 3 2
2 72 M Positive Positive R+L Positive 2 1
3 81 F Positive Negative Negative NA 2 2
4 74 M Positive Positive L NA 5 4
5 7 F Positive Positive R+L Positive 8 8
6 70 F Positive Positive L NA 4 4
7 66 F Positive Positive Negative Positive 1 1
8 75 F Positive Positive L NA 2 2
9 Al M Positive Negative Negative NA 6 5
10 73 F Positive Negative Negative Positive 1 1
1l 91 M Positive Positive Negative NA 6 6
12 72 F Negative Negative Negative NA 4 0
13 73 M Positive Positive R+L Positive 2 0
14 78 F Negative Negative Negative Negative 1 1
15 63 F Positive Positive Negative NA 2 0
16 86 F Positive Positive Negative Positive 4 4
17 64 M Positive Positive Negative NA 4 3
18 68 M Positive Positive L Positive 3 3
19 75 F Positive Positive R+L NA 2 1
20 62 F Positive Positive L NA 7 7
21 70 F Negative Negative Negative NA 4 NA
22 83 F Negative Negative Negative NA 9 NA
23 87 F Positive Negative Negative Negative 8 8
24 78 F Positive Positive Negative Positive 4 4
25 79 F Negative Positive Negative NA 6 1

Note:—R indicates right; L, left; ROIDS, corticosteroids; NA, not applicable.

patients negative for GCA. There was no significant difference
between the groups (P > .05). On admission, 3 of the patients
positive for GCA presented with temporal artery tenderness to
palpation; 4, with visual impairment and new headache; 7, with
temporal artery tenderness to palpation in combination with vi-
sual impairment; 3, with recent weight loss and new headache;
and 3, with new headache and weight loss in combination with
dizziness and gait abnormalities.

Evaluation of Extracranial Arteries

The MR images had good diagnostic quality in 25 cases; only 1
patient terminated the scan before the second slab of the fsSTIWI
for evaluation of extracranial vessels was finished; therefore, in
this patient, only the lower slab was available for evaluation. In 1
case, assessment of the extracranial arteries was slightly impaired
due to motion artifacts. Nevertheless, the superficial occipital ar-
tery, the frontal branch of the superficial temporal artery, and the
parietal branch of the superficial temporal artery could be clearly
depicted in all scans.

In 1 patient (patient 23) with false-negative biopsy results, the
biopsy specimen was extracted from the left temporal artery 5
days before MR imaging, and this sample was found to be
negative for GCA. The diagnosis of GCA in this patient was
validated by the American College of Rheumatology clinical
criteria. MR imaging also revealed no signs of mural inflam-
mation, only slight diffuse contrast enhancement adjacent to
the left temporal artery where the sample was harvested, con-
sistent with granulation tissue. Nevertheless, in this patient,
treatment with corticosteroids was initiated 3 days before bi-
opsy and 8 days before MR imaging.

The Cohen « for interrater reliability for assessment of MR-
GCA-positive and MR-GCA-negative was almost perfect with
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0.905 (P < .001). Nevertheless, k values for ratings of 1-sided or
bilateral involvement of the frontal branches of the superficial
temporal artery were substantial at 0.662 (P < .01); for the pari-
etal branches, moderate at 0.51 (P < .01); and for involvement of
the occipital artery, moderate at 0.603 (P < .01).

Among the 150 extracranial arteries examined, 85 (56.7%)
were considered inflamed and 65 (43.3%), to be unaffected.

Of the 20 patients positive for GCA, 16 were rated as MR-
GCA-positive, while 4 were rated MR-GCA-negative and were
therefore false-negatives. Three of these patients negative for MR-
GCA did not show any clear VWE in any of the evaluated arteries.
One of the patients positive for GCA showed solitary VWE of only
the frontal branch of the left superficial temporal artery. In all
other patients MR-GCA-positive, at least 2 extracranial arteries
were involved. Bilateral involvement was found in all true-posi-
tive cases. One patient negative for GCA was rated as MR-GCA-
positive and therefore false-positive. The frontal branches of
the superficial temporal artery were involved in 16 of 20 pa-
tients positive for GCA; the parietal branches, in 11; and the
occipital artery, in 13, respectively. Details for each patient are
presented in Table 2.

Sensitivity and specificity of MR-GCA ratings for the detection
of GCA diagnosis were 0.80 (95% CI, 0.56—0.94) and 0.80 (95%
CI, 0.28-0.99), respectively. The positive predictive value was
0.94 (95% CI, 0.71-0.99), and the negative predictive value was
0.50 (95% CI, 0.15-0.84) with P < .05.

Patients with false-negative findings (patients 3, 9, 10, and 23)
were treated with corticosteroids between 1 and 8 days (mean, 4
days) before MR imaging.

In the subgroup of the 9 patients with biopsy-proved GCA, 8
were MR-GCA-positive and 1 was rated MR-GCA-negative. In



the subgroup of patients with a clinical diagnosis of GCA, 8 pa-
tients were rated as MR-GCA-positive, while 3 were rated as
MR-GCA-negative.

Evaluation of Intradural Arteries

The Cohen « for evaluation of intradural ICA VWE was almost
perfect with 0.839. Bilateral enhancement was detected in 5 of 25
patients, and unilateral enhancement, in 5 patients, whereas in 15
patients, there was no enhancement (MR-ICA-negative). There-
fore 10 patients displayed signs of uni- or bilateral VWE of the
intradural ICA (MR-ICA-positive). In 9 of these patients, VWE
was accompanied by vessel wall thickening. Of the 10 patients
positive for MR-ICA, all were positive for GCA. Of the 15 patients
negative for MR-ICA, 5 were negative for GCA and 10 were pos-
itive for GCA. There was no significant difference in C-reactive
protein and erythrocyte sedimentation rate between the 2 groups
(P> .05).

Sensitivity and specificity of MR-ICA ratings for the predic-
tion of GCA diagnosis were 0.50 (95% CI, 0.25-0.70) and 0.99
(95% CI, 0.40-0.99), respectively. The positive predictive value
was 0.99 (95% CI, 0.63—0.99), and the negative predictive value
was 0.34 (95% CI, 0.11-0.59) with P > .05.

There was a significant association of MR-GCA-positive and
MR-ICA-positive findings (P < .05) when including all 25 pa-

Table 3: Ratings of extra- and intracranial vessel wall
inflammation and grouping according to GCA diagnosis

MR-ICA-Positive MR-ICA-Negative Total

GCA-Positive 20
MR-GCA-Positive 10 6 16
MR-GCA-Negative 0 4 4

GCA-Negative 5
MR-GCA-Positive 1 0 1
MR-GCA-Negative 0 4 4

tients. Within the patients positive for GCA, there was no signif-
icant association between MR-GCA-positive and MR-ICA-posi-
tive findings (Table 3).

In the subgroup of the 9 patients with biopsy-proved GCA,
5 were MR-ICA-positive and 4 were MR-GCA-negative. In the
subgroup of patients with a clinical diagnosis of GCA, 5 pa-
tients were rated as MR-ICA-positive, while 6 were rated as
MR-GCA-negative.

In addition, 5 patients presented with bilateral VWE of the
vertebral arteries (all GCA-positive); 4, with VWE of the left (3 of
4 GCA-positive) vertebral arteries, adding to 8 venous vessels at
the site of dural penetration ratings (7 positive for GCA, 1 nega-
tive for GCA). Therefore, 11 cases were rated as MR-vertebral
artery-negative (3 negative for GCA, 8 positive for GCA). VWE of
the basilar artery was detected in none of our patients. One GCA-
positive patient displayed VWE of the left M1 segment
(MR-MCA-positive).

Vessel Stenosis or Occlusion

In total, 13 patients did not present with any site of vessel occlu-
sion or stenosis (2 GCA-negative and 11 GCA-positive). Of the
remaining 12 patients, 9 were positive for GCA and 3, negative for
GCA. Of these, 6 patients showed V4 stenosis (3 right, 1 left, 2
bilateral), while 2 patients presented with V4 occlusion. ICA si-
phon stenosis was observed in 4 (1 right, 1 left, 2 bilateral); right
ICA occlusion, in 1 patient. Vessel occlusion or stenosis site coin-
cided with the VWE location of the vertebral arteries in 4 (Fig 3)
and of the intradural ICA in 1 patient, with right intracavernous
ICA occlusion sparing the distal carotid-T.

Brain Parenchymal Findings
Of the 25 included patients, 2 presented with pathologic brain
parenchymal findings on MR imaging. Both patients were GCA-

FIG 3. A patient with GCA with occlusion of the left vertebral artery (A) and corresponding vessel wall enhancement (B-D).
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positive. One patient (patient 5) presented with subacute isch-
emic infarcts of the cerebellum and the right head of the caudate
nucleus and cortical watershed infarction caused by right ICA
occlusion. Another patient presented with a history of cerebellar
ischemic infarction combined with right V4 segment occlusion
and left V3/V4 stenosis. Additionally, 11 patients had imaging
signs indicative of degenerative cerebral microangiopathy.

DISCUSSION

In our study, most patients positive for GCA were characterized
through clear signs of mural inflammation of at least 2 affected
extracranial arteries. These observations are in line with previous
studies reporting mural inflammation of the temporal artery in
patients with GCA depicted by high-resolution MR imag-
ing.®'*"'® Even patients who received corticosteroids for >2 days
before MR imaging displayed signs of mural inflammation. A
sensitivity of 0.80 and a specificity of 0.80 for the detection of GCA
by using this imaging protocol were comparable with recent stud-
ies with reported values of sensitivities between 0.80% and 0.85%
and specificities ranging from 0.71% to 0.95%.”'” This result
might be accounted for by the differing number of days that pa-
tients received corticosteroids before MR imaging examination.

Irrespective of extracranial VWE, we observed clear VWE of
the intradural ICA in at least 50% of patients positive for GCA,
while none of the patients negative for GCA presented with this
finding. Additionally, signs of mural inflammation of the verte-
bral arteries were observed in 4 patients positive for GCA and of
the proximal MCA in 1 patient. Involvement of intracranial and
intradural arteries has so far been reported by only a small num-
ber of case reports.'®2° A review of several published GCA cases
with intracranial and intradural involvement concluded that
these might only represent a subset of patients with GCA and they
seem to occur rarely. Likewise, cerebral infarcts have been re-
ported in only 3%—4% of patients with GCA.*"** In comparison,
we observed pathologic brain parenchymal findings with a higher
incidence (15%), a rate similar to that in another study reporting
an incidence of 14.3%. Nevertheless ischemic infarcts still seem to
be a rare finding in GCA. Several studies suggest that ischemic
infarctions in cases of GCA are caused by stenosis or occlusion
mainly of extradural vertebral and carotid arteries rather than
intracranial or intradural vasculitis.”***

Accordingly, in our study, VWE of the brain-supplying arter-
ies coincided more frequently with corresponding arterial occlu-
sion or stenosis in cases in which the vertebral arteries were af-
fected rather than in cases of involvement of the intradural ICA.
VWE of the intradural ICA was observed in a number of patients
positive for GCA, but only 1 case corresponding to local vessel
occlusion was detected. Correspondingly, cerebrovascular isch-
emic events in our patient group were only observed in patients
with concomitant pathology of the extradural or extracranial ves-
sels. Therefore, unlike in other forms of primary or secondary
cerebral vasculitis,'® in patients positive for GCA, VWE of the
intracranial ICA was not regularly associated with corresponding
stenosis or occlusion.

So far, larger studies focusing on GCA have not reported in-
volvement of any intradural arteries.”®'®!"!* This discrepancy
might be caused by the differing study designs and MR imaging
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protocols that are typically based on the focus of the study. In
general, deferring sequence parameters optimized for visualiza-
tion of mural inflammation of intra- and extracranial vessels are
mandatory. While the MR imaging sequence used for the evalua-
tion of extracranial vessels is technically focused on high-resolu-
tion and contrast of the skull and scalp region, TIWI for the eval-
uation of intracranial vessels is focused on reduction of pulsation
artifacts, a high signal-to-noise ratio, and contrast within the FOV
center (Fig 1).>1°

In patients positive for GCA, involvement of intradural vessels
coincided rarely with stenosis or occlusion and the occurrence of
associated ischemic infarctions. Therefore, former studies might
not have recognized mural inflammation of the intradural arteries
in patients with GCA because in most studies, patients were only
included and examined extensively provided they presented with
ischemic stroke.'®1%22° Nevertheless, most of these patients did
not undergo an MR imaging examination including sequences
adapted for evaluation of intracranial VWE.®!!

Moreover, postmortem examination can only be performed in
patients with GCA with lethal complications (eg, cerebrovascular
ischemic events) but not systematically. In addition, postmortem
analysis in patients with GCA cannot guarantee an acute state of
inflammation of the analyzed tissue. Still, at least intradural in-
volvement of the vertebral arteries was reported in single post-
mortem cases.”® Another postmortem study reported 1 of 4 pa-
tients with GCA with generalized vasculitis in large and small
cerebral vessels.'® Accordingly, studies focused on primary or sec-
ondary vasculitis with cerebral involvement generally do not in-
clude patients with a GCA diagnosis. Nevertheless, at least 1 study
reported a case of biopsy-proved GCA with VWE of the right
carotid-T with co-localized vessel stenosis or occlusion and acute
ischemic infarction.'® Another group reported a case of a GCA-
induced aneurysm of the MCA.*°

However, none of these studies systematically evaluated pro-
spectively recruited patients with GCA. In comparison with the
high sensitivity and specificity of mural inflammation of extracra-
nial vessels for a GCA diagnosis, the sensitivity for ICA involve-
ment was very low, while specificity was high. Therefore, signs of
inflammation of the intradural arteries are not potentially a diag-
nostic criterion. Nevertheless, this imaging sign seems to be highly
specific and might therefore identify a subgroup of patients with
GCA.

A limitation of our study was that most of our patients had
already received corticosteroids for numerous days before MR
imaging. Initially, there might have been more cases with VWE
than we were able to detect in our study setting.

Another limitation might be that we also included patients as
GCA-positive who were diagnosed clinically by fulfillment of the
American College of Rheumatology criteria but not through TAB.
However, TAB is a very invasive technique; therefore, we consider
this approach reasonable. Also, there was no significant difference
found in patients diagnosed clinically and patients diagnosed
through TAB. In addition, sections of the intracavernous ICA
were not evaluated for mural inflammation, even though these
have been reported more frequently in postmortem cases.” Nev-
ertheless, in our opinion, this ICA section is not reliably assess-
able, given that it is accompanied by venous structures yielding



hyperintense signal in postcontrast TIWI, indistinguishable from
VWE. Additionally, ratings for extra- and intracranial VWE were
performed by different raters, and in case of extracranial VWE
evaluation, consensus rating was achieved by concomitant re-
evaluation, while in cases of intracranial VWE ratings, the con-
sensus was established by a third rater. Nevertheless, inter-rater
agreement for extracranial VWE was in line with that in previous
studies; therefore, we consider our ratings valid. In addition, we
did not perform quantitative measurements of the amount of
enhancement before and after contrast enhancement. Neverthe-
less, visual evaluation of contrast enhancement of the extra- or
intracranial vessel wall is a standard procedure in clinical routine
and is performed as standard in many published studies. There-
fore, we consider this approach reasonable. Another limitation
might be that in theory, contrast enhancement of arterial vessel
walls can also be caused by atherosclerotic plaques. However,
these tend to enhance only on 1 side of the vessel wall in compar-
ison with the circular enhancement we observed. Nevertheless,
some of the observed changes might also, at least in part, be in-
duced by atherosclerotic plaques.

CONCLUSIONS

VWE as a sign of mural inflammation of extracranial vessels is a
frequent finding in GCA. Additionally, VWE of intradural arter-
ies, mainly the ICA, can be regularly found in patients with GCA.
VWE of intradural arteries observed in patients with GCA does
not seem to be associated with vessel occlusion or stenosis and
cerebral infarction. Mural inflammation of the intradural ICA
detected in MR imaging might therefore identify a subgroup of
patients with GCA. Therefore, clinical significance (eg, the prog-
nostic value of VWE of the intradural ICA) should be evaluated
further in clinical studies.
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Surpass Flow Diverter in the Treatment of Intracranial
Aneurysms: A Prospective Multicenter Study

AK. Wakhloo, P. Lylyk, J. de Vries, C. Taschner, J. Lundquist, A. Biondi, M. Hartmann, I. Szikora, L. Pierot, N. Sakai, H. Imamura,
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M.W. Litzenberg, and M. Gounis, for the Surpass Study Group
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ABSTRACT

BACKGROUND AND PURPOSE: Incomplete occlusion and recanalization of large and wide-neck brain aneurysms treated by endovas-
cular therapy remains a challenge. We present preliminary clinical and angiographic results of an experimentally optimized Surpass flow
diverter for treatment of intracranial aneurysms in a prospective, multicenter, nonrandomized, single-arm study.

MATERIALS AND METHODS: At 24 centers, 165 patients with 190 intracranial aneurysms of the anterior and posterior circulations were
enrolled. The primary efficacy end point was the percentage of intracranial aneurysms with 100% occlusion on 6-month DSA. The primary
safety end point was neurologic death and any stroke through a minimum follow-up of 6 months.

RESULTS: Successful flow-diverter delivery was achieved in 161 patients with 186 aneurysms (98%); the mean number of devices used per
aneurysm was 1.05. Clinical follow-up (median, 6 months) of 150 patients (93.2%), showed that the primary safety end point occurred in 18
subjects. Permanent neurologic morbidity and mortality were 6% and 2.7%, respectively. Morbidity occurred in 4% and 7.4% of patients
treated for aneurysms of the anterior and posterior circulation, respectively. Neurologic death during follow-up was observed in 1.6% and
7.4% of patients with treated intracranial aneurysms of the anterior and posterior circulation, respectively. Ischemic stroke at =30 days,
SAH at =7 days, and intraparenchymal hemorrhage at =7 days were encountered in 3.7%, 2.5%, and 2.5% of subjects, respectively. No
disabling ischemic strokes at >30 days or SAH at >7 days occurred. New or worsening cranial nerve deficit was observed in 2.7%. Follow-up
angiography available in 158 (86.8%) intracranial aneurysms showed 100% occlusion in 75%.

CONCLUSIONS: Clinical outcomes of the Surpass flow diverter in the treatment of intracranial aneurysms show a safety profile that is
comparable with that of stent-assisted coil embolization. Angiographic results showed a high rate of intracranial aneurysm occlusion.

ABBREVIATIONS: EVT = endovascular treatment; FD = flow diverter; PUFS = Pipeline Embolization Device for Uncoilable or Failed Aneurysms

P revious in vivo and in vitro hemodynamic experimental stud-
ies showed that optimization is required to balance the poros-
ity (metal-free/metal area) and pore or mesh density (number of
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pores/mm?) of flow diverters (FDs) to optimize the effect on flow
reduction within the aneurysm sac while keeping the side branches
(perforators) patent.'® We evaluated, in a multicenter, prospective,
nonrandomized study, our hypothesis that a single optimized FD
would suffice to obliterate a variety of aneurysms located in the an-
terior and posterior circulation without occluding perforators.

MATERIALS AND METHODS

Patients and Study Design

Patients with intracranial aneurysms undergoing attempted en-
dovascular treatment (EVT) with the FD (Surpass FDj; Stryker
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Neurovascular, Fremont, California) were enrolled consecutively
in a multicenter, prospective data base that included 24 centers in
Europe, South America, and Japan. In Europe and Chile, patients
were treated with the FD after it received approval for distribution
by the Notified Body (CE Mark); outside Europe, patients were
treated under a compassionate use protocol. All procedures and
the sharing of data recorded in the data base were approved by the
institutional review board or ethics committee at each participat-
ing site; written informed consent was obtained from all patients
or their proxy before the procedure.

Patients were considered for enrollment if they had aneurysms
of any size located in the anterior or posterior circulation deemed
difficult to treat with currently available surgical or endovascular
techniques or expected to have a high recanalization rate with
standard EVT (wide-neck defined as >4 mm or dome-to-neck
ratio of =2). Patients were not eligible for enrollment if they had
experienced a subarachnoid hemorrhage associated with a rup-
tured intracranial aneurysm within 30 days, had contraindica-
tions for dual antiplatelet therapy or were nonresponders to ace-
tylsalicylic acid and clopidogrel, or had a nontreated brain
arteriovenous malformation in the territory of the target aneu-
rysm. Inhibition of platelet function was assessed (VerifyNow
P2Y12 assay; Accumetrics, San Diego, California), and inhibition
between 30% and 90% was considered therapeutic. Patients were
given acetylsalicylic acid (81 mg) and clopidogrel (75 mg) for a
minimum of 3 days before the procedure. Dual antiplatelet ther-
apy was continued for a minimum of 3 months, followed by life-
long continuation of acetylsalicylic acid. A loading dose of 350 mg
of acetylsalicylic acid and 150 mg of clopidogrel was given 6-24
hours before EVT if patients were acutely treated. The goal, when-
ever feasible, was to treat the target vessel with a single device.

Follow-up digital subtraction angiography was typically
scheduled at 1-3, 6, and 12 months and, in a few patients, at a later
time point, performed on an outpatient basis. All angiograms
were evaluated by 2 independent reviewers not involved in patient
care. The efficacy end point was the percentage of subjects with
100% occlusion of the aneurysm.

The safety end point was the percentage of patients experienc-
ing death and any stroke through the minimum follow-up of 6
months. Functional outcome by using the modified Rankin Scale
score and cranial nerve II-VI examination was assessed at base-
line, at discharge, and at follow-up.

Technology and Endovascular Procedure

The FD is made of a cobalt-chromium alloy with a low porosity
(metal surface area coverage, 30%); a high mesh density (20—32
pores/mm?); and a self-expanding, single-layer braided, tubular
structure. The device comes in various diameters, =5.3 mm, and
lengths, =50 mm. The 2-mm device has 48 wires; the 3- and
4-mm devices have 72 wires, and the 5-mm device has 96 wires, to
provide a constant high mesh density over various diameters of
the device, as supported by previous in vitro® and in vivo studies.®
The filament diameter ranges from 25 to 36 um, depending on the
device diameter, to maintain the mechanical stability of the im-
plant and the square shape of the mesh and the mesh attenuation
at the implantation site. The braid angle is designed to avoid
changes of mesh density in curved arterial segments and in vary-

ing arterial diameters. It also helps to reduce foreshortening of the
FD (29%-42% depending on implant diameter) from constraint
stage to nominal diameter once implanted. To improve radio-
opacity, the device has 12 platinum wires (92% platinum, 8%
tungsten) integrated in the mesh with the same wire diameter as
the remaining cobalt-chromium wires.

The delivery system of the FD is composed of an inner catheter
(the pusher) and an outer catheter (the delivery catheter) com-
patible with any 0.014-inch microwire. The outer diameter of the
distal part measures 3.7F, and of the proximal part, 3.9F. The FD
comes premounted at the very distal end of its delivery system.
Two different generations of FD delivery systems were used in
this study. The system used in the first 45 subjects was stiffer,
while the second generation of delivery system had an im-
proved trackability.

Except in 4 patients, the implantation was performed with the
patient under general anesthesia. Following access, the patients
were administered heparin to maintain an activated clotting time
of >250 seconds. Typically, a bi- or a triaxial approach was used.
Along sheath was placed in either the common carotid or subcla-
vian artery. A guide (intermediate) catheter was navigated
through the sheath over either the FD delivery system and a 0.014-
inch microwire or a standard microcatheter. If a microcatheter
was used, an exchange-length 0.014-inch microwire was intro-
duced and the microcatheter was replaced by the FD delivery
catheter. The delivery system has markers indicating the location
of the constrained implant and was positioned at the desired site
across the aneurysm neck. If satisfactory initial wall apposition
was not obtained, postdilation of the FD with a compliant balloon
was permitted. Postdilation was performed with compliant bal-
loons, either Scepter C (MicroVention, Tustin, California) or
HyperForm (Covidien, Irvine, California). Technical success was
defined as the proportion of patients in whom the FD was deliv-
ered to cover the aneurysm neck.

RESULTS

From April 2010 to January 2013, EVT with the FD was attempted
in 165 patients with 190 intracranial aneurysms. Single-center
results from a small subset of these patients (1 = 26) have previ-
ously been reported.” Patient demographics, clinical presentation
at treatment, and indication for EVT are presented in Table 1.
Patients with ruptured aneurysms (3.9%) were treated after initial
partial coiling and in a subacute stage at least 30 days following the
SAH. Most aneurysms were discovered incidentally or after
work-up for chronic headaches (31.8%). A common reason for
the use of the FD was recanalization or regrowth of previously
coiled (with or without stent assistance) aneurysms, necessitating
re-intervention (21.7%). In nearly one-fifth of the aneurysms,
mass effect was present with cranial nerve deficits.

Aneurysm characteristics are provided in Table 1. In the ante-
rior circulation, 118 aneurysms (63.4%) originated below the in-
ternal carotid artery terminus (Fig 1), and 41 (22%), distal to the
circle of Willis (including the middle cerebral artery bifurcation,
Fig 2); 27 (14.5%) originated at various locations in the posterior
circulation, including 4 fusiform aneurysms of the entire basilar
trunk (Fig 3). The mean aneurysm and neck diameters were
10.4 = 0.7 and 6.0 = 0.4 mm, respectively; the dome-to-neck ratio
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Table 1: Patient information and characteristics of aneurysms
treated with the FD

Patients 161
Aneurysms 186
Women (%) 724
Mean age (yr) (range) 57.1(28-82)
Presentation/indications for treatment (%)
Incidental finding/headaches 31.8
Recurrent after coiling/coiling and stenting 217
Cranial nerve deficit/mass effect 18.6
Associated second ruptured aneurysm 131
Stroke/transient ischemic attack 7.8
Subarachnoid hemorrhage (not acute) 3.9
Recurrent after clipping/failed clipping 23
Seizures 0.8
Total No. of aneurysms treated 186
<5mm 53
5-9.9 mm 64
10-20 mm 47
>20 mm 22

Measurements (mean £ SEM)

Aneurysm dome size (mm) 104 = 0.7
Aneurysm neck size (mm) 604
Dome: neck ratio 1.6 £0.08
Proximal parent artery diameter (mm) 3.8 £0.1
Distal parent artery diameter (mm) 3.0 £ 0.
Anterior circulation ICA (%) 118 (63.4)
Petrocavernous 5(2.7)
Cavernous 20(10.7)
Carotid cave 3(1.6)
Superior hypophyseal 5(2.7)
Paraophthalmic 34(18.2)
Paraclinoid ICA 4(2.2)
Supraclinoid ICA 6(3.2)
Posterior communicating artery 36 (19.4)
Anterior choroidal artery 5(27)
Anterior circulation distal to circle of Willis (%) 41(22)
ICA terminus 5(2.7)
Anterior cerebral artery (including AcomA and 12(6.4)
pericallosal)
Middle cerebral artery 24 (12.9)
Posterior circulation (%) 27 (14.5)
Vertebral artery (VA and VB junction) 8(4.3)
Posterior inferior cerebellar artery 6(3.2)
Basilar trunk 9(4.8)
Posterior cerebral artery 3(1.6)
Superior cerebellar artery 1(0.5)
Morphology (%)
Wide-neck saccular 125 (67.2)
Fusiform/dissecting 54 (29.0)
Blister 7(3.8)
Focal disease 100 (53.8)
Dysplastic artery 86 (46.2)

Note:—AcomA indicates anterior communicating artery; VA, vertebral artery; VB,
vertebrobasilar; SEM, standard error of the mean.

was 1.6 = 0.08%. Eighty-six aneurysms (46.2%) were associated
with dysplastic parent arteries, 54 (29%) were either fusiform or
dissecting, and 7 (3.8%) were blood blister—type. The mean prox-
imal artery diameter was 3.8 * 0.1 mm, and the distal parent
artery diameter, 3.0 = 0.1 mm.

Technical Complications

Of 190 intracranial aneurysms in which treatment was attempted
in 165 patients, access to the target site failed in 4 subjects due to
the stiffer first generation of the FD delivery system and the tor-

100 Wakhloo Jan 2015  www.ajnr.org

tuosity of the parent artery. Thus, FD placement was achieved in
186 aneurysms (device success of 98%) or 161 patients (Table 2).
The average number of FDs used was 1.05 per aneurysm and 1.2
per patient. Most aneurysms were treated with a single FD (1
device, 127 aneurysms). In 23 and 2 aneurysms, 2 and 3 devices,
respectively, were deployed. In 14 and 2 patients with 2 and 3
adjacent aneurysms, respectively, a single FD was used. Addi-
tional coils were present from previous treatment or placed in 36
aneurysms (19.3%). During treatment, imprecise FD placement
resulted in incomplete neck coverage in 4 (2.1%) aneurysms
(technical success of 97%) and a guidewire perforation in 5 pa-
tients (3.1%). Guidewire perforation led to SAH and intraparen-
chymal hemorrhage in 3 and 2 patients, respectively (Table 2).
Postdilation of the FD because of a malapposition was performed
with compliant balloons in 36 aneurysms (19.4%). Clot forma-
tion on the implant surface was observed in 6 patients (3.7%), all
of which were successfully treated with intra-arterial administra-
tion of abciximab (5-18 mg) in 4 patients or eptifibatide in 2
subjects. Vasospasm due to catheter manipulation was reported at
the tip of or around the long sheath of the guide catheter in 6
patients but promptly resolved with local intra-arterial adminis-
tration of nicardipine (n = 5, 2-15 mg) or verapamil (n = 1, 10
mg). Periprocedural ICA dissections were reported in 2 patients
and led to complete vessel occlusion that remained asymptomatic
due to existing collateral blood supply.

Safety and Clinical Outcome

During the clinical follow-up (median, 6 months; range, 1-38
months) available in 150 (93.2%) patients, a primary end point
occurred in 18 subjects (12%). Of these patients, 5 (3.3%) re-
turned to baseline during follow-up, 5 (3.3%) continued to expe-
rience a minor neurologic deficit (mRS =2), 4 (2.7%) have per-
manent major neurologic disabilities (mRS >2), and 4 (2.7%)
died. Of the patients with a primary end point, hemorrhage was
seen in 10 patients (6.2%) and was related to the following: 1) a
periprocedural wire perforation in 5 (3.1%) patients, 2) a sub-
dural hematoma that developed within 24 hours in 1 patient who
was kept on therapeutic heparin and required surgical decom-
pression, 3) a subarachnoid hemorrhage 5 days after implantin 1
subject, and 4) intraparenchymal hemorrhage seen in 3 patients
following FD implantation and up to 14 days following EVT. No
further aneurysmal ruptures were encountered during the fol-
low-up period. New or worsening of pre-existing cranial nerve
deficits following treatment were observed in 4 (2.7%) subjects.
There were an additional 3 deaths during the follow-up period
from nonvascular causes: One patient was diagnosed with lung
cancer 1 year following aneurysm treatment and died 1 year there-
after, 1 was lost to follow-up and was subsequently discovered to
have died from complications of a brain tumor, and 1 patient died
from pneumonia 1 year after FD implantation. Changes in the
mRS score are reported in Fig 4.

Anterior Circulation. In the subgroup analysis, 5 patients with
anterior circulation aneurysms experienced permanent neuro-
logic deficits and 2 patients died. Complications were related to
thromboembolic events in 3 patients, including 1 patient with a
16-mm ophthalmic artery aneurysm who had a delayed anterior
choroidal artery occlusion and a stroke following the procedure.



FIG 1. Coronal T2-weighted MRI (A) and sagittal contrast CT (B), in a young female with a giant, partially thrombosed dissecting aneurysm of the right
internal carotid artery (arrows). Lateral (C) and frontal DSA images (D) show the site of dissection (arrow) and irregular aneurysmal lumen corresponding
to intra-aneurysmal clot (curved arrow). Seven-month follow-up angiography after placement of a Surpass FD (E) shows complete aneurysm occlusion
with mild narrowing at the level of dissection (arrow). Twelve-month follow-up in lateral, frontal, and oblique views (F~H) shows stable aneurysm
occlusion with no major remaining stenosis. Note the nearly isolated right hemisphere due to a small right Al artery.

Wire perforation was encountered in 2 patients, including 1 pa-  their neurologic deficits and functional status (mRS) at their latest
tient with a large dissecting fusiform aneurysm of the pericallosal ~ clinical follow-up.
artery. All 5 patients showed various degrees of improvement of Of the patients with anterior circulation aneurysms who had
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FIG 2. A, A young female patient with a mycotic aneurysm (arrow) of the left middle cerebral artery intractable to antibiotic treatment. B, The
fusiform aneurysm (arrow) measures 8 X 7 mm and originates from the angular artery. The patient failed a balloon-test occlusion of the angular
artery and was considered for flow-diverter treatment. Conebeam CT (C) shows the aneurysm treated with 2 overlapping Surpass FDs (2 X 15
and 2 X 10 mm, arrows). Follow-up angiogram (D) shows excellent parent artery flow and filling of the aneurysm. Six-month follow-up angiogram
(E) shows a complete aneurysm occlusion. Note that a second FD device had to be implanted because the first one did not cover the entire
lesion. This was related to poor visibility of the first generation of the FD, which did not have platinum markers, which were added to the second
generation of the implant.

FIG 3. A, A male patient with a 20 X 30 mm symptomatic fusiform basilar trunk aneurysm involving both anterior inferior cerebellar arteries
(arrows) and the vertebrobasilar junction. Coil occlusion (B) of the left vertebral artery to prevent “endoleak” (curved arrow) and placement of
a single 5 X 50 mm Surpass FD with patency of anterior inferior cerebellar arteries (conebeam angio-CT; insert, small arrows). C and D,
Progressive thrombosis of the aneurysm with remodeling of the basilar trunk and preservation of both anterior inferior cerebellar arteries (small
arrows) at 3- and 14-month follow-up angiography. Note the previously occluded left internal carotid artery with a secondary enlarged left
posterior communicating artery feeding the middle cerebral artery. The distal basilar trunk and left P1segment not covered by the FD remain
enlarged.

transient neurologic deficits during the clinical follow-up period, ~ Posterior Circulation. During the clinical follow-up period, 2 of
1 experienced parenchymal bleeding ipsilateral to the treated area. 27 patients (7.4%) treated for posterior circulation aneurysms
The patient presented with a frontal lobe hematoma 1 day after  died, both of whom presented with symptomatic fusiform aneu-
treatment of a giant carotid cavernous aneurysm that required  rysms affecting the entire basilar trunk and proximal segment of
decompressive surgery; after initial headache, the patient remains  the posterior cerebral arteries.

asymptomatic following surgery. Procedure-related morbidity was encountered in 2 patients
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Table 2: FD implantation, technical complications, primary safety
end point, and other major adverse events at a median 6-month
clinical follow-up (range 1-38 months)
FD implantation
Attempted treatment (patients/aneurysms)
FD implantation at target site (patients/

165/190
161(97.5%)/186 (98%)

aneurysms)
Average No. of devices used per patient 12
Average No. of devices used per aneurysm 1.05
Average procedure length (min) 79.8

Technical complications

Incorrect placement with partial aneurysm 4(21%)
coverage

Guidewire perforation 5(3.1%)

Intraoperative thrombus formation 6(3.7%)/0
(asymptomatic/symptomatic)

Vasospasm 6(3.7%)

Serious adverse events

Any death during the follow-up 7 (4.3%)

Patients available for follow-up 150 (93.2%)

Patients lost to or refusing follow-up 1(6.8%)

Primary end point (any stroke and 18 (12%)
neurologic death)

Permanent morbidity 9(6.0%)

Procedure-related mortality 4(2.7%)

FIG 4. Modified Rankin Scale score at presentation and follow-up in
150 patients. A Wilcoxon matched-pairs signed rank test (P = .55)
indicates no significant change in patient neurologic outcomes.

(7.4%). One patient was treated for a 19-mm symptomatic basilar
apex—superior cerebellar artery aneurysm. After initially having
an excellent recovery, 3 weeks following the EVT, the patient had
a midbrain and brain stem stroke from a suspected perforator
occlusion, resulting in right-sided hemiplegia. The other pa-
tient, who was treated for a large basilar trunk aneurysm, had
pre-existing severe intracranial atherosclerotic disease and a
history of posterior circulation stroke. Five months following
the EVT and discontinuation of dual antiplatelet therapy, the
patient presented with basilar thrombosis that was treated with
IV thrombolysis. Despite successful revascularization, the pa-
tient retained homonymous hemianopia and diplopia at left
lateral gaze.

The only confirmed perianeurysmal bleed was in a posterior
circulation aneurysm observed several weeks after the EVT in a
patient with a growing large symptomatic (occipital pain and
ataxia) dissecting vertebral artery—posterior inferior cerebellar
artery aneurysm that, at follow-up angiography, was com-
pletely obliterated. The patient’s preprocedural symptoms
have resolved completely, and the patient remains asymptom-

atic 24 months following the procedure. In the posterior cir-
culation, 1 patient presented with a parenchymal superior
vermian bleed 6 days after placement of the FD for a dissecting
intracranial segment of the vertebral artery. The patient pre-
sented with mild dizziness and returned to baseline at 30-day
follow-up.

Efficacy

Of 186 aneurysms that received an FD, 158 (86.8%) were available
for a DSA follow-up (median, 6 months; range, 1-38 months).
Additionally, 2 patients had a 6-month follow-up MRA that was
not assessed because the protocol required DSA. Complete occlu-
sion (100%) was seen in 118 (75%) aneurysms of all locations
(Table 3). Near-complete or complete occlusion (95%-100%)
was observed in 127 (80%) aneurysms. A subgroup analysis
showed complete occlusion in 78.6% of anterior circulation an-
eurysms below the ICA terminus, while 65.8% and 72.7% of an-
eurysms located in the anterior circulation distal to the circle of
Willis and the posterior circulation, respectively, were oc-
cluded (Table 3). Starting at 3-month follow-up, a progressive
thrombosis of the aneurysm was seen, with most of the aneu-
rysms obliterated between 6 and 12 months after FD placement
(Fig 5). Of the 5 aneurysms that were previously treated with
stent-assisted coil embolization, 3 did not show complete oc-
clusion at 6-month follow-up angiography and were success-
fully re-treated with a second FD. Of the 4 aneurysms with
incomplete neck coverage at EVT, 2 showed incomplete occlu-
sion at follow-up.

At follow-up, significant stenosis (=50%) within the FD was
seen in 8 patients (5%), who remained asymptomatic. The area of
stenosis was associated with device malapposition that had not
been addressed with balloon postdilation at the time of placement
in all 8 patients. Another patient ceased dual antiplatelet therapy 4
months following treatment due to head trauma, and subse-
quently the implant was occluded with worsening of pre-existing
aphasia.

DISCUSSION

Specific Features of the FD

The single-layer braided FD used in this clinical study was engi-
neered on the basis of previous extensive experimental hydrody-

>89 In vitro and computational fluid dynamic

namic studies.
research showed that FDs create impedance to the flow at the neck
of the aneurysm and reduce the hydrodynamic circulation inside

the aneurysm pouch.'°

This outcome is achieved by the attenua-
tion of the peak and mean kinetic energy of the blood entering the
aneurysm with each pulse cycle. Subsequent in vivo experiments
confirmed that the flow reduction led to progressive aneurysm
thrombosis and, ultimately, endothelialization of the FD surface
and the aneurysm neck.® As detailed previously, this result re-
quired an FD porosity of optimally 70%, which was sufficient
for an intra-aneurysmal flow reduction while maintaining flow
through vital perforators.>®'! With the increase in diameter
and to maintain biomechanical stability within the parent ar-
tery, the number of wires of an FD had to be increased. Ensur-
ing the desired porosity required a reduction of FD wire thick-
ness. These changes resulted in a consistent mesh density and
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Table 3: Primary efficacy end point at a median of 6 months (range, 1-38 months)®

Aneurysm Occlusion

Occlusion Rate® (%)

Aneurysm Location <50 50-95 >95 100 Total
Anterior circulation (ICA) 6(6.1%) 1(1.2%) 4(41%) 77 (78.6%) 98
Petrocavernous 1 3 4
Cavernous 2 2 12 16
Carotid cave 1 3 4
Superior hypophyseal 1 3 4
Paraophthalmic 2 2 24 28
Paraclinoid 3 3
Supraclinoid 1 1 3 5
Posterior communicating artery 1 4 2 24 31
Anterior choroidal artery 1 2 3
Anterior circulation distal to circle of Willis 2(5.3%) 9(23.7%) 2(5.3%) 25 (65.8%) 38
ICA terminus 1 1 1 2 5
Anterior cerebral artery (including AcomA) 1 1 7 9
Middle cerebral artery 1 7 16 24
Posterior circulation 1(4.5%) 2(9.1%) 3(13.6%) 16 (72.7%) 22
VA and VB junction 1 7 8
Posterior inferior cerebellar artery 1 2 2 5
Basilar trunk 1 1 4 6
Posterior cerebral artery 3 3
Total 9 (6%) 22 (13%) 9(6%) 18 (75%) 158

Note:—AcomA indicates anterior communicating artery; VA, vertebral artery; VB, vertebrobasilar.

2 Digital subtraction angiography follow-up was available in 158 aneurysms (86.8%).

® Occlusion rates at the latest follow-up are based on aneurysm volume calculated on pre-and posttreatment digital subtraction angiograms.

FIG 5. Percentage of occlusion of the aneurysm as a function of time
from implant. Incomplete coverage of the aneurysm by the FD and FD
implantation over a prior stent are noted by red triangles and blue
squares, respectively.

cell shape of the implant, enabling an effective flow reduction
at various parent vessel diameters. The resulting braid angle
also reduced the foreshortening of the device and enhanced a
precise placement.

“Herniation” of the FD into the aneurysm alters the ultra-
structure of the device (cell shape and porosity) and changes the
effect on flow diversion, as recently reported with other nitinol-
based implants.’* The braid angle also eliminates the potential
risk of creating pockets of large openings between the struts, es-
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pecially in aneurysms located in tight bends. Changes of FD con-
figuration and mesh porosity once implanted into the artery may
create an inconsistent pattern of intra-aneurysmal flow and insuf-
ficient resistance to the flow at the aneurysm neck that necessitates
the use of multiple FDs. The central goal of the aforementioned
engineering studies was to create a single optimized FD for
efficacious treatment across a broad range of intracranial an-
eurysms. Preliminary data of the Surpass FD at a single center
reinforced these experimental results, demonstrating an occlu-
sion rate of 94% at 6 months in 31 aneurysms.” The reported
occlusion rate in this multicenter study is lower; however, this
was anticipated because the prior report was from a single
center at a high-volume site that has extensive experience with
this device.

The clinical data presented herein reinforce the experimental
findings.® The use of a single device (compared with a median of
3 used in the Pipeline Embolization Device for Uncoilable or
Failed Aneurysms [PUFS] trial'?) led to a comparable high rate of
progressive aneurysm occlusion. Moreover, the average proce-
dural time in this study was 79.8 minutes compared with 124
minutes in the PUFS trial."?
study confirmed the progressive nature of aneurysm occlusion: At

Similar to our observations, the PUFS

6 months, 73.6% of aneurysms were obliterated, and at 12
months, 86.8% were thrombosed. As in our series, a high com-
plete occlusion rate was observed in large or giant aneurysms.
Specifically, there were 22 aneurysms of >10 mm located in the
ICA below the circle of Willis having no underlying prior stent,
with follow-up at a minimum of 6 months. In this small cohort, 18
(81.8%) were completely occluded at 6-month follow-up and 3
(13.6%) had a small neck remnant (>95% occluded). One
aneurysm (4.5%) was >90% occluded at 6-month follow-up
angiography. Several recently published meta-analyses of EVT
in >1000 intracranial aneurysms with FDs showed a complete



occlusion rate as high as 76%.'*'> A retrospective analysis of
the Italian multicenter experience with flow-diverter devices
for intracranial aneurysms that included the Pipeline Emboli-
zation Device (Covidien) and Silk stent (Balt Extrusion, Mont-
morency, France) showed an 85% aneurysm occlusion at 3

months.'®

Patient Selection and Angiographic Occlusion

Caution should be exercised when comparing occlusion rates be-
tween different FDs because patient selection and trial design may
affect outcome. In our series, only 14% of the patients presented
with extradural aneurysms, whereas in the PUFS trial, a large sub-
group had petrous and cavernous aneurysms (44.4%)."> Thus,
the risk of spontaneous aneurysm rupture before complete aneu-
rysm thrombosis during the observation period differs. These
preliminary data are encouraging, and the FD achieved a com-
plete (100%) or near-complete (>95%) occlusion at follow-up in
81% of the treated aneurysms. To render a true assessment of the
FD, we enrolled patients with aneurysms originating at all loca-
tions in the intracranial circulation, including more challenging
aneurysms such as those found at the MCA bifurcation and ante-
rior communicating artery. Like other studies, a variety of aneu-
rysms with complex angiographic appearances (multiple adja-
cent aneurysms with dysplastic arteries, dissecting and blister
aneurysms) was captured in our series and most likely does not
reflect the same underlying disease or disease stage. Lanzino et
al'” showed, in a matched-pair analysis, that FD treatment in
22 paraclinoid aneurysms achieved a 77.3% complete occlu-
sion versus 45.4% with standard EVT, including stent-assisted
coiling with fewer intra- and postoperative complications for
the FD arm.

Bleeding and Thromboembolic Complications

Previously published studies and case series have reported morbidity
and mortality as high as 9% and 6%, respectively.'>'®** Morbidity
and mortality with the Silk device (Balt Extrusion) are reported to be
slightly higher, with =15% and 8%, respectively.”> > Two recently
published meta-analyses on FD treatment in up to 1451 patients
with 1654 aneurysms showed a not-negligible procedure-related
morbidity and mortality of 5%-10% and 4%, respectively.'*'>
The authors found an occurrence of postoperative SAH, intrapa-
renchymal hemorrhage, and perforator infarctions of 3% in each
category. The rates of SAH, intraparenchymal hemorrhage, and
ischemic stroke at =30 days were 3%, 3%, and 5%, respectively.
SAH, intraparenchymal hemorrhage, and ischemic stroke at >30
days occurred in 2%, 2%, and 3% of the patients, respectively.
Perforator occlusions were significantly higher in the posterior
circulation compared with aneurysms located in the anterior cir-
culation. Ischemic stroke was encountered in 6% of patients.'*
Our results are comparable with those in other studies; any per-
manent neurologic morbidity and mortality were seen in 6% and
2.7%, respectively. In our series, we did not encounter SAH after
7 days following FD placement. In a preliminary study of this FD
in 39 patients, there was a lower permanent morbidity rate of 4%
and no mortality.” This larger, multicenter study showed a slight
increase in morbidity. The increase in mortality is likely attribut-

able to the study design and the inclusion of complex aneurysms,
particularly in the posterior circulation.

Our experience with the FD in the posterior circulation has
been comparable with that in the anterior circulation with the
exception of fusiform dolichoectatic aneurysms of the entire basi-
lar trunk. Two of 4 patients treated for an entire basilar trunk
aneurysm died from FD treatment. Siddiqui et al*® reported 7
patients with large or giant fusiform vertebrobasilar aneurysms
treated with the Silk or Pipeline Embolization Device, 4 of
whom died; 3 were left with severe disability following the
procedure. The use of a single, long implant, compared with
the need for telescoping the Pipeline Embolization Device with
the potential risk of perforator occlusion, may mitigate peripro-
cedural morbidity.

Although stent-assisted coil embolization has not been the
subject of randomized clinical trials, this technology has been
available for cerebrovascular aneurysm treatment for more than a
decade. Consequently, numerous studies have been published re-
garding the safety and efficacy of the technique. In a comprehen-

1,7 stent-assisted coil-embolization

sive review by Shapiro et a
complications and mortality were seen in 19% and 2.1%, respec-
tively. Although most aneurysms included in this analysis were
unruptured, acutely ruptured aneurysms were also included. As
with all new technology, there was a documented learning curve,
with complication rates being higher in the first 10 patients
treated. Most complications (10%) were thromboembolic. If we
restricted the analysis to unruptured or nonacutely ruptured an-
eurysms, the rates of morbidity and mortality varied between
3.8%—8.3% and 0%—3.9%, respectively.?*>* The data presented
in our study show a safety profile comparable with that of stent-
assisted coil embolization.

Study Limitations

Assessment at clinical follow-up and serious adverse events
were self-adjudicated by physicians’ participating sites. An-
other major limitation of the data collected is the nonrandom-
ized nature of the study and lack of a control arm. Patients with
ruptured aneurysms were not included in the acute stage but were
treated electively if other treatments were not an option. Finally,
most aneurysms included in this trial are <10 mm. Presently, the
FD studied herein is undergoing the Surpass intraCranial aneu-
rysm EmbolizatioN system Trial (SCENT), which is a multi-
center, prospective single-arm trial designed to assess the safety
and efficacy of the device for the treatment of large or giant wide-
neck aneurysms. On completion of this trial, more data will be
available on the ability of the device to treat large and giant
aneurysms.

CONCLUSIONS

Clinical data demonstrate an acceptable safety profile compared
with other FD technology and stent-assisted coil embolization.
High occlusion rates were observed for a wide range of intracra-
nial aneurysms of the anterior and posterior circulation without
the need for coiling and with the use of a single FD implant. The
observed progressive occlusion requires long-term follow-up
studies. The treatment of a subset of fusiform aneurysms affecting
the entire basilar artery remains challenging.
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International Retrospective Study of the Pipeline Embolization
Device: A Multicenter Aneurysm Treatment Study

D.F. Kallmes, R. Hanel, D. Lopes, E. Boccardi, A. Bonafé, S. Cekirge, D. Fiorella, P. Jabbour, E. Levy, C. McDougall, A. Siddiqui, I. Szikora,
H. Woo, F. Albuquerque, H. Bozorgchami, S.R. Dashti, J.E. Delgado Almandoz, M.E. Kelly, R. Turner IV, B.K. Woodward, W. Brinjikji,
G. Lanzino, and P. Lylyk

ABSTRACT

BACKGROUND AND PURPOSE: Flow diverters are increasingly used in the endovascular treatment of intracranial aneurysms. Our aim was
to determine neurologic complication rates following Pipeline Embolization Device placement for intracranial aneurysm treatment in a
real-world setting.

MATERIALS AND METHODS: We retrospectively evaluated all patients with intracranial aneurysms treated with the Pipeline Emboliza-
tion Device between July 2008 and February 2013 in 17 centers worldwide. We defined 4 subgroups: internal carotid artery aneurysms of
=10 mm, ICA aneurysms of <10 mm, other anterior circulation aneurysms, and posterior circulation aneurysms. Neurologic complications
included spontaneous rupture, intracranial hemorrhage, ischemic stroke, permanent cranial neuropathy, and mortality. Comparisons were
made with t tests or ANOVAs for continuous variables and the Pearson x? or Fisher exact test for categoric variables.

RESULTS: In total, 793 patients with 906 aneurysms were included. The neurologic morbidity and mortality rate was 8.4% (67/793), highest
in the posterior circulation group (16.4%, 9/55) and lowest in the ICA <10-mm group (4.8%,14/294) (P = .01). The spontaneous rupture rate
was 0.6% (5/793). The intracranial hemorrhage rate was 2.4% (19/793). Ischemic stroke rates were 4.7% (37/793), highest in patients with
posterior circulation aneurysms (7.3%, 4/55) and lowest in the ICA <<10-mm group (2.7%, 8/294) (P = .16). Neurologic mortality was 3.8%
(30/793), highest in the posterior circulation group (10.9%, 6/55) and lowest in the anterior circulation ICA <10-mm group (1.4%, 4/294) (P <
01).

CONCLUSIONS: Aneurysm treatment with the Pipeline Embolization Device is associated with the lowest complication rates when used
to treat small ICA aneurysms. Procedure-related morbidity and mortality are higher in the treatment of posterior circulation and giant
aneurysms.

ABBREVIATIONS: IntrePED = International Retrospective Study of Pipeline Embolization Device; IPH = intraparenchymal hemorrhage; PED = Pipeline Emboliza-
tion Device

Endoluminal flow-diverter therapy has gained widespread ac-  large and giant aneurysms, with the use of endoluminal flow di-

ceptance for the treatment of intracranial aneurysms.l"4 High verters.'”” The Pipeline Embolization Device (PED; Covidien, Ir-
rates of complete aneurysm occlusion have been reported, evenin  vine, California) received CE mark approval in 2008 for the em-
bolization of cerebral aneurysms and received US FDA approval
in2011 (PMA P100018) for the treatment of large and giant wide-

neck aneurysms in the internal carotid artery, from the petrous to
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those in other endovascular procedures, case reports and small
case series documenting severe and “unexpected” complications
have raised questions about the safety of these devices."**? Se-
vere and unexpected adverse events include spontaneous rupture
of treated aneurysms and intraparenchymal intracranial hemor-
rhage unrelated to aneurysm rupture.®'°'? These reports led to
policies in some regions mandating concomitant coil emboliza-
tion with flow-diverter therapy to mitigate the risk of spontane-
ous aneurysm rupture.'”

Most previous literature on flow-diversion therapy comprised
single-center case series, either retrospective or prospective, and
has substantial selection bias, which may affect the rates of severe
and unexpected adverse events. These biases may be diminished
through pooling of consecutive patients treated at multiple cen-
ters in a “real-world” setting, with homogeneous end points and
methods of data analysis. The International Retrospective Study
of Pipeline Embolization Device (IntrePED) registry was de-
signed for this purpose and to determine rates of important neu-
rologic safety events following PED placement for intracranial
aneurysm treatment.

MATERIALS AND METHODS

Study Design and Participants

We retrospectively evaluated all patients with intracranial aneu-
rysms treated with the Pipeline Embolization Device between July
2008 and February 2013 in 6 countries in 17 centers experienced
in PED use. Local institutional review boards or ethics commit-
tees approved the study and use of patients’ retrospective data. An
institutional review board/ethics committee waiver of informed
consent (and Health Insurance Portability and Accountability Act
Waiver of Authorization for US sites) or a sponsor institutional
review board/ethics committee—approved informed consent
form was obtained from each participating site. Written informed
consent was obtained from each patient, if required. This obser-
vational registry was funded and supported by Covidien, with
scientific oversight of the study steering committee members.
Physicians who contributed data for this study were endovascu-
lar-trained neurointerventionalists. Each site that participated
was required to have at least 1 physician who had treated a mini-
mum of 10 PED cases before the time of institutional review
board/ethics committee approval for the study. Unless an inves-
tigator had been a participant in a clinical study before commer-
cialization of the PED, this study captures the investigators’ expe-
rience as new users of the device. A majority of the 26 IntrePED
physicians were new users, and their early cases were included in
the registry.

Data were collected from the time of the first commercial use
of PED at a site until the time of institutional review board/ethics
committee approval of the study protocol for that site. Investiga-
tional centers were required to provide data on all consecutive
patients to eliminate selection bias, provided that the patients
fulfilled the following conditions: 1) received PED treatment for
an intracranial aneurysm after the date of regulatory approval in
that region or country, and 2) had a clinical evaluation following
treatment during the window of time before institutional review
board/ethics committee approval. Because this was a retrospec-
tive study, there were no patients lost to follow-up.

Seven hundred ninety-three patients treated for 906 aneu-
rysms were enrolled. Many patients (38%) had been previously
reported in the literature.'*>* We defined 4 primary anatomic/
size subgroups: internal carotid artery aneurysms =10 mm
(“large ICA”), ICA aneurysms of <10 mm (“small ICA”), other
anterior circulation aneurysms (“other anterior”), and posterior
circulation aneurysms.

Procedures

Because this was a retrospective study, procedural details and
periprocedural patient management varied across centers. All
centers used a common study protocol that specified the data to
be collected, study end points, events of interest, and statistical
analyses. The Steering Committee defined neurologic “clinical
safety events of interest” a priori, including spontaneous rupture
of the target aneurysm causing subarachnoid hemorrhage or cav-
ernous carotid fistula, intraparenchymal hemorrhage (IPH)
(both ipsilateral and contralateral), ischemic stroke, parent artery
stenosis, and permanent cranial neuropathy. Site investigators
identified events of interest according to the study protocol
through retrospective review of the patient’s record. All events of
interest were reviewed in detail by an Adverse Events Review
Committee, comprising of 3 members of the Steering Committee,
including the overall study principal investigator. The committee
determined the category of event and whether the event was ma-
jor or minor. A “major” adverse event was defined as an ongoing
clinical deficit at 7 days following the event. “Minor” adverse
events were defined as events that resolved within 7 days with no
clinical sequelae. All major adverse events are included in the
neurologic morbidity and mortality rates. Long-term neurologic
morbidity and mortality rates included morbidity and mortality
due to adverse events occurring any time in the postoperative
period (<30 days and =30 days). Information collected during
the study was standardized across centers and included baseline
characteristics of patients and aneurysms, procedural informa-
tion, prespecified clinical safety events of interest, and follow-up
clinic visits or telephone calls. A list of data collected for each
patient/aneurysm is provided in the On-line Appendix. Because
this was a retrospective study, the timing of the patient follow-up
evaluations was conducted per institution standard of care.

Statistical Analysis

Statistical analyses were performed by using SAS, Version 9.1 or
higher (SAS Institute, Cary, North Carolina). Summary statistics
are presented for all data available by using means and SDs for
continuous variables and frequency tabulations for categoric vari-
ables. Comparisons between groups for continuous variables
were evaluated by using t tests or ANOVAs and the Fisher exact
test or Pearson x” for binary categoric variables. Most statistical
analyses were performed across patient groups—that is, on a per-
patient basis. Because some patients had >1 aneurysm treated
with a PED, however, each patient’s first aneurysm was used to
classify patients into the 4 anatomic/size subgroups, and the larg-
estaneurysm was used to classify patients into the 3 aneurysm size
categories. Some analyses, including aneurysm characteristics and
spontaneous ruptures across aneurysm-size groups, were per-
formed across all aneurysms rather than across patients.
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Table 1: Aneurysm characteristics

Anterior ICA Anterior Posterior Other Anterior [P
Aneurysm Characteristics 210 mm (n=311) <10 mm (n = 349) (n=59) 210 mm (n=178) Total (n=896)* Value

Aneurysm size (mm)

Mean * SD 16.8 £ 6.2 52*22 14.5 9.0 98*79 107 =77 <.001

Median, range 15.0,10.0-42.0 5.0,1.0-9.9 1.8,1.7-45.0 7.2,1.0-55.0 9.0,1.0-55.0
Aneurysm type

Small 0 349/349(100%)  19/58(32.8%)  105/178(59.0%)  473/897 (52.8%)

Large 268/311(86.2%) 0 29/58(50.0%)  60/178 (33.7%) 357/897 (39.8%)

Giant 43/311(13.8%) 0 10/58 (17.2%) 13/178 (7.3%) 66/897 (7.3%)
Aneurysm neck (mm)

Mean = SD 85+ 51 41+22 93+ 84 53 *51 6.2+ 49 <.001

Median, range 7.6,0.9-50.0 4.0,0.8-22.0 8.0,17-53.0 4.0,1.0-50.0 5.0,0.8-53.0
Aneurysm shape

Fusiform 49/311(15.8%) 17/349 (4.9%) 17/59 (28.8%) 29/178 (16.3%) 112/897 (12.5%) <.001

Saccular 239/311(76.9%)  305/349 (87.4%)  25/59 (42.4%)  18/178(66.3%)  686/897 (76.5%)

Dissecting 10/311(3.2%) 8/349(23%)  13/59(22.0%)  22/178 (12.4%) 53/897 (5.9%)

Other 13/311 (4.2%) 19/349 (5.4%) 4/59 (6.8%) 9/178 (51%) 46/897 (51%)
Aneurysm location

Internal carotid artery 3N/311(100%)  349/349 (100%) 0 0 660/897 (73.6%)  <.001

Middle cerebral artery 0 0 0 43/178 (24.2%) 43/897 (4.8%)

Posterior cerebral artery 0 0 15/59 (25.4%) 0 15/897 (1.7%)

Basilar artery 0 0 44/59 (74.6%) 0 44/897 (4.9%)

Other 0 0 0 135/178 (75.8%) 135/897 (15.1%)
Presented with ruptured aneurysm 12/311(3.9%) 24/345 (7.0%) 4/59 (6.8%) 34/176 (19.3%) 74/891(8.2%) <.001
Multiple PEDs used 143/311(46.0%)  97/347(28.0%)  19/59(32.2%)  47/178(264%)  306/895(34.2%) <.001

Note:—n indicates the number of aneurysms.
@ Aneurysm size was not reported for 10 aneurysms.

Role of the Funding Source

An academic principal investigator and an academic steering
committee supervised the trial design and operations. The steer-
ing committee interpreted the results, and the principal investi-
gator wrote the report. The study sponsor was responsible for site
management, data management, statistical analysis, and safety re-
porting. The corresponding author was the academic principal
investigator for the study and had full access to all study data and
the final responsibility for the decision to submit for publication.

RESULTS

Seven hundred ninety-three patients with 906 aneurysms (76
[8.4%] ruptured, 824 [91%] unruptured, and 6 [0.7%] unknown)
were included. Three hundred eleven aneurysms (34.3%) were
ICA =10 mm, 349 aneurysms (38.5%) were ICA <10 mm, 59
aneurysms (6.5%) were in the posterior circulation, and 178 an-
eurysms (19.6%) were =10 mm and located in anterior circula-
tion locations other than the ICA. Combined location/size infor-
mation was not available for 9 aneurysms. Posterior circulation
aneurysms were generally large, with an average size of 14.5 = 9.0
mm. Patients with non-ICA anterior circulation aneurysms pre-
sented with aneurysm rupture in 19.3% of cases (34/176), a sig-
nificantly higher rate than that in the other groups (P < .001).
Four hundred seventy-three aneurysms (52.8%) were small, 357
aneurysms (39.8%) were large, and 66 aneurysms (7.3%) were
giant. Median follow-up was 19.3 months with 706 (89%) pa-
tients having follow-up of >12 months. Size information was not
available for 10 aneurysms.

Multiple PEDs were used in 308 cases (34.2%). Patients with
ICA aneurysms =10 mm had the highest rate of multiple PED use
(46.0%, 143/311) and were significantly more likely to receive
treatment with multiple PEDs compared with the other groups
(P <.001). Mean procedure time was 101 minutes 30 seconds =
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50 minutes 30 seconds and was highest in the ICA aneurysms
=10-mm group (111 minutes 24 seconds * 56 minutes 36 sec-
onds) (P < .01). Aneurysm data are summarized in Table 1.

The 30-day morbidity and mortality rate was 6.3% (50/793)
with a 30-day neurologic morbidity rate of 5.7% (44/793) and a
30-day neurologic mortality rate of 2.6% (21/793). The long-term
neurologic morbidity and mortality rate was 8.4% (67/793) with a
neurologic morbidity rate of 7.4% (59/793) and a neurologic
mortality rate of 3.8% (30/793). Individual morbidity and mor-
tality rates did not add up to the total combined morbidity and
mortality rate because some patients had >1 neurologic morbid-
ity. The morbidity and mortality rates were highest in the poste-
rior circulation group (16.4%, 9/55) and lowest in the ICA <10
mm group (4.8%, 14/294). The morbidity and mortality rates
were higher in patients with giant aneurysms compared with
those with large and small aneurysms (25.8% versus 8.8% versus
5.4%, P < .01). When patients with ruptured, dissecting, or fusi-
form aneurysms were excluded, the overall morbidity and mor-
tality rate was 5.7%.

The spontaneous rupture rate was 0.6% (5/793), with 2 of the
5 events being cavernous carotid fistulas with clinical sequelae.
Four of the 5 cases occurred within 30 days. There was no differ-
ence in the spontaneous rupture rate among the 4 groups (P =
.17). Spontaneous rupture was higher in giant aneurysms (4.5%,
3/66) compared with large (0.6%, 2/357) and small aneurysms
(0.0%, 0/473) (P < .001). Overall the intraparenchymal hemor-
rhage rate was 2.4% (19/793). There was no difference in the
hemorrhage rate among the primary patient subgroups (P = .73)
or among aneurysm sizes (P = .24). Fifteen (79%) of the 19 hem-
orrhages occurred within 30 days of the procedure.

The ischemic stroke rate was 4.7% (37/793). A majority of
strokes occurred within 30 days of treatment (26/793, 3.3%). The



Table 2: Complications by aneurysm location and size subgroups

Anterior ICA Anterior ICA Posterior Other Anterior Total 95% Cl;
Complications 210 mm (n = 275) <10 mm (n=294) (n=55) (n=165) (n=793)° P Value
Mean aneurysm size (mm) 16.8 = 6.2 52+22 14.5+9.0 98*+79 107 £7.7  (10.2-11.2); <.001
Spontaneous rupture 4(0.7%) 0(0.0%) 0(0.0%) 1(0.6%) 5(0.6%) (0.2%-1.5%);.17
Intraparenchymal hemorrhage 6(2.2%) 6(2.0%) 1(1.8%) 6(3.6%) 19 (2.4%) (1.3%-3.4%);.73
Ischemic stroke 15(5.5%) 8(27%) 4(7.3%) 10 (6.1%) 37(47%) (3.2%—6.2%);.16
Parent artery stenosis 1(0.4%) 1(0.4%) 0(0.0%) 0(0.0%) 2(0.3%) (0%-0.7%);1.0
Cranial neuropathy 2(0.7%) 0(0.0%) 0(0.0%) 0(0.0%) 2(0.3%) (0%-0.7%);.30
Neurologic morbidity 24 (8.7%) 14 (4.5%) 5(9.1%) 16 (9.7%) 59 (7.4%) (5.6%—9.2%); .16
Neurologic mortality 11(4.0%) 4(1.4%) 6(10.9%) 9(5.5%) 30(3.8%) (2.5%—5.1%); <.01
Neurologic morbidity and mortality 26(9.5%) 14 (4.8%) 9(16.4%) 18 (10.9%) 67 (8.4%) (6.5%-10.3%);.01
(all patients)
Neurologic morbidity and mortality 24/263 (9.2%) 1/270(41%)  7/51(13.7%) 1/131(8.4%)  53/717 (7.4%) (5.5%-9.3%);.03
(patients with unruptured aneurysms)
Neurologic morbidity and mortality 2/12(16.7%) 3/24(125%)  2/4(50.0%) 7/34(20.6%) 14/76(18.4%) (10.0%-27.1%); .35
(patients with ruptured aneurysms)
Neurologic morbidity and mortality 15(7.0%) 9 (3.6%) 3(12.0%) 6(6.8%) 33(57%) (41%—7.3%);.19
(excluding ruptured, dissecting, or
fusiform aneurysms)
Note:—n indicates the number of patients.
#Numbers do not sum across categories and subcategories because some patients experienced >1 event.
Table 3: Occurrence of complications by time
<72 Hours 72 Hours-30 Days >30 Days
Anterior Posterior Anterior Posterior Anterior Posterior Total P
Complications (n=738) (n =55) (n=738) (n =55) (n=738) (n =55) (n=793)*  Value
Spontaneous rupture 1(0.1%) 0(0%) 3(0.4%) 0(0%) 1(0.1%) 0(0%) 5(0.6%) .51
Intraparenchymal hemorrhage 3(0.4%) 1(1.8%) 1(1.5%) 0(0%) 4(0.5%) 0(0%) 19 (2.4%) .83
Ischemic stroke 7(23%)  2(3.6%) 7(09%)  0(0%) 9(1.2%) 2(3.6%) 37(47%) 58
Parent artery stenosis 0(0%) 0(0%) 1(0.1%) 0(0%) 1(0.1%) 0(0%) 2(0.3%) .63
Cranial neuropathy 0(0%) 0(0%) 2(03%)  0(0%) 0(0%) 0(0%) 2(03%) .58
Neurologic morbidity 20027%)  3(55%) 21(28%)  0(0%) 13(1.8%) 2(3.6%) 59(74%) 56
Neurologic mortality 4(05%)  1(.8%) 13 (1.8%) 2(3.6%) 7(09%)  3(55%) 30(3.8%) <0l
Neurologic morbidity and mortality 23 (3.1%) 3(5.5%) 22 (3.0%) 2(3.6%) 13 (1.8%) 4(7.3%) 67(84%) <.01
(all patients)
Neurologic morbidity and mortality 19/664 (2.9%) 3/51(5.9%) 16/664(24%) 1/51(20%) T1/664(17%) 3/51(59%) 53/717 (74%) .08
(patients with unruptured aneurysms)
Neurologic morbidity and mortality 4/70(57%) 0/4(0%) 6/70(8.6%) 1/4(250%) 2/70(2.9%) 1/4(250%) 14/76(184%) .17
(patients with ruptured aneurysms)
Neurologic morbidity and mortality 13/549 (24%) 1/25(4.0%) 12/549(22%) 0/25(0%)  5/549(0.9%) 2/25(8.0%) 33/575(5.7%) A1

(excluding ruptured, dissecting, or
fusiform aneurysms)

Note:—n indicates the number of patients.

#Numbers do not sum across categories and subcategories because some patients experienced >1event.

highest stroke rates were seen in patients with posterior circula-
tion aneurysms (7.3%, 4/55) and the “other anterior circulation”
group (6.1%, 10/165). The anterior circulation ICA <10-mm
group had the lowest stroke rates (2.7%, 8/294) (P = .16). When
studying differences based on aneurysm size, patients with giant
aneurysms had the highest stroke rates (14.5%, 9/62) compared
with patients with large (5.0%, 17/339) and small aneurysms
(2.8%, 11/386) (P < .01).

In-stent stenosis occurred in 0.3% (2/793) with no significant
differences among groups (P = 1.0). Permanent cranial neurop-
athy occurred in 0.3% (2/793) of patients with no significant dif-
ferences among groups (P = .30). These data are summarized in
Tables 2—4.

Neurologic mortality was 3.8% (30/793) and was significantly
different among the 4 primary patient subgroups (P < .01). The
30-day mortality rate was 2.5% (20/793), which represented
nearly two-thirds of all mortality observed in the average 19.3
months of follow-up. Patients with posterior circulation aneu-
rysms had the highest rate of neurologic mortality (10.9%, 6/55),
and patients with anterior ICA <10-mm aneurysms had the low-

est neurologic mortality (1.4%, 4/294). The mortality rate was
significantly higher in patients with giant aneurysms compared
with those with large and small aneurysms, respectively (9.6%
versus 5.0% versus 1.8%, P < .01). The overall mortality rate in
patients who presented with ruptured aneurysms was 10.5% (8/
76), with no significant differences among groups (P = .11).
These data are summarized in Tables 2—4.

In addition to the above-listed major events, 5 cases of intra-
cranial hemorrhage, 15 cases of ischemic strokes, and 5 cases of
parent artery stenosis were also observed as minor events in which
the patient’s symptoms resolved within 7 days of the event occur-
rence with no clinical sequelae. Three additional deaths were re-
ported due to non-neurologic reasons.

DISCUSSION

This large multicenter study of flow-diversion therapy demon-
strated a neurologic morbidity and mortality rate of 8.4%. Most
adverse events were ischemic strokes from thromboembolic com-
plications and were substantially more common in large, anterior
circulation aneurysms and posterior circulation aneurysms com-

AJNR Am J Neuroradiol 3610815  Jan 2015  www.ajnr.org m



Table 4: Complications by aneurysm size

small (n = 386) (N = 473)

Large (n = 339) (N = 357)

Giant (n = 62) (N = 66)

Anterior Posterior Anterior Posterior Anterior  Posterior Total (n=793)*® P
Complications (n=372) (n=14) (n=309) (n=30) (n=52) (n=10) (N =906) Value
Mean aneurysm size (mm) 51%£22 6.0 =26 148 +4.0 150+43 288*53 291*72 107 =77 <.001
Spontaneous rupture 0(0%) 0(0%) 2(0.5%) 0(0%) 3(5.8%) 0(0%) 5(0.6%) <.01
Intraparenchymal hemorrhage 7(1.9%) 0(0%) 8(2.6%) 0(0%) 3(5.8%) 1(10.0%) 19 (2.4%) 24
Ischemic stroke 0Q27%)  1(71%) 16 (5.2%) 1(33%) 7(135%)  2(20.0%) 37(47%) <01
Parent artery stenosis 1(0.3%) 0(0%) 1(0.3%) 0(0%) 0(0%) 0(0%) 2(0.3%) 1.0
Cranial neuropathy 0(0%) 0(0%) 2(0.6%) 0(0%) 0(0%) 0(0%) 2(0.3%) Al
Neurologic morbidity 18 (4.8%) 1(7.1%) 24 (7.8%) 1(3.3%) 12 (23.1%) 3(30.0%) 59(7.4%)  <.01
Neurologic mortality 6(1.6%) 1(7.%) 15 (4.9%) 2(6.7%) 3(58%)  3(30.0%) 3038%) <.0l
Ne(u;'lologic m;)rbidity and mortality® 19 (5.1%) 2 (14.3%) 27 (8.7%) 3(10.0%) 12 (231%) 4(40.0%) 67(84%) <.01
all patients;
Neurologic morbidity and mortality 1/321(3.4%) 1/12(8.3%)  23/291(7.9%) 3/29(10.3%) 12/51(23.5%) 3/9(33.3%)  53/717(74%)  <.01
(patients with unruptured aneurysms)
Neurologic morbidity and mortality 8/51(157%) 1/2(50.0%)  4/18(22.2%)  0/1(0%) 0/1(0%) 1/1(100%) 14/76 (18.4%) 23
(patients with ruptured aneurysms)
Neurologic morbidity and mortality 1/294 (3.7%) 0/7 (0%) 12/207 (5.5%)  2/13(15.4%) 7/37(18.9%) 1/5(20.0%) 33/574(57%)  <.0l

(excluding ruptured, dissecting, or
fusiform aneurysms)

Note:—n indicates the number of patients; N, number of aneurysms.
2 Six patients did not have aneurysm size reported.
® Numbers do not sum across categories because some patients experienced >1event.

pared with small, anterior circulation aneurysms. Spontaneous
aneurysm rupture was rare, occurring in 0.6% of patients, with
3/5 events occurring within giant aneurysms. Intraparenchymal
hemorrhage, unrelated to rupture of the target aneurysm but re-
sulting in major neurologic deficit, was noted in 2.4% of patients.
These results are important because they provide clarity regarding
the previously noted severe and unexpected adverse events asso-
ciated with flow-diversion therapy in a real-world setting. Our
data suggest strongly that spontaneous aneurysm rupture is not of
clinical concern in non-giant aneurysms. Parenchymal hemor-
rhage remains of concern, especially because its etiology is
unclear.

Our findings corroborate those of numerous previously pub-
lished smaller studies and meta-analyses. Previously published
studies have demonstrated morbidity and mortality rates ranging
from 0%-12% and 0%-7%, respectively.’** Two large meta-
analyses of flow-diverter treatment demonstrated morbidity rates
of 5.0%-7.3% and mortality rates of 2.8%—4.0%." Our study,
which is the largest clinical study of PED to date to our knowledge,
demonstrated a 30-day morbidity rate of 5.5% (44/793) and a
30-day mortality rate of 2.5% (20/793).

Posttreatment aneurysm rupture is a serious concern of flow-
diverter therapy. Concerns for postoperative aneurysm rupture
with flow diverters are so serious that Balt Extrusion issued a
medical device alert instructing practitioners not to use the Silk
flow diverter (Balt Extrusion, Montmorency, France) without
coils due to the “potential for patient death.”'? In their meta-
analysis of flow-diverter treatment, which included the PED and
Silk flow-diverter devices, Brinjikji et al” found an overall postop-
erative rupture rate of 4%, with an early rupture rate of 3% with a
significantly higher rupture rate in large and giant aneurysms.
Our study demonstrated a posttreatment rupture rate of <19%,
3/5 occurring among patients with giant aneurysms. While post-
operative rupture rates are minimal in patients with small and
large aneurysms, postoperative rupture remains a real and signif-
icant complication of Pipeline treatment in patients with giant
aneurysms.

Spontaneous IPH is a poorly understood complication of
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flow-diverter treatment. Hemorrhagic transformation of isch-
emic stroke, hemodynamic alteration from flow-diverter place-
ment, dual antiplatelet therapy, potential association with intrap-
rocedural foreign body emboli, and the significant role of P2Y12
receptor overinhibition are proposed mechanisms.®'*'>?* Prior
studies have reported rates ranging from 0% to 10% for this com-
plication.®?%**33 In their meta-analysis, Brinjikji et al® found an
IPH rate of 3.0%. Arrese et al' found a postoperative hemorrhage
rate of 1.8%, not stratifying by SAH and IPH. Our study found an
IPH rate of 2.4%. Similar to prior studies, our study found no
difference in IPH rates by aneurysm size or location.?

Ischemic strokes due to thromboembolism and perforator in-
farctions are well-described complications of flow-diverter treat-
ment. Ischemic stroke may result from stent wall thrombus
formation and occlusion, parent artery occlusion, or distal
thromboembolic events. Our study found an ischemic stroke
rate of 4.7%, with higher rates in posterior circulation aneu-
rysms compared with the ICA aneurysm <10-mm group
(7.3% versus 2.7%).">%2¢ Similar to Brinjikji et al,”> we also
found that the stroke rate increased with aneurysm size as pa-
tients with large and giant aneurysms had higher stroke rates
than those with small aneurysms. Intraoperatively, acute
thrombus formation can be mitigated by prompt injection of
glycoprotein ITb/IIIa platelet inhibitors; however, it is difficult to
reduce the long-term risk of thromboembolic events associated with
flow-diverter treatment.””

Endosaccular coiling (with or without stent assistance) is an
alternative to flow-diverter therapy. A systematic review of stent-
assisted coiling by McLaughlin et al*® found an intraprocedural
complication rate of 4.0%, a postprocedural thromboembolic
event rate of 4.3%, and a delayed in-stent stenosis rate of 5.3%.
These complication rates are similar to the findings of our study
on the PED. In a study of stent-assisted coiling in patients with
subarachnoid hemorrhage, Bodily et al’® found a clinically signif-
icant thromboembolic event rate of 6%. A meta-analysis by Sha-
piro et al*® found that the overall procedural complication rate
associated with stent coiling was 19%, the thromboembolic com-
plication rate was 10%, and the periprocedural mortality was



2.1%. In the Neuroform stent (Stryker Neurovascular, Kalama-
200, Michigan) experience in 284 patients, Fiorella et al*! re-
ported a cumulative ischemic stroke rate of 8.8% and a 2.8%
neurovascular death rate. They also reported that 15.1% of the
cases had major recanalization requiring retreatment. Piotin et
al*? reported results on the treatment of aneurysms with coils,
with and without stents, in 1137 patients. The rate of permanent
neurologic procedure-related complications was 7.4% of the
procedures with stents versus 3.8% in the procedures without
stents (P = .64). Procedure-induced mortality occurred in
4.6% of the procedures with stents versus 1.2% in the proce-
dures without stents (P = .006). The rate of thrombotic com-
plications in the stent group was 14.8%, accounting for 11.1%
of mortalities.*> Retrospective studies comparing flow diver-
sion with the PED with coiling (with and without stent assis-
tance) have demonstrated that the PED provides higher aneu-
rysm occlusion rates with similar morbidity and mortality
rates.>>*? In our study, anterior circulation aneurysms mea-
suring <10 mm had the lowest neurologic morbidity and mor-
tality rates (4.8%). These findings corroborate those of a pre-
vious study comparing the PED with stent-assisted coiling of
patients with small, unruptured anterior circulation aneu-
rysms, which demonstrated a complication rate of 5% in the
PED group and 3% in the stent-assisted coiling group.** Given
the wide range of treatment options available for the endovas-
cular treatment of intracranial aneurysms, careful study and
stratification of outcomes by aneurysm location and size are
recommended to determine the best treatment for each pa-
tient. Ultimately, further comparative studies, especially in the
case of small ICA aneurysms, are needed to determine which
subsets of intracranial aneurysms would benefit most from
PED placement compared with endosaccular coiling.

Limitations

Our study has limitations. It was a retrospective study in which
sites followed their standard of practice for treating aneurysms
with PED, and there was a wide range of treatment regimens (eg,
antiplatelet therapy) among centers. However, all study adverse
events collected were prespecified in the study protocol and were
adjudicated by the Adverse Events Review Committee to main-
tain consistency in the study results. Patients who underwent
failed embolization or who did not have follow-up were excluded
per the study design. There was no systematic imaging of patients
required in this study because sites were required to follow their
standard procedures. There was no protocol regarding the mini-
mum duration of follow-up, and follow-up timing was per stan-
dard of care for the treating physician and institution. Another
limitation of the study is that the reporting of major and minor
complications was based on the duration of symptoms, not their
severity or degree of disability. Information regarding manage-
ment of the major and minor complications was not collected. A
broad range of aneurysm types and sizes was included in this
registry (ie, saccular/blister/ruptured/fusiform/dissecting), and
subgroup analyses were not performed for the subset of blister/
fusiform/dissecting aneurysms in this study. Last, 38% of these
patients had been included in prior publications.

CONCLUSIONS

Our study suggests that the treatment of intracranial aneurysms
with PED is associated with the lowest complication rates when
used to treat small aneurysms of the ICA. The rates of procedural-
related morbidity and mortality are not negligible. Patients with
posterior circulation aneurysms and giant aneurysms are at
higher risk of ischemic stroke. Patients with large or giant aneu-
rysms are at higher risk of ischemic stroke and SAH compared
with small aneurysms. The neurologic morbidity and mortality
rate drops when patients with difficult-to-treat aneurysms (rup-
tured, dissecting, or fusiform) are excluded. The complication
rates with PED are comparable with those of other endovascular
treatment options such as stent-assisted coiling. These findings
should be considered when selecting the best therapeutic option
for intracranial aneurysms.
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ABSTRACT

BACKGROUND AND PURPOSE: Management of poor-grade subarachnoid hemorrhage is based on limited evidence from small single-
center retrospective observational studies. The purpose of this study was to undertake a single-center randomized controlled feasibility
trial comparing a strategy of early endovascular aneurysm treatment with treatment after neurologic recovery in this group of patients.

MATERIALS AND METHODS: Patients with poor-grade SAH were randomized within 24 hours of admission to early treatment or treatment
after neurologic recovery. If a patient was randomized to early treatment, the aneurysm was treated endovascularly within 24 hours of random-
ization. Recruitment rate, safety profile, and functional outcome at the time of discharge and at 6 months were assessed.

RESULTS: Fourteen of 51 patients screened were eligible for the trial. Of these 14, 8 patients were randomized (57%). All patients in the
early coiling arm received treatment within 24 hours of randomization. There was no treatment-related complication. Overall, good
outcome occurred in 25% of patients; the mortality rate was 75%. Patients in the early treatment arm (n = 5) had a good outcome rate of
20%, while those in treatment after neurologic recovery arm (n = 3) had a good outcome rate of 33.3%.

CONCLUSIONS: This was a feasibility study that demonstrated that recruitment and randomization for comparing management strate-
gies in poor-grade SAH are feasible. The recruitment rate among eligible patients was encouraging (57%), though a number of patients had
to be excluded due to ineligibility. A multicenter study is necessary to recruit the numbers required to compare the clinical outcomes of

these management strategies.

ABBREVIATIONS: ISAT = International Subarachnoid Aneurysm Trial; WFNS = World Federation of Neurosurgical Societies

Intracranial aneurysms are being treated with increasing fre-
quency by endovascular coiling. The International Subarach-
noid Aneurysm Trial (ISAT),! an international, multicenter, ran-
domized controlled trial comparing coiling with surgical clipping,
demonstrated that there was a 6.9% reduction of absolute risk and
a 22.6% reduction of relative risk of death or dependency at the
end of 1 year in the coiling arm. On the basis this finding, early
aneurysm coiling of patients with good-grade subarachnoid hem-
orrhage has become an established practice. Poor-grade SAHs
(World Federation of Neurosurgical Societies [WFNS] grades IV
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and V) were significantly under-represented in ISAT because
these patients are usually not considered for clipping unless they
have made substantial clinical improvement.> Although they
were not under-represented in the Barrow Ruptured Aneurysm
trial, this study did not assess treatment timing.* ISAT re-raised
the question of the balance of risks of aneurysm treatment in the
early days after poor-grade SAH but did not provide the data to
determine the answer.' Early coiling could potentially have the
advantage of reducing the rebleeding rate without the increased
treatment risks incurred by early surgical clipping in poor-grade
SAH patients.2 The benefit of such a strategy, however, cannot be
extrapolated from ISAT and should be supported by robust (ran-
domized controlled trial) data before being adopted as standard
practice. We have undertaken a single-center randomized paral-
lel-group feasibility trial between patients with poor-grade SAH
who were treated early with endovascular coiling and those who
were managed by the traditional method (ie, treated [coiled or
clipped] after clinical neurologic improvement) as a first step to-
ward answering this important question. The outcome measures
were the following: 1) recruitment rate, 2) trial safety assessed by



mortality and adverse event rates, and 3) distribution of 6-month
functional outcome measured by the modified Rankin Scale
score. This pilot study is expected to inform the design of a future
multicenter randomized controlled trial.

MATERIALS AND METHODS

Full approvals from the institutional ethics committee and hospi-
tal research and development department were obtained for the
trial.

Inclusion and Exclusion Criteria

The trial included patients older than 18 years admitted to the
neurosciences intensive therapy unit with WENS grade IV or V
SAH who were hemodynamically stable and whose next of kin
provided assent for inclusion.

Exclusion criteria were the following: 1) age older than 75
years, 2) signs of brain stem death not promptly reversed by anti-
cerebral edema treatment, 3) pure intraventricular hemorrhage,
4) large intracerebral hematoma requiring immediate clot evacu-
ation, 5) lack of clinical equipoise (ie, the treating clinician be-
lieved that there was a much greater benefit to be gained for that
patient by one or the other of the treatment arms), and 6)
pregnancy.

Trial Design and Randomization

Patients admitted to the intensive therapy unit were stabilized
from neurologic and cardiorespiratory points of view as per es-
tablished protocol. If the patient was initially admitted to a differ-
ent hospital, confirmation of the Glasgow Coma Scale score be-
fore intubation/ventilation was sought from the referral letter.
Once SAH was confirmed by imaging and the patient was stable,
the admitting neurosurgical/anesthetic team assessed them for
eligibility for the trial.

If the patient fulfilled the eligibility criteria, an appropriate
clinician (intensive therapy unit consultant/registrar or neurosur-
gical consultant/registrar or neuroradiology consultant/registrar)
discussed the trial and provided written information to the next of
kin. The clinician returned after an interval to allow adequate time
for reflection and obtained informed assent for the trial from the
next of kin.

If assent was not obtained from the next of kin, the reason was
documented.

A screening log was completed, recording the number of pa-
tients assessed, the number meeting the inclusion criteria, and the
number excluded because of the presence of =1 exclusion criteria
(and if excluded, the reason for it).

After obtaining assent, we performed randomization within
24 hours of admission to the intensive therapy unit. A random-
ized block design (with variable block sizes of 2, 4, and 6) was used
with 2 strata (hydrocephalus and no hydrocephalus) to ensure
that patients with significant hydrocephalus (as determined by a
requirement for CSF drainage) were equally distributed between
the 2 trial arms.

The 2 Trial Arms

Early Treatment Arm. If the patient was randomized to the early
treatment arm, the result of randomization was communicated to

the interventional neuroradiology team. Appropriate assent for
the coiling procedure was then obtained. If amenable to endovas-
cular treatment, the aneurysm was treated within 24 hours of
randomization.

Treatment after Clinical Improvement Arm. If the patient was
randomized to the treatment after clinical improvement arm, the
result was communicated to the intensive therapy unit and neu-
rosurgical team who continued managing the patient as per local
established protocol. If and when the patient’s neurologic status
improved to WENS grade IIT or better, the aneurysm was treated
appropriately. There was no specific time-delay criterion for an-
eurysm treatment in this arm.

Aneurysm Treatment

Standard local procedures for aneurysm treatment were followed.
Endovascular treatment of the aneurysms was performed with
biplane angiography equipment (Integris Allura; Philips Health-
care, Best, the Netherlands). All patients were treated under gen-
eral anesthetic and received a standard regimen of anticoagula-
tion with heparin. Balloon assistance was used as required. None
of the patients required a stent-assisted technique.

Follow-Up

Angiographic Follow-Up. Angiographic follow-up was per-
formed as per the local established protocol (5 and 24 months
following the coiling procedure).

Clinical Follow-Up. Patients were assessed for their functional
status at the time of discharge and at 6 months following ictus.
Assessment was performed by members of the endovascular team
blinded to the results of randomization on the basis of the modi-
fied Rankin Scale.

RESULTS

Screening and Recruitment

The study was performed in a single United Kingdom neurosci-
ences center. Fifty-one patients admitted to the intensive therapy
unit with poor-grade SAH were screened over 29 months (August
2008 to January 2011). Fourteen patients were found to be eligible
for the trial. Eight of 14 eligible were randomized for the study.
The other 6 could not be included because assent from the next of
kin could not be obtained. The recruitment rate among patients
eligible for the trial was therefore 57%, while the recruitment rate
of patients screened was 16%.

Thirty-seven patients were excluded from the study because
they did not meet the inclusion criteria. A number of factors were
responsible for patients being ineligible for the trial, which are
summarized in Table 1.

Five patients were randomized to the early treatment arm, and
3 patients were randomized to the treatment after recovery arm.

Demographics

Of the 8 patients included in the study, 4 were men and 4 were
women. The age of patients ranged between 26 and 64 years, with
an average age of 53 years. Of the 5 patients (3 women and 2 men)
randomized to early treatment, the age range was 26—64 years
with an average age of 53 years. Of the 3 patients (2 men and 1

AINR Am J Neuroradiol 3611620  Jan 2015 www.ajnr.org nz



Table 1: Reason for ineligibilitr for randomization among the
patients screened for the tria

Table 3: Summary of outcomes between early treatment and
treatment after recovery arms

Reason for Ineligibility No. %

Improvement of neurologic status before 8 23
randomization

Expiry of time window for randomization

Emergency clot evacuation

Hemodynamic instability

Beyond age range

Pure intraventricular hemorrhage

Signs of coning

Lack of equipoise

No aneurysm on CT angiogram (AVM found)

_ W wwh oo,
—_
=

Table 2: Treatment-unrelated adverse events

Treatment-Unrelated
Adverse Event No.

Aneurysm rebleeding
Hydrocephalus (early)
Hydrocephalus (late)
Intracerebral hematoma
Intraventricular hemorrhage
Diffuse cerebral edema

_ NN o U

woman) randomized to treatment after recovery, the age range
was 51-54 years, with an average age of 52 years.

Prerandomization Assessment

Five patients in the study had an admission WENS grade of V,
while 3 patients had an admission WENS grade of IV. Of patients
in the early treatment arm, 3 had a WENS grade of V and 2 had a
WENS grade of IV. Of patients in the treatment after recovery
arm, 2 patients had a WENS grade of V, while 1 had a WENS grade
of IV.

All patients included in the trial had a CT head study before
randomization. The Fisher grade of the admission CT was avail-
able in 7 of the 8 patients in the trial. All these CT studies demon-
strated Fisher grade 4 SAH.

Randomization

Patients were randomized within 5-24 hours of admission to the
intensive therapy unit (average, 11 hours). The mean time inter-
val between randomization and aneurysm treatment in patients
randomized to the early treatment arm was 9 hours 30 minutes
(range, 2 hours 15 minutes to 22 hours). Only 1 of the 3 patients
randomized to the treatment after recovery arm received aneu-
rysm treatment. The time interval between randomization and
aneurysm treatment in this patient was 21 hours.

Aneurysm Treatment and Adverse Events

Six of 8 patients in the study received endovascular treatment of
their aneurysms. Two patients (both in the treatment after neu-
rologic recovery arm) died before the aneurysm was treated. None
of the patients in the study received surgical clipping.

Of the patients who had endovascular aneurysm treatment,
there were no treatment-related adverse events. Adverse events
not related to treatment are summarized in Table 2. At the time of
randomization, 5 patients (3 in the early treatment arm and 2 in
the conventional arm) had hydrocephalus requiring surgical
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Early Treatment after
Treatment Arm Recovery Arm
No. of patients 5 3
WENS score on admission WENS IV-II WENS IV-I
WENS V-III WENS V-II
Good outcome 1(MRS) 1(MRS 0)
Poor outcome 4 (all MRS 6) 2 (all MRS 6)

drainage. Delayed hydrocephalus occurred in 1 patient (early
treatment arm).

Outcomes

Functional outcomes were assessed at the time of discharge and at
6 months following ictus with the modified Rankin Scale ques-
tionnaire. At the time of discharge, 1 patient had an mRS score of
2 and 1 had an mRS score of 3. The other 6 patients died (mRS 6).
At 6 months, 1 patient improved from mRS 2 to mRS 0 and the
other patient improved from mRS 3 to mRS 1. Therefore, the
overall good outcome (mRS 0-2) rate at 6 months was 25%, and
the poor outcome rate (mRS 3—6) at the same time was 75%. The
overall mortality rate was also 75%. The good outcome rate
in the early treatment arm was 20%, while the good outcome rate
in the treatment after recovery arm was 33% (Table 3).

DISCUSSION
Endovascular treatment is relatively less invasive than clipping
and has been demonstrated to improve outcome in patients with
good-grade SAH." As a result, a number of centers are now also
treating patients with poor-grade SAH with early endovascular
coiling. Several single-center, retrospective, nonrandomized
studies on early endovascular treatment of patients with poor-
grade SAH have been published,®'? as summarized in Table 4.
While these studies provide important data in understanding out-
comes in this group of patients, there are a number of difficulties
in interpreting their results. First, sizes of the studies are mostly
rather modest and vary widely, from 11° to 111 subjects.® Sec-
ond, the inclusion criteria are also extremely variable. For exam-
ple, while 1 study considers WENS grade IV and V to be poor-
grade,'? another study has only included WFNS grade V,® and
some have included patients on the basis of Hunt and Hess grades
4 and 5.>7%1° Significant heterogeneity also exists in outcome
measures and follow-up. A small majority of studies have used the
Glasgow Outcome Scale over the modified Rankin Scale. The fol-
low-up also varied between 6 months'? to up to 2 years.'® There
are also differences in the definition of good and poor
outcomes.”'?
With regard to neurosurgical studies, the International Coop-
erative Study” reported a good recovery rate in patients with poor-
grade SAH ranging from 10% to 33% in the various subgroups
based on the timing of surgery. Some smaller scale single-center
studies suggested that early surgical clipping may lead to better
results, but mostly in selected groups.>'>'* A study that included
patients with poor-grade SAH who did not receive aneurysm
treatment (ie, neither clipping nor coiling) reported a mortality
rate of 71%.">

Specifically lacking from the endovascular studies are data



Table 4: Summary of studies of patients with poor-grade subarachnoid hemorrhage treated with early endovascular coiling

No. of Good Mortality
Study (yr) Patients Methodology Outcome (%) Rate (%)
Bracard et al® (2002) 80 Included HH grades 4 and 5, good outcome GOS 1or 2, 52.5(GOS 1-2) 8.75 GOS 3 37.5
up to 1year follow-up
van Loon et al® (2002) 1l WENS grade V, outcome measure GOS, mean follow-up 36 18
12 months
Weir et al’ (2003) 27 HH grades 4 and 5, outcome assessed by mRS, mean follow-up 30 59
23 months
Jain et al® (2004) 13 Older than 70 yr, poor HH grades 4 and 5, outcome 15 47
measure GOS
Bergui and Bradac® 2004) 45 48 44
Suzuki et al'® (2006) m HH grades 4/5, outcome by mRS, follow-up =24 mo 351 324
Pereiera et al" (2007) 51 Outcome by GOS at 12 mo, GOS 1-3 considered good; 57 35
4-5, poor
Taylor et al" (201) 47 WENS grades IV/V, 6-month GOS for outcome 53 27

Note:—GOS indicates Glasgow Outcome Scale; HH, Hunt and Hess.

analogous to the evidence base for early clipping, which compares
coiling with conservative treatment; and the argument largely de-
pends on the extrapolated assumption that coiling is a benign
intervention. While the studies mentioned inform clinical prac-
tice in poor-grade SAH to a limited extent, significant uncertain-
ties still exist, and robust evidence in the form of a randomized
controlled trial is lacking.

The present study demonstrates that recruitment to such a
randomized controlled trial is feasible. The recruitment rate
among patients eligible for the study was encouraging (57%). The
recruitment rate among the total number of patients screened for
the study was much more modest at 16%. Screening and recruit-
ment in the current study were largely performed during normal
working hours, thus excluding a number of patients outside these
hours. As shown in Table 1, the most frequent reasons for ineli-
gibility (36%) were the following: 1) expiry of the time window
for randomization, and 2) improvement of neurologic status be-
fore the patient could be randomized. If patient screening and
recruitment are supported by the research staff 7 days a week, a
higher recruitment rate would be realistic.

The study set out to assess the safety of conducting a random-
ized controlled trial in this group of patients. Six of 8 patients in
the study underwent endovascular aneurysm treatment, while the
other 2 died before aneurysm treatment. None of the patients
undergoing endovascular treatment had any treatment-related
complication; this finding suggests that a trial such as the present
one is safe to conduct. As expected, a proportionately high num-
ber of disease-related adverse events did occur (Table 2). With
regard to the feasibility of performing early coiling within the
stipulated timeframe, the average time from randomization to
treatment in patients in the early treatment arm was 9 hours 30
minutes, which suggests that the trial requirement of a maximum
of 24 hours between randomization and treatment is achievable.
No patient in this study had to be excluded because of noncom-
pliance to this requirement.

Hydrocephalus is often thought to be the cause of incorrect
WENS grading and, therefore, incorrect classification as poor-
grade SAH. To identify “true” poor-grade SAH, some centers ad-
vocate sedation-reversal followed by formal neurologic assess-
ment.” However sedation-reversal increases the risk of aneurysm
rebleed, and postreversal neurologic assessment introduces delay
into the process of randomization and treatment, making it diffi-

cult to study the benefits of early treatment. In this study, the
decision regarding sedation-reversal has been left to the intensive
therapy unit team. If a patient’s postreversal neurologic status
improved rapidly to the extent that he or she no longer had a
poor-grade SAH, then the patient was not randomized. If a pa-
tient was randomized, then he or she remained in the allocated
trial arm regardless of the speed of recovery. Hydrocephalus was
used as a stratification criterion to ensure that an equal propor-
tion of patients with hydrocephalus were included in the 2 arms
and that the outcomes were not skewed by this factor.

The overall mortality rate in this study was 75%, which is
higher than that in many reported series. This is most probably
due to the small size of this study and possible bias toward ran-
domizing more patients with grade V than with grade IV. Most
patients in this study had admission WENS grades V; and 5 of 6
patients who died had an admission WENS grade of V.

Although the numbers are small, our experience suggests that
the benefit of early endovascular treatment in a poor-grade SAH
population should not be assumed unless there are robust multi-
center randomized controlled trial data to support it. In this
study, the good outcome rate in the treatment after recovery arm
(33%) was better than that in the early coiling arm (20%).

CONCLUSIONS

This study suggests that a randomized controlled trial to evaluate
the best management strategy in patients with poor-grade SAH is
safe and feasible. While the recruitment rate among eligible pa-
tients was encouraging, a significant number of patients could not
be randomized due to expiry of the time window for randomiza-
tion and lack of assent. A fully resourced multicenter study should
be able to address these issues and recruit sufficient numbers to
achieve robust outcome data.
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Rescue Treatment of Thromboembolic Complications during
Endovascular Treatment of Cerebral Aneurysms:
A Meta-Analysis

W. Brinjikji, S.F. Morales-Valero, M.H. Murad, HJJ. Cloft, and D.F. Kallmes
s =

ABSTRACT

BACKGROUND AND PURPOSE: Intraprocedural thrombus formation during endovascular treatment of intracranial aneurysms is often
treated with glycoprotein IIb/llla inhibitors and, in some instances, fibrinolytic therapy. We performed a meta-analysis evaluating the
safety and efficacy of GP Ilb/Illa inhibitors compared with fibrinolysis. We also evaluated the safety and efficacy of abciximab, an
irreversible inhibitor, compared with tirofiban and eptifibatide, reversible inhibitors of platelet function.

MATERIALS AND METHODS: We performed a comprehensive literature search for studies on rescue therapy for intraprocedural throm-
boembolic complications with glycoprotein IIb/llla inhibitors or fibrinolysis during endovascular treatment of intracranial aneurysms. We
studied rates of periprocedural stroke/hemorrhage, procedure-related morbidity and mortality, immediate arterial recanalization, and
long-term good clinical outcome. Event rates were pooled across studies by using random-effects meta-analysis.

RESULTS: Twenty-three studies with 516 patients were included. Patients receiving GP lIb/Illa inhibitors had significantly lower
perioperative morbidity from stroke/hemorrhage compared with those treated with fibrinolytics (11.0%; 95% Cl, 7.0%-16.0% versus
29.0%; 95% Cl, 13.0%—55.0%; P = .04) and were significantly less likely to have long-term morbidity (16.0%; 95% Cl, 11.0%—21.0% versus
35.0%; 95% Cl,17.0%—58.0%; P = .04). There was a trend toward higher recanalization rates among patients treated with glycoprotein
IIb/Illa inhibitors compared with those treated with fibrinolytics (72.0%; 95% Cl, 64.0%—78.0% versus 50.0%; 95% Cl, 28.0%—73.0%;
P = .08). Patients receiving tirofiban or eptifibatide had significantly higher recanalization rates compared with those treated with
abciximab (83.0%; 95% Cl, 68.0%-91.0% versus 66.0%; 95% Cl, 58.0%—74.0%; P = .05). No difference in recanalization was seen in
patients receiving intra-arterial (77.0%; 95% Cl, 66.0%—85.0%) or intravenous GP lIb/llla inhibitors (70.0%; 95% Cl, 57.0%—80.0%,
P = 36).

CONCLUSIONS: Rescue therapy with thrombolytic agents resulted in significantly more morbidity than rescue therapy with glycoprotein
llb/Illa inhibitors. Tirofiban/eptifibatide resulted in significantly higher recanalization rates compared with abciximab.

ABBREVIATIONS: GP lib/llla = glycoprotein IIb/Illa; IA = intra-arterial; TIMI = Thrombolysis in Myocardial Infarction

eriprocedural thromboembolic complications from endovas-
Pcular treatment of intracranial aneurysms occur in 2%-15%
of patients." Intraprocedural thrombus formation is often treated
with pharmacologic rescue, by using intra-arterial or intravenous
administration of glycoprotein IIb/IITa (GP IIb/IIIa) inhibitors or
fibrinolytics. The primary goal of rescue therapy is to recanalize
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the artery to avoid permanent neurologic deficits. Many studies
have described intraprocedural administration of GP IIb/IIIa in-
hibitors and thrombolytic agents during endovascular treatment
of intracranial aneurysms. Some studies have suggested that pa-
tients receiving GP IIb/IIIa inhibitors have better outcomes than
those treated with fibrinolytic therapy. Studies have also exam-
ined the comparative efficacy of irreversible GP IIb/IIIa inhibitor
agents (abciximab) and reversible agents (tirofiban/eptifibatide)
and the comparative efficacy of intra-arterial and intravenous ad-
ministration of GP IIb/IIIa inhibitors, but they have not demon-
strated any significant differences in recanalization rates and out-
comes.”? Overall however, the evidence is limited to small case
series. We performed a meta-analysis of the literature examining
angiographic and clinical outcomes in patients treated with GP
IIb/IIIa inhibitors and fibrinolytic therapy for intraprocedural
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Table 1: Rescue therapy outcomes with GP Iib/Illa inhibitors versus fibrinolytics

Outcome GP lib/Illa Inhibitor % (95% Cl) 1> Fibrinolytic % (95%Cl) 1> P Value
Postoperative clinical stroke 14.0 (8.0-23.0) 65 27.0 (11.0-51.0) 53 .20
Postoperative infarct on imaging 28.0(19.0-39.0) 56 39.0(19.0-63.0) 0 42
Postoperative hemorrhage 7.0 (4.0-10.0) 0 14.0 (6.0-31.0) 26 12
Perioperative morbidity from stroke/hemorrhage 1.0 (7.0-16.0) 10 29.0 (13.0-55.0) 55 .04
Perioperative mortality from stroke/hemorrhage 6.0 (4.0-9.0) 0 12.0(5.0-25.0) 0 16
Long-term good neurologic outcome 82.0 (78.0-86.0) 0 65.0 (42.0-83.0) 43 .07
Long-term morbidity 16.0 (1.0-21.0) 13 35.0 (17.0-58.0) 43 .04
Recanalization rate 72.0 (64.0-78.0) 49 50.0 (28.0-73.0) 37 .08

thrombus formation during intracranial aneurysm treatment.*
We also performed subgroup analyses to compare outcomes of
patients treated with abciximab versus tirofiban/eptifibatide and
those treated with intra-arterial (IA) and intravenous GP IIb/IIIa
rescue therapy.

MATERIALS AND METHODS
A comprehensive literature search of the data bases PubMed,
Ovid MEDLINE, and Ovid EMBASE was designed and conducted
by an experienced librarian with input from the authors. The key
words “intracranial aneurysm,”
brinolytic,” “tPA,” “glycoprotein IIb/IIIa,

“thromboembolic,” and “rescue” were used in both “AND” and

endovascular therapy,” “fi-

» «

abciximab,” “coil,”

“OR” combinations. The search was limited to articles published
from 1990 to January 2014 in the English language only. All stud-
ies reporting patients treated with GP IIb/IIIa inhibitors or fibri-
nolysis during endovascular treatment of intracranial aneurysms
were selected. The inclusion criteria were the following: a series of
>5 patients, with available data on periprocedural complications
and angiographic outcomes. Studies performed by using admin-
istrative/insurance data bases were excluded. Two reviewers inde-
pendently selected the included studies. For each study, we inde-
pendently extracted the following information: recanalization
rate, perioperative clinical stroke, perioperative infarct on imag-
ing, perioperative hemorrhage, perioperative morbidity and mor-
tality from stroke/hemorrhage, long-term good neurologic out-
come, and long-term morbidity. Perioperative complications
were identified as those that occurred within 30 days of the pro-
cedure. The recanalization rate was defined as a Thrombolysis in
Cerebral Infarction score of =2 or a Thrombolysis in Myocardial
Infarction (TIMI) score of =2. In cases in which patients under-
went rescue therapy for a TIMI/TICI score of 2, recanalization was
defined as a 1-point improvement in the recanalization rate. In
series in which TIMI/TICI scores were not provided, recanaliza-
tion was defined by using the words “near-complete or complete
recanalization.” Patients included in the long-term outcome anal-
ysis required a minimum of 3 months of follow-up. Good clinical
outcome was defined as an mRS score of =<2.

The primary objective of this study was to compare outcomes
among patients treated with GP IIb/Illa inhibitors and those
treated with fibrinolytics. For this comparison, we did not control
for the method of administration (IV or IA) or the drug used (e,
abciximab, tirofiban, eptifibatide, recombinant tissue plasmino-
gen activator, streptokinase, and so forth). We performed 2 sub-
group analyses: 1) comparing outcomes of patients treated with
large-molecule/irreversible GP IIb/IIla inhibitors (abciximab)
with those treated with small-molecule/reversible GP IIb/I11a in-
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hibitors (tirofiban/eptifibatide), and 2) comparing outcomes of
patients receiving IA GP IIb/IIla inhibitors versus IV GP IIb/IIIa
inhibitors.

Statistical Analysis

Most of the included studies were noncomparative. Therefore, we
estimated from each cohort the cumulative incidence (event rate)
and 95% confidence interval for each outcome. Event rates for
each intervention were pooled in a meta-analysis across studies by
using the random-effects model.” In this model, studies are
weighted by the inverse of their variance (ie, larger studies will
have larger weight). The incidence rates of the different outcomes
were compared between GP IIb/IIla cohorts and fibrinolytic
treatment cohorts by using an interaction test as described by
Altman and Bland.® Additional comparisons were made between
abciximab and tirofiban/eptifibatide and between IA versus IV
GP IIb/IMTa inhibitors. Heterogeneity of the treatment effect
across studies was evaluated by using the I* statistic.”

RESULTS

Literature Review

Studies included in our literature review are summarized in the
On-line Table. Our literature search yielded 623 articles; 562 ar-
ticles were excluded after reading the abstract alone. Twenty-one
studies were excluded for not meeting our minimum size crite-
rion of =5 patients. Seventeen studies were excluded because they
reported rescue therapy during endovascular procedures other
than aneurysm treatment. Twenty-three studies met our inclu-
sion criteria. In total, 533 patients were included in this study.
Four hundred eighty patients received GP IIb/IIla inhibitors
(90.0%), and 63 patients (11.8%) received fibrinolytic therapy.
Eighteen studies provided the proportion of patients during the
study time period receiving rescue therapy for thromboembolic
complications. From these studies, 444/7276 (6.1%) received res-
cue therapy. Among patients receiving Gp IIb/IIIa inhibitors, 322
patients received abciximab and 145 patients received either tiro-
fiban or eptifibatide. One hundred forty-nine patients received IV
GP IIb/IITa inhibitors, and 284 patients received IA GP IIb/IIIa
inhibitors.

GP IIb/llla versus Fibrinolytics

Outcomes for GP IIb/I1Ia inhibitors versus fibrinolytic therapy
for rescue treatment are summarized in Table 1. The postop-
erative clinical stroke rate was 14.0% (95% CI, 8.0-23.0) for
patients treated with GP IIb/IIIa inhibitor compared with
27.0% (95% CI, 11.0-51.0) for those treated with fibrinolytics
(P = .20). The postoperative hemorrhage rate was 7.0% (95%



Table 2: Rescue therapy outcomes with GP lIb/Illa inhibitors: abciximab versus tirofiban/eptifibatide

Outcome Abciximab % (95% ClI)  I*>  Tirofiban/Eptifibatide % (95% Cl)  I*> P Value
Postoperative clinical stroke 14.0 (8.0-25.0) 50 13.0 (4.0-33.0) 77 .86
Postoperative infarct on imaging 28.0(19.0-39.0) 44 37.0(9.0-76.0) 81 .67
Postoperative hemorrhage 7.0 (4.0-10.0) 0 14.0 (6.0-31.0) 26 12
Perioperative morbidity from stroke/hemorrhage 12.0 (8.0-18.0) 4 8.0(4.0-16.0) 3 30
Perioperative mortality from stroke/hemorrhage 6.0 (4.0-10.0) 0 6.0 (3.0-12.0) 0 16
Long-term good neurologic outcome 85.0(79.0-89.0) 0 78.0 (69.0-85.0) 0 15
Long-term morbidity 14.0 (9.0-21.0) 15 18.0 (1.0-29.0) 19 37
Recanalization rate 66.0 (58.0-74.0) 32 83.0 (68.0-91.0) 60 .05
Table 3: Rescue therapy outcomes with GP I1b/Illa inhibitors: IA versus IV administration
Outcome 1A GP lIb/Illa % (95% Cl) I? IV GP lIb/1lla % (95% Cl) 1 P Value
Postoperative clinical stroke 14.0 (7.0-26.0) 70 14.0 (8.0-26.0) 0 .94
Postoperative infarct on imaging 33.0(20.0-50.0) 58 23.0 (13.0-36.0) 28 30
Postoperative hemorrhage 5.0 (3.0-9.0) 0 7.0 (3.0-15.0) 18 .66
Perioperative morbidity from stroke/hemorrhage 10.0 (7.0-15.0) 0 13.0 (6.0-27.0) 34 .57
Perioperative mortality from stroke/hemorrhage 6.0 (4.0-10.0) 0 8.0 (4.0-14.0) 0 53
Long-term good neurologic outcome 83.0 (76.0-88.0) 0 78.0(69.0-85.0) 10 37
Long-term morbidity 14.0 (10.0-21.0) 0 17.0 (1.0-25.0) 2 .56
Recanalization rate 77.0 (66.0-85.0) 58 70.0 (57.0-80.0) 33 36
CI, 4.0-10.0) for patients treated with GP IIb/IIla inhibitors DISCUSSION

compared with 14.0% (95% CI, 6.0-31.0) for those treated
with thrombolytics (P = .12). Perioperative morbidity from
stroke/hemorrhage was significantly higher in the fibrinolytics
group (29.0%; 95% CI, 13.0-55.0) compared with the GP IIb/
[Ta group (11.0%; 95% CI, 7.0-16.0; P = .04). Long-term
morbidity was significantly higher in the fibrinolytics group
(35.0%; 95% CI, 17.0-158.0) compared with the GP IIb/IIla
group (16.0%; 95% CI, 11.0-21.0; P = .04). There was a trend
toward significantly higher recanalization rates with GP IIb/
IITa inhibitors (72.0%; 95% CI, 64.0-78.0) compared with fi-
brinolytics (50.0%; 95% CI, 28.0-73.0; P = .08).

Abciximab versus Tirofiban/Eptifibatide

Comparison of outcomes of patients receiving abciximab and ti-
rofiban/eptifibatide are summarized in Table 2. Patients receiving
tirofiban/eptifibatide had significantly higher recanalization rates
(83.0%; 95% CI, 68.0-91.0) compared with those receiving ab-
ciximab (66.0%; 95% CI, 58.0—74.0; P = .05). Patients treated
with tirofiban/eptifibatide had a non-statistically significant
higher rate of postoperative hemorrhage (14.0%; 95% CI, 6.0—
31.0) compared with those treated with abciximab (7.0%; 95% CI,
4.0-10.0; P = .12). No difference was seen in perioperative mor-
bidity and mortality or long-term morbidity.

Intra-Arterial versus Intravenous GP lIb/Illa Inhibitors

Comparison of outcomes of TA versus IV GP IIb/I1Ia inhibitors is
summarized in Table 3. No difference in the recanalization rate
was seen on the basis of the method of administration of GP
IIb/1Ta inhibitors because patients treated with IA therapy had a
recanalization rate of 77.0% (95% CI, 66.0—85.0) and those
treated with IV therapy had a recanalization rate of 70.0%
(95% CI, 57.0—80.0; P = .36). Clinical outcomes and compli-
cation rates did not differ by method of GP IIb/IIIa inhibitor

administration.

Our systematic review of rescue therapy for the treatment of in-
traoperative thromboembolic complications in the setting of an-
eurysm coiling demonstrated higher rates of short- and long-term
morbidity among patients treated with fibrinolysis relative to
those receiving GP IIb/IIla inhibitors. In addition, we found a
trend toward improved recanalization rates with GP IIb/IIIa in-
hibitors compared with thrombolytics. Patients receiving tiro-
fiban/eptifibatide had significantly higher recanalization rates
compared with those receiving abciximab; however, no difference
was seen in clinical outcomes. No difference in outcome was seen
among patients receiving intra-arterial and intravenous rescue
therapy with GP IIb/Illa inhibitors. These data should prompt
practitioners to avoid fibrinolytics in place of GP IIb/IIla agents
for rescue therapy during coil embolization.

In most case series, the rate of rescue therapy for thromboem-
bolic complications ranged between 5% and 10%."**'° Our sys-
tematic review found that approximately 6% of patients received
rescue therapy during the treatment of intracranial aneurysms.
Clinical outcomes of patients receiving GP IIb/IIIa inhibitors and
fibrinolytics are variable. In a study of 592 patients undergoing
rescue therapy in a large administrative data base, Brinjikji et al*
found that patients with unruptured aneurysms receiving fibrino-
Iytics had significantly higher rates of discharge to institutions
other than home (37.5% versus 7.4%). Patients with ruptured
aneurysms receiving fibrinolytics had significantly higher rates of
in-hospital mortality (26.0% versus 14.5%) and discharge to in-
stitutions other than home (59.4% versus 36.5%). Our study
found significantly higher rates of short- and long-term morbid-
ity among patients receiving fibrinolytic therapy for rescue treat-
ment. Furthermore, there was a trend toward improved recanali-
zation rates among patients treated with GP IIb/IIIa inhibitors.

The infarction rate among patients receiving rescue therapy
ranges between 10% and 40%, with higher rates generally seen in
studies with postoperative MR imaging.">*'® In a series of 477
patients with 515 intracranial aneurysms, Ries et al' reported that
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48 patients (10%) had thromboembolic events, 42 of these pa-
tients received rescue therapy with GP IIb/IIIa inhibitors, and 1
patient received rescue therapy with rtPA. Of the patients who did
not receive rescue therapy, 3/5 had infarcts, while 31% of patients
receiving GP IIb/IIIa inhibitor rescue therapy had infarctions on
CT. Linfante et al'®> found that approximately 10% of patients
undergoing endovascular embolization of intracranial aneurysms
required intra-arterial GP IIb/IIla inhibitor rescue therapy, with
an infarct and hemorrhage rate of 0%. Many prior studies that
have demonstrated high infarct rates on postoperative imaging
also show that many of these infarcts are clinically silent."®'* In
our study, there was no significant difference in the rate of clinical
stroke and infarction on imaging between patients treated with
GP IIb/1IIa inhibitor and those receiving thrombolytics.

The efficacy of small-molecule/reversible GP IIb/IIIa inhibi-
tors (tirofiban/eptifibatide) relative to the large-molecule/irre-
versible inhibitor (abciximab) has not been well-established. One
might assume that reversible, competitive inhibitory agents such
as tirofiban/eptifibatide may lose potency, thus leading to de-
creased recanalization rates. In a meta-analysis of abciximab ver-
sus small-molecule GP IIb/IIIa inhibitors among patients receiv-
ing percutaneous coronary interventions, Gurm et al* found no
difference in clinical and angiographic outcomes between these 2
agents. In a large randomized controlled trial of abciximab versus
eptifibatide for coronary revascularization, Zeymer et al*' found
similar safety and efficacy rates between the 2 drugs. We found
significantly higher recanalization rates, with no difference in
clinical outcome, when comparing small-molecule GP IIb/IIIa
inhibitors and abciximab.

The efficacy of intravenous-versus-intra-arterial administra-
tion of GP IIb/IITa inhibitors for rescue therapy is also not well-
established. One might assume that local intra-arterial adminis-
tration of GP IIb/IIIa inhibitors at the site of thrombus formation
would yield higher recanalization rates and thus improved clinical
outcomes due to increased local concentrations of the therapeutic
agent. A number of studies in the cardiology literature, in which
GP IIb/IIIa inhibitors are routinely used in percutaneous coro-
nary intervention, have examined the safety and efficacy of both
the route and type of GP IIb/IIIa inhibitor administration. In a
meta-analysis of randomized controlled trials of intracoronary
versus intravenous administration of glycoprotein IIb/IIIa inhib-
itors during percutaneous coronary intervention for acute coro-
nary syndrome, Friedland et al** found that intracoronary
administration resulted in higher recanalization rates and
short-term mortality after intervention. Fu et al** found that in-
tracoronary administration increased coronary flow and myocar-
dial reperfusion but did not improve outcomes compared with
intravenous administration. While intra-arterial administration
of GP IIb/I1Ia inhibitors may lead to higher concentrations of the
agent at the site of the thrombus, an intravenous bolus of GP
IIb/IIa inhibitors has been found to reduce platelet aggregation
to <20% within 10 minutes of administration.* It may be that
intra-arterial administration is beneficial only in the short term,
which may not be sufficient to provide clinical benefit. Our study
found no differences in recanalization or clinical outcomes be-
tween patients receiving IA or IV GP IIb/IIIa inhibitors.
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Limitations

Our study has limitations. The data on which this meta-analysis is
based are affected by publication bias. Studies with favorable re-
sults are more likely to be published. Moreover, the limitations of
single-center experiences for selection bias and potential compli-
cation under-reporting are well-known. Many details were lack-
ing from the studies included in our analysis. For example, many
studies did not provide TICI/TIMI grading for vessel recanaliza-
tion. We did not stratify outcomes on the basis of aneurysm rup-
ture status. Reporting of long-term neurologic outcomes was in-
consistent across studies. In addition, many of the series analyzed
and included in our analysis were cases collected during several
years, and it is possible that complication rates have improved as
a result of increased operator experience and skill and improved
devices and technology. Regarding the method of GP IIb/I1Ia ad-
ministration, there was variation in how intravenous doses were
administered (loading dose alone, loading dose plus drip, or drip
alone). The comparisons reported in this meta-analysis are made
across studies, not within studies; this difference greatly weakens
inference. Most of the studies in our analysis were noncompara-
tive, and groups were not randomized. An ideal meta-analysis
comparing variable pharmacologic therapies would include only
comparative studies with randomized groups. Overall, the quality
of the studies included in this analysis was low. If one used the
Grading of Recommendations, Assessment, Development, and
Evaluation framework, the quality of evidence (confidence in es-
timates) is very low because of imprecision, heterogeneity, and

methodologic limitations of the included studies.*>*”

CONCLUSIONS

In this study, rescue therapy with GP IIb/IIIa inhibitors is associ-
ated with less long- and short-term morbidity compared with
fibrinolytics for rescue therapy during intracranial aneurysm coil-
ing. Our meta-analysis suggests that eptifibatide/tirofiban treat-
ment results in significantly higher recanalization rates than treat-
ment with abciximab. No difference in outcome was seen on the
basis of the method of administration of GP IIb/IIIa inhibitors.
Further clinical trials might study the relative safety and efficacy of
various GP IIb/IIla inhibitors and methods of administration to
help determine the best treatment for intraprocedural thrombo-
embolic complications during intracranial aneurysm treatment.
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INTERVENTIONAL

One-Year MR Angiographic and Clinical Follow-Up after
Intracranial Mechanical Thrombectomy Using a Stent Retriever
Device

F. Eugéne, J.-Y. Gauvrit, J.-C. Ferré, J.-C. Gentric, A. Besseghir, T. Ronziére, and H. Raoult

ABSTRACT

BACKGROUND AND PURPOSE: Little is known about the consequences of arterial wall damage that may be due to mechanical endo-
vascular thrombectomy. Our aim was to perform T-year MR angiographic and clinical follow-up of patients treated with mechanical
endovascular thrombectomy using the Solitaire device.

MATERIALS AND METHODS: Patients with stroke treated between August 2010 and July 2012 were prospectively evaluated with a
minimum follow-up of 1year after mechanical endovascular thrombectomy. Angiographic follow-up was performed on a 3T MR imaging
scanner and included intracranial artery TOF MRA and supra-aortic artery gadolinium-enhanced MRA. Images were assessed to detect
arterial abnormalities (stenosis, occlusion, dilation) and were compared with the final post-mechanical endovascular thrombectomy run to
differentiate delayed and pre-existing abnormalities. Clinical evaluation was performed with the mRS and the 36-Item Short-Form Health
Survey questionnaire quality-of-life scale.

RESULTS: Thirty-nine patients were angiographically assessed at the mean term of 19 = 4 months. MRA showed intracranial artery
abnormalities in 10 patients, including 5 delayed intracranial artery abnormalities in 4 patients (4 stenoses and 1 dilation), 4 cases of
pre-existing intracranial artery stenosis, and 2 occlusions. Pre-existing etiologic cervical artery stenosis or occlusion was observed in 2
patients. All these patients remained asymptomatic during the follow-up period. A significant clinical improvement was observed at 1-year
follow-up in comparison with 3-month follow-up (P <.0001), with a good outcome achieved in 62.5% of patients and an acceptable quality
of life restored.

CONCLUSIONS: One-year follow-up identifies delayed asymptomatic arterial abnormalities in patients treated with the Solitaire
device.

ABBREVIATIONS: FU = follow-up; MET = mechanical endovascular thrombectomy; SF-36 = 36-Item Short-Form Health Survey Questionnaire; TOAST = Trial of
Org 10172 in Acute Stroke Treatment

S tent-based devices have proved particularly efficient for
achieving fast, safe, and successful recanalization in proximal
artery occlusion,' with recanalization rates of approximately
80%—90% by using the Solitaire device (Covidien, Irvine, Califor-
nia).' > Until now, evaluation of mechanical endovascular throm-
bectomy (MET) safety and efficacy has mainly relied on short-
term 3-month clinical follow-up, but no data have been available
about angiographic arterial changes related to MET procedures or
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stroke etiology and their possible correlation with clinical changes
on long-term follow-up (FU).

In animal models, MET was shown to be responsible for vas-
cular damage,”” depending on the device type, proving less fre-
quent with wall-contact devices such as stent retrievers than with
aspiration ones.® The only published short-term angiographic
follow-up study after MET by using various devices reported
0.9% arterial occlusion and 3.4% de novo stenosis. All cases were
asymptomatic and identified as a consequence of arterial wall
damage likely due to MET.® Yet arterial stenosis may evolve with
time and lead to clinical decline. It, therefore, seems relevant to
assess angiographic vascular status and changes and to correlate
any changes with clinical outcomes in patients treated with stent
retrievers.

The purpose of this study was to perform 1-year 3T MR an-
giographic FU of patients treated with a Solitaire device to identify
potential wall damage. Angiographic data were correlated with



clinical FU data on the basis of both functional and quality-of-life
evaluation criteria.

MATERIALS AND METHODS

Patient Identification

Ethics approval for this study was granted by the institutional
review board after review of the stroke protocol. Informed con-
sent was obtained from all patients before the FU MR imaging.
Consecutive patients treated with MET by using a Solitaire stent
between August 2010 and July 2012 were included. Angiographic
and clinical FU was systematically performed with a minimum
follow-up of 1 year after MET.

Patients were eligible for an endovascular procedure ac-
cording to the institutional stroke protocol if they met the
following inclusion criteria: feasibility of thrombectomy
within 6 hours of symptom onset for anterior circulation oc-
clusion or within 24 hours for posterior circulation occlusion,
proximal thrombus on MR imaging or angio-CT, with no limit
in terms of age, initial NIHSS score, or the size of the infarct on
imaging.

The exclusion criteria were as follows: comorbidity with poor
prognosis (neoplasia, cardiac or respiratory failure) or hemor-
rhagic event as shown on initial imaging.

Within 4.5 hours of symptom onset, all eligible patients re-
ceived an intravenous thrombolysis bolus according to the gener-
ally accepted inclusion and exclusion criteria. MET was per-
formed either immediately after intravenous thrombolysis
(“combined therapy”), 1 hour after initiation of intravenous
thrombolysis if no clinical improvement was observed (“rescue
therapy”), or otherwise as “stand-alone” therapy when the patient
was not eligible for intravenous thrombolysis.> Combined or res-
cue therapy was performed according to the time from symptom
onset and the location of the occlusion, as in the REscue, COm-
bined and Stand-alone Thrombectomy (RECOST) study,” or the
terms of the protocol if the patient was enrolled in a randomized
trial.

Treatment Protocol

All procedures were performed by a neurointerventionalist on a
biplanar system (Allura; Philips Healthcare, Best, Netherlands)
with the patient under general anesthesia, with a target systolic
blood pressure of above 140 mm Hg,” and by using a femoral
artery approach. For anterior circulation occlusions, a 6F or 8F
guide catheter (Envoy; Codman & Shurtleff, Raynham, Massa-
chusetts) was inserted into the target carotid artery. We preferred
8F guide catheters to achieve fast and effective recanalization
when the procedure was performed by a lone practitioner. For
posterior circulation occlusions, a 6F guide catheter was inserted
into the dominant, or navigable, vertebral artery. The guide cath-
eter was injected with nimodipine (15-mL nimodipine [Nimo-
top]/L of sodium chloride). A 0.021-inch inner lumen Rebar-18
microcatheter (Covidien) was carefully navigated through the
thromboembolic occlusion over a 0.014-inch steerable Transend
microwire (Stryker, Kalamazoo, Michigan) under fluoroscopic
control. A microcatheter angiographic run was subsequently per-
formed to confirm the correct position of the microcatheter distal

to the thrombus. The microwire was replaced by the Solitaire FR
(Covidien) mechanical thrombectomy retrievable stent (4 X 15
mm or 4 X 20 mm). The Solitaire FR was fully deployed, and
angiographic runs were performed to check for correct placement
and expansion of the device and flow restoration. The fully de-
ployed Solitaire FR was maintained in place for 5-7 minutes, and
the stent and microcatheter were then removed. During retrieval,
manual aspiration was performed with a 60-mL syringe to reverse
the flow and remove any clot debris in the guide catheter lumen. If
necessary, up to 5 Solitaire passes were performed.

Neither intra-arterial rtPA nor any device other than Solitaire
was used.

In the case of underlying arterial stenosis at the cerebral occlu-
sion site or in the involved cervical artery, additional angioplasty
by using a balloon and possibly permanent stent placement was
performed at the discretion of the operator.

All patients were admitted to the intensive stroke care unit for
at least 24 hours, where neurologic deficits were monitored and
care followed the European Guidelines (http://www.eso-stroke.
org) on acute stroke care. Secondary preventive treatments were
administered according to the applicable European Guidelines.

Baseline Neuroradiologic Evaluation and Follow-Up

The baseline neuroradiologic data retrieved included the follow-
ing: infarct extension on pretreatment imaging (lesions were con-
sidered severe if the DWI-ASPECTS was <5 for anterior circula-
tion occlusion’ or >3 according to the scale of Renard et al'® for
posterior circulation occlusion), details of the recanalization pro-
cedure (number of passes; occurrence of dissection, vaso-
spasm, or extravasation; and procedural time defined as the
interval between femoral puncture and the last angiographic
run), and time to recanalization (between symptom onset and
the first Solitaire deployment*). Good recanalization after
MET was defined with a Thrombolysis in Cerebral Infarction
score of 2b or 3.

A CT scan was obtained immediately after the procedure in the
angiography suite to screen for immediate hemorrhagic transfor-
mation or any unforeseen procedural complications and after 24
hours to detect intracranial hemorrhage.'?

One-year FU MR imaging was prospectively performed from
July 2012 to January 2013 on a 3T system (Magnetom Verio;
Siemens, Erlangen, Germany) including DWI, axial FLAIR, high-
resolution arterial wall axial TSE T2WI (TE/TR = 80/3000 ms,
FOV = 180, voxel = 0.4 X 0.5 X 1.7, time of acquisition = 4
minutes 48 seconds), axial gradient-recalled echo T2 sequences, 3D
TOF (TE/TR = 3.5/25ms, FOV = 200, voxel = 0.4 X 0.6 X 0.5, time
of acquisition = 3 minutes 46 seconds), and 3D BolusTrak gado-
linium-enhanced supra-aortic artery MR angiography (FOV =
320, voxel = 0.7 X 0.7 X 0.7, time of acquisition = 0 minutes 44
seconds).'>'*

Indeed, MRA is a noninvasive imaging tool and, at 3T, has
proved reliable for detecting intracranial stenosis in compari-
son with DSA."® MR images were analyzed in consensus by 2
experienced neuroradiologists (J.-Y.G., H.R.) to detect stroke
recurrence or hemorrhagic lesions in comparison with pre-
treatment MR imaging. MRA images (gadolinium-enhanced
supra-aortic artery and 3D TOF) were analyzed together to
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Table 1: Baseline characteristics of patients (40 survivors at 1-year follow-up) and recanalization therapy

Population (n = 40)

ACO (n = 30) PCO (n =10)

Basic data
Age (yr), mean (SD; range)

57.4 (15.2; 27-79)

60 (14.9; 35-79) 49.6 (141 27-71)

Female sex (%) 12 (30%) 10 2

Pretreatment NIHSS score, mean (SD) 15.9 (5.5) 16.1(4.9) 15.5(7.3)
Premorbid status

Charlson Index =3 (%) 4 (10) 3 1
Etiology

TOAST |—large-artery atherosclerosis 10 5 5

TOAST ll—cardiac embolism 16 14 2

TOAST IV—other determined etiology 4 3 1

TOAST V—undetermined etiology 9 7 2
Initial imaging

cT 8 8 3

MRI 32 25 7

DWI-ASPECTS <5 5 5
Target-vessel territories

M1 segment of the MCA 29 29

M2 segment of the MCA 1 1

Basilar artery 10 10
Recanalization strategy

Stand-alone 21 14 7

Bridging 10 8 2

Rescue 9 8 1
Endovascular therapy

Solitaire passes, mean (range) 2.0(1-7) 19 (1-4) 24(1-7)

Procedural time (min), mean (SD, range)
Time to recanalization (min), mean (SD, range)

75 (40, 30-189)
322 (127,127-793)

69 (30, 30-150)
288 (90, 67-430)

96 (54, 30-189)
421(170,150-793)

Note:—ACO indicates anterior circulation occlusion; PCO, posterior circulation occlusion.

detect arterial abnormalities,® including stenosis, occlusions,
and dilation at the original site of cerebral occlusion and in the
involved cervical artery. Images were compared with the final
post-MET run to differentiate delayed and pre-existing
abnormalities.

Baseline Clinical Evaluation and Follow-Up

The following data were retrieved from the medical files: age, sex,
pre-existing comorbidity (considered high if the Charlson Co-
morbidity Index was =3), vascular risk factors, clinical presenta-
tion, stroke etiology according to Trial of Org 10172 in Acute
Stroke Treatment (TOAST) criteria, and recanalization strategy.
One-year clinical FU was performed by a vascular neurologist
(T.R.) on the same day as MR imaging, by using the mRS score,
and it was compared with the outcome of the 3-month clinical FU
previously performed by the same vascular neurologist. Good
outcome was defined as an mRS score of =2, and improvement or
decline of at least 1 point on the mRS score defined a change in
clinical outcome.'® A patient was considered symptomatic during
FU if he or she presented with clinical TIA or stroke recurrence
with a permanent deficit.

The previously completed mailed 36-Item Short Form Health
Survey Questionnaire (SF-36) was retrieved during the visit. This
questionnaire assesses 8 domains on physical, emotional, and
mental functioning; is widely used to measure health-related
quality of life; and has been validated for patients following a
stroke."”

Statistical Analysis
Statistical analysis was performed by using MedCalc for Windows
(MedCalc Software, Mariakerke, Belgium). The change in the
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mRS score between 3-month and 1-year FU was compared by a x*
test,'® according to 4 categories (mRS 0—1; mRS 2, 3, and 4-6)."°
To identify independent predictors of angiographic and clinical
outcome at 1-year FU, we performed a backward stepwise lo-
gistic regression analysis, including all variables, with P < .2
(Fisher exact test) in univariate analysis (age, sex, initial NTHSS
score, Charlson Index, TOAST criteria, diabetes, hypertension,
smoking, use of intravenous thrombolysis, DWT lesion sever-
ity, time to recanalization, procedure time, number of stent
passes).

RESULTS

Baseline Characteristics of Patients and Recanalization
Therapy

Of the 52 patients treated with endovascular therapy by using a
Solitaire device between August 2010 and July 2012, 8 died, 4 were
lost to follow-up, and 40 were finally available for angiographic
assessment at 1-year FU (Table 1). Good recanalization (TICI
2b-3) was achieved in 39/40 patients. Three symptomatic hemor-
rhages'> occurred (5.8%) as shown on the 24-hour CT. These
were not visible on the CT scan obtained in the angiography suite
and therefore were presumed not to be directly related to the
procedure itself.

MR Angiographic Follow-Up

One-year angiographic FU was available for 39 of the 40 survivors
because 1 patient refused the MR imaging. The mean time from
stroke to angiographic FU was 19 = 4 months. The 1-year FU was
delayed for a few months for some patients due to their unavail-
ability. On morphologic sequences, in 32 patients investigated
with MR imaging before MET, the comparison between pretreat-



FIG 1. Eighteen-month MR imaging follow-up of de novo arterial stenosis and dilation (patient
2). Final post-MET angiographic run (A) of a 53-year-old patient treated for a right M1 middle
cerebral artery occlusion, with 5 Solitaire passes in the superior and inferior M2 MCA branches,
shows a flap in the inferior stenosis suggestive of dissection (arrow). TOF volume-rendering (B
and C), MIP (D), native image (E), gadolinium-enhanced MRA (F), and high-resolution T2 (G) reveal
an asymptomatic dilation (white arrow) of the superior M2 MCA branch and >50% stenosis
(black arrow) of the inferior M2 MCA branch of the target vessel. Wall analysis at the stenosis is
difficult on high-resolution T2 due to the vertical orientation and the size of the stenosed

arterial segment.

ment DWT and long-term FLAIR showed lesion extension for 7
patients (21.9%) without any stigmata of a new infarct in other
territories, lesion reduction for 4 patients (12.5%), and lesion
stability for 21 patients (65.6%).

MRA showed 10/39 patients (25.6%) presenting with intracra-
nial artery lumen abnormalities, which are summarized in the
On-line Table. Four patients (10.3%) (patients 1-4) had delayed
de novo stenosis of a target vessel, which appeared normal on the
final post-MET run. The number of stent passes was 1 for 2 pa-

tients and 4 for 2 patients. For 1 of these
patients, de novo >50% stenosis of the
inferior M2 branch coexisted with dila-
tion of the superior M2 branch, compared
with the final post-MET run, which
showed no stenosis but a suggestive dis-
section flap on the inferior M2 branch
(Fig 1). Four patients (10.3%) had steno-
sis of a target vessel, which pre-existed the
final post-MET run (patients 5-8). For 3
of these patients, intracranial stenosis was
considered as the stroke etiology and ste-
nosis was stable. For 1 of these patients
(patient 5), the final post-MET run and
long-term FU showed stable >50% ste-
nosis, whereas atrial fibrillation was con-
sidered the stroke etiology (Fig 2). Last, 2
patients had occlusions (patients 9 and
10) of a target vessel, which were due to
recanalization failure. Cervical artery ab-
normalities were seen for 1 patient (pa-
tient 11) with vertebral stenosis and in an-
other (patient 12) with occlusion of the
carotid dissection site, regarded as the eti-
ology of the stroke.

Medical secondary prevention drugs for
these 12 patients were the following: 7/12
(58.3%) on statins, 5/12 (22.7%) on oral
anticoagulation, 9/12 (75.0%) on platelet
inhibitors, and 4/12 (33.3%) on antihy-
pertensive medication.

Correlation with Clinical Follow-Up
One-year clinical FU was obtained for 40
survivors. All angiographic lesions were
clinically asymptomatic. One patient ex-
perienced a recurrent TIA (2%) without
associated arterial MRA abnormalities.
The comparison of 3-month and 1-year
outcomes showed significant clinical im-
provement (P < .001), with good clinical
outcomes achieved in 50.9% of patients at
short-term FU, rising to 62.5% at 1-year
FU.

Detailed mRS scores are presented in
Fig 3, and SF-36 scores, obtained for 38
of the 40 one-year survivors, are pro-
vided in Table 2.

Predictors of MR Angiographic and Clinical Long-Term
Outcomes

No independent factor was identified as predicting arterial abnor-
mality occurrence or mRS at 1-year FU. The number of stent
retriever passes did not emerge as a relevant predictor (P =
.22). However, 2 independent predictors were associated with
a higher SF-36 score after backward stepwise logistic regression: age
younger than 65 years (P = .005; 95% CI, —28.634 to —5.454) and time
to recanalization =4.5 hours (P = .006; 95% CI, —28.509 to —5.329).
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FIG 2. Seventeen-month MR imaging follow-up of pre-existing arterial stenosis (patient 5). Final post-MET angiographic run (A) of a 77-year-old
patient treated for a right M1 middle cerebral artery occlusion with 2 Solitaire passes, 1in the superior and 1in the inferior M2 MCA branch, shows
>50% stenosis in the inferior M2 MCA division (arrow). TOF volume-rendering (B) shows persistent stenosis (worsening aspect was considered
due to TOF stenosis overestimation). High-resolution T2 MRA (C) shows M2 posterior wall thickening. Atrial fibrillation was established as the

etiology of the stroke.

FIG 3. Clinical follow-up. Distribution of 3-month and 1-year mRS (0—6). Values on the bar

graphs indicate the number of patients.

Table 2: Clinical outcomes at 1-year follow-up

Population (n = 48) ACO PCO
MRS 0-1 (%) 25 (52]) 17/34 (50.0) 8/14 (57.)
mRS 0-2 (%) 30 (62.5) 22/34(647) 8/14 (57.))
mRS 3 (%) 3(62) 2/34(5.9) 114 (7.)
MRS 4-5 (%) 7 (14.6) 6/34(17.6) 14(7])
MRS 6 (mortality) (%) 8/48(16.7) 4/34(1.8) 4/14 (28.6)
SF-36 PCS (mean) (median, ~ 51.2(52.8,5.6-100)  49.9 (51.9,5.6-100)  56.3 (60.6,32.9-71.0)

range)
SF-36 MCS (mean) (median, 514 (47.1,4.0-98.8)  50.4 (47.1,4.0-98.8)
range)

53.9 (48.6,32.3-81))

DISCUSSION

Our study shows that 1-year MR angiographic FU could identify
delayed arterial stenosis or dilation in 10.3% of patients. These
delayed arterial abnormalities are of unknown pathophysiologic
etiology but may illustrate device-related arterial wall damage,
which, up to now, was mainly reported in histopathologic animal
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studies.'®® Pre-existing stenosis did not
appear to have worsened at 1-year FU or
to be likely after MET. All arterial abnor-
malities remained asymptomatic during
the FU period, and no independent pre-
dictor of arterial abnormality was identi-
fied. Moreover, considering the patients
in this study as a whole, we observed fur-
ther significant clinical improvement be-
tween 3-month and 1-year FU, whereas
natural stroke history without treatment
suggests stable clinical outcome over
time.'® This suggests that clinical evalua-
tion would be more appropriate at 1 or 2
years rather than at 3 months.

MR imaging performed for 1-year FU
benefits from the accuracy of TOF-MRA
sequences at 37,29 with high-resolution
T2 sequences allowing vessel wall analy-
sis."* One-year MR imaging showed in-
tracranial artery abnormalities, stenosis,
or dilation in 8 patients (4 with stenosis
pre-existing on the final post-MET run, 3
with isolated de novo stenosis, 1 with de-
layed de novo stenosis associated with ar-
terial dilation), all asymptomatic, as de-
scribed below.

Three patients had stenosis that pre-
existed on the final post-MET run and
was established as the stroke etiology (pa-
tients 6 to 8). This low rate of post-MET
vasospasm that occurred in our study
would suggest the efficacy of subsequent
optimal medical treatment alone, at least
at this FU point between 1 and 2 years.

Three patients had delayed isolated stenosis, and 1 patient had

delayed stenosis associated with additional delayed arterial dila-

tion (patients 1-4). Three patients had a known stroke etiology

other than atherosclerosis suggestive of device-related arterial wall

damage or unknown physiologic causes.



One patient (patient 5) had pre-existing stenosis on the final
post-MET run, though the established stroke etiology was cardiac
embolism. One theory might be a post-MET vasospasm followed
by stenosis due to device-related wall damage, but other physio-
pathologic causes should not be excluded. This was the only case
of vasospasm on the final post-MET run, though some studies

82122 and even

have reported immediate post-MET vasospasm
indicated that it may predict subsequent stenosis.® This low rate of
post-MET vasospasm in our study may be explained by the con-
tinuous infusion of nimodipine through the catheter throughout
the procedure. All these patients received appropriate medical
secondary prevention.

In summary of our angiographic results, among the 39 pa-
tients investigated with MRA 1 year after MET by using Solitaire,
for 5 patients (13%) arterial abnormalities (intracranial artery
occlusive disease, stenosis, or dilation) might be related to the
stent retriever device but ischemic injury of the vessel itself or
unknown pathophysiologic causes may also be advanced. Several
animal studies have already observed intima and medial layer
damage after MET.*'® Endothelial damage caused by stent
trauma is likely to be one of the underlying mechanisms of delayed
stenosis observed in patient studies, though no stenosis was reported
for animal models, probably due to the lack of available FU data. Our
results corroborate the recent single study on angiographic short-
term follow-up after MET in patients, which showed 3.4% de novo
stenosis on digital subtraction angiography® at a median of 3-month
FU after MET by using various stent retrievers. The higher stenosis
rate in our study may be explained by a possible stenosis overestima-
tion due to TOF imaging. Thus <<50% of stenosis cases on MRA may
have been insignificant on digital subtraction angiography. More-
over, our FU period was longer than that in the previous study (me-
dian of 19 months versus 3 months), yet de novo stenosis may occur
late. No predictor for delayed stenosis was identified by the logistic
regression. Considering that arterial stenosis may evolve with time
and lead to clinical decline, though asymptomatic at 1-year FU, our
study suggests that clinical FU after MET should be extended beyond
2 years and associated with noninvasive MR angiographic FU to de-
tect and monitor arterial abnormalities and subsequently gain
a greater understanding of their physiopathologic involvement.

Our study has some limitations. First, the small sample size

warrants caution, and the stroke protocol applied during the in-
clusion period did not include certain limitations, such as age
or size of the infarct, which are actually considered poor prog-
nostic factors.**’ It is also possible that infarct extension could
not be revealed as a predictor of outcome on DWI because
pretreatment imaging was a CT scan and not MR imaging for
20% of patients. Second, TOF MRA may overestimate stenosis.
Third, the result of <50% stenosis was not shown, and stenosis
quantification was not confirmed on digital subtraction an-
giography (the standard of reference). However being nonin-
vasive, MRA allows repeat scans and, at 3T, proved reliable for
detecting stenosis in comparison with DSA, with a sensitivity

and specificity of 85% and 95%, respectively, in patients with
stenosis of >50%. ">

Last, high-resolution arterial wall TSE T2 sequences are lim-
ited because acquisition is performed in only the axial plane. 3D
high-resolution T1 vessel wall imaging should, therefore, be pre-
ferred in future imaging FU. Further long-term FU studies (3-5
years) are required to detect clinical symptoms related to arterial
stenosis and, therefore, determine whether MR angiographic
FU should be recommended in routine practice. Moreover, fur-
ther studies including larger cohorts with higher statistical power
should help to highlight predictors of arterial abnormality
occurrence.

CONCLUSIONS

One-year FU of patients treated with Solitaire identified delayed
asymptomatic arterial abnormalities, some of which may be due
to stent retriever—related wall damage. No predicting factor for
their occurrence was identified.
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ORIGINAL RESEARCH
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Preclinical Evaluation of the Thrombogenicity and
Endothelialization of Bare Metal and Surface-Coated
Neurovascular Stents

S. Krajewski, B. Neumann, J. Kurz, N. Perle, M. Avci-Adali, G. Cattaneo, and H.P. Wendel
O=

ABSTRACT

BACKGROUND AND PURPOSE: Stent-assisted coiling is routinely used for the endovascular treatment of complex or wide-neck intra-
cranial aneurysms. However, in-stent thrombosis, thromboembolic events, and ischemic complications remain a major concern associated
with stent implants. Therefore, a novel low-profile neurovascular stent with a bare metal surface was investigated with regard to
thrombogenicity and endothelialization and compared with the same stent coated with albumin or heparin.

MATERIALS AND METHODS: The bare metal and heparin- or albumin-coated stents were loaded in heparin-coated tubing, which was
then filled with heparinized human blood (n = 5) and circulated at 150 mL/min and 37°C for 60 minutes. Before and after circulation,
measurement of various inflammation and coagulation markers and scanning electron microscopy were performed. Endothelialization of
the stents was investigated in an in vitro model including human umbilical vascular endothelial cells.

RESULTS: Our results showed that platelet loss and platelet activation and activation of the coagulation cascade, which are induced by
the bare metal stents, were significantly reduced by heparin or albumin coating. Adverse effects on erythrocytes, leukocytes, and the
complement cascade were not induced by the bare metal or coated stents. Moreover, the bare metal and albumin-coated stents showed
good endothelialization properties.

CONCLUSIONS: Albumin and heparin coatings clearly improve the thrombogenicity of the stents and thus may represent fundamental
progress in the treatment of intracranial aneurysms. Moreover, preclinical evaluation of neurovascular stents under physiologic conditions
supports and accelerates the development of more biocompatible neurovascular stents.

ABBREVIATIONS: HUVECs = human umbilical vascular endothelial cells; SEM = scanning electron microscopy; TAT = thrombin-antithrombin IlI

Endovascular treatment of complex or wide-neck intracranial ~ parent vessel, reduces coil compaction and hence recanalization,

aneurysms has been proved feasible by using the stent-assisted  and provides a scaffold for endothelialization.*"

coiling technique, which was primarily described in 1997." In this However, the endoluminal presence of the implant can lead to

procedure, self-expandable, nitinol-made stents, braided or laser
cut, are delivered into the parent vessel by using microcatheters
with an inner lumen between 0.0165 and 0.027 inches to retain
coils within the aneurysm."

Thus, the implanted stent prevents coil protrusion within the
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activation of platelets and leukocytes following adverse effects like
thromboembolic complications, hemorrhage, or proinflamma-
tory reactions. Platelet activation is associated with the release of
granules containing a plethora of molecules mainly promoting
platelet activation and blood coagulation. Therefore, antiplatelet
therapy is required, which can prevent intra-aneurysmal throm-
bosis and thus aneurysm occlusion but also increases the risk of
hemorrhagic complications.® Moreover and despite antiplatelet
therapy, ischemic complications remain a major concern associ-
ated with stent implants. A retrospective review of stent-assisted
coiling procedures in 624 patients between 2000 and 2011 re-
vealed intra- and postprocedural in-stent thrombosis and throm-
boembolic events in 9.0% of the patients, whereas low or no re-
sponse to antiplatelet agents and early interruption of therapy are
possible causes for ischemic events.?

A retrospective study of 36 patients treated with stent-assisted
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coiling after aneurysm rupture showed that in 17%, stent-related
thromboembolic complications occurred. Intra- and postproce-
dural clopidogrel administration was related to an incidence of
thrombotic events of 20% and 29%, respectively. Even pretreat-
ment with clopidogrel could not prevent thrombotic events,
which were shown in 6% of cases.”

Therefore, preventing or strongly decreasing activation of
platelets and the coagulation cascade, while enhancing or at least
not impairing endothelialization, is a primary objective in the
treatment of endovascular diseases. Stent design, influence on
fluid dynamics, and particularly surface modifications are current
options to decrease activation of platelets and the coagulation
cascade, and they also address hemorrhagic stroke, because the
necessity for antiplatelet therapy can be reduced. Previous studies
show that surface coatings with the antithrombotic molecules
heparin and albumin, which is the most abundant protein in
blood, increase the biocompatibility of different biomaterials.®*°

In our study, an in vitro model was established, which allows
investigation of neurovascular stents with regard to thromboge-
nicity and coagulation activation.

Small-diameter tubing and low flow rates simulating intracra-
nial vessel conditions were used to investigate novel low-profile
neurovascular stents with bare metal surfaces or 2 coatings, in-
cluding albumin and heparin, with regard to thrombogenicity.
Furthermore, a predisposition toward endothelialization was in-
vestigated in an in vitro rotation model including human umbil-
ical vascular endothelial cells (HUVECsS).

MATERIALS AND METHODS

For this study, the neurovascular stent Acclino (n = 24; Acan-
dis, Pforzheim, Germany) was used. Acclino is a low-profile,
laser-cut stent with an electropolished surface and strut di-
mensions ranging between ~55 um (wall thickness) and ~35
pm (strut width).

The stent is deliverable within the 1.9F microcatheter Neuro-
Slider 17 (Acandis) with a lumen of 0.0165 inches (~0.42 mm).
The small catheter lumen and the size of the stent (3.5 and 4.5 mm
in expanded configurations) allow the application in distal intra-
cranial vessels with diameters between 2 and 4 mm, whereas the
closed-cell structure allows retrieval and repositioning up to 90%
of its deployment.

For the current study, specific Acclino stent samples with a
wall thickness of ~75 um were manufactured to reproduce a
worst-case scenario with regard to blood flow interruption caused
by the stent structure.

Blood Sampling

Blood-sampling procedures were approved by the ethics commit-
tee of the University of Tuebingen, Tuebingen, Germany. Blood
was collected from healthy volunteers (n = 5), who gave signed
informed consent, and was anticoagulated with 1.5 TU/mL Hep-
arin-Natrium (Rathiopharm, Ulm, Germany). Exclusion criteria
for the blood donators were the following: smokers; drug intake in
the last 2 weeks before blood sampling, especially hemostasis-
affecting agents like acetylsalicylic acid; oral contraceptives; non-
steroidal antiphlogistics; and others, to guarantee optimal hemo-
static function.
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FIG 1. Closed-loop in vitro circulation model for neurovascular stent
testing by using fresh human whole blood. Schematic overview (A)
and photograph (B) of the in vitro circulation model consisting of the
following: 1) heparin-coated tubing (inner diameter = 32 mm,
length =75 cm), 2) connection tubing, 3) peristaltic pump (flow rate =
150 mL/min), 4) test device. C, Representative macroscopic images of
uncoated and albumin- and heparin-coated stents after circulation
for 60 minutes at 37°C (X20 magnification).

Neurovascular Stent Coating

For albumin coating, 8 neurovascular stents were first incubated
for 2 hours at room temperature in 1% human serum albumin
(HSA; CSL Behring, Marburg, Germany), followed by a washing
step in saline and a 30-minute incubation in a suspension con-
taining 0.5-mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (Thermo Scientific, Karlsruhe, Germany)
for albumin cross-linking. Afterward, the stents were incubated
again in 1% HSA for 2 hours at room temperature followed by
another washing step in saline. After being coated, the stents were
air-dried and stored at 4°C until analysis in the in vitro thrombo-
genicity model. The heparin coating of the stents (n = 8) for the
thrombogenicity and endothelialization experiments was per-
formed according to standard methods.'" To guarantee sterile
conditions in the endothelialization model, we sterilized the
stents by using ethylene oxide.

In Vitro Thrombogenicity Model

This novel model was established to investigate the effect of neu-
rovascular stents on various cascade reactions of the human he-
mostatic system (coagulation cascade, cell alteration, comple-
ment system, and inflammation) during blood circulation (Fig
14, -B).

For each blood donor (n = 5), 4 polyvinyl chloride tubes (in-
ner diameter = 3.2 mm, length = 75 cm; Tygon; Saint-Gobain
Performance Plastics, Chamy, France) were coated with heparin
by Ension (Ension, Cape Coral, Florida) and left empty or loaded
with either 1 bare metal, 1 albumin-, or 1 heparin-coated stent.
Subsequently, each tubing was filled with a total of 6-mL heparin-
ized human blood, closed by silicone connection tubing, and cir-
culated at 150 mL/min in a water bath at 37°C for 60 minutes. For
each donor, 6 mL of heparinized blood served for the measure-
ment of baseline values before circulation. Before and after circu-
lation, the blood was directly transferred to the corresponding
terminating media and was further processed for enzyme-linked
immunosorbent assays and whole blood analysis.



FIG 2. Neurovascular stents do not change hematocrit levels, erythrocyte number, or hemo-
globin concentration. Heparin-coated tubing was loaded with bare metal, albumin-, or heparin-
coated neurovascular stents and filled with 6 mL of fresh heparinized human blood. Tubing
without a stent served as a negative control. Hematocrit level (A), erythrocyte numbers (B), and
hemoglobin concentrations (C) were analyzed before and after 60 minutes of circulation at 150
mL/min. Data are given as means and standard error of the mean (n = 5) and were analyzed by
using repeated-measures ANOVA with the Bonferroni multiple-comparison test. One asterisk

indicates P < .05; two asterisks, P < .01; three asterisks, P < .001.

Endothelialization Model
The endothelialization experiments (n = 3) were performed as
previously described.'* Briefly, 2-mL bioreactor chambers were
loaded with either a sterilized bare metal, an albumin-, or a hep-
arin-coated stent. Isolation of HUVECs was adapted from a
previously described method for the isolation of endothelial
cells from residual saphenous vein biopsies.'? For each sample,
2.5 X 10° cells were resuspended in 2.5-mL VascuLife EnGS
medium (CellSystems, Troisdorf, Germany) containing a
VascuLife EnGS LifeFactors Kit, 50-ug/mL gentamicin, and 0.05-
wmg/mL amphotericin B (PAA Laboratories, Colbe, Germany).
Following the addition of the cell suspension, the bioreactor
chambers were assembled in the rotation device and rotated at
37°C and 5% CO,. After 72 hours of incubation, the stents were
washed in phosphate buffered saline and subsequently prepared
for scanning electron microscopy analysis.

Measurement of Hemostatic Markers

The analysis of markers indicating activation of platelets and
leukocytes and the coagulation cascade and complement
system was performed in plasma by enzyme-linked immu-
nosorbent assays, according to the manufacturer’s instruc-
tions. To investigate released, plasmatic markers indicating
platelet and leukocyte activation, we analyzed PF-4 (Abcam,

Cambridge, United Kingdom) and poly-
morphonuclear neutrophil elastase (De-
meditec Diagnostics, Kiel-Wellsee, Ger-
many) levels. As a marker for coagulation,
we determined thrombin-antithrombin
III (TAT) complexes (Siemens Health-
care, Marburg, Germany). Moreover, we
analyzed SC5b-9 (TECOmedical, Biinde,
Germany) to detect activation of the com-
plement system.

Whole Blood Count Analysis

The number of erythrocytes, leukocytes,
and platelets and hematocrit and hemo-
globin values were measured by a cell
counter system (ABX Micros 60; Axon
Lab AG, Baden, Switzerland) in baseline
samples and after circulation in all
groups.

Scanning Electron Microscopy
Scanning electron microscopy (SEM) was
performed to investigate the thromboge-
nicity and the endothelialization rate of
the different stent surfaces after contact
with human whole blood and HUVECs,
respectively. After each experiment, the
stents were rinsed in phosphate buffered
saline and fixed in glutaraldehyde solu-
tion (2% in phosphate buffered saline,
pH 7.4) overnight at 4°C. After another
washing step with phosphate buffered sa-
line, the stents were dehydrated by using
ascending concentrations of ethanol
(Emsure; Merck, Darmstadt, Germany) and critical point dried.
After sputtering with gold palladium, we performed SEM analysis
by using the EVO LS 10 scanning electron microscope (Carl Zeiss,
Jena, Germany).

Statistics

Data are depicted as means with standard error of the mean. Data
were analyzed by using repeated-measures ANOVA with the Bon-
ferroni multiple comparison test to analyze differences among
groups. All analyses were performed by using the statistical soft-
ware package GraphPad Prism (Version 5; GraphPad Software,
San Diego, California). Statistical significance was defined as
P <.05.

RESULTS

Hemocompatibility Testing of Neurovascular Stents
Contact of whole blood with artificial surfaces like stents, cathe-
ters, implants, and so forth is associated with various alterations of
the hemostatic system. To evaluate the hemocompatibility of the
bare metal (n = 5), albumin- (n = 5), or heparin-coated (n = 5)
stents for neurovascular application, we developed an in vitro
model to guarantee a defined and continuous blood flow mim-
icking blood circulation in the brain (Fig 14, -B). Directly after
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FIG 3. Platelet activation is significantly reduced due to albumin and heparin coating. Bare
metal, albumin-, or heparin-coated neurovascular stents were circulated in the in vitro model
for 60 minutes at 150 mL/min. Before and after circulation, PF-4 plasma levels (A), platelet counts
(B), polymorphonuclear neutrophil-elastase concentrations (C), and white blood cell numbers
(D) were analyzed in all groups. Data are given as mean and standard error of the mean (n = 5);
groups were compared by using repeated-measures ANOVA with the Bonferroni multiple com-
parison test. One asterisk indicates P < .05; two asterisks, P < .01; three asterisks, P < .001.

FIG 4. Albumin and heparin coating of neurovascular stents profoundly reduces activation of
the coagulation cascade. TAT levels (A) and Sc5b-9 concentrations (B) were measured in human
whole blood before and after circulation in the bare metal, albumin-, or heparin-coated stent
groups. Blood circulated without a stent served as a negative control. Data are given as mean
and standard error of the mean (n = 5), and groups were compared by using repeated-measures
ANOVA with the Bonferroni multiple comparison test. Three asterisks indicate P < .001.

circulation, macroscopic images, which are exemplarily shown in
Fig 1C from 1 blood donor, were obtained of each stent.

Whole Blood Count Analysis. Before and after circulation in the
in vitro model, the whole blood was analyzed in all groups. Cir-
culation induced a significant decrease of hematocrit (P < .05, Fig
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2A), red blood cell counts (P < .01, Fig
2B), and hemoglobin levels (P < .001, Fig
2C) in the control group containing no
stent. No significant changes were ob-
served in the bare metal and albumin- and
heparin-coated stent groups compared
with the control group.

Platelet and Leukocyte Activation. The
concentration of PF-4, a small chemokine
released from platelet a granules, is signif-
icantly increased during circulation in
both control groups containing no stent
and a bare metal stent, respectively (P <
.05, Fig 3A). In the groups containing al-
bumin- or heparin-coated stents, the re-
lease of PF-4 was significantly reduced
(P < .05). Platelet activation was also
estimated by the analysis of platelet
counts. Compared with a platelet count of
217.200 £ 9.300 uL before circulation, a
significant loss of platelets in the control
group containing no stent (P <.001) was
observed, which was further increased in
the bare metal stent group (P < .001, Fig
3B). Again, the decrease in platelet num-
bers was less severe in the coated stent
groups (P < .01).

Despite platelet activation, leukocyte
activation based on granule release and
leukocyte counts was investigated. The
plasma concentration of polymorphonu-
clear neutrophil-elastase released from
granulocytes significantly increased be-
cause of circulation in the in vitro model
(P < .01, Fig 3C). In the stent groups, no
significant differences compared with the
control group were detected. Similar re-
sults were obtained for the leukocyte
counts (Fig 3D), in which no significant
differences were detected among the
groups after circulation.

Effects on the Coagulation Cascade and
the Complement System. Activation of
the coagulation cascade was estimated
by the formation of the TAT complex in-
dicating thrombin generation before and
after circulation in all groups (Fig 4A).
Compared with a TAT concentration of
41.1 = 10.6 pg/L in the group containing
no stent, a significant increase in TAT
concentration was found in the bare

metal stent group (518.3 = 98.9 ug/L, P < .001). Stents coated
with albumin or heparin induced a significantly lower activation
of the coagulation cascade (P < .001), reaching values compara-
ble with the group containing no stent.

The formation of Sc5b-9, the final complex of the complement



FIG 5. Thrombogenicity is reduced by albumin and heparin coating of neurovascular stents. Representative SEM images of the inner lumen of
a bare metal stent or stents coated with albumin and heparin after circulation for 60 minutes at 150 mL/min (magnification X500, X1000, and

X2500).

Classification of the bare metal, albumin-coated, and heparin-coated neurovascular
stents based on results gained from the thrombogenicity and endothelialization models®

very little thrombogenicity compared

with the bare metal stents, which also did

Neurovascular D N°,' of e N°,‘ of not induce strong thrombogenic reac-
Stent Thrombogenicity® Experiments Endothelialization® Experiments .
tions (Table).
Bare metal 187 04 5 3*0 3
Albumin-coated 04 *05 5 28+03 3 P P .
Endothelialization Properties of
Heparin-coated 02+0.2 5 13+06 3 l P

?Data are mean values = SD.

® Thrombogenicity: 0 = no thrombogenicity, 1 = very minor thrombogenicity, 2 = minor thrombogenicity, 3 =

moderate thrombogenicity, and 4 = serious thrombogenicity.

€ Endothelialization performance: 0 = no endothelialization, 1 = very little endothelialization, 2 = little endothelial-

ization, 3 = good endothelialization, and 4 = complete endothelialization.

system, significantly increased on circulation (P < .001, Fig 4B).
No significant differences in Sc5b-9 generation were observed be-
tween the control and the stent-containing groups.

Blood Cell Adhesion on Stents. After circulation, each stent was
analyzed by using scanning electron microscopy, whereby a clear
difference in thrombogenicity was observed. SEM images of each
stent are exemplarily shown from 1 donor at magnifications of
X500, X 1000, and X2500 (Fig 5). The bare metal stents showed a
profound adhesion of blood cells, particularly platelets, and the
formation of an attenuated fibrin network for all blood donors. In
contrast, no or only a few platelets were detected on the surface of
the albumin- and heparin-coated stents.

Overall, the albumin- and heparin-coated stents exhibited

Neurovascular Stents

Next to hemocompatibility, the rate of
endothelialization is another factor in
characterizing the performance of a stent.
Adhesion of HUVECs on the surface of
the bare metal (n = 3), albumin- (n = 3),
and heparin-coated (n = 3) stents was thus investigated after 72
hours of dynamic incubation in a specific model. SEM images
showed that the bare metal stents and the albumin-coated stents
displayed good endothelialization performance. Most interesting,
the adhesion of HUVECs on the surface of the heparin-coated
stents was decreased compared with the bare metal and albumin-
coated stents (Fig 6 and Table).

DISCUSSION

The findings of our study indicate that surface coating of neuro-
vascular stents with albumin or heparin significantly reduces
platelet loss, platelet activation, and activation of the coagulation
cascade. Other blood cell counts, activation of leukocytes, and the
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FIG 6. Endothelialization of neurovascular stents. Representative SEM images of the inner lumen of a bare metal stent (A) or stents coated with
albumin (B) and heparin (C) after incubation with human umbilical vascular endothelial cells in a rotating bioreactor for 72 hours (magnification

X1000).

complement system were not altered by the bare metal or coated
stents.

To investigate the hemostatic performance of a low-profile
neurovascular stent and different surface coatings, we established
a dynamic in vitro model with focus on cerebral-like flow condi-
tions and lumen size. A flow rate of 150 mL/min "' was set accord-
ing to blood flow in the middle cerebral artery, resulting from
measurement in 92 patients.'> A tubing diameter of 3.2 mm was
chosen, which is an appropriate size for distal intracranial vessels
like the middle cerebral artery.

In our study, platelet counts and SEM analysis showed that
a high number of platelets adhere to the surface of the bare
metal stents. Platelet adhesion and aggregation were seen in
particular at junctions between stent struts, thus indicating the
role of flow dynamic phenomena like fluid stagnation or
turbulence.

Previous studies investigating biomaterials showed that hepa-
rin coating is most frequently used to increase the hemocompat-
ibility and decrease the thrombogenicity of various biomateri-
als."*'® Furthermore, albumin coating of arterial prostheses
decreased activation of the coagulation cascade and platelet and
leukocyte adhesion.'”

In our study, both coatings showed excellent performance in
preventing platelet adhesion, resulting in platelet counts similar
to those in the control group without stents. Platelet activation
investigated by measuring platelet granule release was also de-
creased by both coatings, indicating good antithrombotic surface
properties.

The amount of TAT complex was also extremely reduced by
the coatings; this finding shows the important role of surface ma-
terial in the (intrinsic) coagulation cascade.

With regard to endothelialization, various studies have inves-
tigated the effect of heparin- or albumin-coated biomaterials in
different in vitro and in vivo models.®'#!

In our in vitro study, endothelial cell adhesion was shown on
the surface of the bare metal and albumin-coated stents, whereas
the heparin coating seems not to promote cell adhesion. Com-
pared with the in vivo situation, our endothelialization experi-
ments were performed in an isolated system containing endo-
thelial cells and cell culture media with 2% fetal calf serum. Under
physiologic conditions, the adsorption of blood plasma proteins,
such as albumin and fibrinogen, occurs immediately after im-
plantation of the biomaterial. Hence, the low amount of plasma
proteins in our cell culture experiments might have influenced
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the endothelialization performance of the different stents; thus,
further in vivo investigations are warranted.

CONCLUSIONS

Although the application of low-profile stents has greatly ex-
panded the possibilities in treating intracranial aneurysms, im-
proving the performance of stents with regard to biocompatibility
is still necessary and can be achieved by implant surface modifi-
cations. In this in vitro study, albumin and heparin coatings re-
duced the thrombogenicity of the stents in comparison with the
bare metal stent. Therefore, a surface that decreases platelet and
coagulation activation can represent crucial progress in the treat-
ment of intracranial aneurysms.
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Parent Artery Occlusion in Large, Giant, or Fusiform Aneurysms
of the Carotid Siphon: Clinical and Imaging Results

M.-A. Labeyrie, S. Lenck, D. Bresson, J.-P. Desilles, A. Bisdorff, J.-P. Saint-Maurice, and E. Houdart

ABSTRACT

BACKGROUND AND PURPOSE: Parent artery occlusion has long been considered the reference treatment for large/giant or fusiform
aneurysms of the carotid siphon. However, meager recent data exist on this technique, which tends to be replaced by stent-assisted
reconstructive techniques. In our department since 2004, we have assessed the safety, efficacy, and complication risk factors of parent
artery occlusion by using coils for trapping these aneurysms.

MATERIALS AND METHODS: We determined retrospectively the complication rate, factors associated with the occurrence of an ischemic
event, changes in symptoms of mass effect, evolution of the aneurysmal size, and the growth of an additional aneurysm after treatment.

RESULTS: Fifty-six consecutive patients were included, with a median age of 54 years (range, 25-85 years; 92% women), 48% with giant
aneurysms and 75% with infraclinoid aneurysms. There was a permanent morbidity rate of 5% exclusively due to ischemia, a zero mortality rate,
an aneurysmal retraction rate of 91%, and an improvement rate for pain of 98% and for cranial nerve palsy of 72%, with a median follow-up of >3
years. Para-/supraclinoid topography of the aneurysm (P = .043) and the presence of cardiovascular risk factors (P = .024) were associated with
an excessive risk of an ischemic event, whereas the presence of a mural thrombus had a protective role (P = .033).

CONCLUSIONS: In this study, parent artery occlusion by using coils to treat large/giant or fusiform aneurysms of the carotid siphon was
safe and effective, especially for giant infraclinoid aneurysms. According to recent meta-analyses, these results suggest that the validation

of stent-assisted reconstructive treatments for these aneurysms requires controlled studies with parent occlusion artery.

ABBREVIATIONS: BOT = balloon occlusion test; IE = ischemic event; PAO = parent artery occlusion; Q1-Q3 = interquartile range

here is a high risk of severe bleeding, debilitating pain, or pro-

gressive cranial nerve palsy with symptomatic, intradural, or
some extradural, large, giant, or fusiform aneurysms of the carotid
siphon.' The selective endovascular coiling of this type of aneurysm
is not usually adopted due to the low rate of recovery and technical
difficulties when the neck of the aneurysm is large.*® The surgical
treatment (selective or deconstructive by trapping) is technically
challenging and is rarely performed, in our experience, for large su-
pracavernous aneurysms with a well-tolerated occlusion test, and it is
usually not performed for large intracavernous aneurysms because of
the risk of cranial nerve injury. Proximal occlusion without trapping
(surgical or endovascular) has a lower rate of aneurysmal retraction
and should not be performed for carotid aneurysms.
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Endovascular parent artery occlusion (PAO) with trapping of
the aneurysm has long been considered the reference treatment
for large, giant, or fusiform aneurysms of the carotid siphon.
However, data from the literature assessing this technique focus
on small or old series using mainly detachable balloons, which are
no longer available in most departments of neuroradiology.”*!
Besides, developing new reconstructive stent-assisted emboliza-
tion techniques, including flow diversion, offer a therapeutic pos-
sibility for this type of aneurysm that could be preferred to decon-
structive techniques.'*'* Assessing carotid occlusion for treating
this type of aneurysm remains relevant today.

The main objective of this study was to assess the safety and
efficacy of PAO by using coils to treat large, giant, or fusiform
aneurysms of the carotid siphon. The secondary objective was to
determine the factors associated with the occurrence of an isch-
emic event (IE) in the outcomes.

MATERIALS AND METHODS

Patients

From a prospective registry, we retrospectively included consec-
utive patients treated in our center between January 2004 and



December 2013 by PAO for a saccular aneurysm with a diameter
of =15 mm or a fusiform aneurysm (regardless of its diameter) on
the carotid siphon. Indications for PAO for these kinds of aneu-
rysms were limited, in our center, to intradural aneurysms and/or
symptomatic aneurysms and/or aneurysms with sphenoid sinus
erosion. Proximal carotid occlusions without trapping were ex-
cluded from the analysis. For each patient, we collected the fol-
lowing data: 1) age and sex, 2) the presence of at least 1 cardiovas-
cular risk factor, 3) the administration of antiplatelet therapy
during the procedure, and 4) the symptoms at presentation
(asymptomatic, pain [including headache, hemifacial pain, or
retro-orbital pain], cranial nerve palsy, subarachnoid hemor-
rhage, or cavernous carotid fistula). Cerebral imaging before the
procedure was reviewed to determine the characteristics of the
aneurysm: 1) its topography (infraclinoid versus para-/supracli-
noid), 2) its morphology (giant saccular aneurysms [=25 mm],
large saccular aneurysms [=15 mm and <25 mm], and fusiform
aneurysms), 3) the presence of a mural thrombus, 4) the presence
of additional aneurysms, and 5) a delay of =2 seconds on the
venous filling during the balloon occlusion test (BOT).

Parent Artery Occlusion

PAO was performed in a local standardized way after a 70-1U/kg
bolus of heparin. No systematic heparin was maintained after-
wards. No systematic antiplatelet therapy was introduced before,
during, or after the procedure. Dual antiplatelet therapy (aspirin,
75 mg/day, and clopidogrel, 75 mg/day) was introduced 7 days
before the treatment when a reconstructive treatment was initially
planned. In these cases, an antiplatelet assay was systematically
performed, and the antiplatelet therapy was adjusted when
necessary.

A preliminary BOT was performed by using an inflated non-
detachable balloon (Magic B1; Balt, Montmorency, France; or
HyperForm, 4—15 mm; Covidien, Irvine, California) in the intra-
petrous segment of the internal carotid artery. The occlusion was
considered well-tolerated if the relative delay of venous filling was
=1 second (Fig 1B, -C) or if it was =4 seconds with a perfect
clinical tolerance for 20 minutes, even after a hypotension test
with intravenous injection of a 1- to 2-mg bolus of nicardipine to
decrease the mean arterial pressure >20 mm Hg compared with
baseline. As in other series, a delay of >4 seconds was considered
a contraindication to permanent occlusion of the internal carotid
artery.'” The definitive occlusion of the artery was performed by
trapping the aneurysm by using detachable platinum coils (Fig
1A). The objective was to completely stop the blood flow at the
neck of the aneurysm. Ideally, an upstream and downstream oc-
clusion of the aneurysm with loose packing in the aneurysm was
performed. When the upstream segment was too short to set up
coils, an occlusion of the aneurysm and of the parent artery was
performed in opposition and downstream. The occlusion was
considered satisfying if there was absolutely no progression of the
contrast agent downstream of the occlusion. Occlusion was per-
formed with soft, detachable platinum 0.014-inch-diameter coils
and 30- to 50-cm length (Soft Detach-18S Embolization Coil sys-
tem; Cook Medical, Bjaeverskov, Denmark). Relying on our ex-
perience, we noticed that at least 3 meters of coils were needed to
occlude a carotid artery. Conventional intracranial detachable

3D-shaped 0.010-inch-diameter platinum coils were used as a
first coil to occlude short downstream segments. All the proce-
dures, including BOT and definitive occlusion, were performed as
first-line with the patient under local anesthesia. They were per-
formed with the patient under general anesthesia in noncompli-
ant patients or when a reconstructive treatment was initially
planned. After permanent occlusion, the patients were kept in the
intensive care unit for at least 48 hours for monitoring, according
to previously described protocol in the literature.'”

Before the procedure, informed written consent was obtained
from all the patients. This study was approved by the ethics com-
mittee “Ile-de-France 4.”

Clinical and Imaging Follow-Up

Clinical and imaging data were retrospectively analyzed from the
medical file and prospectively analyzed with a systematic phone
call to patients by an interventional neuroradiologist independent
of the procedures (M.-A.L.). We distinguished early (=30 days)
or late (>30 days until the last follow-up) follow-up. Patients for
whom no clinical or imaging data were available for >30 days
after the procedure were considered lost to follow-up and were
excluded from the analysis of the late follow-up period.

We determined the occurrence of the following variables: 1) a
hemorrhagic stroke, 2) a symptomatic cerebral or retinal IE (with
resolved or persistent symptoms at discharge), 3) death regardless
of its cause, 4) changes in the cranial nerve palsy intensity felt
according to a qualitative scale (resolved/improved, unchanged,
worsened/appearing), 5) changes in the treated aneurysm on CT
or MR imaging (retracted, unchanged, or grown) (retraction of
the sac was arbitrarily defined as a decrease of >10% of the diam-
eter of the aneurysm), and 6) the growth of an additional
aneurysm (de novo or pre-existing aneurysm). Given the good
correlation between BOT timing and quantitative cerebral perfu-
sion,'®!” IEs occurring in patients with a phlebogram delay of <2
seconds during the occlusion test were considered embolic. We
also determined the modified Rankin Scale score at the last fol-
low-up for all included patients, whatever the follow-up time.

Statistical Analysis

Statistical analysis was performed by using SPSS, Version 15.0,
software (IBM, Armonk, New York). Continuous variables were
described as medians and interquartile ranges (Q1-Q3), and were
compared with a Mann-Whitney-Wilcoxon test. Variables by cat-
egory were compared by using a x> or Fisher exact test.

The factors associated with the occurrence of cerebral/retinal
IEs after treatment were analyzed with a univariate analysis and
then with an exploratory binary logistic regression (for variables
with P < .1 in univariate analysis).

RESULTS

Population

Fifty-six consecutive patients treated by PAO for large, giant, or
fusiform aneurysms of the carotid siphon were included in the
study. Clinical and imaging data before the procedure were avail-
able for every patient. The patients had all been treated by using
coils according to the protocol and indications previously de-
fined. All patients had a well-tolerated BOT with a relative delay of
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FIG 1. Parent artery occlusion in a 5l-year-old woman with a left giant intrapetrous carotid
aneurysm revealed by a hearing loss. Front projection of angiography before and during the
occlusion (A), final angiography through the right carotid artery (B), final angiography through
the left vertebra (C), and T2 coronal MR imaging before and 2 years after treatment (D). A, Coils
were set upstream and downstream of the aneurysm, thus trapping the aneurysm and stopping
the flow at its neck, and were set loosely in the aneurysm itself to maintain the thrombus. The
final control (B) shows that the left middle cerebral artery is partially supplied by the right
carotid artery via the anterior communicating artery, but is well supplied by the vertebrobasilar
axis (C) via the left posterior communicating artery, with a venous return almost synchronous
between the left external temporal veins and cerebellar veins. D, MR imaging shows a significant

retraction of the aneurysm (white asterisk) after occlusion.

venous filling of <4 seconds. One patient who failed a first BOT
underwent bypass surgery and had a PAO after a second BOT. A
trapping with complete occlusion of the aneurysm was obtained
in all patients. The patients’ initial characteristics are presented
in Table 1. Early clinical follow-up (=30 days) was available for
every patient. Thirteen patients (23%) were lost to follow-up
after being discharged. Most of them (12/13) were sent and
followed by hospital centers from abroad. There was no signif-
icant difference between the patients lost to follow-up and
the remainder of the study population regarding the variables
before treatment and the rate of early cerebral/retinal IEs
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in early follow-up after treatment (data
not shown). For the remainder of the
population, the median clinical and ra-
diologic follow-up (Q1-Q3) was, re-
spectively, 45 months (range, 25-90
months) and 27 months (range, 13-55
months). Among these patients, all had a
clinical and MR imaging follow-up of =3
months.

Follow-Up after Carotid Occlusion
At the last follow-up, the increase of the
mRS score after the procedure was <2
(excellent outcome) in 53/56 (95%) pa-
tients, equal to 2 in 2/56 (3.5%) patients
(moderate aphasia and facial palsy, mod-
erate limb paresis), and equal to 3 in 1/56
(1.5%) patients (severe dominant arm pa-
resis). In patients with infraclinoid aneu-
rysms, it was <2 in 41/42 (97.5%) pa-
tients and equal to 2 in 1/42 (2.5%)
patients. Permanent morbidity was due ex-
clusively to postprocedure early IEs. No in-
tracranial hemorrhagic event or death was
observed throughout the follow-up period.
The outcome and the complications after
treatment are presented in Table 2.

Occurrence of Cerebral/Retinal IEs

During the early follow-up, an IE was re-
ported in 15/56 (27%) patients and was
completely resolved without sequelae at
discharge in 10/15 (67%). A good Willi-
sian substitute (suggested by a BOT tim-
ing of <2 seconds) was observed in 12/15
(80%) patients with an early IE. During
the late follow-up, an IE was reported in
4/43 (9%) patients, with a time lapse be-
tween 3 months and 2.5 years after the
treatment. For all patients with a late IE,
the symptoms were completely resolved
at discharge. They occurred in the context
of low blood pressure in 3/4 and after in-
terruption of aspirin in 1 patient who had
already had an IE during the early period.
All patients with IEs were managed in a
stroke unit. All had antiplatelets or hepa-
rin for the early period. Among them, 2/15 also received an intra-
venous bolus of abciximab (ReoPro, 10 mg) in the very acute
phase. Patients with recurrent IEs had long-term antithrombotic
therapy. The univariate analysis of the factors associated with the
occurrence of an IE after treatment (whatever the delay) is pre-
sented in Table 3. The exploratory multivariate analysis (entry for
P < .1) found that the existence of at least 1 cardiovascular risk
factor (OR = 7; CI 95%, 1.3-37; P = .024) and the para-/supra-
clinoid topography of the treated aneurysms (OR = 6; CI 95%,
1.1-40; P = .043) were significantly associated with the occur-
rence of an IE after treatment. The presence of a mural thrombus



Table 1: Baseline characteristics of the 56 patients of the study

Characteristics Value
Age (yr) (median) (Q1-Q3) 54 (46-66)
Female (No.) (%) 51(92)
Vascular risk factor (No.) (%) 31(55)
Antiaggregation platelet therapy (No.) (%) 15(27)

Asymptomatic (No.) (%) 4(7)
Pain (No.) (%) 43(77)
Cranial nerve palsy (No.) (%) 40(72)
SAH or CCF (No.) (%) 4(7)
Giant saccular aneurysms (=25 mm) (No.) (%) 27 (48)
Large saccular aneurysms (=15 mm, <25) (No.) (%) 24 (43)
Fusiform aneurysms (No.) (%) 5(9)

Infraclinoid aneurysms (No.) (%) 42 (75)
Mural thrombus (No.) (%) 15(27)
Multiple aneurysms (No.) (%) 11(20)
Timing of BOT =2 sec (No.) (%) 7(13)
General anesthesia (No.) (%) 16 (28)

Note:—CCF indicates carotid cavernous fistula.

Table 2: Outcome and complications in 56 patients after carotid
occlusion with coils for large, giant, or fusiform aneurysms of the
carotid siphon

Early FU Late FU
(<30 days) (>30 days)
Characteristics (n=56) (n=43)
Death (No.) (%) 0 0
Intracranial hemorrhage (No.) (%) 0 0
Ischemic event
Resolved symptoms (No.) (%) 10 (18) 4(9)
Minor persistent symptoms? (No.) (%) 2(3.5) 0
Major persistent symptoms® (No.) (%) 3(5.5) 0
Pain
Resolved or improved (No.) (%) NA 42 (98)
Unchanged (No.) (%) NA 0
Worsened (No.) (%) NA 1(2)
Cranial nerve palsy
Resolved or improved (No.) (%) NA 23(72)
Unchanged (No.) (%) NA 9°(28)
Worsened (No.) (%) NA 0
Embolized aneurysm
Retracted (No.) (%) NA 39(91)
Unchanged (No.) (%) NA 4(9)
Grown (No.) (%) NA 0
De novo/additional growing NA 1(2)
aneurysm (No.) (%)

Note:—NA indicates not assessed.
@ Modified Rankin Scale score = 1.
® Modified Rankin Scale score > 1.
“n =32

decreased this occurrence significantly (OR = 0.1; CI 95%, 0.01—
0.8; P = .033). The other variables were not significantly associ-
ated with the occurrence of an IE: age, fusiform nature of the
aneurysm, aneurysm size of =25 mm, and the administration of
antiplatelet therapy during the procedure. In the univariate anal-
ysis, patients with early or late transient IEs presented more often
with a relative delay of venous filling during the BOT of =2 sec-
onds (P = .043). This association persisted in the group of pa-
tients with late IEs (P = .072).

Symptoms of Mass Effect

Pain partially or completely improved in 42/43 (98%) patients.
The cranial nerve palsy partially or completely improved in 27/32
(84%) patients. Among these patients, 4/32 (12%) presented with

an initial improvement of the cranial nerve palsy, followed by an
unexplained late recurrence with a time lapse ranging from 4
months to 4 years, whereas the volume of the aneurysmal sac was
retracted or stable on MR imaging. The occurrence or worsening
of cranial nerve palsy was observed in 2/56 (3.5%) patients in the
early follow-up after carotid occlusion. For both of these patients,
it was transient in the days following the treatment and then par-
tially or completely improved. Two other patients who did not
present with any improvement of the palsy developed a corneal
ulceration in the months following the carotid occlusion, related
to a sensitive deficiency in the V1 trigeminal branch area already
present before the procedure.

Aneurysm Follow-Up

An aneurysmal retraction was observed on MR imaging in 39/43
(91%) patients (Fig 1D). The 4 patients without significant retrac-
tion presented with an aneurysm still circulating in a retrograde
manner on the angiographic control, supplied in 3 patients by the
ophthalmic artery. The absence of significant retraction was asso-
ciated with a more frequent para-/supraclinoid topography of the
aneurysm (3/12 [25%] versus 1/31 [4%], P = 0.059). One patient
of 43 (2%) presented with growth of a contralateral carotid aneu-
rysm 2 years after the carotid occlusion, requiring selective embo-
lization with no clinical consequences.

DISCUSSION

Our study showed that in a retrospective series of 56 consecutive
patients, PAO by using coils for large/giant or fusiform aneurysms
of the carotid siphon presents a morbidity risk of 5% (2.5% in
patients with infraclinoid aneurysm), a zero mortality risk, an
aneurysmal retraction rate of 91%, an improvement in pain of
98%, and an improvement rate for cranial nerve palsy of 72% for
a median follow-up of >3 years. Factors favoring a postproce-
dural ischemic complication are the para-/supraclinoid topogra-
phy of the aneurysm and the presence of at least 1 acquired car-
diovascular risk factor. On the contrary, the presence of a mural
thrombus is associated with a decreasing ischemic risk. This is the
largest published series of carotid occlusion by using coils for this
type of indication, to our knowledge.

Our study shows a zero mortality rate and morbidity exclu-
sively due to cerebral infarction immediately after the procedure
without hemorrhage, supporting the results of previous series of
PAO.3,9,] 1

The ischemic events after treatment in our series were most
often due to embolism, because a majority (78%) occurred in
patients with a very good circle of Willis. The greater propor-
tion of IEs in the group of patients presenting with a para-/
supraclinoid aneurysm could be explained by residual intraca-
rotid flow phenomena coming from the ophthalmic artery or
from external carotid emboli. Unlike in the study of Clarengon
et al,” the presence of a mural thrombus was associated with a
decreasing ischemic risk. A hypothesis could be that the flow is
already slowed down in thrombosed aneurysms and the occlu-
sion is, therefore, more rapidly effective with a lower risk of
embolus. However, no protective effect of the antiplatelet ther-
apy during the procedure was demonstrated in our study.

The IEs occurring in the hemodynamic context and/or in pa-
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Table 3: Comparison of main baseline characteristics in patients with and without

ischemic events after carotid occlusion (n = 56)

longer timeframe in which a de novo an-
eurysm develops after PAO, compared

. Ischemic No Ischemic with the mean follow-up in our study, we
Characteristics Events (n =18) Events (n = 38) P Value cannot establish the long-term safety of
':eg:;;(,)[ler) (anzil(?) (Q-Q3) ?2 §15 é) 0_)64) §§ (22;67) ?3717 PAO concerning this variable. This time-
Vascular risk factor (No.) (%) 14(78) 17 (44) 032 frame should probably justify life-long
Antiplatelet therapy (No.) (%) 5(28) 10 (36) 856 MR imaging surveillance for patients
Giant aneurysms (=25 mm) (No.) (%) 7(39) 20(53) 336 treated by PAO.
Fusiform aneurysms (No.) (%) 1(6) 4(10) A79 Whereas selective techniques with
Infraclinoid aneurysms (No.) (%) 11(61) 31(82) .099 coils plus or minus non-flow-diverter
Mural thrombus (No.) (%) 1(6) 14 (37) .01 . L.
Delay of phlebogram =2 sec (No.) (%) 4(22) 3 140 stents are considered the criterion stan-

tients with a longer relative delay of venous filling during BOT are
most often transient and have a good prognosis. Because they can
occur a long time after the PAO, they encourage preventing low
flow or low blood pressure, especially during general anesthesia in
patients treated despite a nonoptimal circle of Willis

The rate of IEs in our study was higher than the rate reported
in most of the studies of PAO in the literature, which varies from
4.5% to 14%.% "' The systematic inclusion of consecutive patients
obtained from a prospective registry and the consideration of
even early and late transient cerebral or retinal IEs in our study
may explain a part of this difference. Besides, we cannot exclude
the effect of the embolization technique performed exclusively by
using coils in our series and exclusively or mostly by using detach-
able balloons in other series. We could hypothesize that the slower
occlusion of the carotid artery (in approximately 10 minutes) ob-
tained by using coils compared with the immediate occlusion ob-
tained with a balloon could promote the migration of emboli. A
possible improvement of PAO by using coils would be to perform
a transitory occlusion with a balloon of the cervical carotid artery
during the coiling. Even if most of the IEs had a good prognosis at
the last follow-up—especially for the infraclinoid aneurysms—
their relatively high rate of occurrence requires restricting the
indications for PAO to patients with debilitating pain, cranial
nerve palsy, and/or intradural aneurysms."'®

PAO in our study had an excellent efficacy for pain, a partial
efficacy for cranial nerve palsy, and an excellent rate of aneurysm
occlusion. These results are comparable with those in other series
of PAO by using predominantly detachable balloons.>*'! We re-
port 4 cases of late recurrence of oculomotor disorders despite an
initial regression and a significant retraction of the aneurysm on
MR imaging. This phenomenon has already been described for
carotid siphon aneurysms treated by a reconstructive method by
using coils.'® It has never been reported, to our knowledge, after
PAO and remains unexplained.

We also report a case of a growing contralateral carotid aneu-
rysm 2 years after PAO, which required coil embolization. A re-
cent meta-analysis showed that the development of a new aneu-
rysm or the growth of a pre-existing aneurysm after carotid
occlusion has a 4.3% frequency and occurs within an average of
9.1 years after the occlusion.'” This phenomenon would be pro-
moted by the high compensatory flow of the substitute pathways
of the occluded carotid artery. This risk is low but higher than the
risk reported for reconstructive treatments.”® Given the expected
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dard for the treatment of most saccular
aneurysms of <10-15 mm, they are asso-
ciated with a high rate of recanalization
in larger aneurysms.*>'" Endovascular PAO with trapping has
long been considered the first-line treatment of large aneurysms.
New reconstructive stent-assisted treatments with flow diverters
are increasingly being developed because they have been shown to
be effective in several cases series. A recent prospective noncom-
parative study including 107 patients treated with Pipeline flow
diverters (Covidien) for large or giant aneurysms of the carotid
siphon showed a complete aneurysmal occlusion rate of 73.6% at
180 days and a rate of major ipsilateral stroke or neurologic death
at 180 days of 5.6%. The safety after 180 days and changes in the
symptoms of mass effect were not available.'* One other noncom-
parative study, including 27 patients, reported excellent flow-di-
verter stenting of aneurysms with symptoms of mass effect, with a
100% rate of improvement of the symptoms of mass effect and of
aneurysm retraction.'”> Because they preserve the parent vessel,
flow-diverter stents might prevent the occurrence of an early or
late hemodynamic ischemic event and de novo aneurysms. Nev-
ertheless, the superiority of this technique has not yet been proved
by comparative studies with PAO and is still debated.?! Further-
more, recent meta-analyses concerning flow-diverter stents show
that the mortality rate is close to 4%, regardless of the type of
aneurysm.>>*> It was 4% in the study of Briganti et al*> for 76
patients treated for intracavernous aneurysms. The reported fatal
complications with stent-assisted techniques are due to major
hemorrhagic or ischemic complications, which are completely
absent from carotid occlusion series.

Almost one-fifth patients in our study were lost to follow-up.
They were almost exclusively patients living abroad for whom the
follow-up could not be performed in our hospital or in a reference
center in their country and whose phone numbers were unavail-
able or incorrect. It is very unlikely that taking these into account
would have modified the morbidity and mortality rates because
serious complications were observed only during the early follow-
up, which could be analyzed for each patient. Furthermore, base-
line characteristics were similar in patients with and without a late
follow-up. Given the exploratory nature of this study, blind anal-
ysis by an independent review board has not been performed,
introducing potential interpretation biases.

CONCLUSIONS

In this study, PAO to treat large, giant, or fusiform aneurysms of
the carotid siphon is safe and effective, especially for giant infra-
clinoid aneurysms. Because of the ischemic event risk, this treat-
ment should be limited to symptomatic patients or aneurysms



with a high risk of severe bleeding. According to recent meta-

analyses, our results suggest that the validation of stent-assisted

reconstructive treatments for these aneurysms requires con-
trolled studies with PAO.
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ORIGINAL RESEARCH
INTERVENTIONAL

MR Imaging of Myeloperoxidase Activity in a Model of the
Inflamed Aneurysm Wall

MJ. Gounis, .M,J. van der Bom, AK. Wakhloo, S. Zheng, J.-Y. Chueh, A.L. Kihn, and A.A. Bogdanov Jr
O=

ABSTRACT

BACKGROUND AND PURPOSE: Although myeloperoxidase activity in vivo can be visualized by using noninvasive imaging, successful
clinical translation requires further optimization of the imaging approach. We report a motion-sensitized driven-equilibrium MR imaging
approach for the detection of a myeloperoxidase activity—specific gadolinium-containing imaging agent in experimental aneurysm mod-
els, which compensates for irregular blood flow, enabling vascular wall imaging in the aneurysm.

MATERIALS AND METHODS: A phantom was built from rotational angiography of a rabbit elastase aneurysm model and was connected
to a cardiac pulse duplicator mimicking rabbit-specific flow conditions. A Tl-weighted turbo spin-echo—based motion-sensitized driven-
equilibrium pulse sequence was optimized in vitro, including the addition of fat suppression and the selection of the velocity-encoding
gradient parameter. The optimized sequence was applied in vivo to rabbit aneurysm models with and without inflammation in the
aneurysmal wall. Under each condition, the aneurysms were imaged before and after intravenous administration of the imaging agent. The
signal-to-noise ratio of each MR imaging section through the aneurysm was calculated.

RESULTS: The motion-sensitized driven-equilibrium sequence was optimized to reduce flow signal, enabling detection of the myeloper-
oxidase imaging agent in the phantom. The optimized imaging protocol in the rabbit model of saccular aneurysms revealed a significant
increase in the change of SNR from pre- to post-contrast MR imaging in the inflamed aneurysms compared with naive aneurysms and the
adjacent carotid artery (P < .0001).

CONCLUSIONS: A diagnostic MR imaging protocol was optimized for molecular imaging of a myeloperoxidase-specific molecular
imaging agent in an animal model of inflamed brain aneurysms.

ABBREVIATIONS: LPS = lipopolysaccharide; MPO = myeloperoxidase; MSDE = motion-sensitized driven-equilibrium; PHASES = Population, Hypertension, Age,
Size of Aneurysm, Earlier Subarachnoid Hemorrhage from Another Aneurysm, and Site of Aneurysm; SPIR = spectral presaturation inversion recovery; UIA = unruptured
intracranial aneurysms; VENC = velocity-encoding gradient parameter

ue to the continuing improvements to the safety of unrup-
D tured intracranial aneurysm (UIA) treatment, there has been
a steady increase in procedure numbers. Between 2001 and 2006,
there was a 22-fold increase in UIAs treated by endovascular coil
embolization,' and in 2008, approximately 57,000 UIAs were ei-
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ther surgically clipped or coiled in the United States alone.” While
the annual risk of rupture of an UIA is estimated to be between 0%
and 33% depending on size, morphology, anatomic location, and
history of subarachnoid hemorrhage,>* the combined rate of
morbidity and mortality resulting from coil embolization and
surgical clipping is approximately 5% and 14%, respectively.?
Thus, the risk-benefit analysis does not support interventional
treatment of all unruptured aneurysms but dictates, rather, that
UlAs be carefully selected on the basis of their relative risk of
rupture. Currently, it is not possible to accurately assess the UIA
risk of rupture. The challenge therefore lies in the ability to posi-
tively identify UIAs that are progressing to rupture. Accordingly,
new methods for improving this capability will be critical for im-
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proving clinical decision-making in managing individual cases.
Toward this end, a diagnostic method has been recently devised to
enable imaging of UIA wall inflammation by using iron oxide
nanoparticles.>®

The recent focus on inflammation-induced events and mark-
ers is primarily due to their role as a potential contributor to
aneurysm rupture (reviewed in Tulamo et al”). Inflammation is
likely associated with vascular remodeling which, with time, exposes
the aneurysm to increased risk of rupture. One of the major inflam-
mation-associated tissue markers, myeloperoxidase (MPO), is a
secretable heme-containing oxidoreductase of azurophilic gran-
ules of polymorphonuclear cells. Secreted MPO produces chlori-
nating bactericidal species (eg, hypochlorous acid) from hydro-
gen peroxide during neutrophilic respiratory burst and chloride
anions. In addition to a well-known role in the host defense sys-
tem against microorganisms, MPO has been implicated in the
initiation and destabilization of atherosclerotic plaques (reviewed
in Nicholls and Hazen®). Recently, MPO presence in human brain
aneurysm specimens was shown to correlate with the Population,
Hypertension, Age, Size of Aneurysm, Earlier Subarachnoid
Hemorrhage from Another Aneurysm, and Site of Aneurysm
(PHASES) model® of aneurysm risk of rupture.'® Enzymatic ac-
tivity of neutrophilic myeloperoxidase can be used as a highly
selective and sensitive target for detecting inflammation by using
clinical imaging modalities (MR imaging, SPECT)."'"'*> A gado-
linium (IIT) chelate MPO activity—sensing MR imaging probe has
also been investigated in an animal model of inflamed saccular
aneurysms.'® With a 3D T1-weighted fast-field echo pulse se-
quence, local accumulation of the probe as determined by en-
hancement correlated with MPO activity at the site of Escherichia
coli lipopolysaccharide (LPS) injection. Signal changes measured
on MR imaging were possible at the clinical field strength (3T)
and gadolinium (IIT) dose.

Although these results are promising, the MR imaging proto-
cols (specifically for axial black-blood imaging) have to be opti-
mized to detect the presence of MPO within an aneurysm, espe-
cially given the complexity of intra-aneurysmal flow and the
resultant attenuation of the MR imaging signal. At this juncture,
the MPO activity—specific imaging agent is experimental and is
not approved for human use. Therefore, we optimized the MR
imaging protocol for detecting MPO activity in both in vitro and
in vivo aneurysm models.

MATERIALS AND METHODS

In Vitro MR Imaging Sequence Optimization

All MR imaging studies were conducted on a 3T Achieva scanner
(Philips Healthcare, Best, the Netherlands) by using an 8-element,
receive-only knee coil (Philips Healthcare). Radiofrequency was
transmitted with the built-in quadrature body coil. To optimize
MR imaging sequences that are insensitive to the complex intra-
aneurysmal flow patterns, we first conducted an in vitro phantom
study. A silicone vascular replica was built from 3D rotational
angiography of a rabbit elastase aneurysm by using a rapid proto-
typing technique previously described.'” The phantom was con-
nected to a flow-loop-driven programmable pulsatile pump sim-
ulating the aortic waveform of the rabbit'® by using a blood

analog working fluid that matched the T1 and viscosity of blood.
We applied a turbo spin-echo pulse sequence combined with the
following components to suppress blood flow signal: black-blood
double inversion recovery,'® small FOV quadrature inversion re-
covery,”® and motion-sensitized driven-equilibrium (MSDE).*'
All images were acquired with 2-mm sections along the long axis
of the aneurysm in a 100-mm FOV with an acquired in-plane
resolution of 0.4 X 0.4 mm. The TSE-based double inversion
recovery, small FOV quadrature inversion recovery, and MSDE
scan parameters included TR/TE of 456/10 ms, 750/11 ms, and
698/9 ms; and flip angles of 90°, 90°, and 70°, respectively. The
number of signal averages for all sequences was 2. The flow veloc-
ity-encoding gradient parameter (VENC) had values between 1
and 8 cm/s.

Once the flow was adequately suppressed, the phantom aneu-
rysm was embedded in solid coconut oil to account for extravas-
cular fat. Images were also acquired using a spectral presaturation
inversion recovery (SPIR) fat-suppression method. Finally, a
small capsule containing 150 wmol/L of Gd-DTPA in a volume of
~30 L was included in the aneurysm replica to determine
whether sufficient flow suppression was achieved to enable detec-
tion of a representative amount of retained Gd-containing imag-
ing agent.

Additional sequences included the following: a 3D time-of-
flight sequence (voxel size, 0.208 X 0.208 X 1 mm?; gap, —0.5
mm; TR/TE, 20.1/3.6 ms; flip angle, 20° number of signal aver-
ages, 2), and a coronal and axial T1-weighted fast-field echo se-
quence (voxel size, 0.625 X 0.625 X 2 mm’; gap, —1.0 mm; TR/
TE, 17.9/2.3 ms; flip angle, 25°).

In Vivo MR Imaging of a Rabbit Model
All in vivo procedures were first approved by our Institutional
Animal Care and Use Committee. A saccular aneurysm model in
New Zealand White rabbits (n = 8) was created as previously
described.”” Three weeks after the aneurysms were created, the
animals were re-anesthetized and imaged by using the MR imag-
ing protocol established from our in vitro phantom study. Due to
the location of the aneurysm, respiratory gating was used. The
naive aneurysms were imaged before and 3 hours after IV admin-
istration of the MPO activity—specific paramagnetic imaging
agent (DTPA[GA] bis-hydroxytryptamide, bis-5SHT-DTPA[Gd])
ata dose of 0.1 mmol Gd/kg in 15 mL of 5% meglumine, pH 7."°
The synthesis, purification, and in vitro testing of bis-5HT-
DTPA(Gd) were essentially performed as previously reported.'*
One week after the baseline MR imaging study was performed,
7 animals were returned to the surgical suite for LPS-induced
inflammation of the aneurysm wall, as previously described.'®
Briefly, with the animal under general anesthesia, a 6F guide cath-
eter was positioned at the root of the brachiocephalic artery by
using a standard transfemoral approach. Thereafter, a standard
microcatheter (0.016-inch inner diameter) was navigated into the
aneurysm sac over a 0.014-inch guidewire. With the microcath-
eter placed deep into the dome, a 0.014-inch stainless steel hypo-
tube with a ground distal tip was advanced through the micro-
catheter and inserted carefully into the aneurysm wall. LPS (1-mg,
200-uL total volume) was injected through the hypotube for ap-
proximately 10 minutes. The remaining animal served as a nega-
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FIG1. A, Asilicone replica of a rabbit elastase—induced aneurysm of the right common carotid
artery (arrows) was built and subjected to MR imaging (axial projections along a line in A; the
inset is rotational angiography data on which the model was built). Double inversion recovery
black-blood (B) and small FOV quadrature recovery (C) suppressed the flow signal in the adja-
cent arteries but not within the aneurysm dome (arrows). The MSDE sequence combined with
SPIR to suppress the surrounding fat with a VENC of 2 cm/s had persistent flow signal in the
aneurysm dome (D, arrow), which was eliminated with a VENC of 1cm/s (E). With a VENC of 1

pH 6.5. The homogenization was per-
formed by using a mini-BeadBeater (Bio-
Spec Products, Bartlesville, Oklahoma)
for 12 cycles (30 seconds each) with
I-minute cooling on ice between the cy-
cles. The final disruption was performed
by using 3 freeze-thaw cycles. The samples
were cleared by centrifugation (8000xg, 5
minutes), and the activity of MPO was de-
termined in the supernatant by using a
fluorescent analog of MPO substrate in
the presence of hydrogen peroxide. The
rates of fluorescence increase were deter-
mined by using a kinetic assay (Aex = 550
nm, Aem = 600 nm) with an MPO stan-
dard solution (Cell Technology) to gener-
ate calibration curves. The protein con-
tent in the homogenized samples was
determined by using a bicinchoninic acid
kit (Bio-Rad Laboratories, Berkeley, Cal-
ifornia). The total MPO activity was ex-
pressed in international units per milli-
gram wet sample and international units
per milligram extractable protein.

cm/s and SPIR for fat suppression, we were able to image a realistic Gd-DTPA contrast agent

concentration (150 umol/L) contained within a capsule implanted in the aneurysm (F, frontal

projection). Horizontal scale bars represent 3 mm.

tive control. Two days after the LPS administration, the MR im-
aging study was repeated before and after intravenous infusion of
the MPO activity—specific imaging agent. After the final imaging
study, the animals were euthanized and the aneurysms were sur-
gically explanted for histologic analysis. The aneurysm tissue was
embedded in tissue-freezing medium, snap-frozen in liquid ni-
trogen, and stored at —80°C until processing.

Rabbit tissues were carefully divided in half along the long axis
of the aneurysm. The first section was processed by using an alka-
line phosphatase immunohistochemistry approach due to the
high autofluorescence of rabbit sections. The rabbit aneurysm
and contralateral carotid artery sample sections were incubated
for 90 minutes in 50-mmol/L tris, 100-mmol/L NaCl (tris-buft-
ered saline), containing 1-mmol/L ethylenediaminetetraacetic
acid, pH 7, to block endogenous phosphatase activity, and were
blocked in 5% bovine serum, 10-mg/mL bovine serum albumin,
tris-buffered saline, pH 7.5, for 2 hours. The primary antibodies
(cross-reacting with rabbit antigens) were the corresponding
mouse anti-human monoclonal antibodies (2C7, dilution: 1:100;
Abcam, Cambridge, Massachusetts). The secondary antibody
(anti-mouse rabbit-alkaline phosphatase conjugate; Roche, Basel,
Switzerland) was used at 1:1000 dilution.

The remaining aneurysm tissue was subjected to an analysis of
MPO activity performed by using a commercially available MPO
kit (Fluoro MPO; Cell Technology, Mountain View, California).
A typical assay included homogenization of 1-10 mg of saline-
rinsed, rapidly defrosted tissue in a vial containing a slurry of
300-mg sterile glass beads (1-mm diameter) suspended in 0.5 mL
0f 0.5% solution of hexadecyltrimethylammonium bromide, 10-
mmol/L N-ethylmaleimide in 0.1-mol/L potassium phosphate,
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MR Image and Statistical Analysis
Images from the phantom study were
qualitatively reviewed by the entire inves-
tigative team (all authors) for flow and fat suppression and suffi-
cient contrast-to-noise to distinguish the Gd-DTPA capsule from
the background. Selection of the optimized sequence in vitro was
reached by consensus of the team. In the rabbit study, 2 experi-
enced observers (M.].G., 10 years; A.L.K,, 2 years) created elliptic
regions of interest around the aneurysm and left common carotid
artery. Region-of-interest selection was reviewed by a neuroradi-
ologist with >20 years of experience in cerebrovascular imaging
(A.K.W.). The signal-to-noise ratio was calculated by dividing the
mean intensity within the region of interest by the SD of the image
background. The SNR pre-contrast was subtracted from the post-
contrast value, and the change in SNR was compared between the
naive and inflamed aneurysms and the left common carotid
artery.

The results are expressed as mean * standard error of the
mean. A repeated-measures ANOVA with a Tukey multiple com-
parisons posttest was used to make comparisons of the SNR
changes. P < .05 was statistically significant.

RESULTS

In Vitro MR Imaging Sequence Optimization

The vascular replica used for sequence optimization is shown in
Fig 1A. Although excellent flow suppression was achieved with the
double inversion recovery and small FOV quadrature inversion
recovery techniques in the adjacent arteries, substantial flow sig-
nal within the aneurysm persisted (Fig 1B, -C). The MSDE tech-
nique by using a VENC of 1 cm/s was shown to provide excellent
flow suppression compared with larger VENC values (Fig 1D, -E).
We confirmed that the MSDE sequence with a VENC of 1 cm/s
and the addition of SPIR eliminated the signal from blood flow



FIG 2. Schematic of the TSE-based MSDE pulse sequence optimized
in the in vitro study (A), subsequently modified for in vivo rabbit
aneurysm imaging (B).

FIG 3. Model of a saccular aneurysm (arrows) in the rabbit (A, axial projection, turbo spin-echo
with SPIR, inset rotational angiogram in frontal oblique projection). MSDE images before receiv-
ing the MPO-specific contrast agent (B) and after IV administration of bis-5HT-DTPA(Gd) in the

naive (C) and inflamed (D) aneurysms (0.1-mmol Gd/kg).

FIG 4. A, Signal-to-noise ratio change of the inflamed aneurysm was highly significant by using
the MSDE sequence and was negligible in the naive aneurysm as well at the left common carotid
artery, suggesting adequate flow suppression. B, SNR change calculated from the Tl—fast-field
echo axial sections shows a significant increase between the inflamed and naive aneurysm
model, but no differences between the inflamed aneurysm and the left common carotid artery
either before or after LPS administration, suggesting flow dependence. The asterisk indicates
P < .05; triple asterisks, P < .0001, contrast agent: bis-5HT-DTPA(Gd).

and adjacent fat, respectively, yet provided sufficient T1-weighted
contrast to image the capsule containing 0.1-mmol/L Gd-DTPA
inserted and affixed in the aneurysm dome (Fig 1F). The optimal
sequence was the fat-suppressed T1-weighted TSE-based MSDE
pulse sequence (Fig 2A), including the following parameters:
TR/TE 698/9 ms; flip angle, 70°; TSE factor, 4 with low-high pro-
file order; VENC, 1 cm/s; and number of signal averages, 2.

In Vivo MR Imaging of a Rabbit Model
We transferred the optimized MSDE sequence to the rabbit
aneurysm model. However, due to the location of the aneu-
rysm, significant motion artifacts due to respiration were ob-
served. Therefore, MR imaging was performed with respira-
tory triggering. Data acquisition was performed during the
expiration phase by using a multi-2D method that required
TR = 5000 ms as determined by the length of the respiratory
cycle. Consequently, T1-weighting for contrast enhancement
was lost. To overcome this loss, we added an inversion pulse to
the sequence to gain T1 sensitivity by
inversion recovery (Fig 2B). The inver-
sion recovery delay time (800 ms) was
determined by minimizing the signal
generated by the aneurysm wall in an
effort to maximize the signal difference
with respect to post-5HT-DTPA(Gd)
imaging (Fig 3). A TSE method with a
TSE factor of 16 was used for imaging,
and a low-to-high profile was used to
achieve a small TE value of 8.6 ms.
Compared with the naive aneurysm,
on average, a 40-fold increase in the
SNR change from pre- to post-contrast
MSDE imaging in the inflamed aneu-
rysm model was found (Fig 4A). The
mean SNR change in the naive left com-
mon carotid artery and the left common
carotid artery following injection of LPS
into the aneurysm wall was 1.7 and 6.8,
respectively. The model of the inflamed
aneurysm had a significant increase in
the SNR change compared with all con-
trols (P < .0001). Similar trends in the
SNR change were observed by using the
3D Tl-weighted fast-field echo se-
quence; however, significant differences
between the inflamed aneurysm versus
the control left common carotid artery
were not found (Fig 4B). The aneurysm
model including the LPS modification
had 19.4 = 10.8 U MPO per milligram,
whereas the negative control animal had
0.45 U MPO per milligram. Similar to
that in our previous study,'® the LPS-
induced inflammation demonstrated a
large infiltration of MPO and macro-
phages within the aneurysm wall com-
pared with the naive control (Fig 5).

AJNR Am J Neuroradiol 3614652 Jan 2015  www.ajnr.org 149



FIG 5. Histology of the aneurysm wall in the animal model without (A and B) and with (C and D)
perivascular injection with LPS. The naive aneurysm has limited macrophage infiltration (A) and
no MPO (B). The modification with LPS induces significant macrophage (C) infiltration and has
prominent distribution of MPO (D). All images are at X20 magnification.

DISCUSSION

With advances in noninvasive neuroimaging, aneurysms are be-
ing detected incidentally with increasing frequency.”>** The pa-
tients diagnosed with UTA and facing the potentially dismal out-
come of aneurysmal SAH (associated with a 50% mortality rate)
experience a significant decrease in quality of life.>> An objective
test to assess rupture risk could potentially impact the decision to
treat UIAs. To achieve this goal in clinical practice, thorough eval-
uation of multiple sequences may lead to a unified MR imaging
protocol for risk stratification of intracranial aneurysms.

We have proposed to exploit the relationship between inflam-
mation and aneurysm progression to rupture (reviewed in Tu-
lamo et al”) as a means of assessing rupture risk through MR
imaging. The exact time course of aneurysm progression to rup-
ture has not been determined in humans. Most of our under-
standing of factors that may contribute to aneurysm progression
and rupture has been gained through studies using animal mod-
els. The consensus from these studies is that aneurysm growth is
strongly influenced by mediators of inflammation such as inter-
leukin-1- [3,2(’ nuclear factor kB,%” and monocyte chemoattractant
protein-1.>® The presence of these molecules in the vessel wall is
most likely due to leukocyte infiltration, which has recently been
shown to have a direct link to aneurysm development.*® Neutro-
phils are the most abundant leukocytes capable of trafficking into
the vessel wall. They secrete an array of signaling molecules such
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as cytokines, as well as MPO and elas-

tase,3 0

which reduce wall strength and
thus allow the aneurysm to expand.

The direct role of neutrophil-derived
MPO in UIA rupture has not been exten-
sively studied, but a confluence of evi-
dence from research aimed at determin-
ing the risk of acute cardiovascular events
identified MPO as a key player (reviewed
in Schindhelm et al®'). More recently,
MPO presence has been correlated with
the PHASES model of the annual rupture
risk of aneurysms.'® In addition to its role
in inflammation, MPO mediates oxida-
tive cell stress due to the production of
reactive oxygen species contributing to
vessel wall damage. Building on previous
work with human aneurysm tissue,*>*> a
rat model was developed in which an al-
logeneic arterial graft was decelluarized
before its anastomosis to the aorta of the
experimental animal.** Nearly 50% of
these decelluarized aneurysms progressed
to rupture, whereas control aneurysms
remained stable. Histologic analysis dem-
onstrated that
within the decelluarized aneurysm could

thrombus formation
not organize; this feature led to recanali-
zation, inflammation, wall degeneration,
and ultimate rupture. Similar conclusions
regarding the role of incomplete throm-
bosis and subsequent inflammatory cell
infiltration into the aneurysm wall with
marked degeneration were confirmed in a swine venous pouch
aneurysm model.*

To enable molecular imaging of MPO activity with high reso-
lution, we selected the realistic rabbit elastase model of saccular
aneurysms due to the complex intra-aneurysmal hemodynamics,
which are similar to that of human intracranial aneurysms.>® The
TSE-based MSDE sequence in a phantom model allowed suppres-
sion of the signal from intra-aneurysmal blood flow to a degree
that was not achievable by using double inversion recovery > or
small FOV quadrature inversion recovery *° black-blood imaging.
The optimized sequence demonstrated a 40-fold increase in SNR
in the inflamed aneurysm model compared with the naive aneu-
rysm following SHT-DTPA(Gd) administration. This is a dra-
matic improvement from the previously used T1-fast-field echo

protocol.'®

Contrast retention within the aneurysm wall has been
observed for up to 6 hours,'® and in other models, clearance of the
contrast has been documented at 24 hours.'® Further study of
contrast dynamics as these apply to aneurysms is needed.

The MPO activity of the aneurysm model after being treated
with LPS was similar to that measured in unruptured human an-
eurysms; however, the negative control naive rabbit aneurysm
had >40-fold reduction in MPO activity.'® A limitation of our
approach is that direct comparisons of the enzymatic MPO activ-

ity measurements in human specimens and the rabbit model are



not possible due to the well-known interspecies variability.®
Qualitatively, the alkaline phosphatase staining showed an abun-
dance of MPO in the inflamed rabbit aneurysm (Fig 4). Another
limitation of this model is the artificial induction of inflammatory
changes that do not involve hemodynamic activation of the en-
dothelium and subsequent aneurysm wall remodeling, which is
suspected in aneurysm pathogenesis. Thoughtful research has fo-

cused on characterizing intra-aneurysmal hemodynamics associ-
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ated with rupture, and correlating local hemodynamics with

noninvasive imaging of MPO activity presents an exciting exper-
imental paradigm. Although the animal model of inflamed intra-
cranial aneurysm presented herein may not be relevant to achieve
this goal, it may be possible to link intra-aneurysmal hemody-
namics with MPO activity in clinical aneurysm specimens ob-
tained during clipping.'®

CONCLUSIONS

A diagnostic MR imaging protocol has been optimized for detec-
tion of an MPO-specific paramagnetic imaging agent in an animal
model of inflamed intracranial aneurysms.
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ORIGINAL RESEARCH
INTERVENTIONAL

Establishing a Rabbit Spinal Tumor Model for Nonvascular
Interventional Therapy through CT-Guided Percutaneous
Puncture Inoculation

L. Chen, J. Xiao, I.-C. Su, Y.-W. Wu, B. Zhang, K.-Y. Ge, Y.-C. Chang, C. Yang, and C.-F. Ni
O=

ABSTRACT

BACKGROUND AND PURPOSE: An animal spinal tumor model is needed to better simulate the clinical situation and to allow percuta-
neous puncture, which may provide an experimental platform for the new nonvascular interventional therapies. We established a rabbit
spinal tumor model through a CT-guided percutaneous puncture inoculation technique for nonvascular interventional therapy.

MATERIALS AND METHODS: VX2 tumor cells were inoculated into the lumbar vertebrae of 32 rabbits through a CT-guided percutaneous
puncture technique; then, the development of hind limb paraparesis was observed in the rabbits twice a day. MR imaging and CT were
performed on days 14, 21, and 28 postinoculation and at the development of hind limb paraparesis. On days 21 and 28 postinoculation, 2
rabbits, whose imaging suggested successful modeling without hind limb paraparesis, were chosen on each day. The lumbar vertebrae were
sampled from 1 rabbit for histopathologic examination, and the other rabbit underwent PET-CT examination before percutaneous
vertebroplasty. Finally the lesion vertebrae were sampled for histopathologic examination.

RESULTS: The success rate of modeling was 90.6% (29/32) in our study. On day 21 postinoculation, successful modeling was achieved in 21
rabbits, with 19 having no hind limb paraparesis. On day 28 postinoculation, another 7 achieved successful modeling, and only 1developed
hind limb paraparesis. Percutaneous vertebroplasty treatment was successful for the 2 rabbit models.

CONCLUSIONS: Establishment of a rabbit spinal tumor model through a CT-guided percutaneous puncture technique and inoculation of
VX2 tumor is easy and has a high success rate. The established model can be used to study nonvascular interventional therapies for spinal

tumor, including percutaneous vertebroplasty.

ABBREVIATIONS: HLP = hind limb paraparesis; PVP = percutaneous vertebroplasty

pproximately 5%—10% of all patients with cancer have me-
tastases to the spinal column."? Vertebral metastasis has ma-
jor clinical significance and can acutely impact patient quality of
life. It is not only an indicator of bad prognosis but also produces
severe pain, spinal instability, and neurologic compression fol-
lowing pathologic vertebral fracture. Despite multimodality
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treatment of spinal diseases, which includes a combination of
surgery, radiation therapy, and chemotherapy, the median life
expectancy for these patients is <1 year.”* Recently various inter-
ventional mini-invasive therapies, such as percutaneous vertebro-
plasty (PVP) and radiofrequency ablation through percutaneous
puncture, have yielded encouraging preliminary clinical out-
comes in the local treatment of spinal tumor.>”” However, the

8-10 and

treatment mechanism of these therapies remains unclear,
some have a higher rate of complications.'""'? In addition, more
basic and preclinical research is needed to improve the curative
efficacy of the newly developed treatment instruments and to re-
duce their complications. Due to lack of a live spinal tumor model
for percutaneous puncture, previous research was mainly con-
ducted with healthy animals, cadavers, or computer-simulated
systems.'>"'® A live animal spinal tumor model is urgently needed
to better simulate the clinical situation and to allow percutaneous
puncture, which may provide an experimental platform for the
newly emerging mini-invasive interventional therapies. The pres-
ent study, using CT-guided percutaneous puncture inoculation of

VX2 tumor cells, created a rabbit spinal tumor model that allows

AINR Am J Neuroradiol 36:153-59  Jan 2015  www.ajnr.org 153



FIG1. CT-guided percutaneous puncture inoculation of a VX2 tumor mass. A, Incorrect posi-
tioning of puncture needle and the adjustment of needle position and direction. B, Correct
positioning of puncture needle, just at the junction of the vertebral body and left vertebral
pedicle. C, Puncture needle breaking the vertebral cortical bone and reconfirming that the needle
positioning is not deep enough. D, Slow advancement of the puncture needle to the middle of

vertebral body.

mini-invasive therapies through a percutaneous puncture ap-
proach and observed the development and pathologic manifesta-
tion of hind limb paraparesis (HLP) in an animal model.

MATERIALS AND METHODS

The protocol of this experiment was approved by the animal
research committee of our institution and was conducted in
accordance with the guidelines of the International Council on
Animal Care. Healthy New Zealand white rabbits (n = 32),
weighing 3-3.5 kg, were purchased from the Laboratory Ani-
mal Center of our university. Fasting was prescribed from the
night before the inoculation in 32 rabbits, and 3% pentobar-
bital was used for general anesthesia via a rabbit ear vein at a
dose of 30 mg/kg before inoculation, imaging examination,
and PVP treatment.

Preparation of VX2 Tumor Mass

Rabbit VX2 carcinoma preparation was performed as previously
described.'®'” Successful inoculation of the VX2 mass into the
thigh muscles of the New Zealand rabbit could lead to a palpable
tumor mass at the inoculation site 3 weeks later. At 30 minutes
before inoculation, tumor was surgically obtained from the thigh
of tumor-bearing rabbits; then, the fresh tumor tissues around the
border of the tumor were harvested after removing the hemor-
rhage and necrotic tissues. The tumor tissues were cut into small
blocks (approximately 1.0 mm?, 2 X 10> tumor cells), which were
soaked in saline until use.
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Percutaneous Puncture Inoculation
Technique

The experimental rabbits were anesthe-
tized and fixed in a prone position,
and the skin on the left low back was
prepared. CT localization set the junc-
tion of the head side of the L4 or L5 ver-
tebral body and the left pedicle as the
puncture point. A 17-ga coaxial intro-
ducer needle (Angiotech, Gainesville,
Florida) was used to puncture the target
vertebra under CT guidance, and the nee-
dle advancement was stopped when it
reached the middle area of the punctured
vertebral body (Figs 1 and 2); then, the in-
ner core of the trocar was used to coaxially
push the 2 tumor blocks into the vertebrae
body through the sheathed needle, and
finally a piece of Gelfoam (0.5 cm; Jin-
ling Pharmaceutical Company, Nanjing,
China) was used to seal the needle tract.

Observation of the Postinoculation
Procedure

Animals were examined twice daily for
signs of HLP after transplantation. On
days 14, 21, and 28 postinoculation, MR
imaging and CT were performed. On
days 21 and 28 postinoculation, 2 rab-
bits, whose imaging examination sug-
gested tumor growth but with no signs of paralysis, were chosen
each day. One animal was used to harvest lesion vertebrae for patho-
logic examination, the other underwent an BE_FDG PET-CT exam-
ination before using polymethylmethacrylate bone cement (Cranio-
plastic Codman, Raynham, Massachusetts) to conduct PVP
treatment, and finally the lesion vertebrae samples were harvested for
histopathology. For the rest of the experimental rabbits, both MR
imaging and CT were performed immediately after development of
HLP; then, lesion vertebrae samples were harvested for pathologic
examination. Animals with no HLP at 3 months postinoculation and
no tumor growth on imaging examination were sacrificed, and the

spines were processed for histopathology.

Imaging Examination and PVP Technique

An MX 8000 4-channel CT scanner (Marconi Medical Systems,
Cleveland, Ohio) was used. The scanning parameters were the fol-
lowing: tube voltage, 120 kV(peak); tube current, 200 mA; section
thickness, 2 mm; reconstruction interval, 2 mm; and rotation time, 1
second.

MR imaging was performed with a 1.5T imaging unit (Eclipse;
Philips Healthcare, Best, the Netherlands) and a spine coil. Sagit-
tal T1-weighted (TR/TE, 500/12 ms) and sagittal and axial T2-
weighted (TR/TE, 4500/112 ms) images were obtained, and sag-
ittal T1-weighted images were obtained after intravenous
administration of 0.1-mmol/kg gadopentetate dimeglumine
(Magnevist; Schering, Berlin, Germany).

Fasting was prescribed for 4 hours before PET-CT, and '®F-



FIG 2. CT scan reconstruction after successful puncture: coronal section (A), sagittal section (B), and axial section (C). The rabbit vertebra is
narrow and long, with the central part being thin and small (arrowhead). The cross-section of the vertebral head is relatively thicker, and the
puncture needle tip (arrow) is positioned at the relatively thicker side of vertebra head after successful puncture.

FIG3. CT of a successful model of a spinal tumor. A and B, Irregular bone destruction inside the
lumbar vertebrae and cortical bone destruction at the vertebra posterior border. C and D,
Another experimental animal with vertebral bone destruction. The vertebral cortical bone broke
at the vertebra border, with a small amount of high-attenuation osteogenesis inside.

FDG was injected via a rabbit ear vein (27.8 MBq/Kg); 45 minutes
later the rabbits were fixed in a prone position for PET-CT scan-
ning (Discovery LS; GE Healthcare, Milwaukee, Wisconsin). The
parameters for CT were as follows: An initial scout view was ob-
tained with 10 mAs and 120 kVp, followed by spiral CT at a table
speed of 17.5 mm/s and a pitch of 1.75 with 120 mAs, 140 kV. PET
images were obtained with a weight-based protocol and 4—6 min-
utes of acquisition time per bed position. All PET images were
reconstructed by using an iterative algorithm, with CT-based at-
tenuation correction applied. Metabolic images from PET and
anatomic images from CT were fused in a postprocessing work-
station (Xeleris 1.1; GE Healthcare).

PVP was performed under CT guid-
ance. An 18-ga vascular access needle
punctured the spinal tumor to deliver
approximately 0.5-mL  polymethyl-
methacrylate bone cement (Corinplast
3; Corin, Gloucester, UK) for PVP
therapy.

RESULTS

Successful Modeling Rate

All 32 rabbits underwent successful
puncture with no acute paralysis, and
successful modeling was achieved in 29,
with a success rate of 90.6% (29/32),
which was confirmed by histopathologic
results. Among the 3 failed cases, 1 had
no tumor growth inside the vertebra,
but inside paravertebral soft tissues; and
2 had no spinal tumor growth after in-
oculation or paralysis 3 months later
and reimaging examination still found
no tumor growth. The 2 rabbits were
sacrificed and pathologic examination
of the lumbar vertebrae undergoing tu-
mor inoculation found no tumor cells,
indicating inoculation failure.

Hind Limb Paralysis Time

On day 14 postinoculation, only 1 rabbit had spinal tumor growth as
shown by MR imaging, and HLP occurred on day 19 postinocula-
tion. On day 21 postinoculation, 21 rabbits had spinal tumor growth
as shown by both MR imaging and CT and 2 had HLP. On day 28
postinoculation, spinal tumor growth was observed in another 7 rab-
bits as shown by MR imaging and CT and 1 had HLP. Among the 29
rabbits that achieved successful modeling, 25 developed HLP on av-
erage 26.4 = 4.2 days after inoculation (range, 19-36 days). On days
19, 28, 33, 34, 35, and 36 postinoculation, 1 paralysis occurred each
day. On days 21, 23, and 24, two cases of paralysis occurred each day;
on days 25 and 26, four cases of paralysis occurred each day, and on
day 27, five cases of paralysis occurred; so the peak time for successful
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FIG 4. MRimages of the vertebra of a paralyzed rabbit with abnormal signal (arrow) from the L4 vertebra. A, Low signal on TIWI. B, High signal
on T2WI. C, Enhanced scan shows significantly enhanced lesions and spinal cord compression.

modeling animals to show signs of HLP was on days 25-27 postin-
oculation. For the 4 rabbits achieving successful modeling but with
no HLP, pathologic samples were still harvested on days 21 and 28, or
vertebra samples were obtained for pathologic examination after
PET-CT and PVP treatment.

Imaging Manifestation of the Spinal Tumor Model

CT of the lumbar vertebrae showed irregular osteolytic bone de-
struction inside, with high-attenuation osteogenesis also ob-
served in some spinal tumors, and vertebral posterior border bone
destruction observed at the late stage (Fig 3). MR imaging re-
vealed that L4 or L5 vertebrae showed low signal on TIWI and
high signal on T2WI, with uneven signal attenuation. Enhanced
scanning showed heterogeneous enhancement. For cases with
a larger tumor, the border with the spinal cord was unclear,
and the latter was compressed locally (Fig 4). CT images of the
PET-CT results were the same as those described above, but the
fused images revealed increased uptake of radionuclide in
the tumor inoculation area (Fig 5), with the standardized up-
take value increased notably. For the 2 rabbits receiving PVP
treatment, the puncture of the spinal tumor model was
smooth, and the sedimentation of bone cement inside the ver-
tebral body was satisfactory (Fig 6).
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Pathology of the Spinal Tumor Model

Pathologic samples of the lesion vertebrae showed tumor growth
inside the vertebral body. For the rabbits without paralysis, corti-
cal bone on the posterior border was intact; for the rabbits with
paralysis, tumor mass intruded into and compressed the spinal
cord (Fig 7). Hematoxylin-eosin staining showed extensive osteo-
Iytic activity induced by tumor cells inside the vertebrae, compli-
cated by mild osteogenic activity. The tumor cell was large, with
well-demarcated borders, cellular atypia, and a visible pathologic
mitotic count. Tumor cells had a nest arrangement, with regional
invasive growth destroying the cortical bone (Fig 7).

DISCUSSION

The previous rat- or mice-based spinal tumor models were mainly
used for studying tumor metastasis mechanisms, radiation ther-
apy, and drug screening.'®'® However, the rat vertebra is small,
making it difficult to accommodate a thick needle in various non-
vascular interventional treatments (such as PVP, radiofrequency
ablation) by using a percutaneous puncture technique. Recent
rabbit models of spinal tumors created by different surgical meth-
ods requiring more experimental techniques and more advanced
equipment also sustained even greater trauma, which is not help-
ful for conducting the ensuing experiments.'®'” More important,



FIG5. PET-CTimages of a spinal tumor in a successful rabbit model with increased uptake of radionuclide
at L5 vertebra (arrow). The left column shows a reconstructed image at CT coronal and sagittal positions,
the middle column shows PET image, and the right column shows PET-CT fused image.

FIG 6. CT-guided PVP treatment of a rabbit spinal tumor. A, High-attenuation metallic puncture
needle (arrow) into the vertebral body during PVP. B, Satisfactory sedimentation of high-atten-
uation bone cement (arrowhead) in the vertebral body after PVP.

directly into the spinal canal, then into
the posterior vertebral edge, so that the
tumors were mainly located on the pos-
terior vertebral edge. Meanwhile, the
same approach is also needed when the
model is used for research on nonvascu-
lar interventional therapy; this will make
puncturing very difficult because it en-
tails breaching the spinal canal, which
may easily cause nerve damage and is
disadvantageous for observing the effi-
cacy of ensuing treatments. So Amund-
son et al’s model is mainly used for
studying surgical procedures.”® Our
model is prepared through a lateral
pedicle approach, particularly for percu-
taneous puncture of the vertebrae,
through which the ensuing experiments
could also be performed for nonvascular
interventional therapy, which makes
our model more suitable for research on
this therapy.

In 2010, Sciubba et al*! reported a
successful rabbit vertebral tumor model
constructed through a percutaneous
puncture technique, which was used for
studying ultrasonic ablation treatment
of spinal tumor. This model had a
grossly apparent spinal and paraspinal
tissue mass. We noticed that Sciubba et
al mainly focused on how to treat the
model; they did not give sufficient de-
scription on the details of establishment
procedure, including the specific sites
for puncture, images of the model at dif-
ferent time points, and the development
of paralysis. We also noticed that some
radiofrequency electrodes used in Sci-
ubba et al’s research for tumor treat-
ment actually punctured the paraverte-
bral soft-tissue tumor, instead of
vertebral tumor. Differences exist be-
tween paravertebral tumor and verte-
bral tumor. According to the literature,
factors like bone cement polymerization
temperature during PVP and tempera-
ture changes inside the vertebral body
and spinal canal during radiofrequency
ablation treatment may be directly asso-
ciated with the treatment efficacy and
complications.>'?

The vertebral body has its special an-
atomic structure. CSF adjacent to the
back of the vertebral body can take away

those tumor models were through direct-inoculation surgery.  some heat; at the same time, differences exist in specific heat and

The inoculation approach of the model of Amundson et al*®

was thermal conductivity between bone tissue and soft tissue, which

through the posterior pedicle, breaching the vertebral lamina  could all directly affect the actual temperature inside the spinal
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FIG7. General pathology and hematoxylin-eosin staining of a successful animal model. A, Bone destruction at the posterior border of the
vertebra, with the spinal cord (arrowhead) being compressed by the back side of the tumor (arrow). B, Magnification X40. C, Hematoxylin-eosin
staining. Tumor cells have a nest arrangement under the microscope, and the cells are bulky, with clear boundaries, a high level of cell atypia, an
increased nuclear cytoplasm ratio, visible pathologic mitotic count, and a staggered arrangement of tumor cells and bone. Magnification X400.

tumor and spinal canal during treatment.'*** The above patho-
physiologic traits of vertebral tumor are not easily found in para-
vertebral tumor. Therefore, establishment of a real vertebral tu-
mor model for the percutaneous puncture technique will
contribute greatly to the emerging nonvascular interventional
therapies for vertebral tumors.

In this study, the rabbit VX2 spinal tumor model was established
through percutaneous puncture inoculation under CT guidance. All
the rabbits in our study successfully underwent percutaneous punc-
ture for inoculating VX2 tumor mass; posttransplantation imaging
and pathologic examination confirmed the high success rate of tu-
mor inoculation. Meanwhile, we noticed that PET-CT has been in-
creasingly used to evaluate the treatment efficacy in malignant bone
tumors. In the present article, the PET-CT results of 2 animal models
both clearly displayed the spinal tumor, suggesting that PET-CT
could also evaluate the efficacy of all types of newly emerging inter-
ventional therapies for the tumor model.>®

PVP treatment based on the rabbit model also achieved pre-
liminary success, indicating its potential in studying mini-inva-
sive interventional treatments through percutaneous puncture.
In addition, in another study, we are using our model to study
PVP treatment for spinal tumor and to develop a new type of PVP
bone cement. For example, detecting the polymerization temper-
ature of bone cement inside the spinal tumor model can better
reflect the temperature change during polymerization of bone
cement in the clinical setting. To sum up, our model can be used
for further exploration of the mechanism of various nonvascular
interventional therapies for spinal tumor; the efficacy and safety
of some newly developed interventional equipment and materials
could also be tested with this model. Eventually, we hope our
model can serve as a better platform for studying various emerg-
ing mini-invasive interventional treatments for vertebral tumors.

To make it easier to puncture the target vertebra, one should
target the larger lumbar vertebrae of the rabbit for modeling. How-
ever, because the sixth lumbar vertebra is usually obscured by the
ilium, which may affect the puncture approach, the L4 or L5 vertebra
isa more suitable target. The rabbit vertebra is narrow and long, with
a thin middle part, making it difficult to accommodate the puncture
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needle.>* However, the size of the vertebral head side is larger, with a
triangular cross-section and a maximum oblique diameter of ap-
proximately 1.0 cm, where the pedicle is located; thus, the area suit-
able for tumor inoculation should be the narrow area 0.5 cm from the
endplate of the vertebral head side (Fig 2). Conventional clinical
practice is to puncture the lumbar vertebra through a pedicle ap-
proach; however, the rabbit pedicle is thin and is difficult to punc-
ture. Puncture through the lateral pedicle route is relatively easy and
can avoid damage to the spinal canal structures. The rabbit was in a
prone position when undergoing puncture, and the junction of the
vertebral body and the left pedicle was chosen as the optimal ap-
proach for the convenience of the right-handed laboratory person-
nel. All 32 rabbits underwent such an approach for puncture without
postoperative acute HLP, indicating that the transpedicular lateral
approach is feasible and safe.

CT-guided puncture technology is the key to successful mod-
eling. The advancement of the puncture needle should be stopped
promptly when the needle tip reaches the cortical bone of the
lumbar vertebra; then CT should be used to guide the puncture
needle angle until the needle tip is positioned just at the left lateral
margin of the vertebra head side and to penetrate the needle into
vertebral body along the adjusted direction (Fig 1). The penetra-
tion depth of the puncture needle was approximately 0.5 cm. Cau-
tion should be exercised during the process to prevent the needle
from penetrating too deep and damaging the cortical bone of the
contralateral vertebra, avoiding the tumor mass being pushed
into contralateral paraspinal soft tissue. To ensure that the tumor
mass is pushed into the vertebral body, one should push the inner
core of the puncture trocar 3—4 times inside the needle sheath.
Finally, Gelfoam should be pushed along the sheath to embolize
the needle tract to avoid paraspinal tumor mass implantation
caused by the shedding of the tumor mass.

For various surgical techniques used to establish a rabbit model of
vertebral tumors, the average time for the experiment animal to de-
velop signs of HLP was 18-30 days.'®'” The average time in the
present study was 26.4 % 4.2 days, consistent with other experiments,
and paralysis occurred mostly on days 25-27 postinoculation.
Amundson et al'® reported that imaging could not find vertebral



tumors in the experiment animals within 14 days postinoculation. In
this study, MR imaging revealed that on day 14 postinoculation,
there was only 1 case of vertebral tumor growth, accounting for 3.5%
(1/29) of the total successful models, suggesting that rabbit VX2 spi-
nal tumor growth was hard to detect by imaging examination within
2 weeks postinoculation. For the total 29 successful modeling ani-
mals in this study, 72.4% (21/29) of the vertebral lesions could be
confirmed by MR imaging and CT examination 21 days postinocu-
lation. Meanwhile, the peak time for successful modeling animals to
show signs of HLP was on days 25-27 postinoculation. Therefore, it
is reccommended that when using this model, the treatment should
begin on day 21 postinoculation, when successful modeling can be
found and confirmed by imaging examinations in most cases, while
HLP has not yet developed.

Despite of the above effort, we admit that heterogeneity in the
amount and location of placement of the tumor cells may exist in
this study. The left side of the rabbit L4 or L5 vertebral body and
the lateral pedicle approach were chosen for puncture in all the
animals, and the vertebral head side with a larger triangular cross-
section was chosen for tumor inoculation to keep the utmost con-
sistency in the inoculation location. Most of the animals reached
the experimental end point of HLP within a relatively tight range.
There were 3 cases of failed animal modeling in this experiment,
with 1 case having paraspinal soft-tissue tumor growth, which
might be caused by tumor cell leakage, while the reason for the
other 2 failed cases was not clear and should be addressed in fur-
ther experiments. Also, this study aimed to investigate the feasi-
bility of establishing a rabbit model of vertebral tumors through
percutaneous puncture and the associated imaging manifesta-
tions, so the mechanism of paralysis was not discussed, which may
also need to be addressed in future studies.

CONCLUSIONS

Our method in the present study is easy to perform and less inva-
sive with a low animal mortality rate and a high successful mod-
eling rate. Our model, which was established in the rabbit by using
an interventional method, may provide a better platform for
studying various mini-invasive interventional therapies for verte-
bral tumor via percutaneous puncture and other treatments, in-
cluding radiation therapy and surgery.
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ORIGINAL RESEARCH
HEAD & NECK

Degeneration and Plasticity of the Optic Pathway in
Alstrém Syndrome

R. Manara, V. Citton, P. Maffei, J.D. Marshall, J.K. Naggert, G. Milan, R. Vettor, A. Baglione, A. Vitale, C. Briani, F. Di Salle, and A. Favaro
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ABSTRACT

BACKGROUND AND PURPOSE: Alstréom syndrome is a rare inherited ciliopathy in which early progressive cone-rod dystrophy leads to
childhood blindness. We investigated functional and structural changes of the optic pathway in Alstrém syndrome by using MR imaging to
provide insight into the underlying pathogenic mechanisms.

MATERIALS AND METHODS: Eleven patients with genetically proved Alstrém syndrome (mean age, 23 years; range, 6—45 years; 5
females) and 19 age- and sex-matched controls underwent brain MR imaging. The study protocol included conventional sequences,
resting-state functional MR imaging, and diffusion tensor imaging.

RESULTS: In patients with Alstrém syndrome, the evaluation of the occipital regions showed the following: 1) diffuse white matter volume
decrease while gray matter volume decrease spared the occipital poles (voxel-based morphometry), 2) diffuse fractional anisotropy
decrease and radial diffusivity increase while mean and axial diffusivities were normal (tract-based spatial statistics), and 3) reduced
connectivity in the medial visual network strikingly sparing the occipital poles (independent component analysis). After we placed seeds
in both occipital poles, the seed-based analysis revealed significantly increased connectivity in patients with Alstrém syndrome toward the
left frontal operculum, inferior and middle frontal gyri, and the medial portion of both thalami (left seed) and toward the anterior portion
of the left insula (right and left seeds).

CONCLUSIONS: The protean occipital brain changes in patients with Alstrom syndrome likely reflect the coexistence of diffuse primary
myelin derangement, anterograde trans-synaptic degeneration, and complex cortical reorganization affecting the anterior and posterior

visual cortex to different degrees.

ABBREVIATIONS: AS = Alstrém syndrome; MNI = Montreal Neurological Institute; TFCE = threshold-free cluster enhancement

Alstrt‘)m syndrome (AS) is a rare (<1:100,000) autosomal re-
cessive monogenic ciliopathy with severe multisystem in-
volvement. Besides childhood truncal obesity, type 2 diabetes,
hypertriglyceridemia, cardiomyopathy, and progressive pulmo-
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nary, hepatic, and renal dysfunction, patients with AS have cone-
rod dystrophy presenting early in infancy and leading to complete
blindness in the second decade. Unlike other ciliopathies (eg, Bar-
det-Biedl syndrome), patients with AS do not present with cogni-
tive impairment.' However, a recent MR imaging study” showed
that most patients with AS older than 30 years have brain atrophy,
periventricular white matter abnormalities, or lacune-like lesions.
Additionally, voxel-based morphometry revealed white and gray
matter volume decreases more evident in the posterior regions,
while diffusion tensor imaging showed diffuse supratentorial my-
elin abnormalities also involving regions that appeared normal at
conventional imaging. The pathogenesis of these changes is not
clear and might be due to genetically determined primary myelin
derangement, progressive neurodegenerative processes, early
profound sensorineural deprivation, or a combination of all these
mechanisms. The impact of these changes on brain function has
not yet been investigated. Studies on early blindness in subjects
without Alstrém syndrome have shown that the (visual) occipital



Epidemiologic, genetic, and clinical findings of patients with AS in the present study

Vision Hearing Heart Ejection Psychiatric
No.  Genotype (Axon) Deficit® Deficit® Overweight® Hypertension®  Fraction®  Dyslipidemia DM2’ Disorders
1 Heterozygosis8and16  + - ++ - Normal - + -
2 Heterozygosis8and16  + + ++ - Normal - + -
3  Heterozygosis8andun + + + - Normal - + —
4  Heterozygosis8and10  + + + - Normal - + -
5 Heterozygosis8andun  ++ + + + Normal + ++ -
6  Heterozygosis10and12  + + - - Normal - + -
7  Heterozygosis8and16  + + + + 25%8 + ++ -
8  Heterozygosis 8 and 8 ++ + ++ + 47% - ++ Depression
9  Heterozygosis 8 and 8 ++ + + - Normal + + Depression
10 Homozygosis10and10  ++ + + + Normal + —  Anxiety, depression,
bulimia”
T Homozygosis16andun  ++ + + + Normal + —  Paranoid personality
disorder'
12 Homozygosis 10 ++ + - + Normal + ++ -

Note:—un indicates unknown mutation; DM2, diabetes mellitus type 2.
2 Vision Deficit: + indicates severe vision deficit (<1/20); + +, blindness.
® Hearing Deficit: — indicates normal hearing; +, hearing deficit >20 dB.

€ Overweight: — indicates normal weight (body mass index, 18.5-25); +, overweight (body mass index, 25-30); + =+, obesity (body mass index, >30).

9 Hypertension: — indicates normotensive; +, under antihypertensive treatment.
€ Heart Ejection Fraction: normal value, >55%.

fDM2: ++ indicates diabetes mellitus type 2; +, insulin resistance or hyperinsulinemia or impaired glucose tolerance; —, no disorders in glucidic metabolism.

& Dilated cardiomyopathy.
P Under therapy with valproic acid, bromazepam, and olanzapine.
"Under therapy with valproic acid, quetiapine, risperidone, and paroxetine.

cortex remodulates its function and undergoes structural changes
likely related to abnormal selective pruning of exuberant connec-
tions and/or sensory deprivation—dependent effects on normal
cortex maturation.” Recently, resting-state fMRI has proved to be
a powerful tool for investigating functional connectivity, even in
situations in which the task execution is difficult (eg, visual tasks
in blind subjects). Resting-state fMRI might provide functional
data complementary to the information obtained from the struc-
tural MR imaging—based analyses developed for the evaluation of
white matter integrity (tract-based spatial statistics) and cortical
development (sulcation, curvature, cortical thickness analyses).

This multimodality MR imaging study on a cohort of patients
with AS aims to provide an integrated account of functional and
structural changes of the regions devoted to the visual function in
this rare disease and new insights into the pathogenic mechanisms
leading to brain changes in early blindness.

MATERIALS AND METHODS

Participants

Eleven patients (mean age, 23 years; range, 6—45 years; 5 females)
with Alstrom syndrome were recruited from our Department of
Internal Medicine. All patients met the diagnostic criteria for AS
based on genetic analysis and clinical observations' and had a
normal intelligence quotient.

Nineteen age- and sex-matched unrelated healthy subjects or
patients referred to neuroimaging for headache with no history of
prematurity, head trauma, neurologic or psychiatric disease, and
neurosurgery represented our control group (mean age, 23 years;
range, 6—43; 10 females).

Two patients with AS and 1 control were left-handed accord-
ing to the Edinburgh Handedness Inventory.* The exclusion cri-
teria were the presence of contraindications to MR imaging and
age younger than 6 years to avoid sedation. Our University Hos-

pital Ethics Committee approved the study. Written informed
consent was obtained from patients or their parents.

All subjects underwent a complete physical and neurologic
examination including neurosensory analysis (retinopathy and
hearing loss) and were investigated for cardiovascular risk factors
(obesity, diabetes mellitus type 2, cardiomyopathy, and hyperlip-
idemia). Clinical findings are summarized in the Table.

MR Imaging Acquisition

MR images were obtained at 1.5T (Achieva; Philips Medical Sys-

tems, Best, the Netherlands) with a standard quadrature head coil.
The MR imaging study protocol included the following:

1) 3D T1-weighted imaging (TR/TE, 20/3.8 ms; flip angle, 20°%
section thickness, 1 mm; acquired voxel size, 1 X 1 mm; re-
constructed voxel size, 0.66 X 0.66 mm; acquisition matrix,
212 X 2105 reconstructed matrix, 320 X 320; acquisition time,
approximately 7 minutes);

2) Fluid-attenuated inversion-recovery (TR/TE/TI, 10,000/140/
2800 ms; echo-train length, 53; flip-angle, 90°% section thick-
ness, 5 mm; acquisition voxel, 0.90 X 1.15 mm; reconstructed
voxel, 0.9 X 0.9 mm; acquisition time, 3 minutes 20 seconds);

3) Diffusion tensor images acquired with single-shot echo-pla-
nar diffusion-weighted imaging (TR/TE, 11,114/80 ms; acqui-
sition matrix, 112 X 110; echo-train length, 59; reconstructed
matrix, 128 X 128; acquisition voxel, 2 X 2 mm; reconstructed
voxel, 1.75 X 1.75 X 2 mm; sensitivity encoding p reduction,
2; section-thickness, 2 mm without gap; NEX, 2; acquisition
time, 12 minutes 24 seconds). The axial sections covered the
whole brain including the cerebellum. The diffusion-sensitiz-
ing gradients were applied along 32 noncollinear gradient-
encoding directions with maximum b=800 s/mm?. One addi-
tional image without diffusion gradients (b=0 s/mm?®) was
also acquired.
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4) Resting-state fMRI data with 250 continuous functional vol-
umes (TR/TE, 2216/50 ms; flip angle, 90°% 21 axial sections;
acquisition matrix, 96 X 96; reconstructed matrix, 128 X 128;
acquisition voxel, 2.4 X 2.4 mm; reconstructed voxel, 1.8 X
1.8 mm; section thickness, 5.5 mm; gap between sections, 0.5
mm; acquisition time; 8 minutes 27 seconds). For the core
dataset, subjects were instructed to remain still, stay awake,
and keep their eyes open.

Image Processing

Data Processing of Volumetric Images. We used the optimized
voxel-based morphometry protocol available in the statistical
parametric mapping software (SPM8, www.fil.ion.ucl.ac.uk/spm/
software/spm8).> The protocol consisted of the following: A
study-specific gray and white matter template was built from the
30 segmented native images affine-registered to the International
Consortium for Brain Mapping-152 gray matter template. The
native segmented images were then nonlinearly normalized onto
this template, introducing a “modulation” for distortions due to
the nonlinear component of the transformation by dividing each
voxel of each registered gray matter volume image by the Jacobian
of the warp field. The modulated normalized gray matter volume
images were then smoothed with an isotropic Gaussian kernel
with a o of 3 mm.

For statistical analyses, we used a parametric ¢ test as imple-
mented by SPM8, by using age as a covariate of no interest. Results
for gray matter were considered significant for P < .05, after correc-
tion for multiple comparisons by using an initial cluster-threshold at
P <001 uncorrected (minimum size = 20 voxels). Region-of-inter-
estanalyses for hippocampal regions were performed by using WFU-
PickAtlas 3.0.3 (http://fmri.wfubmc.edu/software/PickAtlas), while
contrasts were analyzed by using SPM8.

Data Processing of DTI. The whole-brain DTT analysis method is
reported in a previous publication.> We used probabilistic maps
of the optic pathways in the Juelich histologic atlas (http://neuro.
debian.net/pkgs/fsl-juelich-histological-atlas.html), thresholded
at 50% to create masks to be applied to the study-specific skeleton
restricted to optic radiations. The threshold-free cluster enhance-
ment (TFCE) approach was used to obtain the significant differ-
ences between the 2 groups at P = .05, after accounting for mul-
tiple comparisons by controlling for the family-wise error rate.

Data Processing of Functional Images. Resting-state scans were
preprocessed by using both Analysis of Functional Neuro-
Images (version AFNI_2010_10_19_1028; http://afni.nimh.nih.
gov/afni) and fMRI of the Brain Software Library (FSL, Version
4.1.6; http://www.fmrib.ox.ac.uk/fsl). Preprocessing was per-
formed as described in Biswal et al” and Neuroimaging Informat-
ics Tools and Resources Clearinghouse (www.nitrc.org/projects/
fcon_1000). The first 5 volumes of every scan were discarded to
remove possible stabilization effects. Preprocessing consisted of
motion correction by using Fourier interpolation (volume regis-
tration by using least-squares alignment of 3 translational and 3
rotational parameters); spatial smoothing by using a 6-mm full
width at half maximum Gaussian kernel; mean-based intensity
normalization of all volumes; linear and quadratic detrending;
and spatial normalization via estimation of a linear transforma-
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tion from the individual functional space to Montreal Neurolog-
ical Institute-152 (MNI152) standard brain space according to
each individual’s high-resolution anatomic image. A high-pass-
filter setting of 200 seconds (<<0.005 Hz) was used to reduce very
low-frequency artifacts such as scanner draft. During scanning
acquisition, 2 patients with Alstrom syndrome and 1 control sub-
ject displayed a single brief movement of head displacement of >3
mm or 3°. Given the type of networks in which we were interested,
we decided to remove the interested volumes (20—30 volumes) be-
fore preprocessing (these subjects were then excluded from indepen-
dent component analysis, [http://en.pudn.com/downloads226/
sourcecode/math/detail1062122_e] but not from dual regression
analyses). No major scanner artifacts were detected.

Temporal-concatenation group independent component
analysis was used in the whole group of patients and controls to
generate group-level components of the dataset by MELODIC
(FSL).® Before statistical inference, the networks of interest (me-
dial, lateral, and ventral visual networks) were identified on visual
inspection and by comparison with available maps in the litera-
ture.’ The dual-regression approach was used to obtain a connec-
tivity map for each of the 3 components and for each subject. The
standardized maps obtained by dual regression were used to per-
form group comparisons and correlations with age, education,
and hand lateralization as nuisance variable covariates of interest.

Nonparametric permutation testing (5000 permutations) was
used for statistical analysis of spatial maps, by the TFCE method for
multiple comparisons and thresholding at P < .05. To control for the
effects of brain atrophy on functional connectivity, we used the seg-
mented anatomic images of all subjects to obtain voxelwise probabil-
ity maps of gray matter, for use as a nuisance variable in statistical
analyses.'®!'! Additionally, a seed-based analysis was performed. We
selected 2 symmetric seeds in the occipital pole (MNI coordinates:
MNI9, —96,9 and MNI —9, —96, 9). Regions of interest were drawn
in the occipital pole (1 on the left and 1 on the right occipital pole) to
unveil eventual connections with other regions of the brain.

To perform the seed-based analysis, we removed nuisance sig-
nals by multiple regression. Each individual’s 4D time-series was
regressed on 9 predictors, consisting of white matter, CSF, the
global signal, and 6 motion parameters (3 cardinal directions and
rotational movement around 3 axes). The time-series of the nui-
sance signals were extracted by the following methods:

e Averaging all voxels in the brain (global signal) across the
time-series

e Segmenting each individual’s high-resolution structural image,
applying a threshold at 80% tissue type probability, and aver-
aging all voxels within the thresholded mask (white matter and
CSF) across each time-series and

e Using the residuals obtained from motion correction by the
FMRIB Linear Image Registration Tool (http://www.fmrib.
ox.ac.uk/).

Each participant’s residual 4D time-series was transformed
into Montreal Neurological Institute space by a linear affine
transformation implemented in FSL, and the time-series was ex-
tracted for each seed. Time-series were averaged across all voxels
in the seed region of interest; then, for each participant, the cor-
relations between the time-series of the seed region of interest and
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FIG 1. A, Gray matter voxel-based morphometry analysis: areas of significant difference (TFCE-
corrected P < .05) between subjects with AS and healthy controls within the occipital pole (5386
voxels; peak, —16, —68, 6). Analysis was conducted with age as a covariate. B and C, Tract-based
spatial statistics analysis: areas of significant difference (TFCE-corrected P < .05) between subjects
with AS and healthy controls. Analyses were conducted with age as a covariate and showed diffuse
decrease of fractional anisotropy (peaks, 33, —65, —2 and 28, —60, —1) and diffuse increase of radial
diffusivity (peaks, 31, —65, 11 and —25, —68, 0). D, Resting-state fMRI analysis: areas of significant
differences (TFCE-corrected P < .05) between subjects with AS and healthy controls within the
medial visual networks (2189 voxels; peak, 21, —51, —3). Analysis was conducted with age as a covariate.

of each voxel in the brain were determined. Last, correlation maps
were converted to Z-value maps. The resulting standardized maps
were then used to perform group comparisons and correlations
by using age and hand lateralization as nuisance variables.

RESULTS

Conventional MR Imaging

Conventional MR imaging findings have been reported in a pre-
vious study on the same study group.” In particular, mild enlarge-

ment of the atria and the posterior horns
of the lateral ventricles was observed in 3
patients bilaterally and in 1 patient on the
left side. Images of the 3 patients older
than 30 years with AS showed periven-
tricular white matter hyperintensity also
involving the optic radiations. None of
images of the patients with AS showed sig-
nal abnormalities at the level of the lateral
geniculate bodies.

Voxel-Based Morphometry of the
Occipital Regions
Patients with AS showed significantly
lower gray and white matter volume com-
pared with controls in the occipital region
(Fig 1A and On-line Fig 1). The analysis re-
vealed the symmetric decrease of gray mat-
ter, more evident in the anterior part of the
calcarine cortex and the fusiform gyri, with
relative sparing of the occipital poles.

On the other hand, the decrease of white
matter involved the optic radiation entirely,
including the most posterior portion.

DTI Analysis of the Occipital Regions
Tract-based spatial statistics analysis
showed significant reduction of fractional
anisotropy and increased radial diffusiv-
ity in the optic radiations of patients with
AS compared with controls (Fig 1B, -C).
Axial diffusivity and mean diffusivity
analysis did not reveal any differences be-
tween patients with AS and controls.

Resting-State fMRI: The Visual
Networks

All the resting-state functional networks
were detected in both patients and con-
trols. After including gray matter proba-
bility maps as a nuisance variable to con-
trol for brain atrophy, among the visual
networks (medial, lateral, and ventral),
we found reduced connectivity in patients
with AS in the medial visual network
(2189 voxels; peak, 21; —54, —3) and in
the lateral visual network (53 voxels; peak,
33, —87, 18). The large cluster of reduced
connectivity in the medial visual network
involved the anterior portion of the calcarine region with sparing
of the occipital poles (Fig 1D). If we set a seed in each occipital
pole (On-line Fig 2A), the seed-based analysis revealed signifi-
cantly increased connectivity in patients with AS toward a small
region in the anterior portion of the left insula (right seed,
On-line Fig 2B) and toward large cortical regions of the left
anterior insula, frontal operculum, inferior and middle frontal
gyri, and with the medial portion of both thalami (left seed,
On-line Fig 2C).
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DISCUSSION

This multimodality MR imaging study of patients with Alstrom
syndrome disclosed a diffuse occipital ultrastructural white mat-
ter derangement and atrophy and an inhomogeneous visual cor-
tex involvement that spared the occipital pole in terms of both
atrophy and connectivity. These findings are relatively unex-
pected in a condition in which the main mechanism of blindness
resides in a precocious cone-rod dystrophy,'* which should affect
primarily the retinal neurons projecting to the occipital poles.
Among the several pathogenic mechanisms that might affect the
optic pathway in AS, the following may play a role in determining
the observed parenchymal structural and functional changes: 1)
anterograde trans-synaptic degeneration following cone-rod dys-
trophy, 2) primary myelin derangement, 3) neural occipital reor-
ganization due to chronic visual deafferentation.

Anterograde Trans-Synaptic Degeneration
Neural injury might induce axonal degeneration in the direction
of its terminal (anterograde degeneration) and toward the cell
body (retrograde degeneration). In addition, neural injury might
also lead to trans-synaptic degeneration of neurons that are
downstream or upstream connected with the injured neuron."?
Trans-synaptic degeneration of the visual pathway has been
well-documented in pathologic studies. Cellular death of the lat-
eral geniculate bodies has been observed in patients with lesions
occurring from the retina to the optic tract (eg, eye enucleation).'*
Trans-synaptic degeneration may also occur in a retrograde fash-
ion because lesions of the optic radiation or calcarine cortex might
cause degeneration of retinal ganglion cells.'” Retinal thinning at
the optical coherence tomograph'® and optic tract atrophy at MR
imaging have been demonstrated following acquired unilateral
occipital damage in humans.'” Lesions along the optic pathway
can lead to lateral geniculate body T2 hyperintensity,'” and optic
radiation abnormalities have been documented in patients af-
fected with glaucoma by DTL'® In these cases, a decreased frac-
tional anisotropy concomitant to increased radial diffusivity and
mean diffusivity was consistent with axonal loss due to retro-
grade trans-synaptic degeneration of the lateral geniculate
bodies. In patients with AS, the lateral geniculate bodies did
not present with signal abnormalities on conventional imaging.
Furthermore, the pattern of DTI changes observed in the optic
radiation of patients with AS was not consistent with axonal loss
because the mean diffusivity and the first eigenvalue were not
significantly increased.

Primary Myelin Derangement

Previously, whole-brain tract-based spatial statistics analysis
showed that patients with AS present with diffuse myelin derange-
ment characterized by decreased fractional anisotropy and in-
creased radial diffusivity.” The same pattern was detected in the
occipital white matter including the optic radiation. This DTI
pattern has been reported in other diseases characterized mostly
by myelin derangement such as relapsing-remitting multiple scle-
rosis and in animal models of dysmyelination. Primary myelin
issues have already been reported in both the central and periph-
eral nervous system of patients with AS. The primary cilia of
Schwann cells seem to be the regulators of their hedgehog signal-
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ing-mediated myelination,lg while genetic studies have shown
that sonic hedgehog signaling at the level of primary cilia is essen-
tial for patterning the embryonic stem cells into oligodendrocytes.
Delamination of the myelin sheaths was detected by transmission
electron microscopy at the level of the gingiva in AS.?° Notably, by
voxel-based morphometry and functional analyses, only the an-
terior part of the calcarine cortex presented with significant vol-
ume and functional impairment. On the contrary, the occipital
poles did not present with significant atrophy, suggesting that the
diffuse myelin derangement does not lead to uniform structural
and functional cortical changes.

Neural Occipital Reorganization due to

Chronic Visual Deafferentation

The most striking finding in this study was the preserved connec-
tivity and gray matter volume of the occipital pole despite its role
in the foveal binocular vision, while the remaining calcarine cor-
tex showed both atrophy and impaired connectivity.

Most intriguing, the functional connectivity between the pos-
terior occipital poles and the inferior frontal triangular areas (part
of Brodmann Areas 44, 45, 47) was increased in patients with AS
compared with controls. The inferior frontal triangular area is
classically considered as a motor speech-production area and is
involved in action understanding and imitation.?! In blind indi-
viduals, the occipital visual and frontal language areas are simul-
taneously activated when performing a Braille-reading task.”* In
patients with AS, the early degeneration of the retinal cones, pro-
jecting to the occipital poles, might reduce the visual input before
the stage of synaptic revision (which occurs during the first 8 months
of postnatal life and is critically dependent on the activity of visual
afferent inputs),** likely redirecting the process of connectivity mat-
uration. The subsequent degeneration of the rods might occur at a
stage of decreased cortical plasticity, leading to atrophy and reduc-
tion of connectivity. In patients with AS, the timing of retinal degen-
eration might therefore influence differently the stimuli-driven de-
velopment of the tuning visual cortex.>*

CONCLUSIONS

Several pathogenic mechanisms such as anterograde trans-synap-
tic degeneration, primary myelin derangement, and differential
cortical reorganization seem to contribute to the optic pathway
derangement in AS. Increased understanding of these mecha-
nisms might help identify targeted therapies aimed at slowing or
reversing the neurodegenerative phenomena that are part of Al-
strom syndrome.
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ORIGINAL RESEARCH
HEAD & NECK

MRI Texture Analysis Predicts p53 Status in Head and Neck
Squamous Cell Carcinoma

M. Dang, J.T. Lysack, T. Wu, T.W. Matthews, S.P. Chandarana, N.T. Brockton, P. Bose, G. Bansal, H. Cheng, J.R. Mitchell, and J.C. Dort
O

ABSTRACT

BACKGROUND AND PURPOSE: Head and neck cancer is common, and understanding the prognosis is an important part of patient
management. In addition to the Tumor, Node, Metastasis staging system, tumor biomarkers are becoming more useful in understanding
prognosis and directing treatment. We assessed whether MR imaging texture analysis would correctly classify oropharyngeal squamous
cell carcinoma according to p53 status.

MATERIALS AND METHODS: A cohort of 16 patients with oropharyngeal squamous cell carcinoma was prospectively evaluated by using
standard clinical, histopathologic, and imaging techniques. Tumors were stained for p53 and scored by an anatomic pathologist. Regions of
interest on MR imaging were selected by a neuroradiologist and then analyzed by using our 2D fast time-frequency transform tool. The
quantified textures were assessed by using the subset-size forward-selection algorithm in the Waikato Environment for Knowledge
Analysis. Features found to be significant were used to create a statistical model to predict p53 status. The model was tested by using a
Bayesian network classifier with 10-fold stratified cross-validation.

RESULTS: Feature selection identified 7 significant texture variables that were used in a predictive model. The resulting model predicted
p53 status with 81.3% accuracy (P < .05). Cross-validation showed a moderate level of agreement (k = 0.625).

CONCLUSIONS: This study shows that MR imaging texture analysis correctly predicts p53 status in oropharyngeal squamous cell carci-
noma with ~80% accuracy. As our knowledge of and dependence on tumor biomarkers expand, MR imaging texture analysis warrants
further study in oropharyngeal squamous cell carcinoma and other head and neck tumors.

ABBREVIATIONS: HNSCC = head and neck squamous cell carcinoma; FTFT-2D = 2D fast time-frequency transform tool; Post-Gad TIWI = TIWI with
gadolinium; ST = Stockwell transform; TP53 = mutation in the gene encoding the p53 protein; Weka = Waikato Environment for Knowledge Analysis

H ead and neck cancer is the sixth most common cancer world-
wide," with squamous cell carcinoma accounting for ap-
proximately 90% of all cases. Most head and neck squamous cell
carcinoma (HNSCC) occurs in the oral cavity, oropharynx, and
larynx. Alcohol and tobacco consumption and prior infection
with human papillomavirus are the major risk factors associated
with the development of head and neck squamous cell carcinoma.
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Oropharyngeal squamous cell carcinoma is of particular interest
because its incidence is increasing, particularly among younger,
nonsmoking patients.

Accurate staging of HNSCC is essential for treatment planning
and prognostication, and a standard tool used for staging is the
American Joint Committee on Cancer Tumor, Node, Metastasis
staging system, currently in its seventh revision.” As we learn
more about tumor biology, however, it is clear that this staging
system does not fully predict clinical behavior and prognosis. Our
knowledge of head and neck cancer pathogenesis has rapidly in-
creased, and better understanding of molecular mechanisms
holds the promise of discovering predictive and prognostic bio-
markers that might be helpful in the management of HNSCC.*
The tumor suppressor p53 plays an important role in conserving
genomic stability.’ p53 facilitates DNA repair by regulating the
cell cycle and has a role in preventing cancer emergence.®” Mu-
tations in the gene encoding the p53 protein, TP53, occur in al-
most 50% of all cancers.>® In most of HNSCC, mutation and
inactivation of p53 is an essential and early event in neoplastic



transformation, and TP53 mutations are associated with poor
prognosis in HNSCC.'*'> A landmark prospective study classi-
fied TP53 gene mutations on the basis of their effect on p53 pro-
tein structure.'? Broadly, disruptive mutations disturb the forma-
tion of p53-DNA complexes, while nondisruptive mutations have
little effect on the association between p53 and DNA. The study
reported a significant association between the presence of TP53 dis-
ruptive mutations and worse overall survival in surgically treated
HNSCC compared with both nondisruptive TP53 mutations and
wild-type TP53."> A recent study has also implicated disruptive mu-
tations in TP53 leading to radiation-treatment failure."*

Medical imaging plays a critical role in the assessment of
many head and neck tumors, and both CT and MR imaging have
important roles in the anatomic evaluation of HNSCC.'*>"'® In
addition to anatomic details, the analysis of MR images provides
additional metabolic and biologic information in tumors."?
Mathematic techniques that quantify image characteristics have
been applied to a vast array of pathologies, from multiple sclero-

0 21 and Alzheimer

sis,”® attention deficit/hyperactivity disorder,
disease?? to breast cancer,?> cervical cancer,?* and brain tumors.>®
Studies in glioblastoma have shown that there is a correlation
between the methylation of O6-methylguanine-DNA methyl-

1>” extracted

transferase and MR imaging features.”® Levner et a
texture features from MR images by using spatial frequency anal-
ysis and the Stockwell transform (ST) representation®® and fed
these characteristics into a neural network to predict the methyl-
ation status with an average accuracy of 87.7%.>” Brown et al*®
also extracted ST texture features from brain MR images to find
that codeletion of chromosomes 1p and 19q, a marker of good
prognosis in oligodendroglioma brain cancer, could be predicted
with 94% accuracy. These studies suggest that differences in tu-
mor-tissue composition react with MR imaging signals differ-
ently, thus affecting texture features.

Yu et al* looked at differentiating tissues by using texture char-
acterization on FDG-PET/CT images in head and neck cancers. We
explored the use of ST texture features on MR images with a ma-
chine-learning technique to objectively differentiate head and neck
tumors by p53 status. We hypothesized that MR image analysis could
successfully discriminate p53-positive and -negative tumors.

MATERIALS AND METHODS

Patients

This prospective study was approved by the University of Calgary
Conjoint Health Research Ethics Board. Patients older than 18
years of age with biopsy-proved HNSCC of the oropharynx or
hypopharynx presenting to the University of Calgary Head and
Neck Tumor Clinic between October 2010 and September 2011
were eligible for inclusion. Patients were excluded under the fol-
lowing conditions: 1) They had already been treated for the index
cancer, 2) were undergoing palliative treatment only, 3) had al-
ready been treated for another head and neck primary cancer, or
4) had a tumor with a greatest axial extent of <2 c¢cm. The last
criterion ensured that the lesions were large enough for accurate
MR imaging texture analysis. Twenty-one patients were eligible
for inclusion in the study; however, in 1 patient, p53 immunohis-
tochemistry was not performed and another 4 patients did not
have MR imaging performed before treatment. Therefore, the fi-

FIG 1. Sample of the FTFT-2D input data for texture analysis. A, Original
DICOM MR image (T2WI). B, Region-of-interest mask of the tumor.

nal study cohort included 16 patients. Patient image data were
anonymized by using DICOM Anonymizer Pro (http://www.
neologica.it/eng/DICOMAnonymPro.php).*°

Interventions

All subjects underwent a standard pretreatment work-up that in-
cluded a complete clinical head and neck examination, fiber-
optic endoscopy, contrast-enhanced CT, MR imaging, and an
examination under anesthesia with appropriate biopsies. No
additional procedures or interventions were imposed on the
subjects, and no delays in treatment resulted from their partic-
ipation in this study.

Histopathology and p53 Immunohistochemistry

Tumor biopsies or surgically resected specimens or both were re-
viewed by an anatomic pathologist by using hematoxylin-eosin light
microscopy. Immunohistochemistry staining for p53 was performed
in 20 of 21 specimens, our standard protocol for oropharyngeal and
hypopharyngeal cancers. The intensity of immunohistochemistry
staining was graded by the pathologist by using a 4-category
scoring system ranging from 0 for no visible stain to 3+ for
diffusely positive staining. According to standard practice,
cases that were graded as 3+ were considered positive for p53.

Imaging

Imaging focused on the oropharynx and hypopharynx was per-
formed on MR imaging systems operating at 1.5T with 3-mm
sections and 1-mm in-plane resolution. Standard clinical MR im-
ages were used, including the following that were subsequently
used for texture analysis: axial fast spin-echo T2-weighted imag-
ing with fat saturation, axial fast spin-echo T1WI with gadolinium
(Post-Gad TIWI), and axial diffusion-weighted imaging with an
apparent diffusion coefficient map.

Image Processing and Texture Analysis

Each patient’s MR images were analyzed by an experienced neu-
roradiologist (J.T.L.), who then outlined the tumor region of in-
terest by using OsiriX Imaging Software (http:// www.osirix-
viewer.com). Both OsiriX and DICOM Anonymizer Pro were run
on an iMac 3.2-GHz Intel Core i7, Mac OS X Snow Leopard (Ap-
ple, Cupertino, California). We then used OsiriX to create masks
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FIG 2. Tumors outlined on source MR images (Post-Gad TIWI) of 256 X 256 image size. The
tumor in the left image is p53-negative. The tumor in the right image is p53-positive.

FIG 3. Graphic display of the average local spectrum for a p53-negative tumor (left image, black
shades) and for a p53-positive tumor (right image, blue shades). The average amplitudes of ST at
individual pixels were obtained by using FTFT-2D by using the same intensity range and scale for

the 2 plots. Darker shades indicate higher ST amplitudes.

FIG 4. Radial ST amplitude plots for a p53-negative (black line)
tumor and a p53-positive (blue line) tumor (the same tumor as in
Fig 3).

of the tumor outlines (Fig 1). The masks and MR images of all
cases were then fed into the 2D fast time-frequency transform tool
(FTFT-2D) (Medical Imaging Informatics; Mayo Clinic, Scotts-
dale, Arizona), which processes the Stockwell transform of local
spectra for a 2D image and its statistics and quantifies the texture
features.’’ This tool requires an input of the mask and its respec-
tive original MR image in DICOM file format. The images need to
be =512 X 512 pixels. The pixels inside and outside the region of
interest were set to 65,535 and 0, respectively, and were ex-
ported as a DICOM file. The FOV and matrix size of the
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scans were preprocessed to 240 mm and
256 X 256 pixels, respectively, with a tri-
linear interpolation algorithm by using
MeVisLab (MeVis Medical Solutions,
Bremen, Germany).

To illustrate the quantified texture
analysis procedure by using the FTFT-
2D tool, we present a comparison of 2
HNSCC cases; 1 p53-negative and the
other p53-positive (Fig 2). The corre-
sponding local spectrum and radial ST
amplitude plots are seen in Figs 3 and 4, re-
spectively. The radial frequencies, 0.067—
0.533 cycles/mm, were divided into 12
bands from the output of FTFT-2D. We
used 3 texture values: the average, SD, and
maximum values of the local spectrum.
One hundred eight tumor MR imaging
features were used for texture analysis (3
MR images X 12 frequency bands X 3 tex-
ture values). These tumor characteristics were
fed into Waikato Environment for Knowl-
edge Analysis (Weka, http://www.cs.waikato.
ac.nz/ml/weka/packageMetaData/), a tool
with a collection of machine-learning al-
gorithms for data preprocessing, classifi-
cation, and visualization.>* The dataset
dimension reduction was performed by
using the subset-size forward-selection al-
gorithm in Weka. This algorithm is a com-
monly used feature-selection method™ to
identify useful features. It starts with empty
feature subsets and adds 1 subset of fea-
tures at each step until the model predic-
tion result does not improve any further.
By doing so, important features are selected while redundant fea-
tures are eliminated. The Bayesian network classifier** was then
used with the 10-fold stratified cross-validation in Weka to assess
how well this predictive model would perform with the subset of
the features being selected. The Bayesian network is a graphic
model that learns the conditional probabilities among the features
and applies the Bayes rule to calculate the posterior class proba-
bility for classification. Because the Bayesian network models the
dependencies among all the features, it has proved to be effective
in handling missing values in the dataset.>>*® Bayesian statistical
methods can smooth the model so that all available data can be
used for training; thus, this process efficiently addresses the over-

fitting issue.”>>°

RESULTS

Of the 16 eligible patients with evaluable data, 8 tumors were
p53-positive and 8 were p53-negative. The 2 groups (p53+ and
p53—) had similar clinical characteristics (Table 1).

After the texture quantification and machine-learning pro-
cess, we found that 15 of the 108 independent variables were the
most significant on the basis of the selected attributes by using the
subset-size forward-selection algorithm. The 15 independent vari-



Table 1: Clinical characteristics®

Table 5: BN classification results

Characteristic p53-Positive p53-Negative
Female 1 1
Male 7 7
Age (yr) (mean) 56 =13 56 =11
T2 1 3
T3 2 1
T4 5 4
NI 1 1
N2 7 7
2 All P values are not significant.
Table 2: Discriminatory texture features
Radial Frequency
Texture Attribute MRI Sequence Band (cycles/mm)
Average value of the local ~ ADC map 0.189-0.231
spectrum 0.269-0.307
0.307-0.344
0.344-0.382
Post-Gad TIWI 0.382-0.420
SD of the local spectrum ADC map 0.307-0.344
0.496-0.533
Post-Gad TIWI 0.420-0.458
0.458-0.496
0.496-0.533
Maximum value of the local ADC map 0.231-0.269
spectrum 0.269-0.307
Post-Gad TIWI 0.382-0.420
0.496-0.533
T2WI 0.496-0.533
Note:—SD indicates standard deviation.
Table 3: BN classification of p53 status
TP FP F- ROC
Rate Rate Precision Recall Measure Area
p53-Positive  0.625 0375  0.625 0.625 0.625  0.680
p53-Negative 0.625 0375  0.625 0.625 0.625  0.680
Weighted 0.625 0375 0625 0625 0.625 0.680
average

Note:—BN indicates Bayesian network; FP, false-positive; TP, true-positive; ROC,
receiver operating characteristic.

Table 4: Discriminatory texture features

Radial Frequency

Texture Attribute MRI Sequence Band (cycles/mm)

Average value of the local ~ ADC map 0.269-0.307
spectrum

SD of the local spectrum Post-Gad TIWI 0.458-0.496

0.496-0.533

Maximum value of the local ADC map 0.269-0.307

spectrum Post-Gad TIWI 0.382-0.420

0.496-0.533

T2WI 0.496-0.533

ables had classification scores ranging from 10% to 40%. Classifica-
tion analysis was done on these 15 independent variables (Table 2);
62.5% of the instances were classified correctly (Table 3).

Further isolation of the high-classification percentage vari-
ables (removing the variables with a classification score of only
10%) yielded 7 significant variables (Table 4). These 7 variables
correctly classified 81.3% of the tumors (Table 5). The agree-
ment between predicted and true class (k statistic) was 0.625
(where 0 indicates no agreement and 1 indicates complete
agreement).

™ FP F- ROC p53
Rate Rate Precision Recall Measure Area Status

p53-Positive  0.875 0.250 0.778 0.875 0.824 0.742 Positive

p53-Negative 0.750 0.125 0.857 0750 0.800 0.742 Negative

Weighted 0.813 0188 0817 0813 0812 0742
average

Note:—BN indicates Bayesian network; FP, false-positive; ROC, receiver operating
characteristic; TP, true-positive.

DISCUSSION

We found that MR imaging texture features could significantly
(P < .05) differentiate HNSCC tumors by p53 status by using 7
discriminatory radial-frequency bands with 81.3% accuracy. In
comparison, a recent study of p53-status detection in gliomas by
using MR imaging texture analysis showed an accuracy of
65.2%.%” Another recent study showed that MR imaging texture
analysis could discriminate benign and malignant parotid tumors
with an accuracy of up to 84.5%.”® An earlier study of methyla-
tion-status prediction in glioblastoma yielded accuracies of up to
93.2%.?” Other studies have shown that normal liver tissue could
be differentiated from focal liver lesions with accuracies up to
88%7° and that normal bladder wall could be differentiated from
bladder cancer with an accuracy of 87.0%.*°

We found that texture features of the Post-Gad T1IWI, T2WI,
and ADC map were influential in the analysis. A possible physio-
logic explanation for this finding is the differences in vascularity
between p53-positive and p53-negative tumors. Studies have
shown a significantly higher microvessel count in p53-positive
tumors than in p53-negative tumors,*' which has been associated
with greater expression of vascular endothelial growth factor in
p53-positive tumors.*>*? Differences in microvascularity would
be expected to lead to differences in signal on Post-Gad TIWI
(because of differences in contrast enhancement), on T2WI (be-
cause of differences in water content), and on the ADC map (be-
cause of differences in diffusivity).

At present, the clinical relevance of p53 status in HNSCC is
mainly with regard to prognosis because a significant association
between p53 status and survival in patients with HNSCC has been
reported.’” In the future, p53 status in HNSCC may play a greater
role in treatment selection (eg, specific vascular endothelial
growth factor inhibitors may be more or less effective depending
on the p53 status).

Image analysis has the potential to be complementary to tissue
biopsy. On the one hand, tissue biopsy followed by immunohis-
tochemistry analysis provides extensive genetic information, but
only for a single anatomic location. On the other hand, image
analysis provides biologic information such as p53 status over a large
anatomic region, noninvasively. The ability to scan entire tumors,
followed by quantitative analysis of image texture, may have advan-
tages over more targeted biopsy-only techniques. Furthermore, MR
imaging texture analysis has been shown to predict treatment re-
sponse™* and therefore has the potential to allow better treatment
choices and potentially lead to improved patient outcomes.

Our study is limited by its small sample size, but our results
indicate that image analysis is a promising tool that deserves fur-
ther investigation in patients with head and neck cancer.
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CONCLUSIONS

MR imaging texture analysis could differentiate p53-positive and

p53-negative HNSCC tumors with 81.3% accuracy. In association

with information from a tissue biopsy, this technique has the poten-

tial for better treatment choices and influencing patient outcomes.
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within the Southern Alberta Cancer Institute within the Faculty of Medicine at the
University of Calgary. Funding from the Ohlson Research Initiative is administered
through the University of Calgary. *Money paid to the institution.
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ORIGINAL RESEARCH
HEAD & NECK

Incomplete Endochondral Ossification of the Otic Capsule, A

Variation in Children: Evaluation of Its Prevalence and Extent in

Children with and without Sensorineural Hearing Loss

S.E. Sanverdi, B. Ozgen, A. Dolgun, and S. Sarac

ABSTRACT

BACKGROUND AND PURPOSE: Endochondral ossification of the otic capsule is a process that continues postnatally; hence, incomplete
endochondral ossification is seen as pericochlear hypoattenuation on temporal bone CT scans of children. We determined the prevalence
and extent of this entity in a large series and assessed its relation to age and underlying sensorineural hearing loss.

MATERIALS AND METHODS: Initially, temporal bone CTs of 40 children with sensorineural hearing loss were retrospectively assessed and
compared with those of a control group scanned for non-sensorineural hearing loss reasons to assess any difference in the prevalence or
extent of incomplete endochondral ossification. Then the CT scans of 510 children (age range, 17 days to 17 years) were retrospectively
reviewed, and any observed endochondral ossification areas were classified as mild, moderate, or extensive, according to their extent.

RESULTS: Neither the presence nor degree of incomplete endochondral ossification had any significant correlation with the presence of
sensorineural hearing loss (P = .08 and P = ], respectively). Incomplete endochondral ossification was more frequently seen (62% of cases)
than complete ossification. There was no statistically significant correlation between incomplete endochondral ossification and sex (P =
.8), but an inverse correlation was found between the presence of incomplete endochondral ossification and increasing age (P < .001).
Overall, mild incomplete endochondral ossification was the most frequent involvement pattern (44.4%).

CONCLUSIONS: The pericochlear hypoattenuation in the otic capsule representing incomplete endochondral ossification is a normal
finding in children and can be seen as a marked curvilinear hypoattenuation at younger ages in the absence of any clinical disorder.

ABBREVIATIONS: FAF = fissula ante fenestram; iEO = incomplete endochondral ossification; OC = otic capsule; SNHL = sensorineural hearing loss

C T of the temporal bone is widely used for the evaluation of the
anatomic details and diseases of the ear, in both adults and
children." The accurate interpretation of this study requires both
a precise knowledge of the complex temporal bone anatomy and a
familiarity with the imaging appearance of various pathologic
processes involving this area. It is especially important to be aware
of potential developmental variations mimicking disease, such as
“pericochlear CT hypoattenuation.”®”> This hypoattenuation, es-
pecially seen in children and most frequently in the region of the
fissula ante fenestram (FAF), has been reported to occur in 32%-—
41% of imaged children without any accompanying symptoms.>>
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The otic capsule (OC) hypoattenuated foci are presumed to be a
normal variant due to an incomplete endochondral ossification
(iEO) of the OC during its developmental process. Focal bony
hypoattenuations in the OC are also seen in pathologic conditions
such as otosclerosis and osteogenesis imperfecta, however. Oto-
sclerosis, though rare in young children, is known to have hypoat-
tenuation at this same FAF area as an early and relatively sensitive
CT finding.®"'" It is thus crucial for the radiologist reporting tem-
poral bone cases to recognize this variation of a developmental
stage and its extent, to prevent unnecessary medical or surgical
treatment, especially in cases with equivocal clinical and audio-
metric findings.

Although a few studies have investigated the presence of OC
hypoattenuated foci in temporal bone CT in children, their extent
was not specified in any previous study. Furthermore, the relation
of the OC hypoattenuation to underlying sensorineural hearing
loss (SNHL) or a radiologically evident inner ear anomaly has not
been thoroughly evaluated, to our knowledge. We thus aimed to
determine the prevalence of this entity and its extent in a large group
of children and to assess its relation to age and underlying SNHL.
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MATERIALS AND METHODS
Patients
The study was performed in 2 phases. In the first part, the tempo-
ral bone CTs of patients with and without SNHL were compared
to assess any difference in the prevalence of incomplete endo-
chondral ossification in these 2 groups. For this purpose, tempo-
ral bone CT scans of 40 patients with SNHL and temporal bone
CTs of age-compatible patients scanned for reasons other than
SNHL were assessed with respect to the presence and extent of
hypoattenuated foci of the OC. The images were retrieved from
the PACS data base in a randomized manner. The indication for
the scan in the control group included auricular atresia in 5 pa-
tients, middle ear infection in 18 patients, and conductive hearing
loss in 17 patients. None of these patients had evidence of SNHL
on their audiologic tests, and they did not have any inner ear
abnormality on CT. The children scanned for conductive hearing
loss had no clinical or audiologic findings suggestive of otosclero-
sis. The mean age for the patient group with SNHL was 4.9 = 3.3
years (range, 17 days to 17 years), while for the control group the
mean age was 8.1 * 4.5 years (range, 10 months to 17 years).
For the second phase of the study, the CT scans of 1020 tem-
poral bones of 510 children (younger than 18 years of age) ar-
chived the hospital and radiology data base system of our institu-
tion (hospital information system and radiology information
system, respectively) between January 2005 and May 2014 were
reviewed. The patient ages ranged from 17 days to 17 years (mean
age, 5.2 * 4.3 years; female/male ratio, 254:256). The study pro-
tocol was approved by the institutional review board. Patient
charts and audiologic tests were assessed by an experienced oto-
laryngologist in selected relevant cases.

Imaging

All CT studies of the temporal bone were performed with thin
sections, on the same 4-channel multidetector CT scanner (So-
matom Plus 4/Volume Zoom; Siemens, Erlangen, Germany). The
images were obtained by using the pediatric temporal bone pro-
tocol, with 0.5-mm collimation, 0.5-mm thickness, 100 mA, and
120 kV(peak). Subsequently, axial reformatted images parallel to
the lateral semicircular canal were obtained. Coronal reformatted
images were created perpendicular to the axial reformats. Images
with extensive motion or implant artifacts (n = 21 children) were
excluded from the study. Images without extensive motion or
implant artifacts were included in the patient group. Mild motion
and/or implant artifacts were observed in 14 temporal bones (1%,
14/1020) but did not prevent the evaluation of the otic capsule.

Image Evaluation

Two neuroradiologists experienced in head and neck imaging
(B.O., S.E.S.) retrospectively and simultaneously evaluated the
images. Hypoattenuated foci consistent with iEO areas in the OC
were defined and classified as mild, moderate, or extensive ac-
cording to the extent of focal hypoattenuation. Because there were
no studies in the literature that had a specific grading system for
OC hypoattenuation, we graded it according to the embryologic
ossification order from the latest to the earliest. Mild iEO was
defined as a focal hypoattenuated area in the FAF region (Fig 1).
Moderate iEO was defined as a focal hypoattenuated area extend-
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FIG 1. Reformatted axial CT image of the right (A) and the left (B)
temporal bones of a 13-year-old girl with SNHL. Note linear hypoat-
tenuation in the region of the FAF (arrows), consistent with mild
incomplete ossification.

ing from the FAF to the anterior aspect of the cochlea (Fig 2).
Finally, extensive iEO was defined as a large curvilinear hypoat-
tenuated area extending to the posteromedial aspect of the co-
chlea in an arc-like pattern (Fig 3).

Statistical Analysis

All statistical analyses were performed by using SPSS, Version
15.0 for Windows (IBM, Armonk, New York). The relationships
among EO and sex and SNHL were analyzed by using the x” test.
Because the ages of patients followed a normal distribution, 1-way
analysis of variance was used to determine the relationship be-
tween the EO grades and age. Independent ¢ tests were used to
analyze the relationships between age and both EO and SNHL.
The x” test was also used to determine the relationship between
the presence and grade of the EO in the patients with SNHL com-
pared with the control group. The level of significance was set at
P <.05.

RESULTS
For the cases included in the first phase of the study, iEO was seen
in 62% of patients with SNHL and in 57.5% of the control group.
Neither the presence nor degree of iEO had any significant corre-
lation with the presence of SNHL by the x* test (P = .08 and P =
.1, respectively).

For the cases included in the second phase, the temporal bone
CT imaging in patients with SNHL revealed normal findings in



FIG 2. Reformatted axial CT images of the right (A) and the left (B)
temporal bones of a 6-year-old girl with SNHL. Note hypoattenu-
ation in the region of the FAF extending slightly to the anterior aspect
of the cochlea (arrows), consistent with moderate incomplete
ossification.

FIG 3. Axial CT images of the right temporal bone of a 1-year-old boy
with SNHL. A hypoattenuated curvilinear line surrounds the cochlea,
consistent with extensive incomplete ossification (arrows).

Frequency and age distribution of the different levels of otic
capsule endochondral ossification

EO of the Otic  No. of Temporal
Capsule Bones (%) Mean Age (yr) (Range)
Complete 387 (38%) 7.9 = 4.6 (8 months to 17 years)
Incomplete 633 (62%) 2.8 = 2.4 (17 days to 15 years)
Mild 453 (71.6%) 3.7 = 3.1(5 months to 15 years)
Moderate 118 (18.6%) 2.5 £1.9 (4 months to 12 years)
Extensive 62(9.8%) 1.1 0.8 (17 days to 6 years)

Note:—EO indicates endochondral ossification.

846 temporal bones (83%). Various inner ear abnormalities were
observed in 174 temporal bones (17%). The most common inner
ear abnormality was the enlargement of the vestibular aqueduct
(n =50, 28.7%). In a descending order of frequency, other inner
ear abnormalities included incomplete partition abnormality
type 2 (31.15%), incomplete partition abnormality type 1
(22.95%), cochlear hypoplasia (19.67%), internal auditory canal
stenosis (18.85%), cochlear aperture stenosis (9.8%), isolated ves-
tibular dysplasia (6.56%), common cystic deformity (5.74%), iso-
lated enlarged vestibular aqueduct (4.92%), complete labyrin-
thine aplasia (3.28%), rudimentary otocyst (1.64%), and cochlear
aplasia (0.82%). There was no statistically significant correlation
between the presence of iEO and radiologically detected inner ear
abnormality (P = .2).

iEO was seen in 62% of all the evaluated cases and thus was more
frequent than complete ossification (38% of the cases) in our series.
The mean age for the iEO group was 2.8 = 2.4 years (range, 17 days to
17 years), and for complete ossification, the mean age was 7.9 = 4.6
years (range, 8 months to 17 years). There was no statistically signif-
icant correlation between iEO and sex (P = .8). However, an inverse
correlation was found between the presence of iEO and increasing
age by an independent ¢ test (P < .001).

In the iEO group (n = 633), mild iEO was the most frequent
involvement pattern (n = 453, 71.6%). Moderate iEO was found
in 118 temporal bones (18.6%), while extensive iEO was found
bilaterally in 62 temporal bones (9.8%). The mean ages for the
mild, moderate, and extensive iEO groups were 3.7 = 3.1 (range,
5months to 15 years), 2.5 = 1.9 (range, 4 months to 12 years), and
1.1 £ 0.8 years (range, 17 days to 6 years), respectively (Table).
The age range and the mean age of mild and moderate iEO groups
were quite similar. However, the mean age showed statistically
significant differences between the mild and moderate iEO
groups (P = .005). The youngest patient population was seen in
the extensive iEO group (mean age, 1.1 = 0.8 years). Additionally,
80% of patients having extensive iEO were younger than 1 year of
age, and 65.5% were younger than 6 months of age. Extensive iEO
was thus much more frequent in infants compared with older
children. However, a cutoff age limit could not be defined to dif-
ferentiate the extensive iEO group from mild/moderate iEO
groups (P = .2, P = 1, respectively). The charts of cases presenting
with extensive iEO were reviewed, but no clinical or audiologic
manifestations suggestive of otospongiosis and osteogenesis im-
perfecta were found (Fig 4).

The pattern of iEO involvement (defined by the grade) was
asymmetric between the 2 ears of the same patient in 37 cases
(7.5%). In most patients with asymmetric iEO involvement (23
patients), EO was complete in one ear, while the other ear pre-
sented mild iEO. In the remaining 14 patients, the asymmetric
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FIG 4. Axial (A) and coronal (B) CT images of the right temporal bone
of a 6-year-old boy with SNHL who had been treated with cortico-
steroids for 3 years due to congenital adrenogenital syndrome. Hy-
poattenuation surrounding the cochlea, consistent with extensive
incomplete ossification, is again noted (arrows).

ossification pattern was mild iEO in one ear and moderate in the
contralateral ear. In 17 of 74 patients presenting with asymmetric
EO, various inner ear abnormalities were found. Inner ear struc-
tures were radiologically normal in the remaining 57 ears with the
asymmetric ossification pattern. The asymmetric pattern did not
have a statistically significant correlation with the underlying in-
ner ear abnormality (P = .2). The presence of an asymmetric
enchondral ossification pattern showed reverse correlation with
age (P =.03).

DISCUSSION

The temporal bone has highly complex anatomy, and its embry-
onic development is reported to be one of the most complicated
examples of cellular morphogenesis in any biologic system. The
initial step in the formation of the ear is the differentiation of the
otic placode, which will form the membranous labyrinth.
Through a complicated embryogenesis influenced by numerous
autocrine and paracrine factors, the surrounding mesenchyme
undergoes chondrogenesis, which will eventually form the bony
capsule that encircles the membranous labyrinth.'*”'> The mech-
anism of ossification of the OC is mainly by EO, with intrachon-
dral bone ossification predominating in some stages.'® Histolog-
ically, the ossifying OC has 3 layers: a thin inner (endosteal) layer,
a middle layer composed of a combination of endochondral and
intrachondral bone, and an outer (periosteal) layer. The endosteal
layer of bone surrounding the otic capsule ossifies at midgestation
and does not change after birth; the middle layer, however, is
partly calcified in the near-term fetus but then is rapidly replaced
by bone.* EO is completed finally in the region of the FAF, which
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is a cleft between the inner and middle layers just anterior to the
oval window.” Fibrocartilage may persist at the FAF even in
adults; this region is also a site of predilection for otosclerosis
(probably due to the presence of specific cartilage constituents
targeted by autoimmune reactions).'”

Because ossification is first completed in the inner and outer
layers and the middle layer containing bone marrow is the last
portion to ossify, the FAF region, which has mainly a middle layer,
might remain as an incompletely ossified area even in adults and
can be seen as a focal hypoattenuation on CT images even in
adults.” In our series, CT revealed focal hypoattenuation in the
region of the FAF in most children (633 cases, 62%). The inci-
dence in our study is higher than that in previously reported series
with incidences in the range of 32%—41%. This difference may be
partly due to technical factors because our study acquired very
thin sections (the section thickness of the scans in the prior studies
were as follows: 0.5-1.5 mm in the study by Pekkola et al,” 0.5—
0.75 mm in the study by de Brito et al,” and this information was
not given in the study by Chadwell et al*). The mean age of our
study was similar to the one in the series by Pekkola et al”® and thus
could not provide an explanation for the difference in incidences
(the mean age was not given in the other 2 studies).

In the development of the inner ear, different inner ear struc-
tures are known to induce each other. In addition, EO is not
completed until the membranous inner ear structures have com-
pleted and reached their adult size. One might expect that the EO
could be affected by pathologies of the inner ear (radiologically
silent or detected). However, we found no correlation between
the presence of SNHL and the level of EO. De Brito et al> compared
the incidence of hypoattenuated foci in patients with and without
SNHL and similarly found no correlation. We diagnosed radiologic
inner ear abnormalities in 174 (17%) of all the imaged temporal
bones, but those cases had degrees of EO similar to those in the cases
with normal-appearing inner ears. We thus suggest that the presence
of hypoattenuated foci in the OC is independent of the membranous
and bony labyrinth development.

In this study, the iEO was similar among the 2 sexes but, as
expected, had an inverse correlation with age. This finding is in
agreement with previously mentioned series reporting that the
OC ossification is correlated with the age of the individual rather
than the sex but is somewhat controversial due to the established
knowledge of delayed bone maturation in males,'® and our results
may be because the area of concern is very small and minor dif-
ferences are difficult to detect. Asymmetric EO among the con-
tralateral ears was found in 74 patients without a sex or age pre-
dilection (P = .8 and P = 1, respectively). As suggested in
previous studies, inherent variations in the developmental pro-
cess might play a role in these minor asymmetries.

In a CT study evaluating ossification features of the OC,* it has
been shown that incomplete ossification of the entire middle otic
layer in a neonate skull specimen was seen as a hypoattenuated halo
surrounding the cochlea (Fig 4 in the article by Moser et al*). This
appearance is similar to that in our cases labeled extensive iEO; thus,
extensive iEQ probably reflects the earliest appearance of a com-
pletely nonossified middle layer. In our study, 31 patients had exten-
sive iEO. Patients included in the extensive iEO group were younger



in comparison with the 2 other iEO groups, and 65.5% of the patients
with extensive iEO were 6 months of age or younger.

The mean age for the mild iEO group was higher (3.7 = 3.1
years) than that of the moderate and extensive iEO groups. Al-
though the mean ages for different grades of iEO (mild, moderate,
and extensive) were numerically close to one another, there was a
direct correlation of age with the degree of ossification of the OC.
These findings lead us to think that in most cases, extensive iEO
subsequently does convert to moderate and mild iEO with in-
creasing age. In a single patient in our series who had subsequent
imaging a year later, we found that extensive iEO had upgraded to
moderate iEO in the follow-up study the next year. Although it
was not the aim of this study, it would be interesting to see, in a
separate study, the evolution of the iEO with time for individual
patients (eg, with a retrospective data base search of children who
had multiple temporal bone studies).

Although the mean age of the patients was significantly differ-
ent between the mild and moderate iEO groups (P = .005), this
significance could not be reached when comparing the mean age
values of moderate iEO and extensive iEO groups. Overlapping
age ranges between the iEO groups might have influenced these
statistical results. However, more important, the small number of
patients with extensive iEO and the presence of older children,
which has caused an increase in the mean age in the group with
extensive iEO, are probably the main reasons for statistical insig-
nificance. The lower number of patients with extensive iEO in our
series could be because very small children and infants do not
frequently undergo CT imaging and they tend to be imaged pref-
erentially with MR imaging due to radiation concerns.

In the extensive iEO group, only 1 patient (a 6-year-old boy)
had a history of corticosteroid administration for 3 years due to
congenital adrenogenital syndrome. Except for this 1 case, we did
not find any underlying pathologic condition in children with
extensive iIEO who were older than 1 year of age to explain a delay
in ossification, such as vitamin D deficiency or other metabolic
abnormalities. Because the patients with extensive iEO in our se-
ries did not undergo histopathologic evaluation of their otic cap-
sule, it is still unclear whether the imaging findings are due to an
individual variation or are a result of delayed bone maturation.
Similarly, an underlying genetic abnormality was not sought but
cannot be ruled out.

The small size of the control group is the main limitation of
our study. Because SNHL is the prominent type of hearing loss in
childhood and for this young age group CT of the temporal bone
is mainly undertaken to identify possible inner ear abnormalities,
it is difficult to obtain a large control group of patients without
SNHL or inner ear abnormalities. Patients with extensive iEO
were only evaluated for radiologic mimics such as osteogenesis
imperfecta and otosclerosis and were not investigated further for
genetic and/or laboratory abnormalities; however, as of today, no
significant scientific data suggest a specific underlying cause for
delayed/abnormal endochondral ossification besides osteogene-
sis imperfecta and otosclerosis. Further studies with histopatho-
logic correlation and investigations comparing temporal bone
maturation with systemic bone development are necessary to re-
solve this issue.

CONCLUSIONS

The presence of focal hypoattenuation in the OC can be accepted
as a normal finding in young children. Mild forms of incomplete
endosteal ossification can be seen in children up to 15 years of age
and can have asymmetric involvement between the 2 ears of the
same individual. At younger ages (especially in the first 6 months
of life), excessive hypoattenuation reaching the anterior OC can
be seen without any clinical evidence of otosclerosis/osteogenesis
imperfecta. This hypoattenuation most likely represents incom-
plete endochondral ossification, a process that seems to proceed
independent of the development of the inner ear.
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CLINICAL REPORT
HEAD & NECK

High-Resolution CT Findings in Children with a Normal Pinna or
Grade | Microtia and Unilateral Mild Stenosis of the External

Auditory Canal

R.Jacob, S. Gupta, B. Isaacson, J.W. Kutz Jr, P. Roland, Y. Xi, and T.N. Booth

ABSTRACT

SUMMARY: A subset of patients presents with unilateral conductive hearing loss, a normal pinna or grade | microtia, and mild external

auditory canal stenosis. The physical findings of microtia and a small external canal are commonly absent or subtle in this group of patients,

who are being commonly referred for imaging to evaluate isolated conductive hearing loss. We present a case series of patients with

unilateral conductive hearing loss and characteristic ossicular abnormalities, commonly anterior fixation of the malleus. All patients had a

significantly increased distance from the cochlear promontory to the handle of the malleus and an abnormal incudostapedial angle,

indicative of an abnormal ossicular position and/or morphology. Successful surgical reconstruction of the ossicular chain was attempted

and accomplished in 3 patients.

ABBREVIATIONS: CHL = conductive hearing loss; EAC = external auditory canal; HRCT = high-resolution CT

ongenital hearing loss affects 1-3 per 1000 children.' Hearing

loss can be due to central auditory dysfunction, conductive,
sensorineural, or a combination.” Congenital conductive hearing
loss (CHL) may be related to an isolated anomaly of the middle
ear without associated anomalies of the external ear or canal.’
More commonly, anomalies of the middle ear are linked to con-
genital anomalies of the pinna, which has an incidence of approx-
imately 1 in 11,000 children. These patients present with conduc-
tive hearing loss related to stenosis or atresia of the external
auditory canal (EAC).* Ossicular anomalies such as absence, fix-
ation, and abnormal fusion have been described in children with
or without EAC stenosis or atresia. External auditory canal steno-
sis or atresia in the absence of anomalies of the pinna is uncom-
mon but has been described in nonsyndromic children and chil-
dren with chromosome 18q deletion.” The absence or subtle
nature of external ear anomalies in this patient population could
potentially lead to delay in identification of the etiology of hearing
loss. High-resolution CT (HRCT) is beneficial in elucidating the
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etiology of congenital CHL and guides surgical management in
these patients.”*

We describe the clinical presentation and audiometric and
HRCT findings in a group of patients with unilateral CHL and a
normal or minimally abnormal pinna associated with mild steno-
sis of the EAC.

Case Series

Patients. This was a Health Insurance Portability and Account-
ability Act—compliant retrospective case series performed after
approval from the institutional review board at a tertiary referral
center. A PACS search was performed with the Boolean function
combining “external canal,” “external auditory canal” AND “ste-
nosis,” or “stenotic” for identifying relevant cases of CT of the
temporal bones performed during a 5-year period (2009-2013).
The inclusion criteria were patients with unilateral congenital
EAC stenosis of <50% diameter on CT, a normal pinna or grade
I microtia, and a diagnostic temporal bone HRCT. Children with
syndromes associated with temporal bone abnormalities were ex-
cluded. Grade I microtia is characterized by a hypoplastic auricle
with all the identifiable landmarks, grade II microtia consists of an
abnormal auricle without some identifiable landmarks, grade III
microtia is recognized by a very small auricular tag, and anotia is
classified as grade IV.%”

The electronic medical records were reviewed for the presence
or absence of an abnormal pinna. Audiograms were reviewed for
the severity of conductive hearing loss, and the pure tone average
was graded as mild (20—40 dB), moderate (40—60 dB), or severe/



FIG 1. Measurement method for the EAC diameter. Axial and coronal temporal bones at the
level of the EAC. The left EAC is measured obliquely along the most medial aspect, parallel to
the tympanic membrane (dotted line) in both the axial and coronal planes.

FIG 2. Abnormal orientation of the handle of the malleus in a 4-year-old girl with right-sided
CHL (patient 6). Axial HRCT of the temporal bone, superior-to-inferior. A and B, Superior image
shows a normal ossicular position. Inferiorly, abnormal orientation of the handle of the right
malleus along with posterior fixation of the handle of the malleus (arrow) is present. There is
asymmetric widening of the distance between the cochlear promontory (arrowhead) and the
handle of the malleus. C and D, Normal ossicular anatomy is present superiorly. Inferiorly,
normal orientation of the handle of the left malleus and a normal distance from the promontory

to the handle (between arrows) are seen.

profound (=60 dB). HRCT studies were reviewed by a pediatric
neuroradiologist with 17 years of experience and a pediatric neu-
roradiology fellow.

Imaging Analysis
HRCT studies were performed with a reconstruction thickness of
0.5-0.8 mm. Targeted magnified reconstructions were per-
formed for each ear in the plane of the lateral semicircular canal,
with perpendicular coronal reformats constructed at 0.2- to
0.5-mm thickness.

The external auditory canal measurement was compared with

that of the contralateral normal ear,
which served as an internal standard. The
EAC was measured in the axial and coro-
nal planes, parallel to the tympanic mem-
brane, along the medial-most aspect of
the external auditory canal (Fig 1). The
measurements were compared with the
contralateral EAC to assess the degree of
asymmetry in size. More complex methods
have been described, but a single axial and
coronal measurement was determined ade-
quate due to the availability of the contralat-
eral normal ear for comparison.®

HRCT of the temporal bone was eval-
uated for findings based on the criteria
developed by Jahrsdoerfer et al® for iden-
tifying suitable candidates with congeni-
tal aural atresia for surgery.'®'! The pres-
ence of ossicular anomalies, including
fixation, abnormal position, and abnor-
mal shape or size, was noted. Fixation was
defined as the presence of an osseous bar
between the ossicles and the margins of
the middle ear cavity or when the ossicles
were not separable from the walls of the
middle ear cavity. The positions and rela-
tionships of the ossicles in the middle ear
were evaluated. The distance between the
cochlear promontory and the most me-
dial portion of malleus handle was mea-
sured on the normal and abnormal sides
on axial HRCT images to assess the posi-
tion of the malleus. To evaluate the rela-
tionship between the incus and stapes, we
measured the angle between the long pro-
cess of the incus and the capitulum stapes
(incudostapedial angle) on the normal
and abnormal sides on coronal images at
the level of the oval window.'>'* The size
of the Prussak space was compared with
that of the contralateral normal ear. The
incudomalleal and incudostapedial joints
were evaluated for fusion or widening.
The size of the middle ear was compared
with that of the contralateral ear and sub-
jectively evaluated as normal or mildly or
severely hypoplastic.

The patency of the oval and round windows was assessed along
with the status of the facial nerve. The position of the tympanic
segment of the facial nerve was considered abnormal if it was
inferiorly medially displaced, overlying the oval window; if the
position of the posterior genu was anterior to the round window;
and/or if the vertical segment of the facial canal had an anterolateral
course. Inner ear structures were evaluated for the presence of co-
chlear or vestibular dysplasia and the size of the cochlear nerve canal
(normal, >1.4 mm)."? Intraoperative findings, audiograms, and the
success of reconstruction were reviewed by a neurotologist.
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FIG 3. Abnormal fixation of the handle of the malleus along with increased distance of the
handle of malleus to the cochlear promontory in a 4-year-old boy with right-sided CHL (patient
9). Axial HRCT of the temporal bones, superior-to-inferior. A and B, There is abnormal fusion of
the right malleus and incus (long arrow) superiorly. The inferior image shows fixation of the
handle of the malleus anteriorly (short arrow). Note an increased distance of the handle of the
malleus to the cochlear promontory (arrowhead). C and D, Normal separation of the left
ossicles is present superiorly. Inferiorly, there is a normal distance of the handle of the left
malleus to the promontory in the normal ear (between arrows).

FIG 4. Abnormal fixation of the incus in a 5-year-old girl with left-sided CHL (patient 1). Axial
HRCT of the temporal bone, superior-to-inferior. A and B, Superiorly, there is a normal incus
with articulation with the stapes (arrow). Inferior image shows a normal long process of the
incus with no fixation bar (arrow). C and D, Superiorly, there is fusion of the left malleus and
incus (arrow). Inferior image shows a posterior fixation bar extending from the long process of
the incus (long arrow) to the posterior wall of the tympanic cavity.
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Statistical analysis was performed by
using the Wilcoxon signed rank test due
to the small sample size. The malleal han-
dle to the cochlear promontory distance
and the incudostapedial angle were com-
pared with the measurements from the
contralateral normal ear.

Clinical Findings

A 5-year PACS search with specified cri-
teria revealed 9 patients. Three were ex-
cluded due to syndromic association (2
Goldenhar, 1 Down syndrome). The
male/female ratio was 5:4, and the mean
age was 7 years (range, 3—12 years). All
patients presented with unilateral CHL.
On physical examination, 5/9 patients
had no abnormality of the pinna and clin-
ically normal EACs. Four of 9 patients had
grade I microtia. The mean pure tone av-
erage was 49.4 = 14.2 dB (range, 28—68
dB), and the mean air-bone gap was
49.6 = 12.9 dB (range, 25-65 dB). Two
patients had mild CHL; 5, moderate CHL;
and 2, severe CHL.

Imaging Findings

CT showed the mean EAC diameter to be
5.1/6.7 mm (axial/coronal) on the af-
fected side and 7.7/8.7 mm (axial/coro-
nal) in the normal-hearing ear. Fixation
of the handle of the malleus to the tym-
panic annulus was seen anteriorly in 7/9
ears and posteriorlyin 1 ear (Figs 2 and 3).
Posterior fixation of the long process of
the incus was present in 2/9 ears (Fig 4).
Abnormal orientation of the handle of the
malleus with an abnormally increased
distance to the cochlear promontory was
present in all ears. The mean distance be-
tween the cochlear promontory and the
handle of the malleus on the normal side
was 1.7 mm (range, 1-2.9 mm) and 3.9
mm (range, 3.1-4.4 mm) on the abnor-
mal side, with the distance being in-
creased on the abnormal side (Figs 2 and
3). These findings were found to be signif-
icant (P = .039, Wilcoxon signed rank
test). The mean incudostapedial angle on
the normal side was 82.3° (range, 66°—
96°) and 101.1° (range, 73°-119°) on the
abnormal side (Fig 5). These findings
.015, Wilcoxon
signed rank test). The angle was increased

were significant (P =

in all affected ears.
There was a mild subjective decrease
in size in the middle ear on the affected



FIG 5. Abnormal asymmetric increased in the incudostapedial angle in a 3-year-old boy with
right-sided CHL (patient 8). Coronal-reconstruction HRCT of the temporal bone at the level of
the long process of the incus. A, An abnormally increased incudostapedial angle (arrow) mea-
suring 109° is present in the right ear. B, The normal left ear has an incudostapedial angle
measuring 93° (arrow).

FIG 6. Asymmetric narrowing of the Prussak space in a 12-year-old boy with left-sided CHL
(patient 2). Coronal-reconstruction HRCT of the temporal bone at the level of the malleus. A,
Normal appearance of the Prussak space in the normal right ear (arrow) is present. B, Asymmet-
ric narrowing of the Prussak space (arrow) in the affected left ear is present with a normal
volume of the tympanic cavity.

FIG7. Abnormalincudomalleal and incudostapedial joints in a 3-year-old boy with right-sided CHL
(patient 8). Axial HRCT of the temporal bone at the level of the ossicular articulations, superior-to-
inferior. A and B, Superior image shows abnormal incudomalleal fusion (arrow). Inferiorly, abnormal
incudostapedial widening (arrowhead) in the right ear is present. C and D, The normal left incu-
domalleal (arrow) and incudostapedial joints (arrowhead) are demonstrated.

side in 5 ears, and the middle ear was nor-
mal in size in 4 ears. There were no pa-
tients with severe hypoplasia of the mid-
dle ear cavity, and all ears were normally
aerated without soft tissue present. A nar-
rowed Prussak space suggested an abnor-
mal ossicular position in 5/9 ears (Fig 6).
The most common ossicular abnormali-
ties included decreased size of the malleus
head (7/9) and a narrowed or fused incu-
domalleal joint (7/9). Widening of the in-
cudostapedial joint was present in 5/9 ears
(Fig 7). The stapes was abnormal in 1 pa-
tient with an enlarged capitulum.

The oval and round windows were
normal in all ears. The tympanic segment
of the facial nerve was normally posi-
tioned and free of the oval window in all
ears. The posterior genu was in the nor-
mal position at the level of or posterior to
the round window in all ears. There was
mild anterior displacement of the vertical
segment of the facial nerve in 1 ear. No
inner ear anomalies and normal cochlear
nerve canals were demonstrated.

Surgical Correlation

Surgery was performed in 3 patients with
agreement of most findings on HRCT.
One imaging study showed a widened in-
cudostapedial joint, which was not appar-
ent at surgery. Tympanoplasty was per-
formed in all those with a canaloplasty in
1 ear. Natural ossiculoplasty (mobiliza-
tion of the fixed malleus head) was per-
formed in 2 ears with malleus fixation,
and an ossicular chain reconstruction
(partial ossicular reconstruction prosthe-
sis) was performed in 1 ear with incudo-
stapedial joint separation. Significant im-
provement in hearing was noted in 2
patients on the postoperative audiogram
(mean improvements in pure tone aver-
age of 24 dB), and 1 patient was lost to
follow-up.

DISCUSSION

The auricle is derived from the first and
second pharyngeal arches, and the exter-
nal auditory canal is derived from the first
pharyngeal cleft. The malleus and incus
are derived from endochondral ossifica-
tion of the cartilage of the first and second
arches.* Hence, abnormal development
of the first and second arches can lead to
auricular malformations, including mi-
crotia, external auditory canal stenosis,
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and ossicular dysplasia. The early identification of unilateral con-
ductive hearing loss can be difficult in the absence or presence of
minor deformity of the external ear.®

Most patients in this series had normal external examination
findings on the initial evaluation when unilateral CHL was the
sole reason for obtaining HRCT. 3D volumetric reconstruction of
the CT dataset may be useful in assessing minor external ear mal-
formations to aid in a potential diagnosis. Bilateral EAC stenosis
would be more difficult to evaluate by imaging without the con-
tralateral ear for comparison. However, most patients, approxi-
mately two-thirds, with congenital EAC stenosis have unilateral dis-
ease, which would facilitate an imaging diagnosis.'* Patients with
syndromic associations are also more commonly associated with bi-
lateral involvement and would be identified clinically.'® Patients pre-
senting with unilateral CHL should be evaluated for mild stenosis of
the external auditory canal on HRCT, especially because anomalies
of the external ear can be subtle or absent on physical examination.
Development of a simple normative EAC diameter may be helpful to
evaluate the child with bilateral CHL.

Middle ear and ossicular anomalies are more common in chil-
dren presenting with CHL and EAC stenosis."” The present study
identified characteristic fixation abnormalities of the ossicles in
this group of patients. High-resolution CT in the present study
demonstrated that the malleus handle was laterally displaced
from the cochlear promontory. Most commonly, this displace-
ment appears to relate to anterior rotation of the handle with
anterior fixation to the anterior tympanic annulus. Additional
indirect signs such as narrowing of the Prussak space on the af-
fected side can be very helpful in identifying ossicular anomalies if
they are not readily apparent. The incudostapedial angle was also
consistently increased on the affected side but remained <120° in
all affected ears. An incudostapedial angle of <120° has been as-
sociated with a good surgical prognosis.'®

1'° found the oval window to be absent in one-third

Mayer et a
of the patients with EAC stenosis or atresia and noted no signifi-
cant correlation with the degree of associated external ear abnor-
mality. A main predictor of the success of ossicular reconstruction
is the patency of the oval window, and all were widely patent in the
present study.* The limited number in our group that had surgery
had excellent hearing results.

Malposition of the facial nerve has been reported in mild mi-
crotia in up to half of patients.” This is typically manifested by
anterior displacement of the mastoid segment. Only 1 patient in
this series had a mild anteriorly positioned mastoid segment. The
obstruction of access to the oval window by the anterolateral dis-
placement of the vertical segment of the facial canal was reported
in 41% of patients with atresia in the series by Dedhia et al.'' The
abnormal position of the facial nerve could potentially increase
the risk of injury to the nerve. There were no anomalies of the
tympanic segment of the facial nerve canal in this series, which
would have precluded surgical access to the oval window.

Potential limitations of our study include the use of search
criteria based on radiologic reports. This may significantly under-
estimate the incidence of such findings because the presence of
mild stenosis may be difficult to subjectively appreciate. The study
is also limited by the resultant small sample size and surgical cor-
relation in only 3 patients.
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CONCLUSIONS

Patients presenting with unilateral conductive hearing loss should
be evaluated for mild EAC stenosis and potentially subtle but
characteristic ossicular malformations. Anomalies of the pinna
are commonly absent or subtle in this group of patients. System-
atic evaluation of the middle ear structures is suggested with eval-
uation of the distance from the cochlear promontory to the han-
dle of the malleus and the incudostapedial angle. These patients
typically have favorable anatomy for ossicular reconstruction.
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Advanced Fiber Tracking in Early Acquired Brain
Injury Causing Cerebral Palsy
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ABSTRACT

BACKGROUND AND PURPOSE: Diffusion-weighted MR imaging and fiber tractography can be used to investigate alterations in white
matter tracts in patients with early acquired brain lesions and cerebral palsy. Most existing studies have used diffusion tensor tractography,
which is limited in areas of complex fiber structures or pathologic processes. We explored a combined normalization and probabilistic
fiber-tracking method for more realistic fiber tractography in this patient group.

MATERIALS AND METHODS: This cross-sectional study included 17 children with unilateral cerebral palsy and 24 typically developing
controls. DWI data were collected at 1.5T (45 directions, b=1000 s/mm?). Regions of interest were defined on a study-specific fractional
anisotropy template and mapped onto subjects for fiber tracking. Probabilistic fiber tracking of the corticospinal tract and thalamic
projections to the somatosensory cortex was performed by using constrained spherical deconvolution. Tracts were qualitatively assessed,
and DTI parameters were extracted close to and distant from lesions and compared between groups.

RESULTS: The corticospinal tract and thalamic projections to the somatosensory cortex were realistically reconstructed in both groups.
Structural changes to tracts were seen in the cerebral palsy group and included splits, dislocations, compaction of the tracts, or failure to
delineate the tract and were associated with underlying pathology seen on conventional MR imaging. Comparisons of DTI parameters
indicated primary and secondary neurodegeneration along the corticospinal tract. Corticospinal tract and thalamic projections to the
somatosensory cortex showed dissimilarities in both structural changes and DTI parameters.

CONCLUSIONS: Our proposed method offers a sensitive means to explore alterations in WM tracts to further understand pathophys-
iologic changes following early acquired brain injury.

ABBREVIATIONS: CerPed = cerebral peduncle; CP = cerebral palsy; CSD = constrained spherical deconvolution; CST = corticospinal tract; FA = fractional
anisotropy; FTA = fiber-tract assessment; M1 = primary motor cortex; MD = mean diffusivity; PLIC = posterior limb of the internal capsule; TRS1 = thalamic projections
to the somatosensory cortex

erebral palsy (CP) is a disorder of movement and posture
Ccaused by nonprogressive disturbances in the developing
brain. Brain lesions that cause CP are commonly identified by
visual inspection of conventional structural T1- and T2-weighted
MR imaging. A range of macrostructural abnormalities has been
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described.! However, subtle brain abnormalities may be missed
on visual inspection.

Diffusion-weighted MR imaging can be used to infer the struc-
tural composition and integrity of neuronal tissue,” and white-
matter fiber tractography can be used to trace fiber tracts nonin-
vasively.” Diffusion tensor imaging describes a single diffusion
process in a voxel. However, most voxels contain multiple, often
crossing, fiber populations.* The use of probabilistic fiber track-
ing in diffusion models capable of resolving complex fiber struc-
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tures is likely to be beneficial when studying white matter tracts
and could provide additional information about the pathophysi-
ology of altered fiber pathways. Findings in recent studies in CP
support this assumption.>”

In CP, studies have shown alterations in major fiber tracts,
including the corticospinal tract (CST), the corticobulbar tract,
superior and posterior thalamic radiations, the superior longitu-
dinal fasciculus, and transcallosal fibers (for a review, see Scheck
et al®). Parametric changes include decreased fractional anisot-
ropy (FA) and increased mean diffusivity (MD), indicating al-
tered tract microstructure. Decreased tract volumes and fiber
counts, which may be indicative of perturbations during tract
development, have been described.® Studies also have shown
parametric changes that suggest secondary (Wallerian) neurode-
generation distant from the primary lesion site, with decreased FA
and axial diffusivity (the largest tensor eigenvalue), increases in
radial diffusivity (the mean of the 2 smaller tensor eigenvalues),
but no changes or only slight increase in MD.>® Moreover, the
overall severity of CP, measured by, for example, the Gross Motor
Function Classification System,'® appears to correlate with diffu-

sion parameters in motor™''!? 14-16 1)

and/or sensory pathways.
addition, correlations have been shown between diffusion mea-
sures in motor and sensory tracts and specific measures of sensory
and/or motor functions.>”'”?° Some studies suggest that sen-
sory and motor functions correlate more strongly with changes in
the sensory pathways (superior and posterior thalamic radiation)
than changes in the motor pathways (CST).®'? These findings
indicate that preservation of sensory pathways is important for
motor function. However, most tractography studies in CP have
used deterministic diffusion tensor tractography, which is a lim-
itation because the algorithm cannot progress in areas where the
tensor model shows a high uncertainty in the estimated fiber di-
rections due to complex fiber architecture or pathologic changes.

In this study, we aimed to improve fiber tractography and
characterization of motor and sensory fiber tracts in children with
early acquired brain lesions by using a combined normalization
and probabilistic fiber-tracking method. In addition, we aimed to
use this method to characterize changes in gross morphology and
in diffusion parameters close to and distant from the primary
lesion.

MATERIALS AND METHODS

Participants

We examined a convenience sample of 17 children with unilateral
spastic CP at the Gross Motor Function Classification System
level I and the Manual Ability Classification System®' levels I-11.
After we excluded poor-quality imaging data, 15 children (6 boys,
9 girls; median age, 12.4 years; range, 7.2—17 years) remained in
the sample (On-line Table). Twenty-four typically developing
children served as controls (9 boys, 15 girls; median age, 12.7
years; range, 8.8—17.3 years; 23 right-handed). The lesion side is
referred to as the hemisphere where structural abnormalities are
detected on visual inspection of conventional structural MR im-
aging (On-line Table). In cases of bilateral lesions, the lesion side
is defined as the most affected side as assessed by visual inspection.
Measures from the lesion side in the subjects with CP are com-
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pared with measures in the hemisphere ipsilateral to the domi-
nant hand in the controls.

Neuroimaging

MR imaging was performed on a 1.5T MR imaging system (Signa
Excite Twinspeed; GE Healthcare, Milwaukee, Wisconsin). Con-
ventional structural MR imaging included T1-, T2-weighted, and
FLAIR images. DWI (TR/TE = 10,000/76 ms, voxel size = 2.3
mm?® reconstructed to 1.72 mm? in-plane) included 6 b = 0
images followed by 45 gradient directions with & = 1000 s/mm?>.
Conventional structural MRIs were visually assessed for lesion
type, location, and extent. All controls had normal findings on
MR, and in the group with unilateral CP, a representative spec-
trum of lesions was seen (On-line Table).

Preprocessing of DWI

Tools in the FSL package (Version 4.0; http://www.fmrib.ox.
ac.uk/fsl) > were used for distortion and motion correction and
to realign the gradient directions.”® MRtrix (http://neuro.debian.
net/pkgs/mrtrix.html)** was used for estimation of diffusion ten-
sors and fiber orientation distributions with constrained spherical
deconvolution (CSD) to assess multiple fiber populations in every
voxel. From the diffusion tensors parametric maps of MD, FA,
axial diffusivity, and radial diffusivity were computed.

All sections in all diffusion volumes and FA maps were visually
inspected for artifacts. In addition, for each section, the mean
signal was plotted over all diffusion volumes to detect large signal
changes indicating gross imaging artifacts. Two of the original 17
subjects (1 child with a cortical malformation and 1 with white

matter damage of immaturity) were excluded due to artifacts.

Spatial Normalization of DWI

A study-specific FA template was created by using symmetric nor-
malization.?®> A subset of 6 controls and 7 subjects (randomly
selected after excluding subjects with a severe extent of WM dam-
age and the patient with schizencephaly; On-line Table) were cho-
sen for constructing the template. A b=0 template and a color-
coded FA template were constructed as the average of the
corresponding images mapped into template space. All control
and subject FA maps were then registered to this FA template. To
check the consistency of the spatial registration, we mapped the
FA template onto each subject’s FA map by using the inverse
transform. The results showed satisfactory agreement in the cen-
tral and peripheral WM.

ROI Definition in Template Space

Regions of interest in the cerebral peduncles (CerPeds), the pos-
terior limb of the internal capsule (PLIC), the thalami, and the
primary motor (M1) and somatosensory cortex were manually
defined on the study template (On-line Fig).

ROI Mapping and Refinement

All ROIs in template space were mapped onto each subject’s na-
tive space. Transforming a binary region-of-interest image by us-
ing a continuous deformation field generates a nonbinary image
in native space; therefore, the mapped region of interest had to be
thresholded. Having explored several lower thresholds (0.1-0.5),
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we chose a threshold of =0.2 to ensure anatomically adequate
mapping of the template ROIs. Mapped ROIs were visually in-
spected and manually edited when required to ensure accurate
anatomic placement. In addition, to prevent tracts from entering
spaces with CSF, we multiplied the fiber-orientation distribution
field by a subject-specific mask of the WM. The WM mask effec-
tively confined the tracking to WM-dominated voxels but did not
exclude any voxels in the thalami, for example.

Fiber Tracking of the Cortical Spinal Tract and the
Thalamic Projections to the Somatosensory Cortex
Probabilistic fiber tracking was performed on the CSD-estimated
fiber orientation distribution fields with the mapped ROIs as in-
put by using default tracking parameters. The CSTs were tracked
by seeding in M1 and by using the PLIC and the cerebral pedun-
cles on the same side as Waypoint masks. The thalamic projec-
tions to the somatosensory cortex (TRS1s) were tracked by seed-
ing in the thalamus and by using the somatosensory cortex as a
Waypoint mask. The fiber-tracking algorithm was run until 10*
streamlines had been produced. Tracts that did not reach this
number within 10® trials were considered to have an unrealisti-
cally low probability of connectivity and were excluded from fur-
ther analysis.

Fiber tracts were converted to probability maps with voxel
values equal to the fraction of the number of passing and gen-
erated streamlines. These were thresholded at 0.01 (1% of the
total number of streamlines) and were considered to be the
core of the fiber tracts. The ROIs for the PLIC and the cerebral
peduncle were used to separate the CST probability maps into
different parts: between M1 and the cerebral peduncle
(CST-ML1 to CerPed), between the PLIC and the cerebral pe-
duncle (CST-PLIC to CerPed), and between M1 and the PLIC
(CST-M1 to PLIC, not including PLIC-level voxels). The tha-
lamic ROIs were used to remove thalamic voxels from the
TRS1 probability maps. The complete processing from region-
of-interest definition in the template space to the thresholded
probability maps was performed twice in all participants by the
primary study rater (F.L.) and, in a randomly selected subset of
7 subjects and 7 controls, by rater B.V., to evaluate the intra-
and interrater reproducibility. To rule out partial volume ef-
fects as a confounder, we generated histograms of the MD
voxel values in all probability maps; outliers were observed in
only a very small proportion of voxels.

To assess diffusion parameters along CST and TRS1, we
extracted the median voxel value (to minimize the influence of
outliers) for FA and MD within the thresholded probability
maps. In the CST-PLIC to CerPed, where the descending mo-
tor fibers are the dominating fiber population, the axial diffu-
sivity and radial diffusivity were also extracted. For statistical
comparisons, the mean of the median values for the trials of
rater F.L. was used.

Qualitative Fiber-Tract Assessment

From visual inspection of the fiber tracts, 4 distinct, spatial char-
acteristics deviating from what is normally expected were identi-
fied in lesion-affected areas: dislocation of the major branch of the
tract; local, continuous splitting of the tract into 2 separate

branches; compaction of a nonsplit tract; or failure to delineate
the fiber tract (as described above). A fiber tract was found to
have an atypical fiber-tract assessment (FTA) if =1 of these sce-
narios was observed along the tract and was confirmed on the
thresholded probability map (Fig 1).

Statistics

Statistical analyses were performed by using the Statistics Toolbox
in Matlab (MathWorks, Natick, Massachusetts). To assess intra-
and interrater reproducibility of fiber tracts, we performed pair-
wise comparisons of the spatial matching between the thresh-
olded probability maps by calculating the Cohen k coefficient.*
Comparison of DTT parameters between subjects and controls
was done by using the nonparametric Mann-Whitney U test
(2-tailed, with P < .05 as the significance threshold).

Ethics

The study was granted ethics approval by the Regional Ethics
Committee Stockholm North. All children and parents gave in-
formed written consent.

RESULTS

Reproducibility of Generated Fiber Tracts

The normalization and fiber-tracking method showed high intra-
and interrater reproducibility for all fiber tracts. Cohen « values
for the intrarater reproducibility were in the range of 0.88—0.98
for the controls and 0.81-0.94 for the subjects. For the interrater
reproducibility, Cohen k values were in the range 0f 0.84—0.91 for
the controls and 0.87-0.92 for the subjects.

Applicability of the Fiber-Tracking Method in Typically
Developing Controls

Both the CST and the TRS1 were successfully reconstructed in
agreement with expected neuroanatomy (column 1, Fig 1). In 3
controls the CST and in another 3 controls the TRS1 had atypical
FTA with minor splits. None of the splits could be explained by
any abnormalities on conventional structural MR imaging.

Applicability of the Fiber-Tracking Method in Subjects
with Unilateral CP

Both the CST and TRS1 were successfully reconstructed in most
subjects with CP (On-line Table). On the nonlesion side, FTA for
the TRS1 was typical for all subjects, whereas FTA for the CST was
atypical in 1 subject having a minor split but without obvious
underlying pathology (subject 5, On-line Table). In contrast, on
thelesion side, the TRS1 and the CST showed atypical FTAin 7/15
and 10/15 subjects, respectively, and underlying pathologic
changes were present in all these subjects (On-line Table). While
atypical FTA was more frequently observed in the CST than in
TRS1, in most cases, both tracts were affected simultaneously,
though rarely in the same way.

DTI Parameters in Fiber Tracts
Diffusion parameters (FA, MD, axial diffusivity, and radial diffu-
sivity) for the CST and TRS1 were compared between the subjects
with CP and the controls (Fig 2).

On the nonlesion side, both the CST-M1 to CerPed and its
subpart CST-M1 to PLIC showed significant increases in MD
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FIG 1. Tracking results of the CSTs (yellow) and the TRSIs (blue) in a healthy control (column 1) and 3 subjects with unilateral CP (columns 2—4,
On-line Table). Images, shown in radiologic orientation, include TI-weighted images (row 1) and tracts superimposed on FA maps in the axial
section at the level of the upper corona radiata (row 2) and entire coronal projections (rows 3—4). In the control (column 1), the CSTs are initiated
from the entire M1ROlIs and follow consistent, expected paths down to the brain stem. The TRSIs are primarily initiated in the ventroposterior
parts of the thalami, then travel posterior to the CSTs in the corona radiata, and spread over a large part of the somatosensory cortex ROls.
Subject 9 (column 2) has a periventricular pseudocyst at the level of corona radiata, which causes local splits to the left TRS1and left CST, which
are seen to partly share locations, and dislocate the major branch of the left CST. Subject 12 (column 3) has a large right WM lesion obstructing
the anticipated courses of the TRSIs and the CSTs, making tracking of the TRS1impossible and dislocating the right CST. Subject 14 (column 4)
had a left focal infarct with extensive damage to the entire left hemicranium and severe WM damage above the PLIC, which confined the left
CST to a thin sliver of WM at the level of the corona radiata and made the left TRS1 nontrackable.

(P < .05and P < .05) in the CP group compared with controls,
whereas no changes in diffusion parameters were found in the
subpart CST-PLIC to CerPed compared with controls. The TRS1
showed significant increase in MD (P < .05) in the CP group
compared with controls.

On the lesion side in the CP group with successful tracking of
the CST (n = 12), both CST-M1 to CerPed and CST-M1 to PLIC
showed a significant decrease in FA (P < .001 and P < .001) and
an increase in MD (P < .001 and P < .001) compared with con-
trols. The subpart CST-PLIC to CerPed showed a significant de-
crease in FA (P < .001) and axial diffusivity (P < .05) and an
increase in radial diffusivity (P < .001) compared with controls.
The TRS1 (n = 11) showed a significant increase in MD (P < .01)
compared with controls.

DISCUSSION

The CST and the TRS1 could be reconstructed according to ex-
pected neuroanatomy. We saw that DTI parameters varied along
the CST in primary and secondary affected areas with traits con-
sistent with primary and secondary (Wallerian) neurodegenera-
tion. Both CST and TRS1 were affected on the lesion side; how-
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ever, they showed different patterns on FTA assessment and in
DTI parameters, which suggest that alterations were more pro-
nounced in the CST than in the TRS1.

Fiber-Tracking Method

Manually drawn ROIs have been used in most existing studies
in CP, either for comparing diffusion parameters or as input
for fiber tractography.® Often inter- and intrarater reproduc-
ibility statistics are reported, but ROIs may still not have been
defined in comparable locations among subjects due to differ-
ences in section orientation. Defining ROIs on a normalized
template could improve this deficiency. However, normaliza-
tion of brains with lesions is difficult and has been used in few
previous studies in CP.'®*”*® In our study, the symmetric nor-
malization algorithm®? allowed accurate registration of central
GM and WM, even in subjects with large brain lesions. The
cortical GM and subcortical WM were less accurately regis-
tered, most likely due to intersubject variability in cortical sul-
cation patterns. Thus, the native-space ROIs of M1 and the
somatosensory cortex had to be edited slightly in some indi-
viduals to ensure anatomically correct placement. Our sug-



FIG 2. Boxplots of diffusion parameters in the TRSI, CST-M1 to PLIC, and CST-PLIC to CerPed in the group with unilateral CP and controls on the
lesion (gray) and nonlesion (white) sides. Diffusivity is expressed as 10~ * mm?/s. The asterisk indicates a significant difference between the group
with unilateral CP and controls by statistical comparisons using the Mann-Whitney U test (2-tailed; significance level, .05).

gested method showed high intra- and interrater reproducibil-
ity, indicating that the method is robust.

Probabilistic fiber tracking with CSD of the CST and the
TRS1 from their assumed starting points and including distant
Waypoints appears to provide reliable and anatomically accu-
rate tracking results. This finding is supported by Rose et al®
and Tsao et al,” who also used probabilistic CSD fiber tractog-
raphy to successfully track motor and sensory pathways. An
alternative could have been to define the cortical ROIs from
functional data such as fMRI. Thus, parts of the motor and
somatosensory strips, such as the hand areas, could be targeted
separately. However, the fMRI localization of functional areas
is not perfect, the resolution is relatively poor, and it is not
certain that fMRI would elicit a functional response in the CP
group. Moreover, in early brain lesions, there are indications of
different reorganizational patterns in the motor and somato-
sensory systems in CP. It has been shown that somatosensory
functions show mainly ipsilesional reorganization patterns,
whereas the motor functions can show ipsilesional, contral-
esional, or mixed reorganization patterns.>* Functional MR
imaging activation sites may therefore not be relevant as cor-
tical targets because we were interested in the structure of the
ipsi- and contralesional CST and TRSI.

Some case reports show diffusion tensor tractograms of
thalamocortical connections that are displaced by lesions but still
reach cortical areas in individuals with early acquired brain le-
sions (eg, Staudt et al’’; Guzzetta et al’"). With our method, we

observed, in several cases and in all lesion types, that both the CST
and TRS1 on the lesion side have altered paths when passing le-
sion-affected areas. These fiber tracts showed expected distribu-
tions in their end points and displayed plausible deviations from
their expected route, and both the CST and the adjacent TRS1
showed very similar but not identical behavior on FTA. Likewise,
when a tract could not be delineated, the reason was, in all cases,
an interruption of the tract by the lesion. At the same time, tracts
on the nonlesion side followed paths consistent with those ob-
served in the controls, indicating that the tracking method is
robust.

Qualitative Fiber-Tract Assessment

We saw atypical FTA in many cases for both the CST and the TRS1
on the lesion side. The tracts that were classified as nontractable,
compacted, or dislocated all corresponded with macrostructural
abnormalities, but the splits detected were both plausible splits
caused by the lesion and smaller splits that had no macrostruc-
tural correlate on conventional structural MR imaging. The oc-
currence of small splits without any macrostrucural correlate
might be explained by the limited performance of CSD with the
current imaging protocol. Sampling more directions and using a
larger b-value of 2000-3000 s/mm? would improve the ability of
CSD to resolve the fiber-orientation distributions in cases of mul-
tiple fiber populations** but would make motion and eddy-cur-

rent correction harder.
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DTI Parameter Changes in CST and TRS1

On the nonlesion side, the CST-PLIC to CerPed did not show any
changes in DTI parameters, whereas farther up, both CST-M1 to
PLIC and TRS1 showed similar significant increases in MD only,
which were much less pronounced than on the lesion side. DWI
increases the sensitivity of detecting lesions that commonly dis-
play increased MD. Our findings are suggestive of additional sub-
tle lesions that can be detected with analysis of DTT parameters in
patients without overt bilateral lesions on visual inspection of
conventional structural MR imaging. A more speculative expla-
nation may be secondary (Wallerian) neurodegeneration in these
areas of intersecting pathways,>* with involvement of transcal-
losal connections from the lesion side, which has been shown to
be affected in CP.?° In the future, it may be possible to investigate
changes in the individual fiber populations in these areas by using
parameters derived from multifiber models (eg, Raffelt et al®3;
Dell’Acqua et al**).

On thelesion side, the CST distant from the primary lesion site
(CST-PLIC to CerPed) showed a pattern of diffusion measures
indicative of secondary (Wallerian) neurodegeneration, whereas
closer to the lesion, the CST-M1 to PLIC showed a pattern com-
patible with the signs of primary neurodegeneration.?* This find-
ing is in line with the results of Thomas et al,>®> who showed sim-
ilar changes close to and distant from the lesion, and with Glenn et
al’ in their study of the CST between the PLIC and the cerebral
peduncle. The TRS1 showed a significant increase in MD but no
changes in FA, which do not indicate any specific pathologic pat-
tern. Although the interpretation above of DTI parameters is the
current prevailing view, there are several factors, both on a micro-
scopic cellular and macroscopic architectural level, that will influ-
ence them and it is difficult to infer which factors actually account
fora change.36 Also, even if certain DTI changes are identified in
a disease model, the inverse may not always hold; moreover, gen-
eralization of DTI changes from one disease model may not be
valid in other situations. This is a potential problem in early
brain lesions because we see a large spectrum of both lesions
and etiologies. In our opinion, this issue remains unresolved.
Many studies contain heterogeneous CP groups and/or lesion
types.® Nevertheless, we did show that different parts of the
CST display distinct patterns in DTI parameters, and extract-
ing parameters as averages over large parts of the tracts, as done
in most studies, might be misleading. Furthermore, on the
lesion side, the TRS1 and the CST-M1 to PLIC both showed
similar, significant increases in MD, but only CST-M1 to PLIC
showed significant change in FA. The only study to report DTI
parameters in both CST and superior thalamocortical fibers in
unilateral CP is Thomas et al,*® who also saw this distinction
between FA and MD. The CST and TRS1 are affected differ-
ently in our patient cohort, as indicated by the FTAs and DTI
parameters. We cannot infer the underlying cause of this dif-
ference from the limited information provided by DTI param-
eters in areas with complex fiber architecture. One speculative
explanation could be that we see reactive changes in the so-
matosensory projections, and indeed, it has been proposed
that there is a greater capacity for ipsilesional reorganization in
the somatosensory system than in the motor system.>’
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Limitations

Our sample is representative regarding the spectrum of lesion
types in unilateral CP; however, the lesion groups are not equally
represented. The study is partly limited by the fact that on the
lesion side, we could not track the CST in 3/15 and TRS1 in 4/15
subjects with CP. Hence, we could not evaluate any DTT param-
eters along those tracts. It may have been possible to delineate
more of these tracts by using an improved DWI protocol by in-
creasing the number of diffusion directions and the b-value.

CONCLUSIONS

We have successfully used a normalization method for improved
region-of-interest definition and probabilistic CSD fiber tracking
in individuals with early brain lesions and unilateral CP. Our
study demonstrated structural changes in the CST and the TRS1
on the lesion side, which could be linked to underlying pathologic
changes as seen on conventional structural MR imaging. Analysis
of DTT parameters along the CST showed traits of primary neu-
rodegeneration in lesion areas and distant secondary (Wallerian)
neurodegeneration, emphasizing the importance of analyzing dif-
ferent parts of a tract separately. There were dissimilarities in both
structural changes and in DTI parameters between the CST and
TRS1 on the lesion side indicating differences in how a tract is
affected by the injury. By providing sensitive means to, first, nor-
malize and define ROIs and, second, to explore WM tracts in areas
with complex white matter architecture, our methods improve
interpretation of diffusion measures in early acquired brain le-
sions and, by inference, of underlying pathophysiologic changes.
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Apparent Diffusion Coefficient Scalars Correlate with Near-
Infrared Spectroscopy Markers of Cerebrovascular
Autoregulation in Neonates Cooled for Perinatal Hypoxic-
Ischemic Injury

A. Tekes, A. Poretti, M.M. Scheurkogel, T.A.G.M. Huisman, J.A. Howlett, E. Algahtani, J.-H. Lee, C. Parkinson, K. Shapiro, S.-E. Chung,
J.M. Jennings, M.M. Gilmore, C.W. Hogue, LJ. Martin, R.C. Koehler, FJ. Northington, and J K. Lee

O=
ABSTRACT

BACKGROUND AND PURPOSE: Neurologic morbidity remains high in neonates with perinatal hypoxic-ischemic injury despite therapeu-
tic hypothermia. DTI provides qualitative and quantitative information about the microstructure of the brain, and a near-infrared spec-
troscopy index can assess cerebrovascular autoregulation. We hypothesized that lower ADC values would correlate with worse autoreg-
ulatory function.

MATERIALS AND METHODS: Thirty-one neonates with hypoxic-ischemic injury were enrolled. ADC scalars were measured in 27 neonates
(age range, 415 days) in the anterior and posterior centrum semiovale, basal ganglia, thalamus, posterior limb of the internal capsule, pons,
and middle cerebellar peduncle on MRI obtained after completion of therapeutic hypothermia. The blood pressure range of each neonate
with the most robust autoregulation was identified by using a near-infrared spectroscopy index. Autoregulatory function was measured
by blood pressure deviation below the range with optimal autoregulation.

RESULTS: In neonates who had MRI on day of life =10, lower ADC scalars in the posterior centrum semiovale (r = —0.87, P = .003,n =
9) and the posterior limb of the internal capsule (r = —0.68, P = .04, n = 9) correlated with blood pressure deviation below the range with
optimal autoregulation during hypothermia. Lower ADC scalars in the basal ganglia correlated with worse autoregulation during rewarming
(r=—071,P=.05n=8).

CONCLUSIONS: Blood pressure deviation from the optimal autoregulatory range may be an early biomarker of injury in the posterior
centrum semiovale, posterior limb of the internal capsule, and basal ganglia. Optimizing blood pressure to support autoregulation may
decrease the risk of brain injury in cooled neonates with hypoxic-ischemic injury.

ABBREVIATIONS: ACS = anterior centrum semiovale; HIl = hypoxic-ischemic injury; HVx = hemoglobin volume index; IQR = interquartile ranges; NIRS =
near-infrared spectroscopy; MAP = mean arterial blood pressure; MAPopr = optimal MAP; PCS = posterior centrum semiovale; PLIC = posterior limb of the internal
capsule; PP = putamen and globus pallidus

N eonatal hypoxic-ischemic injury (HII) may cause significant ~ hypothermia has improved overall neurologic outcomes, death

and life-long neurologic disabilities."* Although therapeutic ~ and disability still occur in 30%-70% of affected neonates despite
treatment.”” Early identification of brain injury and risk stratifi-

cation of neonates with HII are critical for prognostication, adju-
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serves as an early biomarker of neurologic outcome in HIIL.>¢
Advanced MR imaging techniques such as DTI can detect and
quantify abnormalities that may be subtle or under-recognized by
conventional MR imaging alone. DTI provides information about
the tissue microstructure in vivo by measuring the 3D magnitude,
shape, and direction of diffusion of water molecules within the
brain.” ADC allows quantification of the magnitude of water dif-
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fusion within the brain noninvasively. Decreased diffusion (char-
acterized by low ADC values) is a common feature of hypoxic-
ischemic injury in the acute and early subacute phases.®

Near-infrared spectroscopy (NIRS) is a noninvasive, bedside
monitor that can estimate changes in cerebral blood flow. Ensur-
ing stable cerebral perfusion is critical for preventing secondary
brain injury after HII. Cerebrovascular autoregulation maintains
steady cerebral blood flow across changes in blood pressure
within a specific range of mean arterial blood pressure (MAP).
The hemoglobin volume index (HVxX) measures vasoreactivity
(which mediates autoregulation) by correlating data derived from
NIRS to MAP.*' The range of MAP with the most robust vaso-
reactivity and optimized autoregulation is called the “optimal
MAP” (MAP,;) and can be identified with HVx.®'! We hypoth-
esized that lower ADC scalars would correlate with greater blood
pressure deviation below MAP . in neonates with HII who re-
ceived therapeutic hypothermia.

MATERIALS AND METHODS

This study was approved by our institutional review board. Near-
term and term neonates (35 gestational weeks and later) with
moderate or severe HII were prospectively enrolled for 27
months, after obtaining written informed consent from the par-
ents. Criteria for HII were based on the clinical trial of hypother-
mia in HIT of the Eunice Kennedy Shriver National Institute of
Child Health and Human Development Neonatal Research Net-
work.? All enrolled neonates had moderate-to-severe encepha-
lopathy. The neonates’ parents had to speak English or Spanish,
the languages available on the consent form. Exclusion criteria
were lack of an arterial blood pressure catheter, congenital anom-
alies that make cooling unsafe, or coagulopathy with active
bleeding.

Therapeutic Hypothermia Protocol

Clinical care was determined by the neonatology team and clinical
protocol. Hypothermia was delivered with a whole-body cooling
blanket (Mul-T-Blanket Hyper/Hypothermia Blanket and Mul-
T-Pad Temperature Therapy Pad; Gaymar Medi-Therm III; Gay-
mar Industries, Orchard Park, New York) to maintain a rectal
temperature of 33.5 = 0.5°C for 72 hours. Rewarming was con-
ducted during 6 hours (goal, 0.5°C/h) to normothermia (36.5°C).
Sedation was provided with opiate infusions and boluses. Hemo-
dynamic goals and the decision of whether to initiate vasopressor
or pharmacologic inotropic support were determined by the cli-
nicians. When vasoactive medications were indicated, dopamine
was given followed by dobutamine, epinephrine, or milrinone as
clinically indicated. Neonates were monitored with full montage
electroencephalograms during hypothermia and after rewarming
and with continuous amplitude-integrated electroencephalo-
gram monitoring (Brainz BRM3 Monitor or CFM Olympic
Brainz Monitor; Natus Medical, San Carlos, California) during
hypothermia, rewarming, and the first 6 hours of normothermia.
Phenobarbital was given for clinical or subclinical/electrographic
seizures. Fosphenytoin, levetiracetam, or topiramate was added
for persistent/recurrent seizures. Clinicians could view the re-
gional cerebral oxygen saturation from the NIRS monitor, but not
the HVx.

MR Imaging

MR imaging studies were performed on a 1.5T clinical scanner
(Avanto; Siemens, Erlangen, Germany) by using a standard neo-
natal 8-channel head coil. Standard neonatal brain MRI with sag-
ittal T1-weighted, axial T2-weighted, and axial SWI was obtained
during normothermia. A single-shot, spin-echo, echo-planar ax-
ial DTT sequence with diffusion gradients along 20 noncollinear
directions was acquired. An effective high b-value of 1000 s/mm?
was used for each of the 20 diffusion-encoding directions. An
additional measurement without diffusion weighting (b = 0
s/mm?) was performed. For the acquisition of the DTI data, we
used the following parameters: TR, 8500 ms; TE, 86 ms; section
thickness, 2.0 mm; FOV, 192 X 192 mm; and matrix size, 96 X 96
(reconstructed as 192 X 192 with zero-filled interpolation). A
parallel imaging integrated parallel acquisition technique factor 2
with generalized auto-calibrating partial parallel acquisition re-
construction was used. The acquisition was repeated twice to en-
hance the SNR. ADC maps were automatically calculated by the
vendor-specific software in the MR imaging scanner.

Image analysis was performed on the PACS workstation. ADC
scalars were measured by region-of-interest analysis on the PACS
workstation. ROIs were manually drawn in 7 anatomic regions in
each cerebral hemisphere: anterior centrum semiovale (ACS),
posterior centrum semiovale (PCS), posterior limb of the internal
capsule (PLIC), putamen and globus pallidus (PP), and the entire
thalamus, pons, and middle cerebellar peduncle. Additionally, a
region of interest was drawn to cover the entire middle pons. To
guarantee correct positioning of the ROIs, we correlated ADC
maps with the matching fractional anisotropy maps when neces-
sary (eg, PLIC). Otherwise, the remainder of the anatomic areas
was identified on the ADC maps (Fig 1). Each region of interest
was measured in 3 contiguous axial sections, and the mean of the
3 values was used as the ADC measure for each anatomic region in
each cerebral hemisphere. The radiologist was unaware of the
patients’ HVx, blood pressures, clinical histories, and conven-
tional MR imaging findings.

Autoregulation Monitoring
Neonatal cerebral oximetry probes (INVOS; Covidien, Mans-
field, Massachusetts) were placed bilaterally on the patient’s fore-
head. NIRS signals and arterial blood pressure data from the bed-
side monitor (Marquette MAC 500; GE Healthcare, Milwaukee,
Wisconsin) were synchronously sampled at 100 Hz and processed
with an analog-to-digital converter (DT9804; Data Translation,
Marlboro, Massachusetts) by using ICM+ software (Cambridge
Enterprises, Cambridge, United Kingdom).>'? Signal artifacts in
the MAP and NIRS data (eg, arterial line flushes) were manually
removed, and data that accounted for <1% of the recording pe-
riod were excluded as an additional measure to remove artifacts.®
The HVx was calculated by using a continuous, moving cor-
relation coefficient between MAP and the relative total tissue he-
moglobin attenuation, which is a surrogate measure of cerebral
blood volume obtained by NIRS.”'® The relative total tissue he-
moglobin attenuation is obtained by NIRS by using light with a
wavelength of 805 nm. Because this wavelength is isosbestic to
both oxygenated and deoxygenated hemoglobin, relative tissue
hemoglobin is not affected by changes in cerebral oxygen satura-
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FIG1. Axial ADC maps at the level of the posterior fossa (A), deep gray matter nuclei (B), and centrum semiovale (C) showing the position of the
manually drawn ROIs in 7 anatomic regions: the pons (A), MCPs (A), thalami (B), PLICs (B), PPs (B), and ACS and PCS bilaterally (C). MCP indicates

middle cerebellar peduncle

tion. Therefore, HVx can be used to measure autoregulatory va-
soreactivity during conditions that affect the relative proportions
of oxygenated-to-deoxygenated hemoglobin, such as therapeutic
hypothermia (which may affect the cerebral metabolic rate and
cardiac output). The use of HVx has been validated in HII piglets
undergoing hypothermia and rewarming.'®'> Consecutive,
paired, 10-second averaged values from a 300-second duration
were used for each calculation, thereby incorporating 30 data
points for each HVx calculation.'” HVx is a continuous variable
that ranges from —1 to +1. When vasoreactivity is functional
(and autoregulation is therefore intact), the cerebral blood vol-
ume and MAP either do not correlate or are negatively correlated.
This result generates a near-zero or a negative HVx. When vaso-
reactivity and autoregulation become impaired, the cerebral
blood volume and MAP correlate and the HVx becomes positive
and approaches +1.%'°

Right and left HVx values were averaged and sorted into 5-mm
Hg bins of MAP to generate bar graphs. MAP o, was defined as
the bin with the most negative HVx when the graph showed a
trend toward increasing index values as MAP deviated from this
nadir.® The MAPpr was identified during hypothermia, re-
warming, and the first 6 hours of normothermia by 2 physicians
independently (J.K.L. and C.W.H.), who were unaware of the
patient history and MR imaging results. Both physicians had to
agree on the MAP,, to include the neonate in the analysis.
Worse autoregulatory function was indicated by spending greater
time with blood pressure below MAP - and greater blood pres-
sure deviation below MAPp.°

Autoregulation was analyzed by using 3 methods within each
period (hypothermia, rewarming, and the first 6 hours of normo-
thermia). First, the amount of time the neonate spent with blood
pressure below MAP 1 was calculated. Time with blood pres-
sure below MAP,, was then analyzed as a percentage of the
autoregulation monitoring period. Second, the maximum blood
pressure deviation below MAP, - was determined. Third, the
area under the curve was calculated to combine the amount
of time spent with blood pressure below MAP,, and
the extent of blood pressure deviation below MAP 5,1 To cal-
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culate the area under the curve, we analyzed time as the abso-
lute duration of autoregulation monitoring. The area under
the curve (minimum X millimeter of mercury/hour) for time
(minutes) spent with blood pressure below MAP - and blood
pressure deviation (millimeter of mercury) below MAP, -
was normalized for monitoring the duration (hours).'*

Statistical Analysis

Data were analyzed with SAS, Version 9.2 (SAS Institute, Cary,
North Carolina). Graphs were generated with GraphPad Prism
(Version 5.03; GraphPad Software, San Diego, California). Data
are reported as means with SDs and medians with interquartile
ranges (IQRs) when appropriate. A 2-sided P value = .05 was
considered significant. The lowest mean ADC scalar between the
right and left cerebral hemispheres was taken as the representative
ADC scalar of that anatomic region for the analysis.

ADC scalars in each anatomic region were compared with the
percentage of time spent with blood pressure below MAP ., the
maximal blood pressure deviation below MAP,, and the area
under the curve below MAP - in each period using Spearman
correlations. In addition, the data were stratified for separate anal-
yses of neonates who received their MR imaging before day of life
10 and neonates who received their MR imaging on day of life 10
or later to account for delayed pseudonormalization of ADC in
cooled neonates with HIL."

RESULTS

Fifty-six neonates with HII were identified. Twenty-five neonates
could not be enrolled in the study due to refusal of consent (8),
lack of arterial cannulae (7), withdrawal of care or death soon
after birth (4), language barrier (1), known intracranial hemor-
rhage (1), congenital heart disease (1), extracorporeal membrane
support (1), abandonment (1), and inadequate resources (1).
Consequently, 31 neonates were enrolled in the study. Autoregu-
lation monitoring could not be accomplished in 1 neonate due to
technical problems, and 3 had motion artifacts on MR imaging.
Therefore, data were analyzed for 27 neonates (12 females and 15
males).



Apparent Diffusion Coefficient Scalars

Brain MRI were obtained on median day of life 8 (range, 415
days). Mean ADC scalars between the right and left cerebral hemi-
spheres were similar in the PCS (P = .82), PP (P = .39), PLIC (P =
.47), and middle cerebellar peduncle (P = .35). There were differ-
ences in mean ADC measures between the right and left hemi-
spheres in the ACS (P = .04) and thalamus (P = .04).

Autoregulation

Autoregulation was monitored in 27/27 (100%) neonates during
hypothermia, 25/27 (93%) during rewarming, and 24/27 (89%)
during normothermia. Reasons for early cessation of monitoring
included transfer to the pediatric intensive care unit for extracor-
poreal membrane support (1 neonate) and removal of the arterial
blood pressure cannula (2 neonates). The median duration of
monitoring was 31 hours (IQR, 23—45 hours) during hypother-
mia, 6 hours (IQR, 5-8 hours) during rewarming, and 6 hours
(IQR, 6—6 hours) during normothermia. The neonates’ blood
pressures are illustrated in Fig 2. MAP,, was identified in
23/27 (85%) neonates during hypothermia, 24/25 (96%) dur-
ing rewarming, and 19/24 (79%) during normothermia. Me-
dian MAPp values were 50 (IQR, 45-55) during hypother-
mia, 50 (IQR, 45-55) during rewarming, and 50 (IQR, 45-60)
during normothermia.

Apparent Diffusion Coefficient Scalars and
Autoregulation

When all neonates were analyzed together, ADC scalars did not cor-
relate to time spent with blood pressure below MAP 1, maximum
blood pressure deviation below MAP,, or area under the curve
below MAP - in any period (P > .08 during hypothermia [n = 23],
P> .07 during rewarming [n = 24], and P > .10 during normother-
mia [n = 19]). Among neonates who had MRI obtained on day oflife
=10, lower ADC scalars in PCS negatively correlated to time spent
with blood pressure below MAP .1 (P < .006), blood pressure de-
viation below MAP (P = .03), and area under the curve (P =
.003; n = 9) during hypothermia. Lower ADC in the PLIC negatively
correlated to blood pressure deviation below MAP o, during hypo-
thermia (P = .04, n = 9) (Table 1). Lower ADC scalars in PP nega-
tively correlated to blood pressure deviation below MAP -
during rewarming (P = .05, n = 8). ADC in the middle cere-
bellar peduncle correlated to maximal blood pressure devia-
tion below MAP . during rewarming (P = .02, n = 8) (Table
2). Blood pressure and ADC did not correlate during normo-
thermia (Table 3). ADC and blood pressure did not correlate
during any period among neonates who underwent MRI on
day of life <10.

DISCUSSION

Severe neurologic disabilities persist in survivors of HII despite ther-
apeutic hypothermia."* HII is characterized by a period of reduced
blood flow (ischemia) and oxygen delivery (hypoxia) followed by
reperfusion with transient energy recovery and then secondary en-
ergy failure.'® Therapeutic hypothermia aims to prevent the events
that initiate with reperfusion and culminate in cell death. Although
hypothermia was initially thought to decrease both mortality and
disability rates, recent long-term outcome studies show significance

FIG 2. The percentage of the autoregulation monitoring period
that neonates spent at each mean arterial blood pressure during
hypothermia (n = 27) (A), rewarming (n = 25) (B), and the first 6
hours of normothermia (n = 24) (C). Data are shown as means with
SDs. The neonates’ blood pressures were similar across time
periods.

only for decreased mortality.'”'® Research to better define which
patients would benefit most from therapeutic hypothermia and the
optimal duration of hypothermia is needed. Moreover, neonates
who do not fit the current inclusion criteria for HII in clinical trials
might still benefit from therapeutic hypothermia.'®'® Thus, there is
an urgent need to better define the effects of cooling and rewarming
on the brain in neonates with HII.

Advanced MR imaging techniques, including DTT and MR
spectroscopy, serve as biomarkers of brain injury in HIL>**!
However, MR imaging is usually done after the completion of hypo-
thermia and when the child is hemodynamically stable. Autoregula-
tion monitoring with HVx can be used continuously at the bedside
and during hypothermia. By identifying the MAP range that opti-
mizes autoregulation with HVX, clinicians could target neuroprotec-
tive hemodynamic goals that reduce the risk of ischemia.
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Table 1: Correlation of ADC scalars and blood pressure in relation
to MAP_.; during therapeutic hypothermia®

Table 3: Correlation of ADC scalars and blood pressure in
relation to MAP,; during the first 6 hours of normothermia®

Maximum MAP Maximum MAP

% Time below Deviation below AUC below % Time below Deviation below AUC below

MAP.. (r) MAP g1 (r) MAP o1 (r) MAPq.. (r) MAP .. (r) MAP.. (r)

(P Value) (P Value) (P Value) (P Value) (P Value) (P Value)

DOL <10 (n = 14) DOL <10 (n = 12)
ACS 031(28) 0.36(.20) 038 (19) ACS 0.05(:87) 0.22(.50) 0.07(:82)
PCS 0.12(.67) 0.25(39) 0.21(47) PCS 016(.62) 0.46 (13) 0.20(.53)
PP —0.07 (.81) 0.06(84)  —0.04(.90) PP —0.30(:34) ~0.20(.54) —0.13(.69)
Thalamus 0.01(.97) 0.13(.67) 0.05 (.85) Thalamus 0.02 (.95) 0.11(.74) 0.21(.50)
PLIC 010 (74) 019 (.51) 018 (.55) PLIC 0.11(74) 036 (:25) 018(59)
Pons 0.44(12) 040 (16) 045 (1) Pons 046 (13) 0.48 (1) 0.49 (10)
MCP —0.32(27) —010(74)  —025(39) MCP —011(73) 015 (:64) 0.02(:94)
DOL =10 (n = 9) DOL =10 (nh = 7)

ACS —0.58 (10) —034(38)  —0.58(10) ACS 0.18(70) 0.40(37) 0.04(.94)
PCS —0.83(006)°  —071(03° —0.87(003)° PCS 0.18(.70) 0.1(.81) —0.04(.94)
PP —0.47(.20) —019(62)  —035(36) PP —014(76) 046 (30) —0.21(.64)
Thalamus —044(23) —043(25)  —047(2) Thalamus 0.54(22) 0.61(15) 0.05 (.25)
PLIC —0.61(.08) —0.68(04°  —0.57(12) PLIC 0 0.09 (.84) ~0.18(70)
Pons —0.05(.90) 0.07 (:86) 0.03(.93) Pons —014(76) —048(28)  —032(48)
MCP ~0.08 (:85) —~016(68)  —0.08(83) MCP 039 (38) 0.40 (37) 0.46(.29)

Note:—DOL indicates day of life; MCP, middle cerebellar peduncle; AUC, area under
the curve.

 Autoregulation measurements are the following: the percentage of time spent with
blood pressure below MAPqpr, maximal blood pressure deviation below MAPopr,

and AUC below MAPpr. Data were analyzed by Spearman correlations.

bp = 05

Table 2: Correlation of ADC scalars and blood pressure in
relation to MAP.; during rewarming®

Maximum MAP
% Time below Deviation below AUC below
MAP. (r) MAP g1 (r) MAP .1 (r)
(P Value) (P Value) (P Value)
DOL <10 (n = 16)
ACS —0.25(36) —0.06(0.83)  —0.23(0.40)
PCS —0.14 (59) 0.005(99)  —0.09(75)
PP ~0.02(93) —010(71) ~0.07(79)
Thalamus —0.22(42) —0.15(.58) —0.24(38)
PLIC —0.22(4) 005(86)  —019(49)
Pons —0.13(64) 014(62)  —0.03(9)
McCP —0.20 (46) —0.22(42) —018(.50)
DOL =10 (n = 8)
ACS —0.55(16) —~018(68)  —0.45(26)
PCS —021(61) 0.24(57) —010(.82)
PP —0.64(.09) —0.35(.39) —0.71(.05)°
Thalamus 0.24(57) 0.42(31) ~0.10(:82)
PLIC 014 (74) 0 —0.05(.91)
Pons —0.14 (74) 0.01(.98) 017 (:69)
MCP 0.57 (14) 079(02)°  —0.48(23)

Note:—DOL indicates day of life; MCP, middle cerebellar peduncle; AUC, area under
the curve.

@ Autoregulation measurements are the following: the percentage of time spent with
blood pressure below MAP oy, maximal blood pressure deviation below MAPopr,
and AUC below MAP,. Data were analyzed by Spearman correlations.

bp=.05.

In our study, lower ADC scalars in the PCS, PLIC, and PP corre-
lated with blood pressure deviation below MAP - during hypo-
thermia and rewarming in neonates who had MRI on day oflife =10.
Anassociation between qualitative MR imaging measures of injury in
the PP and thalamus and blood pressure below MAP - during re-
warming was previously reported in HIL® Here, we identified addi-
tional correlations between hypoxic-ischemic injury to the PCS and
PLIC and blood pressure autoregulation. This reflects the added
value of quantitative ADC measurements as opposed to qualitative/
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Note:—DOL indicates day of life; MCP, middle cerebellar peduncle; AUC, area under
the curve.

# Autoregulation measurements are the following: the percentage of time spent with
blood pressure below MAPpr, maximal blood pressure deviation below MAP5py,
and AUC below MAP . Data were analyzed by Spearman correlations.

subjective MR imaging analysis alone. Thalamic ADC scalars did not
correlate with HVx in this study, possibly because the entire thalamus
was included in our region of interest and we did not have the preci-
sion to delineate subcompartments of the thalamus that show differ-
ential vulnerability to HIL

Correlation between lower ADC scalars and worse autoregula-
tion was observed in the PCS but not in the ACS. The absence of an
association between ADC scalars in ACS and autoregulation is sur-
prising and could reflect differences in the effects of HII on the ante-
rior-versus-posterior circulations. In the posterior fossa, no correla-
tion was observed in the pons, but a positive correlation between
ADC and blood pressure occurred in the middle cerebellar peduncle.
Measures of autoregulation obtained over the frontal cortex may not
be relevant to ischemia in the posterior fossa. These findings empha-
size the complex relationships among HII, regional ischemic injury,
and autoregulation measurements by using NIRS technology.

The temporal cascade of events that take place during HII is quite
complex, and the impact of cooling adds another piece to this puzzle.
Although we had a variation in timing of brain MR imaging, this
variation enabled us to factor in delayed pseudonormalization in our
analysis. ADC scalars and blood pressure only correlated in neonates
who received MRI on day of life =10. Pseudonormalization of ADC
values is delayed in cooled neonates through 10 days of age.'> Our
study included neonates with moderate or severe HII, and we did not
further score the degree of disease severity. Future studies are needed
to determine whether more severely injured neonates may have more
or less delay in ADC pseudonormalization.

The lowest mean ADC scalar from the right or left cerebral hemi-
sphere was used as the representative measure for that anatomic re-
gion. With the exception of the ACS and thalamus, ADC values were
similar between the right and left sides in all anatomic regions, in-
cluding the PCS, PLIC, and PP, where significant correlations be-
tween ADC and blood pressure autoregulation were identified. ADC
scalars in the ACS and thalamus did not correlate to blood pressure.



Therefore, using the lowest ADC value between hemispheres to as-
sess regional ischemic injury was a reasonable approach.

HVx assesses autoregulatory vasoreactivity by measuring total
tissue hemoglobin attenuation in the superficial frontal cortex. It
does not directly measure deep brain regions. Techniques to con-
tinuously measure cerebral blood flow autoregulation in deep re-
gions of the brain are not clinically available for neonates.
Whether vascular responses to changes in blood pressure are dif-
ferent in deep brain regions compared with the cortex after global
HII and therapeutic hypothermia remains unclear. Nonetheless,
the association between MAP 4, and ischemia measured by ADC
in the PCS, PLIC, and PP suggests that superficial autoregulation
measurements may identify blood pressure goals that protect
deeper brain regions, as well.

There were several limitations in this study. The sample size
was small. The severity of ischemic brain injury or degree of en-
cephalopathy could not be controlled for in the analysis. Whether
maintaining blood pressure close to MAP . to optimize auto-
regulation decreases the risk of brain injury cannot be determined
in this observational study. The blood pressure and autoregula-
tion measurements were obtained during the neonates’ first few
days oflife during hypothermia, rewarming, and the beginning of
normothermia, whereas the brain MRI was obtained after nor-
mothermia was attained. Moreover, autoregulation monitoring
could only begin once an arterial blood pressure cannula was
placed and informed consent was obtained. Therefore, distur-
bances in autoregulation that may have occurred before the start
of monitoring were not accounted for in the analysis.

CONCLUSIONS

This study identified several findings relevant to the treatment of
HII. In neonates cooled for HII, lower ADC scalars in the PCS,
PLIC, and PP correlated to greater blood pressure deviation below
the range with optimal autoregulation. It remains unclear to what
extent the ADC changes are attributable to the primary hypoxic
ischemic injury versus secondary impaired autoregulation, or a
combination of all complex events that take place during the in-
jury and therapeutic hypothermia. Although a causal relationship
could not be identified in this observational study, these data sug-
gest that minimizing blood pressure deviation below MAPp -
may minimize ischemic injury in these brain regions.
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MRI Characteristics of Globus Pallidus Infarcts in Isolated
Methylmalonic Acidemia

E.H. Baker, J.L. Sloan, N.S. Hauser, A.L. Gropman, D.R. Adams, C. Toro, I. Manoli, and C.P. Venditti
O=

ABSTRACT

BACKGROUND: Bilateral infarcts confined to the globus pallidus are unusual and occur in conjunction with only a few disorders, including
isolated methylmalonic acidemia, a heterogeneous inborn error of metabolism. On the basis of neuroradiographic features of metabolic
strokes observed in a large cohort of patients with methylmalonic acidemia, we have devised a staging system for methylmalonic
acidemia—related globus pallidus infarcts.

MATERIALS AND METHODS: Forty patients with isolated methylmalonic acidemia and neurologic symptoms underwent clinical brain MR
imaging studies, which included 3D-TIWI. Infarcted globus pallidus segments were neuroanatomically characterized, and infarct volumes
were measured.

RESULTS: Globus pallidus infarcts were present in 19 patients; all were bilateral, and most were left-dominant. A neuroanatomic scoring
system based on the infarct patterns was devised; this revealed a 5-stage hierarchical susceptibility to metabolic infarct, with the posterior
portion of the globus pallidus externa being the most vulnerable. Globus pallidus infarct prevalence by methylmalonic acidemia class was
the following: cblA (5/7, 71%), cblB (3/7, 43%), mut® (10/22, 45%), and mut- (1/4, 25%). Tiny lacunar infarcts in the pars reticulata of the
substantia nigra, previously unrecognized in methylmalonic acidemia, were found in 17 patients, 13 of whom also had a globus pallidus
infarct.

CONCLUSIONS: The staged pattern of globus pallidus infarcts in isolated methylmalonic acidemia suggests a nonuniform, regionally
specific cellular susceptibility to metabolic injury, even for patients having milder biochemical phenotypes. In support of this hypothesis,
the delineation of lacunar infarcts in the pars reticulata of the substantia nigra, a tissue functionally and histologically identical to the
globus pallidus interna, supports the concept of cell-specific pathology.

ABBREVIATIONS: bFFE = balanced fast-field echo; GP = globus pallidus; GPe = globus pallidus externa; GPi = globus pallidus interna; MMA = methylmalonic
acidemia; MUT = methylmalonyl-coenzyme A mutase; SNr = pars reticulata of the substantia nigra

Isolated methylmalonic acidemia (MMA) is a group of auto-  This cobalamin-dependent enzyme isomerizes methylmalonyl-
somal recessive inborn errors of metabolism caused by im-  coenzyme A into succinyl-coenzyme A, a critical Krebs cycle in-
1-4

paired activity of methylmalonyl-coenzyme A mutase (MUT). termediate. Mutations in the gene encoding MUT result in an

)3,5

inactive (mut°) or partially active (mut-)> enzyme, the most

common cause of isolated MMA. Impaired biosynthesis and
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enzyme (cblA and cblB) or defective transport of cobalamin into
enzyme. These defects result in massive accumulation of methyl-

such as 2-methylcitrate.®
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energy diet to prevent catabolism. Despite vigilant dietary and
metabolic management, patients with MMA experience multisys-
tem disease, including metabolic instability, pancreatitis,” renal

failure,”'? intellectual impairment,”!

growth retardation,” optic
nerve atrophy,” and acute injury to the globus pallidus.'*** Some
patients eventually require liver and/or kidney transplantation.

Most globus pallidus (GP) strokes are unilateral lacunar in-
farcts resulting from thromboembolic occlusion of a lenticulos-
triate artery; therefore, their margins reflect the vascular territory
rather than the anatomic boundaries of the GP. In contrast, met-
abolic GP infarcts are typically bilateral, and infarct margins are
constrained by neuroanatomic boundaries. Diseases that can
cause GP infarction, with or without infarction of other basal
ganglia, include propionic acidemia, some variants of Leigh dis-
ease, carbon monoxide poisoning, and cyanide poisoning.'® Iso-
lated bilateral GP infarcts, never involving other structures, have
been reported only in MMA. GP injury is a well-known compli-
cation of isolated MMA, classically occurring during severe de-
compensation or acute illness, and can result in an incapacitating
movement disorder characterized by choreoathetosis and dysto-
nia.'>'® The largest previously reported series that counted GP
infarcts in patients with isolated MMA revealed GP infarcts in 4 of
23 patients (17%).°

In this article, we describe the patterns of the GP infarcts found
in patients with isolated MMA and further characterize the GP
infarcts by volumetric measurements. Our analyses revealed that
the lesions follow a characteristic progression; therefore, we pro-
pose a staging system for MMA-related GP infarcts. We also es-
tablished that patients with certain classes of isolated MMA are
more likely to develop GP infarcts than others. Furthermore, we
identified a novel imaging finding suggesting small defects in
the cerebral peduncles, which we propose are produced by the
same toxic or metabolic mechanism as the GP infarcts, also affect-
ing the histologically*® and functionally®* identical cells that com-
pose the pars reticulata of the substantia nigra (SNr).

MATERIALS AND METHODS
Patient studies were approved by the institutional review board of
our institution and were performed in compliance with the Hel-
sinki Declaration. Patients were evaluated between 2004 and
2013. There was no recruitment strategy on the basis of race, sex,
nutritional status, or disease severity. Long-term care of these
patients was managed by their referring physicians.

During the period covered by this analysis, 64 patients having
a variant of isolated MMA were evaluated by our clinic. All were
classified by cellular enzymology and/or molecular genetics.
Many patients had neurologic symptoms including movement
disorders, hearing impairment, visual loss, and developmental
delay."" Neurologic evaluation (performed by a neurologist fa-
miliar with MMA) was particularly directed toward detecting
signs of a GP stroke, such as movement disorders, weakness, and
asymmetric motor findings. Many patients had follow-up neuro-
logic examinations to check for progression and to detect strokes
occurring in the absence of a sentinel clinical event.

Because our protocol did not allow MR imaging solely for
research purposes, patients were selected for MR imaging on the
basis of clinical indications. The most common reasons for MR

imaging were for work-up of a movement disorder, for progres-
sion of symptoms, and as part of the initial diagnosis. Follow-up
imaging was also performed for clinical indications, and 10 pa-
tients had =1 follow-up MR imaging during the study period.
There were 25 patients (younger children and some adults with
movement disorders) who required sedation with propofol. Pa-
tients scanned at our institution had a basic clinical brain MR
imaging without gadolinium-based contrast material. MRIs per-
formed at our institution all included 3D-TIWI (mostly
MPRAGE, some 3D-fast-field echo). In addition to 3D-T1WI,
some examinations included high-resolution balanced fast-field
echo (bFFE) images. At our institution, MRIs were performed on
a 3T Achieva (Philips Healthcare, Best, the Netherlands) scanner
by using a sensitivity encoding head coil. Parameters used were
the following: for MPRAGE, TE = 6.6 ms, TR = 11.6 ms, flip
angle = 6°, FOV = 220 mm, acquisition matrix = 256 X 131,
reconstruction matrix = 256 X 256, section thickness = 1.0 mm,
NEX = 2; for 3D—fast-field echo, TE = 2.2 ms, TR = 5.0 ms, flip
angle = 15°, FOV = 240 mm, acquisition matrix = 256 X 244,
reconstruction matrix = 256 X 256, section thickness = 1.0 mm,
NEX = 1; for bFFE, TE = 2.1 ms, TR = 5.1 ms, flip angle = 45°,
FOV = 220 mm, acquisition matrix = 384 X 367, reconstruction
matrix = 384 X 384, section thickness = 1.0 mm, NEX = 1. Six
patients had scans performed outside our institution; these im-
ages were obtained with a variety of scan protocols.

MR imaging scans were reviewed by a single neuroradiologist
to determine whether GP infarcts were present. Putative infarcts
were carefully assessed to distinguish small infarcts from promi-
nent perivascular spaces, a nonpathologic phenomenon that can
also occur in the basal ganglia with a similar appearance on MR
imaging. Perivascular spaces have a linear or branching appear-
ance when examined in 3D and can traverse anatomic boundar-
ies; metabolic infarcts are rounded or crescent and are confined by
the anatomic boundaries of the GP. bFFE images are particularly
helpful in clarifying the difference. If an infarct was present, the
involved segments of the GP were recorded. Images were also
evaluated for potential lacunar infarcts in the SNr; the number
and location of SNr infarcts were recorded. Again, findings having
alinear or branching appearance that would indicate a prominent
perivascular space rather than an infarct were excluded.

MPRAGE or 3D—fast-field echo images of GP infarcts were
exported to the MIPAV image analysis software (National Insti-
tutes of Health, Bethesda, Maryland; http://mipav.cit.nih.gov). >
A gray-level tracking tool was used for automated detection of
infarct margins; gray-level tracking starts from a seed pixel and
attempts to find all connected pixels having the same signal inten-
sity, interpolating when necessary. The resulting boundary con-
tours were manually edited as needed to remove (or add) pixels
included (or omitted) due to issues such as image noise and arti-
facts. Volumes enclosed by the boundary contours were then cal-
culated. Measurements of SNr infarct volumes were not at-
tempted due to their small size relative to the image resolution.

RESULTS

Demographics

Forty patients (25 males, 15 females) with isolated MMA had MR
imaging scans. The mean age at the first scan as part of our study
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Demographics of infarcts in isolated MMA®

was re-imaged at an interval of 5 years

GP SNr GP+SNr  Isolated GP  Isolated SNr  due to clinical progression. The other 9

MMA Class No. Infarct Infarct Infarct Infarct Infarct patients who had follow-up imaging
cblA 7 5(1%)  5(7%) 4 1 1 during the time frame of the study dem-
e / 3 (43%) 3(43%) 2 ! ! onstrated no discernible changes in their
All mut subtypes 26 1(42%) 9 (34%) 7 4 2 GP. Infarct d hi

MUt 4 125%)  0(0%) 0 1 0 iP. In arct demographics are summa-

mut® 22 10(45%)  9(41%) 7 3 2 rized in the Table.
All patients 40  19(48%)  17(43%) 13 6 4

2 Of 40 patients scanned, 16 had both 3D-TIWI and bFFE images (most sensitive for detection of SNr infarcts), 22 had
3D-TIWI without bFFE images (less sensitive), and 2 had only 2D-TIWI (least sensitive). SNr infarcts were detected at a
higher rate among patients with bFFE images (56%) than those without them (36%); therefore, SNr infarcts are probably

under-reported.

FIG1. Progression of a GP infarct. This 16-month-old patient was known to have MMA due to the
cblB defect that had been diagnosed 6 months previously. Within 24 hours after onset of symp-
toms from gastroenteritis, she became lethargic and was taken to the emergency department. A,
CT at the time of admission to the hospital appears to have normal findings. B, CT scan 35 hours
later shows distinct hypoattenuating abnormalities involving the entirety of each GP. DWI per-
formed 1 week later showed restricted diffusion in each GP (image not available). C, High-reso-
lution MPRAGE image and D, T2-weighted image (b=0 image from DTI) acquired 7.5 years later

demonstrate bilateral complete GP infarcts.

was 17 years (median, 18 years; range, 2 weeks to 35.5 years). Of
these patients, 19 (48%) were found to have GP infarcts, 6 of
which had been present at the time of diagnosis. Treatments of the
patients whose infarcts were discovered subsequent to diagnosis
included diet modification (n = 13), carnitine supplements (n =
13), hydroxocobalamin injection (n = 6), liver and kidney trans-
plantation (n = 5), and kidney transplantation (n = 4).

GP infarct prevalence by MMA class was as follows: cblA (5/7,
71%), cbIB (3/7,43%), mut® (10/22,45%), and mut- (1/4,25%). If
both subtypes of the mut class were taken together, the rate for all
patients with mut was 11/26 (42%). Lacunar SNr infarcts were
detected in 17 patients. Thirteen patients had both GP and SNr
infarcts, while 4 patients had only SNr infarcts and another 6 had
only GP infarcts. Of particular interest, 1 patient initially had only
SNr infarcts but subsequently developed GP infarcts. This patient

196 Baker Jan 2015 www.ajnr.org

Laterality of Infarcts

All GP infarcts were bilateral. It is pre-
sumed that the infarcts were synchro-
nous, as illustrated by the example in Fig
1. However, most of the GP infarcts were
not symmetrical (Fig 2). A laterality in-
dex was computed as (R — L) / (R + L);
thus, right-dominant cases are repre-
sented by positive numbers; left-domi-
nant cases, by negative numbers; and
symmetrical cases, by values near zero.
Most GP infarcts (12/19) were left-dom-
inant, 5 were nearly symmetrical (within
+10%), and 2 were right-dominant.
The range of laterality indexes was
—0.47 to +0.48, the mean was —0.13,
and the median was —0.17.

In most patients (10/17), SNr infarcts
were bilateral; SNr infarcts were detected
only on the right in 5 patients and only on
the left in 2 patients. SNr infarct sizes were
not necessarily symmetrical, but there did
not appear to be systematic lateralization,
either in size or number. Patients had =3
infarcts per side. The total count of SNr
infarcts was 17 per side.

GP Infarct Volumes

GP infarct volumes ranged from 9 to 1021
nL (Fig 3). Although the ranges over-
lapped, volumes for mut variants (mut-
and mut’) were smaller on average than
volumes for cblA and cbIB. Application of
a t test suggested that there is a statistically
significant difference in infarct size be-
tween the 2 mut subtypes together, the 2
cblvariants together (P = .01), and the mut’ subtype alone versus the
2 cbl classes together (P = .02). There was a statistically significant
difference between the mut- subtype alone and each of the other
categories (P = .01 versus mut’, P < .01 versus cblA, and P = .02
versus cbIB). A paired t test showed statistically significant lateraliza-
tion within the cblA class (P = .04).

GP Infarct Staging

On review of the GP infarcts as a group, it became apparent that
the infarct pattern was not random and that some segments of the
GP infarcted more often than others. The 5 infarct-delineated
segments are shown in Fig 4. There appear to be 3 distinct seg-
ments in the globus pallidus externa (GPe) and 2 distinct seg-
ments in the globus pallidus interna (GPi). When the affected



FIG 2. Laterality of GP infarcts. A, Most GP infarcts were left-dominant. A few were nearly
symmetrical (5 were within +10%), and 2 were right-dominant. The average laterality index was
—0.13, and the median was —0.17. B, An example of a left-dominant infarct. The laterality index in

this case is —0.20.

FIG 3. Volume of GP infarcts. The range of GP infarct volumes is
9-1021 plL. Laterality of the infarcts is apparent when infarcts are
segregated into left and right columns for each of the MMA classes.
Group means (indicated by the heavy bar) differ between classes.
Application of a t test suggests that there is a statistically significant
difference in infarct size between the 2 mut subtypes together (mut-
and mut®), the 2 cbl classes together (cblA and cblB) (P = .01), and the
mut® subtype alone versus the 2 cbl classes together (P = .02). There
was a statistically significant difference between the mut- subtype
alone and each of the other categories (P = .01 versus mut®, P < .01
versus cblA, and P = .02 versus cblB). There was a statistically signifi-
cant difference between the left and right for the cblA class (P = .04).

segments were all displayed as a group (Fig 5), it appeared that the
segments were affected sequentially, with a few exceptions (5 of 38
infarcts in 3 of 19 patients). This observation suggested a staging
system, in which the infarct stage is determined by counting the
number of affected segments. According to this staging system, we
observed 10 stage 1 infarcts, 7 stage 2 infarcts, 7 stage 3 infarcts, 3
stage 4 infarcts, and 11 stage 5 infarcts. In 3 patients, the right and
left stages were discordant.

The GPe appeared to be more vulnerable to metabolic infarct
than the GPi. In fact, only 1 infarct had any part of the GPi in-
volved without involving the entire GPe. Within the GPe, vulner-
ability appeared highest in the most posterior segment and lowest
in the most anterior segment, though there were 4 exceptions to
that pattern. GPi vulnerability would seem to be fairly homoge-
neous, though there were 2 exceptions in which only half of the
GPi was infarcted; in one case, only the posterior half was in-
volved, and in the other case, only the anterior half was involved.

Distribution of SNr Infarcts
We observed that SNr infarcts were not randomly distributed but
segregated into 3 distinct locations, which we have named accord-

ing to their relative positions, as shown
in Fig 6. The anterior location was most
common (20 infarcts). There were 9 in-
farcts in the posterior location and 5 in-
farcts in the middle location. Unlike the
GP lesions, there was no clear hierarchy
of SNr infarctlocations. Among patients
with cblA, 6 of 7 SNr infarcts were in the
anterior location, but there did not seem
to be a preferred location for any other
type of MMA. Location and laterality of
the SNr infarcts did not appear to corre-
late with GP infarct volume, stage, or
laterality.

The demographics of SNr infarcts relative to GP infarcts does
not suggest a clear difference between these locations in sensitivity
to the toxic agent because we saw 4 cases of patients who had
isolated SNr infarcts, 6 who had isolated GP infarcts, and 13 who
had both types of infarcts. Examination of the demographics of
the SNr infarcts (Table) demonstrated that the prevalence of SNr
infarcts in each MMA class is similar to the prevalence of GP
infarcts.

Detection of SNr Infarcts

We observed a difference in sensitivity for the detection of SNr
infarcts related to the type of imaging performed. Among patients
for whom bFFE images were available, SNr infarcts were detected
in 9 of 16 (56%). However, among patients who had only 3D-
T1WI, SNr infarcts were detected in 8 of 22 (36%). No SNr in-
farcts were detected for the 2 patients scanned outside our insti-
tution without any 3D imaging sequences. When both types of
images were available, no SNr infarcts were detected on the 3D-
T1WI that were not also detected on the bFFE images. Availability
of bFFE images was determined by the date of the examination,
rather than by any patient-related factors because this sequence
was added to our scan protocol partway through the study. We
expect that had the bFFE images been obtained in all patients,
more SNr infarcts would have been detected.

DISCUSSION

The occurrence of bilateral isolated infarcts of the GP in patients
who have isolated MMA has been previously reported.'**! How-
ever, the analysis presented here is the first systematic study of GP
imaging findings in a large group of patients with MMA, to our
knowledge. This analysis also identified the previously unrecog-
nized association of lacunar infarcts in the SNr with isolated
MMA.

The staged pattern of MMA-related infarcts in the GP suggests
that there are groups of cells in the GP that have differing vulner-
ability to metabolic stress and/or toxic metabolites. If there are
neurons in certain locations in the GP and SNr that exist in a more
tenuous balance between energy demands and blood supply, then
this feature may also contribute to the staged pattern we observed.
It is certainly possible that energy demands vary across the GP
because the nuclei demonstrate somatotopic organizationzﬁ;
therefore, some neurons within these nuclei are more frequently
or intensely active than others. In humans and other primates, the
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FIG 4. GP infarct segments. A, Normal anatomy of the dorsal pallidum, also known as the globus pallidus. The thin line indicates the medial
medullary lamina; the thick line, the boundary of the globus pallidus. Surrounding structures include the anterior limb of the internal capsule (IC
ant) and the posterior limb of the internal capsule (IC post). The putamen, thalamus, and head of the caudate nucleus are also labeled. The
external medullary lamina separates the putamen from the GPe. B, Infarct segments 1-5. Segment 1seems to be the most sensitive to metabolic
infarct in MMA, followed by segment 2, then segment 3; segments 4 and 5 are the least sensitive and usually infarct together. C, An example of
a segment 1infarct (posterior GPe). D, An example of an infarct of segments 1 + 2 (posterior and middle GPe). E, An example of an infarct of
segments 1+ 2 + 3 (whole GPe). F, An example of an infarct of segments1+ 2 +3 + 4 + 5 (complete GP, both externa and interna). Note that
the medial medullary lamina (a white matter tract) remains intact and can be seen separating the GPe and GPi.

SNr is functionally part of the GPi and is composed of histologi-
cally identical cells.>* In most nonprimate mammals, the GPi is
not located adjacent to the GPe but rather exists as a separate
nucleus called the “entopeduncular nucleus” that is embedded
within the internal capsule.**

In the initial analyses of GP infarcts in our patient cohort, we
noted what appeared to be small defects in the cerebral peduncles
in the vicinity of the substantia nigra. These changes were initially
interpreted as secondary degeneration of the substantia nigra, as
has been reported in cases of patients with vascular-origin strokes
obliterating the ipsilateral basal ganglia.”>*® However, careful re-
view revealed that this phenomenon occurs even in patients who
have no GP infarcts; thus, this finding could not represent second-
ary degeneration. Given that cells of the SNr are histologically and
functionally identical to cells of the GPj, it seems logical that they
are susceptible to the same toxic and metabolic phenomena;
therefore, we propose that these tiny lesions represent infarcts.
While we lack histologic evidence that the lesions are located in
the pars reticulata of the substantia nigra, as opposed to the pars
compacta of the substantia nigra, the SNr location is consistent
with a toxic/metabolic mechanism model due to the histologic
and functional similarity to the GPi that is lacking in the dopami-
nergic portion of the substantia nigra (the pars compacta). There
is 1 case report of isolated bilateral SNr lacunar infarcts (of un-
known cause) in the literature.?® It confirmed histologically that
the lacunar infarct was in the SNr; the location of the infarct in the
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case report encompasses the location that we have described as
“anterior SNr” in Fig 6.

The relative sensitivity of GPe and GPi segments to toxicity in
MMA seems fairly clear from the results presented in this report,
but the relative sensitivity of the SNr remains less certain. One
possible scenario is that the SNr is more sensitive to toxic injury in
MMA than is the GPe and that few GPe infarcts occur without a
preceding (or synchronous) SNr infarct, but that our detection of
SNr infarcts is poor due to contrast and resolution considerations.
If this scenario is accurate, then acquiring even higher resolution
bFFE images of the midbrain in future patients with MMA should
reveal additional SNr infarcts and should demonstrate that pa-
tients with GP infarcts are a subset of the patients with SNr in-
farcts. Another possible scenario would be that the sensitivity of
the SNr to injury in MMA may actually be different from that in
the GP; if so, the pattern we found in the current study should
hold up even if higher resolution images are acquired in the
future.

Given the somatotopy of the GP, one would expect that selec-
tive infarction of portions of the GPe and GPi would manifest
neurologic symptoms that are specific to the site of the infarct.
Experimental lesion studies in African green monkeys®>*' dem-
onstrated that lesions in the posterior GPe produce dyskinesia,
lesions in the middle GPe produce attention deficit disorder, and
anterior-inferior GPe lesions produce stereotypical behaviors.
This finding corresponds to the primary motor, supplementary



FIG 5. Graphic depiction of all 38 GP infarcts. Infarcted segments are
shown in black (follows the rule) or gray (exception to the rule). The
segments appear to follow a rule in which the likelihood of infarct is
1> 2> 3 >4 = 5. Five infarcts (in 3 different patients) do not follow
the segment-ordering rule. Infarcts can be staged by counting the
number of infarcted segments, regardless of the order. In 16 of 19
patients, right and left infarcts are of the same stage, even if the
volumes differ (as described in Fig 2). The location of the segments is
shown in Fig 4.

motor, and limbic zones of the GPe. Somatotopy of the GPi is
parallel to that in the GPe*® and ought to produce a similar profile
of symptoms, except for the functions that are handled by the SNr.
Isolated SNr infarcts ought to specifically produce orofacial mo-
tor symptoms. One might also expect that infarct volume and/or
stage would correlate with overall symptom severity and that in-
farct laterality would correlate with lateralization of symptoms.
The patients in our study underwent detailed neurologic exami-
nations, and correlations between movement syndromes and in-
farct spatial patterns will be the subject of another article.

The laterality of GP infarct volumes is consistent with a previ-
ously reported asymmetric GP size in humans.** In most people,
the left GP is larger than the right, so our finding that most of the
infarcts are larger on the left is consistent. Although we did not
have enough left-handed patients with infarcts to determine
whether preinfarct handedness had any influence on GP infarct
laterality, we did observe 1 patient who appeared to change hand-
edness (from right to left) following a large bilateral GP infarct
(bilateral stage 5, right volume = 656 L, left volume = 562 uL,
laterality index = 0.08) and a tiny bilateral SNr infarct.

Among the various classes of isolated MMA, we found differ-
ences in both prevalence and size of GP infarcts and parallel dif-
ferences in the prevalence of SNr infarcts. The relatively lower
prevalence of both GP and SNr infarcts in patients with mut-
compared with other variants suggests that partial activity of the
MUT enzyme has a protective effect, likely because patients with
mut- typically have lower concentrations of abnormal metabolites
and less severe mitochondrial dysfunction.” Although patients
with ¢blA (and occasional patients with cbIB) can be responsive to
hydroxocobalamin supplementation, we found that their average
stroke volume was significantly larger compared with patients
with mut. The reasons for this finding are unclear, and it is possi-
ble that factors not directly related to the disease mechanism con-
tribute. For example, the patients chosen for imaging in this study
were selected, in part, on the basis of clinical suspicion of stroke,
creating an ascertainment bias for more severe phenotypes in pa-
tients with normally milder biochemical defects (such as cblA);
this choice would tend to skew our measurements toward
larger and more symptomatic infarcts than we might have
found had we imaged all patients being followed in our clinic.
Another possibility would be that because so many of the in-
farcts were not associated with an abrupt change in symptoms,
very few were detected in the acute phase; therefore, in most
cases, we know neither the age of the patient at the time of the
infarct nor the age of the infarct at the time of imaging. Poten-
tially, the patients with cbIA and cbIB were older (and therefore
larger) than the patients with mut° at the time of the GP infarc-
tion because we know that some patients with cblA and cbIB
were not diagnosed with MMA until they presented in crisis
later in childhood. If patients having different types of MMA
typically have GP infarcts at different ages, when their brains
are different sizes, there is the possibility that we would see a
difference in infarct size even if the same fraction of the GP is
infarcted, or perhaps infarcts imaged after a longer delay be-
come larger as a result of atrophy of adjacent tissues. Normal-
izing the infarct volume as a fraction of the total GP volume
could potentially correct some of these considerations, but de-
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FIG 6. Lacunar infarcts of the SNr. Due to the small size of the cell clusters that form the SNr (near or below the lower limit of MR imaging
resolution), detection of these infarcts can be difficult. A, Tiny bilateral infarcts of the SNr are seen on a bFFE image. The resolution of this image
is 0.6 X 0.6 X 1.0 mm per voxel. The infarcts measure approximately 1 mm. Both are found in the anterior location. B, Slightly larger bilateral
infarcts of the SNr are seen on an MPRAGE image with a resolution of 0.9 X 0.9 X 1.0 mm per voxel. These infarcts are in the middle location.
C, Bilateralinfarcts at 2 sites (anterior and posterior) in the SNr are seen on an MPRAGE image. SNr infarcts were found in only 3 distinct locations,
which we are designating by their relative positions; the anterior location was the most common (20 infarcts), followed by the posterior location

(9 infarcts). The middle location was the least common (5 infarcts).

fining the exact margins of the healthy portion of the GP, even
manually, is difficult in practice due to the low contrast-to-
noise ratio.

An additional limitation of this study is that we were unable to
test for correlations relating infarct size, stage, and prevalence to
factors such as prescribed treatments, compliance with treatment,
and patient age (equivalent to duration of the disease). Unfortu-
nately, the uncertainty in dating the infarcts precluded this type of
analysis, and this uncertainty will remain an issue until presymp-
tomatic and longitudinal brain imaging become part of the rou-
tine clinical management of MMA.

CONCLUSIONS

In summary, we examined patterns of GP infarction in patients
with isolated MMA. We found a hierarchical pattern involving
distinct segments of the GP, suggesting nonuniform sensitivity to
the mechanism of infarct and suggesting a staging system. We
found that the prevalence and size of the infarcts varied according
to the class of isolated MMA and that the laterality of infarct
volumes is similar to previously reported anatomic variation of
the GP. We also noted small defects in the cerebral peduncles that
we believe represent tiny lacunar infarcts in the SNr that are pro-
duced by the same toxic or metabolic mechanism as the GP in-
farcts but appear to arise as independent events.
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ORIGINAL RESEARCH
PERIPHERAL NERVOUS SYSTEM

Diffusivity Measurements Differentiate Benign from Malignant

Lesions in Patients with Peripheral Neuropathy or Plexopathy

E.L. Yuh, S. Jain Palrecha, G.M. Lagemann, M. Kliot, P.R. Weinstein, N.M. Barbaro, and C.T. Chin

ABSTRACT

BACKGROUND AND PURPOSE: Peripheral nerve disorders caused by benign and malignant primary nerve sheath tumors, infiltration or
compression of nerves by metastatic disease, and postradiation neuritis demonstrate overlapping features on conventional MR imaging
but require vastly different therapeutic approaches. We characterize and compare diffusivities of peripheral nerve lesions in patients
undergoing MR neurography for peripheral neuropathy or brachial or lumbosacral plexopathy.

MATERIALS AND METHODS: Twenty-three patients, referred for MR neurography at our institution between 2003 and 2009 for a
peripheral mononeuropathy or brachial or lumbosacral plexopathy and whose examinations included DWI, received a definitive diagnosis,
based on biopsy results or clinical and imaging follow-up, for a masslike or infiltrative peripheral nerve or plexus lesion suspicious for tumor.
Mean ADC values were determined within each lesion and compared across 3 groups (benign lesions, malignant lesions, and postradiation
changes).

RESULTS: Both ANOVA and Kruskal-Wallis tests demonstrated a statistically significant difference in ADC values across the 3 groups (P =
.000023, P = .00056, respectively). Post hoc pair-wise comparisons showed that the ADC within malignant tumors differed significantly from that
within benign tumors and postradiation changes. ADC within benign tumors and postradiation changes did not differ significantly from each
other.

CONCLUSIONS: DWI may be highly effective for the differentiation of benign from malignant peripheral nerve masslike or infiltrative

lesions.

Peripheral neuropathies can be divided into mononeuropa-
thies, polyneuropathies, and plexopathies. Patients present
with pain, sensory symptoms, and/or motor deficits in the distri-
bution of a single peripheral nerve, multiple peripheral nerves, or
a nerve plexus. Mononeuropathies affect a single peripheral
nerve. Polyneuropathies affect multiple peripheral nerves. In
plexopathies, symptoms are localized to the brachial or lumbosa-
cral plexus.
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Polyneuropathies are generally attributable to systemic dis-
eases (eg, diabetes and vitamin deficiencies), while mononeu-
ropathies are most often due to trauma, nerve compression
syndromes that occur at a few characteristic anatomic loca-
tions, or mass lesions. History and physical examination, sup-
plemented in a subset of cases by laboratory studies, electrodi-
agnostic studies, and neuroimaging, are the main tools for
diagnostic evaluation. In patients with a classic compression
mononeuropathy, such as median nerve compression at the
carpal tunnel, the diagnosis can often be made clinically and
corroborated by needle electromyography, nerve conduction,
and/or imaging studies."* For mononeuropathies involving
nerves not typically susceptible to compression syndromes,
imaging can play an essential role in identifying the lesion and
guiding management.

Plexopathies give rise to motor and/or sensory deficits in an
extremity. Most brachial plexopathies (75%) are attributable to
postradiation changes, primary and metastatic lung cancer, or
metastatic breast cancer.” Common causes of lumbosacral plex-
opathy are primary and metastatic tumor, including cervical, en-
dometrial, ovarian, prostate, testicular, and colorectal cancer;



postradiation changes; and diabetes.® For patients with a history
of radiation for malignancy, recurrent tumor with nerve invasion
must be distinguished from radiation plexopathy; both can de-
velop months to years following therapy and can have similar
clinical presentations.®

Although benign and malignant primary nerve sheath tumors,
infiltration of nerves by metastatic disease, and postradiation
neuritis require different therapeutic approaches, they also dem-
onstrate overlapping features on MR imaging, including T2 hy-
perintensity, focal enlargement, and enhancement.”® Diffusivity
measurements from DWI may be helpful in differentiating dis-
tinct pathologic entities. In prior studies, DWI was useful in dif-
ferentiating malignant and benign peripheral nerve sheath tu-

11,12 and

mors,” retroperitoneal masses,'® head and neck tumors,
lymph nodes.'*'* Other studies have demonstrated differences in
the diffusivities of adult'® or pediatric brain tumors'® that corre-
late with tumor grade and/or histologic type. In this study, we
focus on masslike or infiltrative lesions of the peripheral nerves
detected by MR imaging in patients presenting clinically with a
peripheral mononeuropathy or plexopathy. We characterize and
compare the diffusivities of these lesions and demonstrate signif-
icant differences among benign and malignant peripheral nerve
tumors and postradiation changes.

MATERIALS AND METHODS

Study Population

Twenty-three patients referred for MR neurography at our insti-
tution between 2003 and 2009 by neurologists, neurosurgeons,
and oncologists for a clinical indication of a peripheral monon-
europathy or brachial or lumbosacral plexopathy and who re-
ceived a definitive diagnosis of a masslike or infiltrative nerve
lesion based on biopsy results, long-term clinical and imaging
follow-up, or intermediate-term follow-up supplemented by
PET, neurologic examination, and/or nerve conduction studies
were included in the study population. We included patients with
noncystic “mass”-like lesions, defined as noncystic lesions with a
diameter at least 50% larger than that of the apparent nerve of
origin as well as patients with more infiltrative lesions consisting
of more subtle nerve thickening and/or effacement of normally
visualized interfascicular and surrounding fat planes without the
presence of a well-defined “mass.” Study participants were di-
vided into 3 groups according to the final most likely pathologic
diagnosis. Group 1 (1 = 10) consisted of benign lesions; Group 2
(n = 7), malignant tumors; and Group 3 (n = 6), postradiation
changes, without evidence of residual tumor.

MR Neurography

MR imaging sequences performed at 1.5T (Gyroscan Intera 1.5T;
Philips Healthcare, Best, the Netherlands) included axial and cor-
onal STIR (TR = 2200 ms, TE = 20 ms, TI = 160 ms, NEX = 4,
FOV = 22, matrix = 256 X 192, slice thickness/gap = 3/0.3 mm),
T1 and fat-saturated postgadolinium T1-weighted spin-echo
(TR = 500, TE = 14, NEX = 3), and DWI (single-shot echo-
planar imaging, 6 directions, TR = 2 ms X pulse-pulse interval,
TE = 15 ms, FOV = 22, matrix = 256 X 144, slice thickness/
gap = 5.0/0.5 mm, b-value = 400 s/mm?*). ADC maps were cal-

FIG 1. Boxplot shows median (thick horizontal lines within boxes),
interquartile range (heights of boxes), and smallest and largest
(lines protruding from boxes) ADC values within Group 1 (benign
masses), Group 2 (malignant lesions), and Group 3 (postradiation
changes). Group 1(n = 10) included schwannomas and neurofibro-
mas; Group 2 (n = 7) included 1 rhabdomyosarcoma, 1 malignant
peripheral nerve sheath tumor, 2 cases of metastatic breast can-
cer, 1 case of metastatic renal cell carcinoma, 1 diffuse large B-cell
lymphoma, and 1 case of acute lymphoblastic leukemia. Group 3
(n = 6) consisted of postradiation changes with no evidence for
residual tumor. Group 3 (postradiation changes) demonstrated the high-
est median ADC value of 2.50 X 10> mm?/s (interquartile range =
0.87 X 1072 mm?/s, minimum = 1.39 X 10~> mm?/s, maximum =
3.22 X 1072 mm?/s), followed closely by benign lesions (Group 1)
with a median ADC value of 1.81 X 10> mm?/s (interquartile
range = 0.98 X 1072 mm?/s, minimum = 1.30 X 10> mm?/s,
maximum = 2.97 X 10> mm?/s). Malignant lesions (Group 2) recorded
the lowest median ADC value of 0.69 X 10> mm?/s (interquartile
range = 0.49 X 10> mm?/s, minimum = 0.26 X 10~ > mm?/s, maxi-
mum = 1.08 X 10> mm?/s).

culated using the Philips vendor software on the MR imaging
scanner console immediately after acquisition of DWI data.

Mean and SD of ADC values within approximately 1-cm ROIs
drawn within the lesions were determined independently by 2
board-certified radiologists. Each radiologist drew multiple ROIs
for lesions that exceeded 3 cm and averaged the means within
these ROIs, to avoid limited regional sampling of spatially heter-
ogeneous lesions. Nonenhancing T2 hyperintense areas suspi-
cious for cystic or necrotic areas were not included within any
ROL Volumes of masslike lesions were approximated by using the
volume formula for an ellipsoid; volume = (4/3) X m X aX bX ¢,
where a, b, and ¢ were orthogonal linear dimensions of the lesion
measured by one radiologist. (Volume measurements were not
performed on infiltrative lesions that consisted of more subtle
nerve thickening without a well-defined mass with a diameter at
least 50% larger than that of the nerve of origin.)

Statistical Analysis
Intrarater reliability for ADC measurements was determined
through calculation of the Pearson correlation coefficient be-
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FIG 2. Biopsy-proven schwannoma of the left median nerve in a 48-year-old woman presenting with left upper extremity pain and paresthesias.
Axial fat-suppressed T2 (A), axial fat-saturated postgadolinium T1 (B), maximum-intensity-projection DWI (C), and axial ADC (D) demonstrate a
vividly enhancing, heterogeneously T2 hyperintense mass (arrows) along the median nerve. The ADC value within the mass was 2.1 = 0.36 X 10>
mm?/s. The lesion was resected due to progressive symptoms.

FIG 3. Biopsy-proven neurofibroma of the left S1and sciatic nerves in a 6-year-old boy with left foot drop. Coronal T1(A), coronal fat-saturated
postgadolinium T1 (B), oblique reformatted coronal STIR (C), and coronal ADC (D) demonstrate enhancing masslike T2 hyperintense soft tissue
(arrows) along the left S1nerve and left sciatic nerve. The lesion was treated with radiation therapy.
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FIG 4. Metastatic renal cell carcinoma in a 46-year-old woman with left arm weakness. Axial STIR (A), axial fat-saturated postgadolinium T1(B),
axial DWI (C), and axial ADC (D) demonstrate a T2 hyperintense, enhancing mass (arrows) along the left C6é nerve just outside the left C5-C6é
neural foramen. ADC within the mass was 1.08 = 0.09 X 10> mm?/s. The mass was subtotally resected and irradiated.

FIG 5. Malignant peripheral nerve sheath tumor in a 69-year-old man with several years of right lower extremity pain and anterior thigh
numbness. Percutaneous biopsy several years earlier had demonstrated benign schwannoma. Gross total resection was performed for pre-
sumed schwannoma, with areas of necrosis attributed to the large size of the mass and outgrowth of blood supply. Final pathologic diagnosis
was malignant peripheral nerve sheath tumor. Axial T1 (A), axial fat-saturated postgadolinium T1 (B), coronal STIR (C), and axial ADC (D)
demonstrate a large mass (thick arrows) extending from a widened right L2-L3 neural foramen along the expected course of the right femoral
nerve at the posterior aspect of the right psoas muscle. The right psoas muscle (dashed arrow) is draped and elongated over the anterior aspect
of the mass. Th right kidney (small dotted arrow) is displaced superiorly. D, ADC ROIs (circle) were selected to avoid nonenhancing areas (thin
solid arrows in B-D) thought to represent necrosis. The mean ADC within nonnecrotic regions in the mass was 0.26 X 10> mm?/s.
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FIG 6. Biopsy-proven non-Hodgkin lymphoma infiltrating the right sciatic nerve. Axial STIR (A), axial fat-saturated postgadolinium T1(B),
and axial ADC map (C) demonstrate a T2 hyperintense minimally enhancing soft-tissue mass (arrows) along the right sciatic nerve at the
greater sciatic foramen. ADC within the mass was 0.69 * 0.33 X 10> mm?/s. CT-guided biopsy was nondiagnostic. D, MR imaging—guided
biopsy was performed, yielding a pathologic diagnosis of diffuse large B-cell lymphoma. The patient underwent chemotherapy and
radiation to the mass.

FIG7. Biopsy-proven metastatic breast cancer infiltrating the right brachial plexus in a 53-year-old woman with right upper extremity pain. Axial
T1(A) and axial STIR (B) images demonstrate a thickened, T2 hyperintense right first thoracic nerve (arrows) with effacement of the fascicular
structure normally visible on T1-weighted images. Coronal STIR (C) and maximum-intensity-projection DWI (D) demonstrate asymmetrically
increased DWI signal in the right T1 nerve and inferior trunk of the right brachial plexus (arrows), with a corresponding mean ADC of 0.95 =
0.05 X 10~ mm?/s. The patient underwent palliative radiation therapy.

tween separate measurements performed for each lesion by a sin- One-way between-groups ANOVA was performed to assess
gle radiologist. Interrater reliability was determined through the  for a statistically significant difference in ADC values among
Pearson correlation coefficient between measurements per-  the 3 groups (benign lesions, malignant lesions, and postradi-
formed on each lesion by the 2 different radiologists. ation changes) at P < .05. Post hoc pair-wise comparisons were
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FIG 8. Postradiation brachial plexopathy in a 42-year-old woman with progressive right upper
extremity weakness, beginning in the hand and progressing proximally. She had undergone
resection and radiation therapy 12 years earlier for high-grade round cell sarcoma of the right
brachial plexus. Axial STIR (A), maximum-intensity-projection coronal oblique STIR (B), sagittal T1
(C), sagittal STIR (D), coronal STIR (E), and coronal ADC (F) demonstrate a soft-tissue mass
(arrows) and a thickened, T2 hyperintense right brachial plexus (asterisks) with an average ADC
of 2.59 * 0.16 X 10> mm?/s. Although symptoms persisted, the appearance of the mass and the
enhancing, T2 hyperintense brachial plexus were unchanged over multiple follow-up MR imag-
ing examinations over 60 months, and a final diagnosis of postradiation brachial plexopathy was
made. The soft-tissue mass likely represents fibrosis related to surgical resection of the mass

and subsequent radiation.

then performed using the Tukey test to assess for statistically
significant pair-wise differences between pairs of groups at
P < .05.

Although ADC values within each group satisfied the Shapiro-
Wilk test for normality, the sensitivity of this test for nonnormal-
ity may be reduced for small sample sizes.'” The nonparametric
Kruskal-Wallis test was also performed on the ADC values to
assess for a statistically significant difference across groups at P <
.05. Post hoc nonparametric pair-wise comparisons were per-
formed using Mann-Whitney U tests to assess for statistically sig-
nificant differences between pairs of groups at P < .05. All statis-
tical analyses were performed using SPSS, Version 19 (IBM,
Armonk, New York).

This study was approved by the insti-
tutional committee on human subjects
research. All patient data stored for the
purpose of this research study were ano-
nymized by using accession numbers to
identify each case.

RESULTS

The On-line Table shows diagnoses in 23
patients divided into 3 groups on the basis
of biopsy results (n = 10); long-term clin-
ical and imaging follow-up (n = 10; mean
follow-up, 40 = 31 months); or interme-
diate-term follow-up supplemented by
PET, neurologic examination, and/or
nerve conduction studies (n = 3, mean
follow-up, 4 = 1 months). Group 1 (n =
10) consisted of benign masses, including
4 biopsy-proven schwannomas, 1 biopsy-
proven neurofibroma, and 5 peripheral
nerve masses that demonstrated both
long-term stability in size and conven-
tional MR imaging features characteristic
of a benign primary nerve sheath tumor.
Group 2 (n = 7), malignant tumors, con-
sisted of 1 biopsy-proven malignant pe-
ripheral nerve sheath tumor, 1 biopsy-
proven rhabdomyosarcoma, 2 cases of
metastatic breast cancer involving the
brachial plexus (biopsy-proven) or the
sacral nerves, 1 case of biopsy-proven
metastatic renal cell carcinoma involving
a cervical nerve, 1 case of biopsy-proven
non-Hodgkin lymphoma involving the
sciatic nerve, and 1 case of acute lym-
phoblastic leukemia involving the bra-
chial plexus. Group 3 (n = 6) consisted
of postradiation changes without evi-
dence of residual tumor in 6 cases of
previously irradiated malignancies, in-
cluding 3 cases of breast cancer, 1 high-
grade sarcoma, 1 case of Hodgkin lym-
phoma, and 1 case of oral squamous cell
carcinoma. Lesion volumes ranged
from 1 to 5530 cm® (median, 37 cm?; 25th percentile, 14 cm?;
75th percentile, 122 cm?).

Fig 1 demonstrates ADC values within Groups 1-3. Postradi-
ation changes without evidence of residual tumor (Group 3) dem-
onstrated the highest median ADC value of 2.50 X 10~ mm?/s
(interquartile range = 0.87 X 10~> mm?/s, minimum = 1.39 X
10~? mm?/s, maximum = 3.22 X 10~ > mm?/s, mean ADC =
2.37 X 1072 mm?/s, SD = 0.61 X 10> mm?/s), followed closely
by benign lesions (Group 1) with a median ADC value of 1.81 X
107 mm?/s (interquartile range = 0.98 X 10~ mm?/s, mini-
mum = 1.30 X 10 % mm?/s, maximum = 2.97 X 10~ > mm?/s,
mean ADC = 1.99 X 10> mm?/s, SD = 0.60 X 10~ > mm?/s).
Malignant lesions (Group 2) recorded the lowest median ADC
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FIG 9. Marked increase in diffusivity following radiation therapy for metastatic breast cancer in
a 47-year-old woman with pain in the left L4 through S2 distribution. Axial fat-saturated post-
gadolinium T1 and ADC before (A and B) and 4 months following completion of radiation
therapy (C and D). Initial images (A and B) demonstrate metastatic disease throughout the
sacrum and infiltrating the left S1 nerve (arrows). B, Before radiation, ADC within the diseased
left S1 nerve was 0.78 = 0.15 X 102 mm?/s. D, Four months later, following completion of
radiation therapy, ADC within the nerve had markedly increased to 1.39 + 0.23 X 10" > mm?/s.

value of 0.69 X 10~ > mm?/s (interquartile range = 0.49 X 10>
mm?/s, minimum = 0.26 X 10~ > mm?/s, maximum = 1.08 X
10~ mm?*/s, mean ADC = 0.69 X 10> mm?®/s, SD = 0.28 X
1072 mm?/s). Intrarater and interrater reliability for ADC mea-
surements, characterized by the Pearson correlation coefficient r,
were r = 0.98 (P = 7.0 X 1077) for intrarater reliability and r =
0.88 (P = .0011) for interrater reliability.

One-way between-groups ANOVA demonstrated a statisti-
cally significant difference in ADC values across the 3 groups: F
(dfl = 2,df2 = 20) = 19.0, P = .000023. Post hoc pair-wise
comparisons using the Tukey test showed that the mean ADC
values for Group 1 (1.99 X 10> mm?/s) and Group 2 (0.69 X
107> mm?®/s) were significantly different at P = .0002 and
mean ADC values for Group 2 (0.69 X 10> mm?/s) and
Group 3 (2.37 X 10~ > mm?®/s) were significantly different at
P =.000039. The ADC for Groups 1 and 3 did not differ sig-
nificantly from each other (P = .36).

The nonparametric Kruskal-Wallis test also showed a statisti-
cally significant difference in ADC across the 3 groups, with x*
(df = 2, 23 subjects) = 15.0 and P = .00056. Finally, post hoc
nonparametric pair-wise comparisons using the Mann-Whitney
U test showed a statistically significant difference in ADC between
Groups 1 and 2 (P = .00010) and between Groups 2 and 3 (P =
.0012), but no statistically significant difference between Groups 1
and 3 (P = .97).

Figs 2-9 demonstrate MR images of representative cases from
each of the 3 groups (benign lesions, malignant lesions, and post-
radiation changes).

DISCUSSION

Peripheral polyneuropathies affect multiple peripheral nerves
and are generally caused by systemic diseases, most commonly
diabetes, and vitamin deficiency related to alcohol use or perni-
cious anemia, in the United States and Europe. Polyneuropathies
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are usually diagnosed through clinical
history, physical examination, laboratory
studies, nerve conduction studies, and nee-
dle electromyography.®'® Unlike polyneu-
ropathies, mononeuropathies and plex-
opathies are most often due to trauma,
nerve compression syndromes at charac-
teristic anatomic locations, mass lesions,
and postradiation changes; and imaging
can play a decisive role in diagnosis. In a
study of MR imaging of symptomatic
nontraumatic brachial plexopathy, post-
radiation change was the most common
cause, accounting for 31% of cases, with
metastatic breast cancer and primary or
metastatic lung cancer accounting for
24% and 19% of cases, respectively. The
remaining 26% of cases were caused by a
wide variety of benign and malignant tu-
mors.” Unlike many cases of diffuse poly-
neuropathy, patients with brachial or
lumbosacral plexopathy frequently un-
dergo MR imaging due to the localized
distribution of symptoms and presumed localized extent of the
pathologic findings.'**°

We characterized the diffusivity of masslike or infiltrative le-
sions of the peripheral nerves discovered on MR imaging per-
formed for a clinical indication of peripheral mononeuropathy or
brachial or lumbosacral plexopathy. We demonstrated a statisti-
cally significant difference among the diffusivities of benign and
malignant tumors and postradiation changes. This result is com-
patible with other studies that have demonstrated diffusivity to be
generally inversely correlated with tumor cellularity and tumor
grade in several contexts, including adult and pediatric brain tu-
mors, head and neck masses, lymph nodes, retroperitoneal soft-

10-1621 and MR neurography.® Our results are also

tissue masses,
consistent with a prior study” in which a statistically significant
difference in ADC values between benign (1.85 = 0.40 X 10
mm?/s) and malignant (0.90 = 0.25 X 10~ > mm?/s) peripheral
nerve tumors and tumorlike masses was reported (P < .001). In
the current study, we extended the analysis to include infiltrative
postradiation changes of the peripheral nerves that were not in-
cluded in that previous study. We report a complete separation of
ADC values between benign and malignant lesions, with malig-
nant lesions demonstrating ADC < 1.08 X 1072 mm?/s, and be-
nign lesions demonstrating ADC = 1.30 X 10~ mm?/s.

The apparent diffusion coefficient is a measure of the diffusiv-
ity, or microscopic mobility, of water protons in tissue. The dif-
ference in ADC values of the lesions in our study was likely due to
factors such as tumor cellularity, integrity of cell membranes, nu-
clear-to-cytoplasmic ratio, and the water content of the extracel-
lular matrix. These have been postulated to account for low dif-
fusivity within malignant solid tumors in prior studies.'®'**" A
study of benign and malignant extracranial soft-tissue tumors in
children showed an inverse relationship between ADC measure-
ments and cellular density derived from histologic analysis, but
correlation was only moderate (R* = 0.54), and it was postulated



that additional factors such as extracellular water content also
influence the ADC.*> Myxoid matrix is known to be abundant in
both schwannomas and neurofibromas. Schwannomas, particu-
larly Antoni B tissue within schwannomas, contain a high water
content, due to low cellularity and high mucin and low collagen
content,”” and this likely accounts for their high diffusivity.

Limitations of this study include the lack of biopsy-proven
diagnoses for all patients, the likelihood that diffusion character-
istics of postradiation changes evolve with time, and the need for
validation in a larger study population. Some malignant periph-
eral nerve sheath tumors, which may arise either de novo or from
malignant degeneration of plexiform neurofibromas, have been
shown to have a significant myxoid content; one prior study of
soft-tissue masses reported that ADC failed to differentiate benign
from malignant myxoid soft-tissue tumors, though only one ma-
lignant peripheral nerve sheath tumor was included in that
study.”! ADC values in postradiation change are likely to be af-
fected by features such as edema, fibrous-inflammatory reaction,
and vascular permeability that are temporally dynamic, particu-
larly in the first few months after treatment. Long-term follow-up
imaging rather than biopsy was more often performed for lesions
with benign features on conventional imaging, introducing a bias,
because biopsy was performed on all lesions that ultimately re-
ceived a malignant diagnosis but on only a subset of lesions re-
ceiving a benign diagnosis. Finally, rare entities such as perineu-
roma>* and posttraumatic neuroma appear as mass lesions of the
peripheral nerves, but were not included within our study
population.

CONCLUSIONS

We demonstrate a statistically significant difference in diffusivity
between biopsy-proven malignant lesions, and lesions with either
biopsy-proven benign histology or stable size and benign features
on follow-up imaging. Although our results need to be validated
in a larger study population, the pattern of diffusivity values
within benign and malignant lesions described here may be help-
ful in selecting patients for percutaneous tissue sampling, debulk-
ing versus en bloc total resection, and/or short-term clinical and
imaging follow-up.

Disclosures: Nicholas M. Barbaro—UNRELATED: Grants/Grants Pending: National
Institute of Neurological Disorders and Stroke* Elekta.* *Money paid to the
institution.
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ORIGINAL RESEARCH
SPINE

Vertebral Augmentation for Neoplastic Lesions with Posterior
Wall Erosion and Epidural Mass

A. Cianfoni, E. Raz, S. Mauri, S. Di Lascio, M. Reinert, G. Pesce, and G. Bonaldi

ABSTRACT

BACKGROUND AND PURPOSE: The presence of a cortical erosion of the posterior wall or an epidural mass is commonly considered a
contraindication to performing a vertebral augmentation, considering the perceived increased risk of an epidural cement leak. Our aim was
to assess technical and clinical complications of vertebral augmentation procedures performed for pain palliation and/or stabilization of
neoplastic lytic vertebral body lesions, with cortical erosion of the posterior wall, often associated with a soft-tissue epidural mass.

MATERIALS AND METHODS: In 48 patients, we performed retrospective vertebral augmentation assessment on 70 consecutive levels
with cortical erosion of the posterior wall, as demonstrated by preprocedural CT/MR imaging. An epidural mass was present in 31/70
(44.3%) levels. Cavity creation was performed with Coblation Wands before cement injection in 59/70 levels. Injection of high-viscosity
polymethylmethacrylate was performed under real-time continuous fluoroscopic control. Postprocedural CT of the treated levels was
performed in all cases. Clinical follow-up was performed at 1and 4 weeks postprocedurally.

RESULTS: In65/70(92.8%) levels, the vertebral augmentation resulted in satisfactory polymethylmethacrylate filling of the lytic cavity and
adjacent trabecular spaces in the anterior half of the vertebral body. An epidural leak of polymethylmethacrylate occurred in10/70 (14.2%)
levels, causing radicular pain in 3 patients, which spontaneously resolved within 1 week in 2 patients, while 1 patient with a TI-T2 foraminal
leak developed severe weakness of the intrinsic hand muscles and a permanent motor deficit.

CONCLUSIONS: In our series of vertebral augmentation of neoplastic lytic vertebral lesions performed for palliation of pain and/or
stabilization, we observed a polymethylmethacrylate epidural leak in only 14.2% of levels, despite the presence of cortical erosion of the
posterior wall and an epidural mass, with an extremely low rate of clinical complications. Our data seem to justify use of vertebral
augmentation in patients with intractable pain or those at risk for vertebral collapse.

ABBREVIATIONS: CE-PW = cortical erosion of the posterior wall; EM = epidural mass; PMMA = polymethylmethacrylate; VA = vertebral augmentation

pinal metastases, which are present in approximately 5% of

patients with systemic cancer,"? are often associated with se-
vere pain and reduced quality of life and can lead to potential
catastrophic complications linked to spinal cord compression.’

Vertebroplasty, first described in 1987,* and, in more general
terms, vertebral augmentation (VA) procedures are widely per-
formed, especially for osteoporotic fractures® but also as palliative
treatment for painful or at-risk-of-collapse neoplastic lytic vertebral
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body lesions.® The intent of the procedure is to relieve pain and/or
stabilize the vertebral body to arrest a developing fracture or prevent
a new one.””” Multiple recent studies have shown a significant im-
provement in clinical outcomes (including pain) by using percuta-
neous vertebroplasty with or without kyphoplasty.'"'*> The presence
of a cortical erosion of the posterior wall (CE-PW) or an epidural
mass (EM) is commonly considered a contraindication to perform-
ing VA, considering the perceived increased risk of an epidural
polymethylmethacrylate (PMMA) cement leak.'> A PMMA epidural
leak carries the risk of compression of the spinal cord and/or the
nerve roots. The cement may also displace the tumor posteriorly,
through a dehiscent posterior wall into the spinal canal; this event
may be an even more dangerous complication, given the lack of con-
trol and visualization under fluoroscopy.'

The recently introduced controlled ablation (Coblation;
ArthroCare, Austin, Texas) is a technique that allows the destruction

of the tumor by placing a radiofrequency “wand” through the



FIG1. Preprocedural imaging. All patients had preprocedural CT to detect the presence of lytic
cortical erosion of the posterior wall of the vertebral body, which was dichotomized into 2 main

body lesions. All patients underwent
preprocedural CT and  gadolinium-
enhanced MR imaging of the spine at the
target level.

Two neuroradiologists evaluated, in
consensus, the preprocedural CT to de-
termine the presence or absence of
CE-PW and the preprocedural MR im-
aging to determine the presence of EM.
The study population was, hence, a se-
ries of procedures on 70 consecutive ver-
tebral levels in 48 patients. The mean age
of the included patients was 64 years
(range, 36—84 years; 20 men and 28
women). We recorded the following le-
sion characteristics: primary tumor, ver-
tebral level, presence of an EM, dichoto-
mic differentiation of the cortical
erosion as “large” or “permeative,” di-
chotomic differentiation of the EM as
“large and convex” or “small and con-
cave” (Fig 1), and the presence of com-
pression of neural structures.

The VA procedures were variably
performed before, during, or after radi-
ation treatment and/or chemotherapy,
following a multidisciplinary shared in-
dividualized clinical decision among a
neuroradiologist, neuro-oncologist, ra-
diation oncologist, and neurosurgeon.

patterns: large defect (A) and permeative erosive defect (B). All patients had preprocedural MR

imaging of the spine at the target levels to detect extraosseous neoplastic epidural soft tissue,

dichotomized into large and convex (C) and small and concave (D).

vertebroplasty needle and uses the activation of a plasma field to
vaporize the neoplastic soft tissue and create a cavity'*; this cavity
can then be filled more precisely and with low-pressure injection
with PMMA, with a reduced risk of cement leak and posterior
tumor displacement.'>'® The use of high-viscosity PMMA has a
rationale in the treatment of such lesions, having been reported to
help reduce the rate of extravertebral cement leak in benign and
malignant fractures."”

The aim of this work was to assess technical and clinical com-
plications of VA, performed for pain palliation and/or stabiliza-
tion of neoplastic lytic vertebral body lesions, in a cohort of pa-
tients with CE-PW with or without associated soft-tissue EM.

MATERIALS AND METHODS

Patients

Patients were eligible for this retrospective, institutional review
board—approved study if they were treated with VA between
March 2011 and December 2012. At the time of treatment, pa-
tients were entered into a prospectively maintained data base.
Additional data were collected by reviewing charts and reports
and by analyzing all radiologic images available. For this analysis,
we selected the subgroup of patients treated for a malignant ver-
tebral lytic lesion with CE-PW. Indications for treatment were
pain palliation and/or stabilization of neoplastic lytic vertebral

Percutaneous VA Procedure and
Follow-Up

All procedures were performed by the
same operator, with variable participation of trainees under su-
pervision. All patients were under monitor-assisted-care intrave-
nous sedation and local anesthesia or under general anesthesia.
The procedural technique was individualized and varied for dif-
ferent patients, at the operator’s discretion, depending on the
morphology, extent, consistency, and level of the vertebral lesions
(Fig 2). The VA procedures were all performed under fluoro-
scopic guidance and control by using single-plane equipment.
Combined additional CT guidance was used for some procedures
to assist in accurate needle placement, mainly in the presence of
extensive lytic changes involving the pedicles. In those cases, a
C-arm fluoroscope was positioned in a lateral view, just adjacent
to the CT gantry, to monitor PMMA injection in real-time. Intra-
operative myelography was used during treatment of some verte-
brae in the lumbar or thoracolumbar junction areas in the pres-
ence of a large soft-tissue EM projecting into the spinal canal
(Fig 3).

Beveled 15-, 10-, or 8-ga bone needles were inserted into the
vertebral body under fluoroscopic guidance. A unilateral or bilat-
eral transpedicular or parapedicular approach was used in the
thoracolumbar spine. In the cervical spine, the anterolateral ap-
proach was used for C4—C7 levels, while a transoral approach was
used for C2-C3 levels and a posterolateral CT-guided approach
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FIG2. Cement augmentation of the weight-bearing portion of the vertebral body. Extensive lung cancer metastatic lytic destruction of the T2
vertebral body, with large cortical erosion of the posterior wall and a small concave epidural mass (A—C) at risk of impending collapse. After
cavity creation with Coblation (D), we performed cement augmentation by injecting high-viscosity PMMA with a coaxial, curved, directional
cannula (E) to achieve cement distribution in the anterior two-thirds of the vertebral body, spanning superior-to-inferior disk endplates and
preventing epidural leaks (E-F). The cement filling was deemed excellent and appropriate for providing structural stability.

was used for the CI level.'® Coaxially, several devices were vari-
ably inserted into the vertebral body. Plasma-field-activated ra-
diofrequency Coblation Wands (ArthroCare), osteotomes, and
curettes were used for cavity creation within the anterior two-
thirds of the vertebral body when deemed necessary and appro-
priate, especially for solid tumors, before cement injection, fol-
lowing the technique already described in the literature.'” When
vertebral height restoration seemed desirable, in an attempt to
reduce vertebral collapse, kyphoplasty balloons (Kyphon;
Medtronic, Minneapolis, Minnesota) were used (Fig 3A-D). Fi-
nally, high-viscosity PMMA (Vertaplex HV; Stryker, Kalamazoo,
Michigan) was injected in variable amounts under real-time con-
tinuous fluoroscopic control, until satisfactory filling of the lytic
cavity and interdigitation in adjacent trabecular bone in the ante-
rior two-thirds of the vertebral body were achieved. The aim was
to obtain cement deposition in the portion of the vertebra at risk
of collapse, namely the anterior two-thirds of the vertebral body,
possibly spanning from superior-to-inferior endplates across the
midline.

PMMA injection was halted if radiopaque cement approached
the central canal or visibly tended to leak outside the vertebra, in
the soft tissues, or in vascular structures. Control nonenhanced
helical CT of the treated spinal segments was performed in every
patient within 24 hours postprocedurally to assess PMMA leaks in
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the epidural space and foramina and to evaluate the PMMA filling
of Iytic cavities and adjacent trabecular spaces. CT datasets were
reconstructed with a bone algorithm with 3-mm-thick multipla-
nar reformatted and 10-mm MIP images in the axial, sagittal, and
coronal planes and were reviewed in consensus by 2 neuroradi-
ologists. Clinical follow-up was performed at 1 week over the
phone by a specialized nurse and at 4 weeks by a physician in
consultation, to evaluate treatment-related clinical complica-
tions. The Visual Analog Scale pain score (range, 0—20) was mea-
sured before, 1 week after, and 1 month after treatment. Our
clinical practice included plain film follow-up at 1 month post-
procedure of the target spinal segment for those patients with
nonsatisfactory (poor) cement filling, to rule out increased or
newly developed vertebral collapse.

Statistics

The data are expressed as mean = SD or as median and range. A
Fisher exact test to compare categoric data was performed. A
Pearson correlation coefficient was used for any correlation
among the outcome, complications, and age of the patient. A P
value < .05 was considered statistically significant. Statistics were
calculated by using SPSS (Version 21.0; IBM, Armonk, New
York).



FIG3. Two cases of the use of intraoperative myelography. A-D, Case 1has a pathologic fracture of L1 related to a renal cell cancer metastatic
lytic lesion, characterized by a large posterior wall cortical erosion and a convex epidural mass (A). The intraoperative myelographic images (B—C)
show fracture reduction and widening of the central canal during balloon inflation (C), with reduced evidence of myelographic block (compare
arrows on B and C). D, Post-cement augmentation reformatted sagittal CT image. E-H. Case 2 has a lytic lung cancer metastatic lesion of the L2
vertebral body with a large cortical erosion of the posterior wall (E). Intraoperative myelographic images (F-G) show progressive retropulsion of
the posterior aspect of the tumor toward the epidural space, with a posteriorly displaced tumor-contrast interface (arrow on G) during cement
injection in the vertebral body, which prompted halting cement injection. H, Final results on CT.

Table 1: Demographic data, imaging characteristics, and vertebral
levels treated in 48 patients

Data Total
Patients (No.) 48
Age (yr) (mean) (=SD) 64 (14.8)
Primary cancer (No.)

Solid tumors 51
Multiple myeloma 17
Lymphoma 2
Cortical erosion (No.) 70
Large 43
Permeative 27
Epidural mass (No.) 31
Large and convex 18
Small and concave 13
RESULTS

Demographic data, tumor histotype, treated levels, and imag-
ing characteristics of the patients of our series are shown in
Table 1.

We treated 8 cervical (11.4%), 38 thoracic (54.3%), and 24
lumbosacral levels (34.3%). The mean number of treated levels
per patient was 1.45 (range = 1-5; median = 1). Thirty patients
had 1 level treated, 11 patients had 2 levels treated, 3 patients had
3 levels treated, and 1 patient each had 4 and 5 levels treated
during 1 procedure. Compression of neural structures was seen
preprocedurally in 16/70 (22.8%) levels. Of the 45 patients
treated, only 18 presented with pain resistant to conservative mea-

sures and reasonably attributable to the target lesions that were
subsequently treated; in 15 cases, the pain appeared more diffuse
and less easily linkable to the target lesions, while in 38 cases sta-
bilization was an exclusive or additional indication to the VA
treatment.

No patients in this series had a neurologic deficit attributable
to compression of neural structures preprocedurally. An MR im-
aging—proved EM was present in 31/70 (44.2%) levels; in 18/
31(58%) cases, the EM was large, with a posterior convex profile,
whilein 13/31(41.9%) cases, it was small, with a posterior concave
profile. Combined fluoroscopic/CT guidance was used in
9/70(12.8%) levels, while intraoperative myelography was used in
6/70 (8.5%) levels. Balloon kyphoplasty was performed in 7/70
(10%) levels. Cavity creation with plasma-field-activated radio-
frequency (Coblation) wands was used in 59/70 (84.2%) levels
before cement injection. Cement filling of the lytic cavity and
adjacent trabecular spaces was desired and attempted, especially
in the weight-bearing anterior two-thirds of the vertebral body.
According to previously described criteria,” the PMMA filling, as
seen on postprocedural CT, was deemed excellent (percentage of
filling = 67%-100%) in 40 levels (57.1%), good (percentage
of filling = 34%—66%) in 25 levels (35.7%), and poor (percentage
of filling = 0%—-33%) in 5 levels (7.1%). As a whole, in 65/70 levels
(92.8%), satisfactory PMMA filling (excellent and good) of the
Iytic cavity and adjacent trabecular spaces was obtained.

An epidural leak of PMMA occurred in 10/70 levels (14.2%)
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FIG 4. Examples of epidural leaks in our series. A and B, A central ventral epidural leak at T6 in a
multiple myeloma vertebral cement augmentation, which was asymptomatic. C, A small lateral
foraminal epidural leak, causing a transient, self-resolving radicular pain. D, A quite large ventral
epidural leak that required stopping the cement injection, resulting in technically unsatisfactory
cement filling of the vertebral body. The leak was otherwise clinically silent.

Table 2: Contingency table (2 X 2) showing the lack of
correlation between epidural leak and type of cortical erosion,
large or permeative®

Epidural Leak+ Epidural Leak- Total
Large CE 7 36 43
Permeative CE 3 24 27
Total 10 60 70

Note:—CE indicates cortical erosion.
2 Fisher exact test. Two-tailed P = .730.

Table 3: Contingency table (2 X 2) showing the lack of
correlation between epidural leak and presence of epidural
mass®

Epidural Leak+ Epidural Leak- Total
Epidural mass+ 4 27 31
Epidural mass— 6 33 39
Total 10 60 70

2 Fisher exact test. Two-tailed P = 1.

(Fig 4). In 4/10 leaks (40%), the patients had an associated EM.
No correlation was found between the occurrence of an epidural
leak and a permeative or large pattern of cortical erosion (Fisher
exact test, P = .73) (Table 2), between the occurrence of an epi-
dural leak and the presence of an EM (Fisher exact test, P = 1)
(Table 3), or between the occurrence of an epidural leak and the
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type of EM (Fisher exact test, P = .28)
(Table 4). No significant correlation was
observed between leak occurrence and
tumor histotype (x* test, P = .805).

In 3/10 cases with epidural leak, the
leak was in the neural foramen; 2 of these
patients experienced ipsilateral radicu-
lar pain, which spontaneously resolved
within 1 week. In 1 case with T1-T2 fo-
raminal leak (Fig 5), the patient devel-
oped severe weakness of the right intrin-
sic hand muscles (myotome T1) without
pain; the patient declined decompres-
sive surgery and was treated with oral
steroids. The motor deficit partially im-
proved but was nevertheless persistent
(M3/5) at 1 month. In the other 7 pa-
tients, the epidural leak was in the ven-
tral median and ventral lateral epidural
space; no new radicular pain or neuro-
logic deficit occurred postprocedurally
or at follow-up.

No patient developed a neurologic
deficit related to spinal cord compres-
sion. At 1-week and 4-week follow-up,
no patients had worsened back or radic-
ular pain attributable to the procedure.
In the subgroup of patients with pain
judged related to the target level (n =
18), the mean Visual Analog Scale pain
score before treatment was 16.3 * 2.5
(range, 12-20) versus 7.4 = 4.1 (range,
1-17) at 1 week versus 6.1 * 5.2 (range,
1-14) at 1 month postprocedurally. One
patient who had poor filling at 2 weeks
postprocedurally presented with new onset of back pain; imaging
revealed increased vertebral collapse at the treated level. This pa-
tient underwent a new VA procedure, which was uneventful and
successful in obtaining satisfactory PMMA filling and pain reso-
lution (this second procedure was not counted in this series, being
a retreatment). In the remaining 4 patients with poor filling re-
ported, no new symptoms were attributable to a clinically signif-
icant new or progressive vertebral fracture and their imaging fol-
low-up revealed no increased collapse at 1 month.

DISCUSSION

In our series of VA procedures in neoplastic lytic vertebral lesions
with CE-PW performed for palliation of pain and/or for stabili-
zation, 92.8% of procedures were technically successful. We ob-
served a cement epidural leak in only 14% of levels, despite the
presence of the CE-PW in all patients of the cohort by definition
of the inclusion criteria. The rate of transient clinical complica-
tions was extremely low (4.2%), but 1 (1.4%) clinical complica-
tion with permanent disability, likely from radicular injury re-
lated to a PMMA foraminal leak, did occur. Notably, none of the
patients developed a neurologic deficit related to spinal cord com-



pression. We also found that the presence of an MR imaging—
proved EM did not represent a risk factor for epidural leak.

Treatment Indications

The aim of the VA procedure was pain palliation and/or stabili-
zation in fractured or at-risk-of-collapse vertebral bodies. The
indication to treat with VA was presented for each individual
patient in the setting of a multidisciplinary discussion (Spine Tu-
mor Board), where conservative, medical, radiation, surgical, and
interventional radiology therapeutic options were discussed.
Whenever stability was a concern but surgery was contraindicated
by the general condition of the patient or by the indication not to
delay radiation treatment or by local specific conditions (ie, mul-
tilevel metastatic involvement), either reasonable stabilization
was deemed obtainable by a less invasive percutaneous cement
augmentation procedure or VA was favored as a first-line thera-

Table 4: Contingency table (sz X 2) showing the lack of
correlation between of epidural leak and type of epidural mass,
“large convex” or “small concave™

Epidural Leak+  Epidural Leak-  Total
Epidural mass S CV 3 10 13
Epidural mass L CX 1 17 18
Total 4 27 31

Note:—S CV indicates small concave; L CX, large convex.
2 Fisher exact test. Two-tailed P = .283.

FIG5. Symptomatic TI-T2 foraminal cement leak. Extensive breast cancer metastatic lytic lesion
of the T1 vertebral body with a large cortical erosion of the posterior wall (arrow on A). Vertebral
augmentation was performed under fluoroscopic guidance (B); despite inherently poor visibility
in the lateral view of the cervicothoracic junction, the epidural leak was promptly recognized
(arrow on B) and cement injection was halted. Nevertheless, the strategically located right fo-
raminal PMMA leak (arrows on C and D) caused a permanent motor deficit of the TI myotome.

peutic approach. In patients with multilevel involvement, selec-
tion of levels to treat to prevent a fracture was based on the extent
and location of the lytic lesions suggesting biomechanical risk of
collapse as described by Krishnaney et al*® and Taneichi et al*'
and by the Spinal Instability Neoplastic Score criteria.'’ In pa-
tients with pain and multilevel vertebral neoplastic involvement,
identifying the lesion or the cause of the symptoms is often not
possible with certainty. In such cases, the selection of levels to treat
with VA was based on clinical judgment, in some cases aided by
physical examination under fluoroscopy.

Worldwide, radiation therapy is still the criterion standard for
spinal metastases. Nevertheless, there are non-radiation-sensitive
tumors, >20%-30% of patients with painful bone metastasis are
nonresponders, and radiation therapy may not be an option be-
cause of high radiation doses previously delivered. Moreover, ra-
diation treatment requires a 2- to 4-week delay to achieve maxi-
mum effect; and following radiation, there might be a phase of
increased vertebral fragility and risk of fracture.”> VA can be in-
cluded in the multimodal treatment of spinal metastases with a
role complementary to radiation therapy, offering prompt pain
relief and immediate stabilization of the anterior column. In se-
lected cases, if VA is successful in relieving pain and/or offering
stability and if there is no real curative goal, radiation therapy can
be avoided or the dose exposure spared for a later time. Hirsch et

al*® reported no difference in pain out-
comes with regard to sequencing of ra-
diation therapy and the VA procedure.
In addition, clinical use of radiation
against neoplastic disease is not affected
by the presence of PMMA, and the char-
acteristics of PMMA are not affected by
the level of the radiation dose in clinical
use. At our institution, the presence of
neurologic deficits due to compression
of nerve structures does not absolutely
preclude VA, but radiation treatment or
decompressive surgery or both are
rather considered as first-line treat-
ments and VA is sometimes performed
in conjunction or as a second-line stabi-
lization or pain-palliation measure. In
this series, none of the treated patients
presented with neurologic deficits due
to spinal cord compression before the
procedure.

Procedure Efficacy
The aim of the VA procedure was to fill
the lytic areas in the weight-bearing por-
tions of the vertebral body with PMMA,
namely the anterior two-thirds, also to
obtain cement interdigitation in the non-
lytic adjacent trabecular bone, whenever
possible.

Because some patients included in
this study did not present with pain and
underwent the VA procedure exclu-
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sively for stabilization, we did not assess pain levels as a measure of
efficacy of the procedure. Nevertheless, in the subgroup of pa-
tients presenting with pain and a correlated target lesion, VA re-
sulted in significant pain reduction at 1 week and 1 month, repro-
ducing known results from the literature.'®'? Because the study is
retrospective and the patients were not specifically selected for
inclusion on the basis of pain symptoms only and because indi-
vidual patients received different pain pharmacologic regimens
and different oncologic treatment regimens, the reported results
on pain might reflect confusing effects from other factors not
assessed in this study. As a measure of the efficacy of the proce-
dure, we focused rather on the degree of PMMA filling and the
rate of technical and clinical complications related to the proce-
dure. Cement leakage into the spinal canal or neuroforamina
(Figs 4 and 5), one of the most feared technical complications of
VA in neoplastic vertebral lesions due to its potential for nerve
damage, was assessed by technical and clinical complications of
the procedure. We did not perform imaging follow-up of those
levels in which we achieved good or excellent cement filling. The
efficacy of the stabilization procedure in arresting or preventing
clinically significant vertebral collapse was rather inferred by the
absence of new clinical symptoms at the target levels. In patients
with poor filling who underwent the 1-month plain film follow-
up, no new collapse was detected. Only 1 patient among those
with poor PMMA filling presented within 1 month postprocedur-
ally with new back pain, prompting imaging assessment that dis-
closed increased collapse at the treated level.

VA Technique

Due to the highly variable characteristics of the vertebral lesions
requiring treatment, each posing specific technical challenges, the
VA procedures in this series have been performed by using differ-
ent techniques, imaging-guidance modalities, tools, and devices,
individualized for each case.

Fluoroscopy was the imaging-guidance technique of choice,
invariably used to have real-time control of PMMA injection, but
in cases with extensive lytic disruption of the pedicles or poor
fluoroscopic visibility of bony landmarks, CT guidance was used
to place the needles and to intermittently control PMMA spread.
When posterior wall retropulsion or a large EM was encroaching
on the spinal canal, intraoperative myelography allowed indirect
visualization of the posterior vertebral body margins and depicted
intraprocedural worsening of retropulsion. This technique was
applicable only at the lumbar and lower thoracic levels, where the
contrast agent injected intrathecally would form a stable and vis-
ible contrast-tumor interface in the prone patient. Intraoperative
myelography increased operator comfort and confidence in such
challenging cases, and in only 1 case did it actually show a pro-
gressive mild retropulsion of soft-tissue tumor during cement in-
jection (Fig 3E—-H). This observation led to halting the cement
injection; the cement filling was already satisfactory and no clin-
ical consequences ensued. In no other case was an evident soft-
tissue-mass posterior displacement noted as an immediate conse-
quence of the procedure.

Every effort was made to allow the most optimal and precise
fluoroscopic projections and visualization throughout each phase
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of the VA procedure; we think this effort is crucial in such chal-
lenging cases.

All the VA procedures used high-viscosity PMMA, with a
working time of approximately 18 minutes. PMMA injection was
performed very slowly, starting as anterior as possible in the ver-
tebral body, with mandatory real-time continuous fluoroscopic
control in the lateral projection and intermittent anteroposterior
checks. The use of high-viscosity cement reduces the rate of ex-
travertebral leaks.'” The volumes of injected PMMA varied
widely; this variation reflected differences in the size of lytic le-
sions, trabecular compliance, and injected cement distribution.**

Cavity Creation

In most cases in our series, due to the presence of CE-PW, cavity
creation in the anterior two-thirds of the vertebral body was per-
formed before cement injection, to favor optimal PMMA filling of
the lytic cavity while minimizing the risks of epidural PMMA leak
or displacement of solid tumoral tissue through the dehiscent
posterior wall.>> Cavity creation in the vertebral body was per-
formed with Coblation Wands (Fig 2), as previously reported by

19:26:27 1n 59/70 levels. The decision not to use Co-

other authors,
blation was made intraprocedurally when the advancement of the
trocar cannulas through the lytic area did not reveal typical soft-
tissue consistency, but rather fluid consistency, such as in mark-
edly necrotic tumors or in some multiple myeloma lesions.
Coblation is a form of radiofrequency energy that, through a
controlled, non-heat-driven process, excites the electrolytes in a
conductive medium, such as saline solution.?® The energized par-
ticles cause tissue to dissolve into gas at relatively low tempera-
tures with volumetric removal of target tissue with minimal dam-
age and minimal heating of the surrounding tissue.>® Dissolution
through vaporization of soft tissues in close proximity of the tip of
the Coblation Wand, with a modest temperature rise, represents
a theoretic advantage over conventional thermal radiofrequency
tumor ablation, also used in combination with VA in metastatic
lesions of the spine.”® Radiofrequency kills the tumor tissue with-
out dissolving it, therefore without truly creating a cavity; more-
over, radiofrequency causes a significant rise in the temperature
of the soft tissues and renders neural structures at risk of heat
lesions, especially when the posterior wall cortex is defective.>
The creation of a cavity by tissue dissolution also represents a
theoretic advantage over a cavity created by mechanical tissue
displacement, as in kyphoplasty. We used kyphoplasty in 7 cases,
not for cavity creation but always after the cavity was created with
Coblation, in an attempt to obtain height restoration and reduc-
tion of posterior wall retropulsion (Fig 3A-D), exploiting the ten-
sion of the posterior longitudinal ligament (ligamentotaxis).*

Complications

CE-PW is thought to be a risk factor for epidural PMMA leak,
which has potential for nerve structure compression and neuro-
logic injury and might require decompression surgery. Further-
more, a leak occurring early during injection would prompt the
early interruption of the procedure, limiting the desired filling of
the vertebral body. Despite the potential for nerve damage, in
most cases, the leakage is asymptomatic or manifests as transient



radicular pain,9 which is due to PMMA-related heating rather
than compressive damage.

In the only patient in our series who reported a permanent
clinical complication related to the procedure, a foraminal
PMMA leak occurred at T1-T2 (Fig 5). It was a breast cancer
metastasis involving the T1 vertebra. Coblation-assisted cavity
creation was performed. Despite the inherent relatively poor flu-
oroscopic visibility of the cervicothoracic junction on lateral-view
fluoroscopy during the PMMA injection, the posterior cement
leak was promptly recognized and cement injection was stopped.
The patient presented a few hours later with a radicular T1 motor
deficit. No spinal cord compression was noted. Conservative-ver-
sus-decompressive surgery measures were discussed, and the pa-
tient elected not to undergo surgery.

The occurrence of cement leakage in our series (14%) only in
patients with CE-PW was not larger than that in other published
series on neoplastic lytic lesions,”'>'” and it is well-recognized in
the literature that the depiction of PMMA leaks is much higher
when CT is used as a postprocedural imaging follow-up com-
pared with fluoroscopy or plain films. Similarly, the notably low
rate of clinical complication (3 cases, [4.2%], 2 of which were
transient) obtained in our study is the result of multiple factors.
We believe that creation of a well-sized cavity by using Coblation
allows low-pressure injection, makes the distribution of PMMA
more predictable, and can effectively limit the chance of posterior
cement leakage in this subcategory of patients. Use of high-viscos-
ity PMMA, optimal fluoroscopic visualization of the field, and
appropriate knowledge of radiographic and cross-sectional spinal
anatomy are key factors. To validate the results of this single-
center single-operator study, a larger, multicenter study with a
larger cohort and longer follow-up may be useful.

A limitation of our study is the retrospective nature, even
though this cohort is the result of a prospectively established data
base and all the cases performed were included. Lack of a control
group and lack of long-term imaging or clinical follow-up to as-
sess durability in all patients were other limitations.

CONCLUSIONS

Our data seem to justify the use of percutaneous vertebral aug-
mentation in neoplastic lytic vertebral lesions with cortical ero-
sion of the posterior wall, performed for palliation of pain and/or
for stabilization in case of risk of vertebral collapse. Adequate
skills levels; state-of-the-art equipment, devices, and materials;
and individualized technical adjustments are critical for keeping
complication rates low.

Disclosures: Michal Reinert—UNRELATED: Grants/Grants Pending: Oxygen Bio-
therapeutics,* Comments: severe head injury studies. *Money paid to the institution.
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ORIGINAL RESEARCH
SPINE

Double Inversion Recovery Sequence of the Cervical Spinal
Cord in Multiple Sclerosis and Related Inflammatory Diseases

I. Riederer, D.C. Karampinos, M. Settles, C. Preibisch, J.S. Bauer, J.F. Kleine, M. Muhlau, and C. Zimmer

)

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging plays an important role in diagnosing MS and other related inflammatory diseases; however,
imaging of the spinal cord is still challenging. We hypothesized that a 3D double inversion recovery sequence for cervical spinal cord
imaging would be more sensitive in detecting inflammatory lesions than a conventional 2D T2-weighted TSE sequence at 3T.

MATERIALS AND METHODS: On a 3T MR imaging scanner, we examined 30 patients with suspected or established MS (MS, n = 16;
clinically isolated syndrome, n = 12; isolated myelitis, n = 2) and 10 healthy controls. Newly developed 3D double inversion recovery and
conventional 2D axial and sagittal T2-weighted TSE images of the cervical spinal cord were acquired. Two blinded neuroradiologists
independently assessed the scans in pseudorandomized order for lesion numbers and rated lesion visibility and overall image quality on
5-point scales. A subsequent consensus reading delivered definite lesion counts. Standardized contrast-to-noise ratios were calculated in
representative lesions of each patient.

RESULTS: Overall, 28% more lesions could be detected with 3D double inversion recovery than with conventional T2WI (119 versus 93, P <
.002). On average, the standardized contrast-to-noise ratio was significantly higher (P < .001) in double inversion recovery than in T2WI.
Lesion visibility was rated significantly higher (P <.001) in double inversion recovery compared with T2WI despite lower image quality.

CONCLUSIONS: The novel 3D double inversion recovery sequence allowed better detection of lesions in MS and related inflammatory

diseases of the cervical spinal cord, compared with conventional 2D T2WI.

ABBREVIATIONS: DIR = double inversion recovery sequence; sCNR = standardized contrast-to-noise ratio

mong the inflammatory CNS diseases, spinal cord lesions can

most frequently be found in multiple sclerosis, though they
are very uncommon in other neurologic diseases." MR imaging of
the brain and spinal cord plays a major role not only for establish-
ing the diagnosis of MS but also for evaluating its individual
course.”” The following sequences are recommended in the stan-
dard MS spinal cord imaging protocol: 2D (sagittal and axial)
proton-attenuation/T2-weighted images, sagittal T1-weighted
images pre- and postcontrast, and axial T1-weighted images post-
contrast through suspicious lesions.” MR imaging of the spinal
cord, however, is still challenging because of technical difficulties
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due to the small size of the spinal cord and its lesions and artifacts
caused by deglutition, respiration, and cardiac pulsation. This
challenge often leads to uncertainty during assessment of the
images. Numerous studies have compared different sequences,
such as STIR, which provides high lesion contrast, with this
standard protocol in MS.>” Other studies compared T2*-
weighted gradient recalled-echo sequences with and without a
magnetization transfer prepulse with axial T2 FSE and sagittal
STIR images.® In inflammatory spine diseases with a diffuse
pattern, such as neuromyelitis optica, diffusion tensor imaging
has recently been used to measure fractional anisotropy with
great success.”'”

The double inversion recovery (DIR) sequence was first de-
scribed by Redpath and Smith in 1994.""'? In this sequence, the
signals from both the CSF and normal white matter are sup-
pressed simultaneously, while inflammatory lesions remain un-
suppressed and appear hyperintense. The fast spin-echo version
of DIR was introduced 1998 by Bedell and Narayana.'” Several
studies have shown that this sequence is very sensitive to MS le-
sions in the brain, especially with respect to intracortical le-
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MRI acquisition parameters of the 3D DIR and axial and sagittal T2WI TSE sequences

MS and related disorders with a high vol-

Sequence 3D DIR 2D T2WI TSE ume of stationary and ambulatory pa-
Imaging plane Sagittal Sagittal Axial tients. Diagnoses were made by the treat-
Acquisition matrix 208 X 208 X 300 212 X 233 308 X 207 ing neurologists, experienced experts in

o an . 3
Acquisition voxel size (mm?) 12 X12X13 0.94 X118 X2 0.65 X 0.88 X 4 MS and inflammatory CNS diseases. The
TR (ms) 5500 3071 4238 p ducted 1 q ‘b
TE (ms) 287 100 100 study was conducted in accordance wit
TSE factor 173 29 25 the 1964 Declaration of Helsinki, and the
IR delays (ms) 2550/450 study protocol was approved by the local
Flip/refocusing angle T2prep with TE = 125 ms 90°/120° 90°/120° ethics committee.
and 4 refocusing pulses

Acqgisition time 7 min 36 sec 3 min 47 sec 3 min 15 sec MR Imaging Acquisition
Sections 300 15 28

Scans were performed on a 3T scanner

Note:—IR indicates inversion recovery; T2prep, preparation pulse to ensure T2 weighting.

sions.'*'® An analogous DIR sequence for spinal cord imaging,
however, has not yet been established in clinical practice and re-
search. To the best of our knowledge, the only published material
on spinal DIR imaging is a vendor demonstration of a DIR se-
quence of the cervical spinal cord.'”

The aim of our study was, therefore, to compare a newly es-
tablished cervical spinal 3D DIR sequence with the conventional
axial and sagittal T2ZWI TSE sequences at 3T regarding image
quality and lesion detectability. Because the DIR sequence im-
proves the detection of lesions in the brain, especially in the cor-

teX,l4_16

we hypothesized that the spinal 3D DIR sequence would
also be a more sensitive tool for the examination of the spinal cord
in inflammatory diseases, especially in patients with suspected or

established MS.

MATERIALS AND METHODS
Patients and Healthy Volunteers
In 33 patients and 10 healthy volunteers, a DIR sequence was
acquired from the cervical spinal cord according to techniques
described below. Three of the patients were excluded because of
inadequate image quality in 3D DIR (but not in the conventional
T2WI TSE) images. Poor image quality in these cases was caused
by aliasing artifacts and magnetic field inhomogeneities presum-
ably caused by adiposity (body mass index of >35 in all 3 pa-
tients). None of the 10 healthy volunteers (4 women; mean age,
33 = 4 years; range, 27—41 years) had to be excluded. In the
remaining 30 patients (17 women, mean age, 39 = 11 years; range,
20-57 years), 12 had a prior diagnosis of definite MS, whereas MR
imaging was performed in the remaining 18 patients to establish
the primary diagnosis. The patients were examined due to a new
clinical attack compatible with myelitis or for routine follow-up.
Of note, although image data were collected prospectively with
the intent of subsequent blinded scientific evaluation, all images
were available to clinicians for routine clinical purposes and ra-
diologic reporting immediately after acquisition and, hence,
could have impacted clinical diagnoses and decision-making.
The final diagnoses were MS (n = 16; 11 relapsing-remitting, 2
primary-progressive, and 3 secondary-progressive), clinically iso-
lated syndrome (n = 12), and isolated myelitis of unknown etiol-
ogy (n = 2). The median Expanded Disability Status Scale score
was 2.45 (range, 0-7).

Patients were recruited consecutively at the department of
neurology at the Klinikum rechts der Isar (Technische Universitit
Miinchen, Munich, Germany), which runs a dedicated center for
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(Ingenia; Philips Healthcare, Best, the
Netherlands). Our standard protocol
consists of multisection sagittal and axial T2-weighted images,
sagittal T1-weighted images pre- and postcontrast, and axial T1-
weighted images postcontrast. In this study, we additionally ac-
quired a 3D fat-saturated double inversion recovery sequence
with suppression of the CSF and normal white matter. The ac-
quired voxel sizes were 1.2 X 1.2 X 1.3 mm in the DIR sequence
and 0.94 X 1.18 X 2 mm and 0.65 X 0.88 X 4 mm the sagittal and
axial T2WI TSE sequences, respectively. The DIR sequence was
interpolated to a voxel size of 1.2 X 1.2 X 0.65 mm by zero-filling
of the k-space. It was then reformatted with section thicknesses
of 2 (sagittal) and 4 mm (axial) for a better comparison with
the 2D sequences. The acquisition times were 7:36 minutes
(DIR) and 7:02 minutes (T2WI: sagittal, 3:47 minutes; axial,
3:15 minutes). Additional parameters of the sequences are
listed in the Table.

MR Imaging Analysis
Scans were assessed independently by 2 experienced neuroradi-
ologists (I.R. and J.F.K., with 2.5 and 9 years of experience, respec-
tively), blinded to diagnoses and clinical symptoms, on a standard
PACS workstation. The 3D DIR and T2WI TSE image series were
assessed separately, each in pseudorandomized order, with a tem-
poral delay of at least 2 weeks to exclude biases by memory effects.
A lesion was defined as a focal hyperintensity surrounded by a
normal isointense spinal cord. Confluent lesions with no distinct
delineation in between were counted as 1 lesion. Spinal cord le-
sions between the top of the C2 and the bottom of the C7 vertebral
body levels were counted. To assure comparable conditions with
the 2D T2WI TSE sequence, we counted lesions in the sagittal and
axial reconstructions of the 3D DIR sequence. Additionally, DIR
and T2 images were independently rated by the 2 neuroradiolo-
gists on 5-point scales in terms of overall image quality, lesion
visibility (5, excellent; 4, good; 3, average; 2, poor; 1, not diagnos-
tic) and artifacts (5, none; 4, mild, not affecting diagnostic value;
3, moderate, minor impact expected on diagnostic value; 2, pro-
nounced, major impact on diagnostic value; 1, severe, no diag-
nostic value). A definite lesion count was derived from an ad-
ditional consensus reading held after a delay of at least 1 week
by both neuroradiologists, by using the thin-sectioned raw
data and coronal reconstructions in addition to the axial and
sagittal reconstructions.

The contrast-to-noise ratio comparison between 2 sequences
with identical voxel sizes and acquisition durations is traditionally



FIG 1. Bland-Altman analysis of the lesion counts of reader 1and 2 for the DIR sequence (upper
row) and the T2WI TSE sequence (lower row). There was an almost identical, nonsignificant bias
in both techniques, with reader 2 counting on average 0.33 more lesions on DIR images and 0.37
more lesions on T2 images than reader 1(95% Cl, —3.2-2.6; correlation coefficient, r = 0.97; and

—2.8-21,r = 0.94, respectively).

performed on the basis of the ratio of the signal difference be-
tween the 2 tissues of interest over the SD of noise. However, as
signal noise decreases and contrast-to-noise ratio increases with
increasing voxel size and acquisition time, it is questionable to
compare (nonstandardized) contrast-to-noise ratios of sequences
that are, in these respects, different, as is the case for the 2D T2WI
TSE and 3D DIR sequences used. According to Edelstein et al,t®
the contrast-to-noise ratio is proportional to the acquisition voxel
volume and the square root of the total sampling time. To account
for this dependency and establish comparability for the 2 se-
quences, we defined a “standardized” contrast-to-noise ratio
(sCNR) according to

Slesion - Ss inal cord
P
b
SDbuckground X anxcl X \tacq

sCNR =

where S,,;,, and S,,;,..1 cora denote the mean signal in a region of
interest in the lesion and normal spinal cord tissue, respectively.
SDppckgrouna 1S the SD of noise in a region of interest selected in the

background, V,, ., is the voxel size, and ¢,

1 the acquisition time

in seconds. Calculation and measurement of the mean values
were performed with standard tools of the PACS workstation. To
calculate the average signal intensity of lesions, we placed circular
ROIs in thelargest lesion of each patient that was easily discernible
in both the T2ZWI TSE and DIR images. The ROIs for the mean
signal intensities of healthy spinal cord tissue were placed in

regions with normal signal without any
hyperintensities nearby. The noise region
was placed in the background in a region
without signal and noticeable artifacts.

Statistical Analysis

Differences in lesion number, sCNR, and
image quality were analyzed by using a
2-sided Student ¢ test for paired samples.
The level of significance was set to P < .01
for the whole study. The interobserver
agreement was calculated by using the Lin
concordance (concordance correlation
coefficient).'” Bland-Altman analysis was
performed to assess agreement between
the 2 different radiologists for each of the
sequences.

RESULTS

Lesion Detectability

In the independent readings, both raters
detected substantially more lesions in the
reformatted DIR images than in the con-
ventional T2WI TSE images (115 versus
96, P =.097, and 105 versus 85, P = .004).
The slightly higher lesion counts of the
more experienced reader were reflected in
the Bland-Altman analysis, which showed
a similarly small, nonsignificant bias of
—0.37 and —0.33 between radiologist 1
and radiologist 2 on T2WI TSE and DIR
images, respectively (Fig 1, 95% CI,
—2.8-2.1 and —3.2-2.6, respectively).
The concordance between radiologists was similar for both the
DIR and T2WI TSE sequence (both, concordance correlation co-
efficient = 0.91).

In the consensus reading, differences in lesion counts between
the DIR and T2WI TSE sequences occurred in 13 patients, always
favoring the DIR images. All lesions apparent in the T2ZWI TSE
images were also detected in the DIR images, but not vice versa
(Fig 2). Overall, 28% more lesions could be detected with the 3D
DIR sequence than with the conventional 2D T2WI TSE sequence
(119 versus 93, P < .002). On average, 4 lesions per patient were
detectable in the DIR sequence, compared with 3 in the conven-
tional T2WT TSE sequence (range, 0—13 [DIR], 0-11 [T2WI
TSE]; mean, 3.97 = 3.85 [DIR], 3.10 = 3.00 [T2WITSE]; P < .01;
Fig 3).

Image Quality
The sCNR was significantly higher in the 3D DIR sequence com-
pared with the standard 2D T2WI TSE sequence (0.36 = 0.14
versus 0.26 = 0.14, P < .001); thus, the visibility of the lesions was
clearly improved in the 3D DIR sequence (Fig 4). On a 5-point-
scale, lesion visibility was rated significantly higher in the DIR
sequence compared with the T2WI TSE sequence (4.8 versus 3.3
on a 5-point scale, P < .001), despite lower overall image quality
(3.7 versus 4.8, P < .001).

The DIR sequence seems to be more prone to motion artifacts
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FIG2. Examples of 2 patients with lesions visible only in the DIR images and not in the T2WI TSE images. Sagittal (A and F) and axial (D and H) T2WI
TSE images; sagittal (B and G), coronal (C), and axial (E and /) reconstructions of the 3D DIR sequence of the spinal cord. The group of images on
the left (I, A—E) shows the cervical spinal cord of a 52-year-old female patient. Note the lesion in the spinal cord at the C4 vertebral body level,
which is only visible in the DIR sequence. This patient indicated pain in her left shoulder, weakness of her left arm, and tingling in her left palm.
In T2WI TSE images, 1 lesion was visible in the cervical spinal cord at the C2/C3 level with discrete contrast enhancement (not shown in the
image). At first, the differential diagnosis included neoplasm and inflammation. Due to the cervical 3D DIR sequence, another small lesion was
detected at the C4 lateral level on the right (arrow), favoring the diagnosis of cervical myelitis. The group of images on the right (Il, F~I) shows
the spinal cord of a 49-year-old patient with clinically isolated syndrome. Note the lesion in the spinal cord at the C7 vertebral body level, which
is only visible in the DIR sequence.

the study. No false-positive lesions of the
spinal cord were found in the control
group in any of the sequences.

DISCUSSION

The present study demonstrates that the
DIR sequence, which has been shown to im-
prove visibility of MS-related inflammatory
lesions, in particular of intracortical lesions

in the brain,'*'®

can be adapted for imag-
ing of the cervical spinal cord. The newly
developed spinal 3D DIR sequence is more
sensitive than conventional T2WI TSE se-
quences for inflammatory lesions in pa-
tients with suspected or definite MS. This
sensitivity can be attributed to the higher

FIG 3. The number of lesions per patient according to the consensus reading of both radiolo-  sCNR of the 3D DIR sequence and the cor-
gists in the T2WI TSE and DIR sequences. Volunteers are not included. Range, 013 (DIR), 011

(T2WI TSE); mean, 3.97 = 3.85 (DIR), 310  3.00 (T2WI TSE); P < .0I. respondingly enhanced lesion visibility.

Early attempts to improve spinal cord
imaging in MS strived to establish a spinal

such as swallowing. Eight T2WI TSE images but only 2 DIR im-  version of the fluid-attenuated inversion recovery sequence, trying to
ages were rated as completely free of artifacts (4.5 versus 3.8, P < take advantage of the high sensitivity of the FLAIR sequence for MS
.001). Furthermore, image quality of the DIR sequence was re-  lesionsin thebrain.>***' However, due to poor contrast between lesions

stricted in 3 patients due to aliasing artifacts and B1 inhomogene-  and healthy spinal cord, the sensitivity of the spinal FLAIR sequence was
ities due to obesity. Therefore, these patients were excluded from  actually lower compared with conventional T2-weighted images.*
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FIG 4. Sagittal T2WI TSE (A and C) and DIR (B and D) images of the cervical spinal cord of 2 patients. A and B, Two lesions in the spinal cord at
the C4 vertebral body level of a 22-year-old female patient with clinically isolated syndrome. C and D, A diffuse myelitis of an 18-year-old female
patient with MS. The lesion-to-background contrast sCNR in DIR images is remarkably higher.

More recently, alternative techniques, such as classic T2WI
STIR, a modified TIWI STIR, and a 3D gradient recalled-echo
sequence, have been applied to spinal cord imaging in MS. Al-
though these sequences yielded promising results, comparing fa-
vorably with T2WI TSE sequences,®® current guidelines still in-
clude the conventional proton-attenuation/T2WI TSE sequence
as part of the spinal cord imaging protocol in MS,* which we
therefore chose as a reference. However, future studies need to
directly compare these sequences, all of which appear to be can-
didate techniques to replace or supplement conventional T2WI
TSE sequences in future standard MS imaging protocols.

At present, the diagnosis of MS is usually based on the Mc-
Donald criteria, as revised in 2010,> which conceptually rely on
the demonstration of lesion dissemination in both space and time.
Both dissemination in space and dissemination in time can be
evidenced by clinical findings and history, but also by MR imag-
ing,?* following the simplified MR imaging criteria developed by

Swanton et al.**

Herein, the detection of at least 1 lesion on spinal
cord MR imaging in addition to atleast 1 cerebral lesion will fulfill
the criterion of dissemination in space, and the detection of any
novel spinal lesion in follow-up MR imaging will fulfill the crite-
rion of dissemination in time.

Hence, current diagnostic criteria for MS rely heavily on the
detection of spatially segregated or novel lesions. Therefore, we
focused on lesion counts to compare the sensitivities of 3D DIR
and T2WI TSE imaging. Notwithstanding the authoritative role
of the McDonald criteria in MS however, lesion numbers alone
have limited informative value. Other parameters such as the le-
sion location, the overall volume of lesions, and the clinical im-
pactare important and will influence patient management. More-
over, novel MR imaging—based techniques, including diffusion
tensor, magnetization transfer, and “tissue-specific” imaging,
may provide estimates of the degree of tissue damage in lesions;

reveal abnormalities in healthy-appearing tissue, as shown in neu-
romyelitis optica; and help differentiate lesions with distinct
pathologic substrates (demyelination, inflammation, edema, gli-
osis, remyelination) but similar intrinsic signal in T2WIT se-
quences.”'%?*2> Such techniques may provide valuable informa-
tion beyond mere lesion visualization, and this may well be
incorporated into future diagnostic guidelines.

Current diagnostic criteria, however, warrant the assessment
of lesion-detection rates to compare imaging techniques in MS.
Their clinical relevance is highlighted by 2 of the 18 (11%) pa-
tients in our study, in whom a definite diagnosis had not been
established before imaging. In 1 patient with a prominent lesion
in the cervical cord, detection of a second lesion (conspicuous
only in the 3D DIR image) largely ruled out a neoplastic process
and favored the diagnosis of an inflammatory disease. In the other
patient, several spinal lesions, revealed only by the 3D DIR se-
quence, completed the criterion of dissemination in space, chang-
ing the diagnosis from “possible” to “definite” MS.

In addition, the benefits of the 3D DIR sequence are likely not
to be confined to improved lesion-detection rates. The high
sCNR, in combination with high isotropic spatial resolution and
the possibility of generating multiplanar reconstructions from a
3D dataset (eg, coronal planes, which are not commonly acquired
in routine spinal MR imaging of patients with MS), may allow a
more precise delineation of lesion borders, in particular of com-
plex, elongated lesions and small lesions adjacent to the CSF (Fig
5). As one consequence, we would expect the 3D DIR sequence to
provide a more precise tool for volumetric measurements than
conventional 2D T2WI TSE sequences, which are prone to inac-
curacies due to partial volume effects and lower contrast. This
expectation, however, needs to be confirmed by additional
studies.

We acknowledge limitations of our study. Most important, the
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FIG 5. Sagittal (A), coronal (B), and axial (C) reconstructions of 3D DIR images of the cervical spinal cord of a 42-year-old female patient with
primary-progressive MS. Elongated lesions in the lateral spinal cord are visible on both sides (arrow).

spinal 3D DIR sequence was more strongly affected by artifacts
and magnetic field inhomogeneities than conventional 2D T2WI
TSE sequences. Overall, these were outweighed by still higher
sCNR and consequently improved lesion-detection rates but led
to unacceptable image quality in 3 patients with marked obesity.
Moreover, the 3D DIR sequence of the thoracic spinal cord is
technically even more challenging because of large magnetic sus-
ceptibility differences of adjacent tissues (lungs versus abdominal
organs) and motion artifacts caused by cardiac pulsation and res-
piration. Preliminary studies of the thoracic spinal cord with a
modified 3D DIR sequence yielded results comparable with those
in the cervical spinal cord in selected patients (Fig 6). Neverthe-
less, at present, routine clinical application of the spinal 3D DIR
sequence is confined to the cervical spinal cord, and further opti-
mization is required to improve its stability to make it suitable for
the lower part of the spinal cord as well. Furthermore, follow-up
examinations were not available to determine whether lesions
conspicuous only with the 3D DIR sequence would also become
visible in conventional T2ZWI TSE images after some time. Finally,
hyperintensities visible in the 3D DIR sequence are not specific for
MS lesions, but this feature also holds true for conventional T2ZWT
TSE sequences. One study correlating a postmortem 3D DIR se-
quence and histopathology showed the high specificity of the 3D
DIR sequence for lesions in the cerebral cortex of patients with
MS.*® A similar MR imaging-to-histopathology correlation
would be desirable for the spinal 3D DIR sequence but was not
possible in the present study. However, no abnormalities were
detected in the healthy volunteers in blinded analysis, so the risk
of false-positive findings in the spinal 3D DIR sequence is likely to
be very low.

CONCLUSIONS
The 3D DIR sequence allowed better detection of lesions in MS
and related inflammatory diseases of the cervical spinal cord in
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FIG 6. Sagittal T2WI TSE (A) and DIR (B) sequence of the thoracic
spinal cord of a 35-year-old female patient with clinically isolated
syndrome. On both sequences, a hyperintense lesion is visible in the
spinal cord at the T7 level (arrow).

comparison with conventional 2D T2WI TSE sequences. Cur-
rently, we recommend acquiring the 3D DIR sequence of the cer-
vical spinal cord, especially in doubtful cases.
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