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Abnormal brain metabolism in DVAs

Conscious sedation vs. general anesthesia for
endovascular stroke treatment

Treating disk herniations with percutaneous
gelified ethanol
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ASNR 53rd Annual Meeting &
The Foundation of the Symposium 2015
in Chicago, April 25-30, 2015

CHICAGO x* 2015
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N
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Stay connected with friends and colleagues.
Get value-based neuroradiology that

addresses best practices. Visit the ASNR
2015 Meeting website to see the program!

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

Request Programming and Registration
Materials for the ASNR 53 Annual Meeting,
Contact:
ASNR 53 Annual Meeting
¢/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205

Ofs:0
Email: meetings@asnr.org u
Website: www.asnr.org/2015 -

Oak Brook, Illinois 60523-4216
Phone: 630-574-0220
Scan now to E
visit our website

Fax: 630-574-0661

An exceptional Symposium and Meeting
at the newly renovated Sheraton Chicago
Hotel & Towers.

The weekend Symposium: The Skull Base, will bridge the

gap between the head and the spine. It will cover:

« Pertinent anatomy

+ Optimization of imaging techniques

- Development and function of all the cranial nerves using
a symptom-based approach

« Cutting edge intraoperative footage of transnasal
endoscopic techniques which have redefined “surgical
resectability’, and have revolutionized the role of the
neuroradiologist

« The posterior fossa, central hypertension and hypotension,
and the craniovertebral junction

Sunday afternoon, the symposium continues with
“Neuroradiologist-Clinician-Patient” Seminars. Breakout
sessions include:

+ Brain Tumors

« Head & Neck Cancer

«+ Thyroid Cancer

+ Mild Traumatic Brain Injury

« MCI-Alzheimers Disease

Following these symposiums join us for an engaging game
of Neuroradiology Jeopardy featuring Doctor-Patient
teams, followed by a “mocktail reception” and Broadway
entertainment!

ASNR Annual Meeting will provide informative updates on
Neuroradiology and showcase specialty programming.

Monday morning “Keynote Symposium: Getting

Personal ....." features Beth Daley Ullem, nationally-recognized
Governance Expert; Grant Achatz, American chef, restaurateur,
and head & neck cancer survivor; and Julian E. Bailes, Jr., MD,
Neurosurgeon, consultant to NFL Players’ Association, and

advisor to NCAA Concussion Task Force.

Attend 5 Mini-Symposia throughout the week:

+ Connectome and Genomics: Omics and Big Data
for Neuroradiology

« Emergency Room Triage: Traumarama and Other Urgencies

+ Neuroimaging Gently: Creating a Safe and Quality
Environment for Neurodiagnostics & Neurointerventions

+ Neuro-Nuclear Immersion

+ Functional Neuroimaging Biomarkers of Psychiatric Disorders

SAVE THE DATES....April 25-30, 2015




MARCH 2015
VOLUME 36
NUMBER 3
WWW.AJNR.ORG

Indicates Editor’s
Po® Choices selection

\\\ Indicates Fellows’ }
2 Journal Club selection

©== Indicates open access to non-

subscribers at www.ajnr.org

Indicates article with
supplemental on-line table

Indicates article with
supplemental on-line photo

Indicates article with
supplemental on-line video

]

 Indicates Evidence-Based Medicine

Level 1

D=

™=
X )

o

O=

V Indicates Evidence-Based Medicine

Level 2

Pre- and post-facial
transplantation 3D
surface-rendering CT.

o=

o-

423

425

432

440

445

448

454

461

467

475

481

488

AMERICAN JOURNAL OF NEURORADIOLOGY

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.
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Crossing the Rubicon M. Castillo

REVIEW ARTICLES

The Prognostic Utility of MRI in Clinically Isolated Syndrome:
A Literature Review C. Odenthal and A. Coulthard

Subdural Hygromas in Abusive Head Trauma: Pathogenesis, Diagnosis, and
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ACADEMIC PERSPECTIVES

Differences in Neuroradiology Training Programs around the World
T. Schneider, T.A.G.M. Huisman, J. Fiehler, L. Savic, and D.M. Yousem
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Genetics of Parkinson Disease E Ben-David and R. Tu

BRAIN

White Matter Correlates of Cognitive Impairment in Essential Tremor
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Comparison of 3T and 7T Susceptibility-Weighted Angiography of the
Substantia Nigra in Diagnosing Parkinson Disease M. Cosottini, D. Frosini,
I. Pesaresi, G. Donatelli, P. Cecchi, M. Costagli, L. Biagi, R. Ceravolo, U. Bonuccelli,

and M. Tosetti

Quantitative Susceptibility Mapping of Human Brain at 3T: A Multisite
Reproducibility Study P-Y. Lin, T.-C. Chao, and M.-L. Wu

Brain Metabolic Abnormalities Associated with Developmental Venous
Anomalies M. Larvie, D. Timerman, and J.A. Thum
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Cirrhosis Based on White Matter Imaging and Bayesian Data Mining
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Other nominated papers were: AWARD WINNER AND NOMINEES

“Comparison of 3T and 7T
Susceptibility-Weighted Angiography
of the Substantia Nigra in Diagnosing
Parkinson Disease” by M. Cosottini, .
. Frosin, 1 Pesaresi, G. Donatelli The Editors of AJNR are pleased to announce
P. Cecchi, M. Costagli, L. Biagi, R.
Ceravolo, U. Bonuccelli, and M. Tosetti

the annual Lucien Levy Best Research Article
Award has been presented to

“A Randomized Trial Comparing
Balloon Kyphoplasty and

Vertebroplasy for Vertebral “Quantifying Intracranial Aneurysm Wall
Compression Fractures due to ole . .
Osteoporosis” by M. Dohm, CM.Black, Permeability for Risk Assessment Using
A. Dacre, J.B. Tillman, G. Fueredi, on

behalf of the KAVIAR investigators Dynamic Contrast-Enhanced MRI: A

“Diffusion-Weighted Imaging of the Pi lot Study”

Head and Neck in Healthy Subjects:
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Sessions” by A.S. Kolff-Gart, P.J.W.
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Technique for Coil Embolization of This award is named for the late
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T_Ohta, I. Nakahara, R. Ishibashi, AJNR Senior Editor who championed its
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2014. The winning paper, submitted by
“MRI Surrogates for Molecular

Subgroups of Medulloblastoma” by authors from Northwestern University,

S. Perreault, V. Ramaswamy, A.S. University of Texas-Southwestern,
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YJ. Cho, and K-W. Yeom 2015 and will appear in the May print

and Western lllinois University, was

issue. It was selected by a vote of the
“Mapping p53 Mutations in Low-

Grade Glioma: A Voxel-Based
Neuroimaging Analysis” by Y.Y. Wang, Editors.
T. Zhang, S.W. Li, T.Y. Qian, X. Fan, X.X.

Peng, ). Ma, L. Wang, and T. Jiang
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Impact of Time-to-Reperfusion on Outcome in Patients with Poor
Collaterals  Y.-H. Hwang, D.-H. Kang, Y.-W. Kim, Y.-S. Kim, S.-P. Park,
and D.S. Liebeskind

MS Lesions Are Better Detected with 3D T1 Gradient-Echo Than with 2D T1
Spin-Echo Gadolinium-Enhanced Imaging at 3T A Crombé, M. Saranathan,
A. Ruet, M. Durieux, E. de Roquefeuil, J.C. Ouallet, B. Brochet, V. Dousset, and T. Tourdias

Pretreatment Diagnosis of Suprasellar Papillary Craniopharyngioma and
Germ Cell Tumors of Adult Patients H.-J. Lee, C-C. Wu, H.-M. Wu, S.-C. Hung,
J.-F. Lirng, C.-B. Luo, F.-C. Chang, and W.-Y. Guo

FUNCTIONAL

Crossed Cerebrocerebellar Language Lateralization: An Additional
Diagnostic Feature for Assessing Atypical Language Representation in
Presurgical Functional MR Imaging  C. Méndez Orellana, E. Visch-Brink,

M. Vernooij, S. Kalloe, D. Satoer, A. Vincent, A. van der Lugt, and M. Smits

INTERVENTIONAL Published in collaboration with
Interventional Neuroradiology

Conscious Sedation versus General Anesthesia during Endovascular Acute
Ischemic Stroke Treatment: A Systematic Review and Meta-Analysis
W. Brinjikji, M.H. Murad, A.A. Rabinstein, H,J. Cloft, G. Lanzino, and D.F. Kallmes

The Computational Fluid Dynamics Rupture Challenge 2013—Phase I:
Prediction of Rupture Status in Intracranial Aneurysms  G.janiga, P. Berg,
S. Sugiyama, K. Kono, and D.A. Steinman

Patency of the Anterior Choroidal Artery after Flow-Diversion Treatment
of Internal Carotid Artery Aneurysms  W. Brinjikji, D.F. Kallmes, H. Cloft,
and G. Lanzino

Silk Flow-Diverter Stent for the Treatment of Intracranial Aneurysms: A
Series of 58 Patients with Emphasis on Long-Term Results 8. Lubicz,
O. Van der Elst, L. Collignon, B. Mine, and F. Alghamdi

Comparison of Modern Stroke Thrombectomy Approaches Using an In
Vitro Cerebrovascular Occlusion Model M. Mokin, S.V. Setlur Nagesh,
C.N. lonita, E.I. Levy, and A.H. Siddiqui

Double Solitaire Mechanical Thrombectomy in Acute Stroke: Effective
Rescue Strategy for Refractory Artery Occlusions? /. Kiisch, V. Sychra,
C. Strasilla, CA. Taschner, M. Reinhard, H. Urbach, and S. Meckel

Small Pipes: Preliminary Experience with 3-mm or Smaller Pipeline
Flow-Diverting Stents for Aneurysm Repair prior to Regulatory Approval
A.R. Martin, J.P. Cruz, C. OKelly, M. Kelly, J. Spears, and T.R. Marotta

EXTRACRANIAL VASCULAR

Attenuation of Blood Flow Pulsatility along the Atlas Slope: A Physiologic
Property of the Distal Vertebral Artery? T. Schubert, M. Pansini, O. Bieri,
C. Stippich, S. Wetzel, S. Schaedelin, A. von Hessling, and F. Santini

HEAD & NECK

Early Postoperative Imaging and Image-Guided Procedures on Patients
with Face Transplants T.C. Lee, T. Chansakul, RY. Huang, G.L. Wrubel,
S. Mukundan, D.J. Annino, J.J. Pribaz, and B. Pomahac

PEDIATRICS

Physiologic Pineal Region, Choroid Plexus, and Dural Calcifications in the
First Decade of Life M.T. Whitehead, C. Oh, A. Raju, and A.F. Choudhri
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Comparing 3T T1-Weighted Sequences in Identifying Hyperintense
Punctate Lesions in Preterm Neonates D. Tortora, V. Panara, P.A. Mattei,
A. Tartaro, R. Salomone, S. Domizio, A.R. Cotroneo, and M. Caulo
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Intramedaullary Spinal Cord Metastases: Prognostic Value of MRI and
Clinical Features from a 13-Year Institutional Case Series F.E. Diehn,
J.B. Rykken, J.T. Wald, C.P. Wood, L. Eckel, C.H. Hunt, KM. Schwartz, RK. Lingineni,
R.E. Carter, and T.J. Kaufmann
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RE. Carter, J.R. Geske, C.E. Hagen, KK. Amrami, F.E. Diehn, T,J. Kaufmann, J.M. Morris,

N.S. Murthy, J.T. Wald, K.R. Thielen, D.F. Kallmes, and T.P. Maus

Percutaneous Injection of Radiopaque Gelified Ethanol for the Treatment
of Lumbar and Cervical Intervertebral Disk Herniations: Experience and
Clinical Outcome in 80 Patients M. Bellini, D.G. Romano, S. Leonini, I. Grazzini,
C. Tabano, M. Ferrara, P. Piu, L. Monti, and A. Cerase

Tlp and T2 Mapping of the Intervertebral Disk: Comparison of Different
Methods of Segmentation R Menezes-Reis, CE.G. Salmon, C.S. Carvalho,
G.P. Bonugli, C.B. Chung, and M.H. Nogueira-Barbosa

ONLINE FEATURES (www.ajnr.org)

RESEARCH PERSPECTIVES

Traumatic Brain Injury Imaging Research Roadmap M. Wintermark,

L. Coombs, T,. Druzgal, A.S. Field, C.G. Filippi, R. Hicks, R. Horton, Y.W. Lui, M. Law,

P. Mukherjee, A. Norbash, G. Riedy, P.C. Sanelli, J.R. Stone, G. Sze, M. Tilkin, C.T. Whitlow,
EA. Wilde, G. York, and J.M. Provenzale; on behalf of the American College of Radiology
Head Injury Institute

LETTER

Predictive Value of Calvarial Fracture for Delayed Epidural Hematoma
following Decompressive Craniectomy  Q.-p. Wang and C. You

Reply JF Talbott, A. Gean, EL. Yuh, and S.I. Stiver
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BOOK REVIEWS RM. Quencer, Section Editor

Please visit www.ajnrblog.org to read and comment on Book Reviews.
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Crossing the Rubicon

M. Castillo, Editor-in-Chief

fyou commita crime, it is well-known that it is better to face the

judge in the morning than later in the day. Studies show that
criminals are less likely to be convicted if their case is heard in the
early morning than in the late afternoon.' Although the above
scenario will hopefully never affect any of us neuroradiologists, I
do wonder how it affects our daily work. Am I more likely to make
the wrong decision at the end of a long day in the reading room?
As an editor, am I more likely to accept or reject articles late in the
evening?*

Repeated judgments and decisions exhaust one’s mental re-
sources, especially those related to executive functions and thus
influence the way we make choices leading to intuitive rather than
rational decision-making. Lesson: never buy a car late in the af-
ternoon; do it early, during the weekend, and after sleeping well
the night before. Individuals who buy their cars when tired are
more likely to accept whatever the manufacturers say about their
products.” Car salespersons know how to play the game as they go
back and forth to their managers, each time forcing you to make
new decisions (paint type, type of wheels, leather or standard
cloth, and so forth) that wear you down so that when the time to
make the final decision to buy the car comes, you are exhausted
and just buy it as is. Candy manufacturers are also experts at
decision fatigue, and they generally place their (junkier and
cheaper) products by the supermarket cashier, so when one is
exhausted from shopping, poor decision-making kicks in and one
ends up buying all sorts of junk food. Making more decisions
during one’s day does not make one better at them; on the con-
trary, it makes for worse choices. The impulsive decision to an-
swer a controversial e-mail when fatigued is nearly always the
wrong one; something that I learned the painful way.

The Rubicon decision model states that there are 3 stages to
decision-making: first a predecisional (orientation) stage and last
a postdecisional stage (also called emergence and reinforcement
stages), which are separated by a Rubicon (named after the river in
northern Italy that Caesar crossed resulting in a civil war between
Gaul and Rome). Thus, the expression “crossing the Rubicon”
refers to making an irreversible decision. When one makes the
decision to click on the approve button for an imaging report,
the “imaging interpretation Rubicon” has been crossed. Crossing
the Rubicon is one of the most exhausting stages of decision-
making, so it should not be surprising that we radiologists feel
drained by the end of the day.

The Rubicon process is even more complicated when a clear-
cut decision cannot be made and one must make trade-offs (called
the conflict stage). Compromise and trade-offs in the predeci-
sional stage are also exhausting. If one cannot afford to buy an
item, trade-offs lead to exhaustion and not uncommonly one

*Don't worry; | do most of my editor work in the early morning.

http://dx.doi.org/10.3174/ajnr.A4107

PERSPECTIVES

ends up making a decision based only on price rather than other
important features such as quality. Marketing strategies also take
advantage of this type of fatigue to time the sale of items when you
are indecisive. Fatigue can also work in other ways when you are
trying to decide. Many choices, conversely, may not make deci-
sions easier but rather lead to no decisions at all.

Some studies have shown that medical-decision errors often
occur under the effects of stress and fatigue. In addition, medical
teams are unlikely to discuss these errors and to accept the role
that decision fatigue played in them. However, airline cockpit
crews are prone to report these errors to help improve their per-
formance.” In the 1950s, commercial airline accidents dropped
significantly when it became obvious that many errors arose from
incorrect decision-making by pilots and crew. Critical personality
features that airlines look for in their pilots include the ability to
learn from errors, recognize them in others, and contribute to
solving them. Today, more than 7 generations of airline crews
have been trained with these features in mind, and aviation acci-
dents are at an all-time low.

Work hours may be limited to avoid fatigue and errors in
decision-making. We are all familiar with the application of this
concept in regard to the maximum hours that trainees in medi-
cine can work (80 per week). These hours include hospital day
work, call hours, and time spent in academic activities related to
training. Additionally, any other activity for which “attendance is
strongly encouraged” (such as off-hours journal clubs) needs to
be counted within the allowed 80 hours. When a resident travels
to present work at a meeting, this travel also counts as active duty
time. Why does this requirement apply to trainees and not us,
full-fledged radiologists? I spend about 10—12 hours per day at the
hospital, plus an additional 2-3 per day working on AJNR, and
countless others doing service and volunteer work. Yet, the ulti-
mate responsibility of making a decision in reporting imaging
studies falls on me. Are younger individuals more resilient to fa-
tigue than us older ones? Airline rules apply equally to senior and
less experienced crew members.

The origin of limiting the hours trainees can work arose from
recommendations made by the Institute of Medicine in 2008 with
the intention of limiting trainee fatigue and decision-making er-
rors. Younger trainees are thought to be more affected by fatigue;
therefore, they are allowed to work fewer hours than senior ones
(16 versus 28 continuous hours).* A study published in the New
England Journal of Medicine points out how these new rules made
a bad situation even worse. Data from a survey completed by
more than 6200 residents showed that residents believed that their
schedules, education, and quality of life were actually worse and
that patient care was suffering after implementation of the new
hour policy in 2011.% This finding makes perfect sense because
while it relieved fatigue in first-year trainees, the bulk of the work
was shifted to more senior residents who actually compose the
largest pool. Another study reported that despite the new work
hour requirements, the amount of sleep residents got did not
improve.® If limiting duty hours was an attempt to improve pa-
tient safety, this also failed and intensive care unit stays are more
likely than before the reform.” To be fair, I must mention that
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many other studies (too many to quote here) have shown that
errors in laparoscopy and electrocardiogram interpretation, un-
necessary prolongation of procedures, and lesser quality physical
examinations occur more often when chronically sleep-deprived
residents have been involved.

Why limiting duty hours for our trainees failed is difficult to
understand. Airline pilots are allowed only 8 hours of flight time
ina 24-hour period, and all pilots must rest a minimum of 8 hours
between assignments.® For flights lasting more than 12 hours,
adequate sleeping facilities outside the flight deck must be pro-
vided. Airlines also provide their pilots with “fatigue” training. If
pilots nap, why not our residents? The Accreditation Council for
Graduate Medical Education actually says, “Strategic napping is
strongly suggested in the program requirements. .. and should
not be scheduled but based upon resident fatigue.”

Although intuition tells us that working overtime leads to fa-
tigue, this is not always the case. In a survey of 4000 other workers,
the amount of nonextreme overtime did not correlate with fa-
tigue.'® Moreover, overtime workers had favorable characteristics
such as high decision latitude, high job variety, high job demands,
and, most important, a high job satisfaction. It appears that per-
sonal motivation is what leads these workers to work more while
maintaining high satisfaction. This, however, may not be the case
in Asia where doctors are exposed to extreme overtime (more
than 60 additional hours per week) and chronic fatigue is
common.'”

The key to the failure of the new resident work hour require-
ments to improve fatigue and decision-making errors may lie in
our working environments. In an above-cited study, a positive
psychosocial environment was critical to ameliorate the effects of
fatigue.'® This may be why all of these policies work better in the
cockpit than in our reading rooms. Cockpits are highly struc-
tured, relatively quiet, free of inconsequential interruptions, and
respectful places to work, while our reading rooms with their
myriad interruptions by telephone, secretaries, clerks, technolo-
gists, students, and other physicians have become stressful, night-
marish environments in which it is difficult to complete the as-
signed tasks and concentrate on making the correct decisions.

Below are some of the most common problems leading to
decision-making mistakes and how I think they relate to
radiologists:

1) Not taking enough time. A common problem in my reading
room in which 1 fellow, 1 resident, and 1 attending interpret
upwards of 100 head CTs and MRIs during the workday (spine
and ear, nose, and throat studies are interpreted in different
reading rooms that have the same problems).

2) Lacking a peaceful environment (see above). Business folks
put it in different language: wallowing in chaos.

3) Not considering priorities. In marketing, this is akin to not
doing what is best for you, neglecting your values, avoiding the
truth, procrastinating, and ignoring what is right.
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4) Learning how to say no. I think that learning when to stop
interpreting studies and realizing and accepting fatigue are
essential to avoid mistakes. Item 3 comes into play here. In the
late afternoon, one must prioritize the studies that need to be
read and leave others for later. I have learned something else:
There is no reason why a case that one does not understand
must be immediately interpreted. Now, I place a preliminary
report with a note stating that I would like to think about it for
a while. This pause allows me to go to my office and do some
research, which has always been a good decision, resulting in
more intelligent reports. This is what experts call “timing”
your decision.

Well, most of this advice is easier said (written) than done.
Fatigue will always affect the way we make decisions, and as our
existing medical delivery systems come under stress, more work
and fatigue will be the rule rather than the exception. Remember
that a good and timely decision does not guarantee a good out-
come. Decisions must be plastic; they should be able to change
and mold when new information becomes available. An irrevoca-
ble decision to cross the Rubicon always carries with it the risk of
the Ides of March.
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REVIEW ARTICLE

The Prognostic Utility of MRI in Clinically Isolated Syndrome:
A Literature Review

C. Odenthal and A. Coulthard
O=

ABSTRACT

SUMMARY: For patients presenting with clinically isolated syndrome, the treating clinician needs to advise the patient on the probability of
conversion to clinically definite multiple sclerosis. MR imaging may give useful prognostic information, and there is large body of literature
pertaining to the use of MR imaging in assessing patients presenting with clinically isolated syndrome. This literature review evaluates the accuracy
of MR imaging in predicting which patients with clinically isolated syndrome will go on to develop long-term disease and/or disability. New and
emerging MR imaging technologies and their applicability to patients with clinically isolated syndrome are also considered.

ABBREVIATIONS: CDMS = clinically definite multiple sclerosis; CIS = clinically isolated syndrome; EDSS = Expanded Disability Status Scale; T2LV = T2 lesion volume

M ultiple sclerosis is a chronic autoimmune inflammatory dis-
ease of the CNS, which may have long-term consequences
on patients quality of life. In 85% of patients with MS, the first
presentation is in the form of clinically isolated syndrome (CIS)."!
It is important to identify which patients presenting with CIS will
go on to develop MS to expedite treatment initiation with the goal
of reducing future morbidity.

MR imaging has a central role in the investigation of patients
presenting with a suspected demyelinating illness. In addition to
excluding other diseases, MR imaging allows clinicians to observe
the pathologic processes underpinning the clinical manifestations
in vivo. In individuals with established MS, MR imaging appear-
ances are considered predictive of future disability and disease
progression. However, the prognostic value of MR imaging in
subjects presenting with CIS is less clear.

This review will address whether MR imaging data from subjects
presenting with CIS is predictive of future disease and disability. New
and emerging MR imaging technologies will also be reviewed.

MATERIALS AND METHODS

References were identified by PubMed and MEDLINE searches,
between 1993 and February 2013, and further references were
identified from relevant articles. The search terms “clinically iso-
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lated syndrome,” “CIS,” “first demyelinating event,” “FDE,”
“multiple sclerosis,” “MS,” “MR imaging,” and “MRI” were used.
Articles were limited to English language.

Studies for inclusion were to meet the following criteria: 1) the
study must address the ability of MR imaging to predict MS
and/or disability in subjects with CIS, 2) MR imaging must be
performed at initial presentation, 3) CIS must be statistically an-
alyzed separately from other phenotypes. The following exclusion
criteria were applied: 1) MR imaging features not included as
independent or dependent variables in statistical analysis, 2) sub-
ject group with single-category symptoms only, 3) spinal cord MR
imaging investigation only, and 4) pediatric studies.

A single reviewer with experience in research design and meth-
odology performed the literature search and collated data.

Definition of CIS
CIS is defined as a monophasic presentation with suspected un-
derlying inflammatory demyelination. Symptoms are typically of
rapid onset, and last for more than 24 hours. CIS is divided into 4
categories, based on whether presentation demonstrates mono-
or multifocal clinical or MR imaging features.” MR imaging le-
sions should appear typical for demyelination, may be located in
the brain or spinal cord, and an alternative diagnosis should be
considered less likely.>

Published rates of conversion from CIS to clinically definite
MS (CDMS) differ according to length of study follow-up. Five
studies were identified in which subjects were followed for greater
than 6 years. For follow-up of 6.9, 7.2, 7.3, 14.0, and 20.0 years,
total conversion rates were 48%, 60%, 85%, 68%, and 63%,

respectively.”™”

AJNR Am J Neuroradiol 36:425-31 Mar 2015  www.ajnr.org 425



Conventional MR Imaging

Conventional MR imaging has a well-established role in the initial
assessment of subjects with CIS. The risk of conversion to CDMS
is greater in patients presenting with abnormal T2WI. Subjects
with CIS subjects in the range of 50%—70% present with abnormal
T2WL' Two studies were identified which observed subjects for
over 10 years. Fisniku et al” followed 107 subjects with CIS to 20.2
years; 82% with abnormal baseline MR imaging converted to
CDMS, compared with 21% with normal MR imaging. In another
study, 88% of subjects with abnormal MR imaging converted by
14 years, compared with 19% of those with normal scans.®

T2 lesion number at presentation has been associated with
increased risk of conversion to CDMS.®'7 However, a recent
meta-analysis concluded that abnormal T2WI, regardless of le-
sion number, was associated with increased risk of conversion.'®
However, the review was limited, with nonuniform definitions of
conversion to MS, and varied length of follow-up among the in-
cluded studies.

In addition to T2 lesions, increased risk of conversion to MS is
associated with the presence of gadolinium-enhancing le-
sions.® 1214161923 Accurate estimation of the incidence of
Gd-enhancing lesions at CIS presentation is difficult because of
inconsistent administration of contrast across studies. Gd-en-
hancing lesions may only be present in subjects with abnormal
T2WIL32* The presence of at least 1 Gd-enhancing lesion is pre-
dictive of time to CDMS in monofocal, but not in multifocal,
presentations.””

The prognostic significance of T1 lesions has been infre-
quently addressed. Summers et al* found that in addition to Gd-
enhancing lesions, T1 lesions were predictive of cognitive
dysfunction after 7 years.

Few studies have addressed the association between conven-
tional MR imaging measures and disability. A number of disabil-
ity scales are used in subjects with CIS. The most frequently used
is the Expanded Disability Status Scale (EDSS), which primarily
assesses ambulation.?® Another scale, the Multiple Sclerosis Func-
tional Composite, addresses cognition in addition to mobil-
ity.>”*® Baseline T2 lesion number is associated with EDSS at
long-term follow-up of up to 14 years.*? A recent study found
that baseline Gd-enhancing lesion number was predictive of both
EDSS and Multiple Sclerosis Functional Composite at 6 years. The
authors also found that while baseline T2 lesion number was not
associated with disability, the increase in T2 lesion number over
the first year after presentation was predictive of EDSS at 6 years.>”

Similar to subjects with MS, lesions are primarily distributed
around the ventricular system in subjects with CIS.>*>' The risk
of disease progression is associated with lesion location, with

1,>>%% and cerebellar** distributions be-

periventricular,’* callosa
ing most associated with conversion to CDMS.

Infratentorial lesion location may be associated with increased
risk of disease and disability.”*?> Since infratentorial lesions are
likely to affect clinically eloquent areas, they may have greater
contribution to future disability.”* However, brain stem syn-
dromes are represented infrequently in the literature. In a large
multicenter study of 468 subjects with CIS, infratentorial lesions
(including the brain stem and cerebellum) were not associated
with increased risk of conversion.'?
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MR Imaging Volumetrics

Brain volume measurement is considered a surrogate marker for
neurodegeneration in patients with MS.?® It is uncertain whether
neurodegeneration is present in subjects with CIS.

Techniques for MR imaging volumetrics may be 2D or 3D,
and range from fully manual to fully automatic. Numerous soft-
ware packages are available, including Statistical Parametric Map-
ping (SPM; Wellcome Department of Imaging Neuroscience,
London, UK),”” FreeSurfer (http://surfer.nmr.mgh.harvard.
edu),”®*” and the FMRIB Software Library (FSL; http://www.
fmrib.ox.ac.uk/fsl).*>*' After removing the skull, automated seg-
mentation algorithms are applied to MR imaging data to obtain
GM,*? WM,** CSF, and whole-brain volumes. In addition to ab-
solute values, volumes may be expressed as a fraction of total
intracranial volume.

Estimates of baseline lesion volumes are heterogeneous. Mean
T2 lesion volume (T2LV) has been estimated to be between 2.0
mL to 6.2 mL,>"*****® whereas T1 lesion volume estimates range
from 0.4 mL to 0.5 mL.>***®*® Gd-enhancing lesion volume has
been inconsistently reported because of nonuniform use of con-
trast. Baseline lesion volumes have been noted to differ consider-
ably depending on patient symptoms.>"*>

Subjects with CIS who convert to CDMS demonstrate a
greater T2LV at presentation compared with those who do not
convert,' »1®222%4% Erom multivariate regression analysis, Cala-

brese et al>®

found that baseline T2LV was an independent pre-
dictor of conversion to MS by 4 years. A study by Paolillo et al,>'
on the other hand, did not demonstrate either T1 lesion volume
or T2LV to be associated with conversion; however, in that study,
follow-up was limited to 18 months.

T2LV is associated with the development of future disability.
An early study by Brex et al® found that baseline T2LV was asso-
ciated with EDSS at 14 years, with the increase in T2LV over the
first 5 years also being associated with disability at follow-up. Sim-
ilarly, other studies have found that the rate of increase in T2LV in
the first year is associated with greater long-term disability.”*°

T1 lesion volume may be better suited to the prediction of
disability scales other than the EDSS. Di Filippo et al*® found that
while baseline T1 lesion volume was not associated with EDSS, it
did correlate with Multiple Sclerosis Functional Composite at 6
years. Another study found that both T1 lesion number and vol-
ume were predictive of future cognitive dysfunction.*

Baseline measures of whole-brain volume have not been con-
sistently demonstrated to differentiate subjects with CIS from
healthy controls, with a number of studies finding no significant
difference at baseline,>*>"#>46492234 Thege findings are in con-
trast to that of Sbardella et al®®; however, subjects with CIS in-
cluded in their study had a high lesion load (mean T2 lesion num-
ber 15.5). To date, no study has demonstrated any significant
difference in global measures of WM or GM volumes in patients
with CIS compared to healthy controls.

In a cross-sectional study, Henry et al®>* reported volume re-
duction in a number of deep GM structures of subjects with CIS,
compared with controls, including the thalamus and caudate nu-
cleus. Although deep GM volumes were not correlated with EDSS,
cerebellar volume was associated with baseline tests of cerebellar
function.>* In another study, reduced thalamic volume in subjects



with CIS was not retained after correction for multiple compari-
sons.”® Numerous other authors have since failed to demonstrate
any convincing GM volume reduction in subjects with
CIS.'&31:47:50:57 A recent study of 212 subjects did find that in-
creased T2LV was associated with reduced volume of a number of
deep GM structures; however, the study lacked healthy
controls.*>>?

A fundamental flaw in regional volumetric analysis is inaccu-
rate segmentation of deep GM structures.”® Greater lesion burden
leads to more problems in tissue misclassification.”® More accu-
rate estimation of atrophy is possible when volume change is mea-
sured directly from serially acquired MR imaging scans by using
registration-based methods.”®

Structural Image Evaluation by using Normalization of Atro-
phy is a robust, well-validated tool that uses registration-based
methods to estimate percentage brain volume change between 2
time points.*>*!' Although it does not allow estimation of regional
volumes, Structural Image Evaluation by using Normalization of
Atrophy is highly reproducible.®® Estimates of percentage brain
volume change range from —0.35% to —0.73% per year in sub-
jects with CIS.?**19%¢! Subjects who convert to CDMS have been
demonstrated to have greater percentage brain volume change
than those who do not.?*°! Kalincik et al,>? in contrast, found that
percentage brain volume change was not significantly different in
subjects with CIS who converted. However, in their study all sub-
jects with CIS had abnormal T2WI.>?

The corpus callosum is a structure of interest in demyelinating
illnesses. In a longitudinal study of 24 subjects with CIS, Audoin
et al°” found that the midsagittal corpus callosal area was signifi-
cantly reduced at 12 months, when compared with healthy con-
trols. Callosal area also correlated with progression in EDSS. More
recently, in a larger cohort of 220 subjects with CIS, change in
callosal area in the first 6 months after presentation was predictive
of conversion to CDMS by 2 years.>

Diffusion Tensor Imaging

DTTI allows assessment of the structural integrity of tissues, with
water diffusivity being affected by various CNS tissue barriers,
including microtubules and cell membranes. Descriptive param-
eters include fractional anisotropy, reflective of the fraction of
anisotropy along 1 direction, and mean diffusivity or apparent
diffusion coefficient, which is the average diffusion per voxel, re-
gardless of direction. In WM, fiber organization is reflected by the
anisotropy, with the quantity of anisotropy being augmented by
the integrity of surrounding myelin.®?

Although histogram analysis of mean diffusivity has been
shown to differentiate subjects with CIS from healthy controls,**
region-of-interest approaches have not.®

Using tractography, Pagani et al® found that subjects with CIS
with pyramidal symptoms had increased mean diffusivity in the
pyramidal tract, compared with both patients without symptoms,
and control subjects. On the other hand, another study found that
patients with CIS had increased mean diffusivity in all WM
tracts.®” Neither study found a difference in baseline fractional
anisotropy in subjects with CIS.°*®” In contrast, another study
using tract-based spatial statistics demonstrated widespread re-
duced fractional anisotropy in the WM of subjects with CIS.>®

Tract-based spatial statistics is a recently developed technique that
allows analysis of microstructural fiber damage,°® and may be
more sensitive to detect subtle anisotropy changes. However,
while baseline fractional anisotropy was correlated with GM atro-
phy at 1 year in the same cohort, there was no association with
disability.”>*°

Magnetization Transfer Imaging

Magnetization transfer imaging measures the transfer of mag-
netization from hydrogen nuclei of water with restricted mo-
tion (bound pool), to hydrogen nuclei of freely moving water
(free pool). This allows imaging of the bound pool, which in-
cludes protons in macromolecules, including myelin. The
magnetization transfer ratio thus represents pathologic
changes to macromolecules.”®

Results of studies by using magnetization transfer imaging have
been mixed. lannucci et al*® found that the magnetization transfer
ratio of patients with CIS differed significantly from healthy controls;
however, all patients had =4 lesions. In a large multicenter study,
magnetization transfer ratio differentiated patients from controls in
only 1 of 3 study centers.*® Therefore, magnetization transfer ratio
abnormalities are likely associated with increased lesion number
at presentation.”>”"

Magnetization transfer ratio has been shown to be predictive
of conversion to CDMS*® and future cognitive decline.”” How-
ever, some studies have found conflicting results.*>”> Another
magnetization transfer imaging technique, magnetization trans-
fer ratio texture analysis, has not been demonstrated to have prog-
nostic utility in patients with CIS.?

MR Imaging Spectroscopy

NAA is a metabolite considered to be exclusive to neurons. Wat-

tjes et al”

identified a significant reduction in tNAA (summed
NAA and its moeity, N-acetyl-aspartyl-glutamate) in the normal-
appearing WM of subjects with CIS compared with healthy con-
trols. Subsequent studies have had conflicting results.”>”> Other
studies found that only those patients with clinical progression
demonstrated reduced NAA at presentation.”>”®

Myo-inositol (mIns or Ins) is a metabolite primarily concen-
trated in glial cells. As with NAA, studies of this metabolite have
demonstrated mixed results. In 1 study, when subjects with CIS
were compared with controls, baseline mIns of normal-appearing
WM discriminated only those who went on to covert to CDMS.”®
On the other hand, another study of a larger cohort found that
mlns concentration was higher across the entire CIS group.”

Metabolite concentrations have a temporal evolution after CIS
presentation. Audoin et al®* performed serial MR spectroscopy,
with metabolite concentrations measured in the corpus callosum.
They demonstrated baseline reduced NAA and increased choline
(Cho, associated with myelin), both of which normalized by 6
months. In another study, the rate of increase in mIns concentra-
tion in normal-appearing WM over the first year was predictive of
poor executive function at 7.2 years.*

Although metabolite concentrations may be associated with
long-term cognitive change, no single metabolite has demon-
strated a correlation with disability, either at baseline or follow-
up.*”> However, a model combining metabolite concentrations
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with other MR imaging variables was shown to demonstrate su-
perior utility in predicting disability at 1 year compared with any
variable alone.”

Functional MR Imaging

Functional cortical changes are present from the earliest stages of
CIS. Compared with healthy controls, subjects with CIS demon-
strate increased cortical activation in both cerebral hemi-

spheres,”””®

with the extent of activation being related to motor
task difficulty.”® Patterns of activation are associated with short-
term disease evolution, with converters demonstrating recruit-
ment of a more extensive sensorineural network at baseline.** In a
study assessing cognitive changes in CIS, more widespread acti-
vation on fMRI was associated with improved cognition scores,
both at baseline and 1-year follow-up.®!

Using a novel fMRI technique called dynamic causal model-
ing, Rocca et al*? found that subjects with CIS had increased in-
terconnectivity between the left and right sensorimotor cortex.
However, subjects were not followed longitudinally.

A recent study measured the amplitude of low frequency al-
teration in resting-state fMRI. Compared with healthy controls,
subjects with CIS demonstrated decreased amplitude of low fre-
quency alteration in numerous cerebral regions.*’ In contrast,
subjects with MS have previously been shown to have areas of
increased cerebral amplitude of low frequency alteration.** The
authors hypothesized that amplitude of low frequency alteration
may evolve as time passes from the initial presentation.®*

MR Imaging Perfusion

Varga et al*> quantified cerebral blood flow with MR perfusion in
a mixed cohort of subjects with CIS and MS. Compared with
healthy controls, they found hypoperfusion in the periventricular
normal-appearing WM of subjects with CIS. However, none of
the perfusion parameters were associated with disability measures
in either subgroup.

Brain Iron Quantification
T2 hypointensity, attributable to iron deposition, is a frequent
finding in subjects with MS.*° In subjects with CIS, T2 hypoin-
tensity has been identified in the left caudate nucleus.®” Khalil
et al® used R2* relaxometry to quantify brain iron deposition in a
cohort of subjects with CIS and MS. Compared with subjects with
MS, patients with CIS had significantly reduced R2* values in a
number of deep GM regions. While R2* values correlated with
regional brain volumes, there was no association with disability.*®
In another study, patients with CIS had significantly reduced R2*
values in the basal ganglia and thalamus.?” However, this study
was limited, as age was not considered in the methodology, de-
spite control subjects being 3 years older than those with CIS.
Hagemeier et al*” used an SWI phase approach to obtain mean
phase of the abnormal phase tissue, a metric for quantification of
iron levels. Compared with healthy controls, subjects with CIS
had significantly increased abnormal phase and abnormal phase
volume in a number of deep GM regions. However, iron deposi-
tion was noted in the absence of any significant volume change.
In addition to R2* relaxometry, Langkammer et al®® per-
formed quantitative susceptibility mapping on 26 subjects with
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CIS. Quantitative susceptibility mapping detects magnetic charge
variations attributable not only to iron, but also but also to my-
elin. Although R2* relaxometry did not differentiate between sub-
jects with CIS and controls, quantitative susceptibility mapping
revealed abnormality in the caudate, putamen, and basal ganglia
in subjects with CIS. In apparent contrast, a recently published
study by Quinn et al’’ showed that subjects with CIS had in-
creased R2* compared with age-matched healthy controls in a
number of regions, including the medial thalamus and right pu-
tamen. Furthermore, thalamic R2* relaxometry indices were pos-
itively correlated with EDSS (r = 0.47, P = .028). Apparently
conflicting results by these 2 recently published studies may be
attributable to differences in image processing techniques. Lang-
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kammer et al™® calculated the mean R2* of segmented cerebral

structures, while Quinn et al® used voxelwise analysis.

MR Imaging in Clinical Trials

MR imaging features have been included as outcome measures in
a number of therapeutic trials. Treatments tested included:
plasma exchange,”” intramuscular interferon $8-1a,”> and inter-
feron B-1b.”*° Patients with CIS with abnormal baseline T2-
weighted MR imaging are ideal candidates to include in therapeu-
tic trials because of increased risk of conversion to MS.”

Emerging MR Imaging Technologies

Multicomponent driven equilibrium single pulse observation of
T1 and T2 is a newly developed MR imaging technique used to
quantify myelin tissue content in vivo.®” Kitzler et al®® examined
the utility of multicomponent driven equilibrium single pulse ob-
servation for measurement of myelin water fraction across a range
of MS subtypes. In subjects with CIS, the total volume of voxels
demonstrating deficient myelin water fraction was statistically
significant compared with healthy controls. To date, there are no
longitudinal studies on subjects with CIS using this technique.

CONCLUSIONS

In subjects presenting with CIS, the primary concern of clinicians
and patients is the probability of conversion to CDMS. MR imag-
ing plays a key role in the initial assessment of subjects with CIS.

A number of MR imaging markers have demonstrated prog-
nostic potential. Abnormal T2WT is associated with increased risk
of conversion. The number and volume of T2 and Gd-enhancing
lesions may be predictive of disability. Changes in corpus callosal
area and whole-brain volume over the first year from diagnosis of
CIS have also shown prognostic utility; however, studies are
limited.

Although new and emerging technologies have not demon-
strated any convincing prognostic potential at this stage, they do
give insight into the mechanisms underlying the pathology of CIS.
While regional atrophy is not present at patient presentation,
changes in DTT and MR spectroscopy parameters demonstrate
that there is functional change occurring in normal-appearing
brain tissue. Widespread increased motor cortical activation visu-
alized on fMRI suggests that neuroplasticity is already a factor at
initial presentation. Furthermore, subjects with CIS demonstrate
brain iron deposition, a feature that is characteristic of MS.

There are a number of limitations within the published liter-



ature, and thus, of this review. In general, cohort sizes are small,

with heterogeneous subject selection criteria. Many studies are

cross-sectional, or have limited length of follow-up. Further stud-

ies of robust design and long-term follow-up are needed to inves-

tigate the utility of MR imaging techniques in the prediction of

disease and disability in subjects with CIS.
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Subdural Hygromas in Abusive Head Trauma: Pathogenesis,
Diagnosis, and Forensic Implications

D. Wittschieber, B. Karger, T. Niederstadt, H. Pfeiffer, and M.L. Hahnemann
O

ABSTRACT

SUMMARY: Are subdural hygromas the result of abusive head trauma? CT and MR imaging represent important tools for the
diagnosis of abusive head trauma in living infants. In addition, in-depth understanding of the pathogenesis of subdural hygromas is
increasingly required by neuroradiologists, pediatricians, and forensic physicians. Therefore, the current knowledge on subdural
hygromas is summarized and forensic conclusions are drawn. The most important diagnostic pitfalls, benign enlargement of the
subarachnoid space, and chronic subdural hematoma, are discussed in detail. Illustrative cases from forensic practice are presented.
Literature analysis indicates that subdural hygromas can occur immediately or be delayed. If other infrequent reasons can be
excluded, the presence of subdural hygromas strongly suggests a posttraumatic state and should prompt the physician to search for
other signs of abuse. To differentiate subdural hygromas from other pathologies, additional MR imaging of the infant’s head is
indispensable after initial CT scan.

ABBREVIATIONS: AHT = abusive head trauma; BESS = benign enlargement of subarachnoid space; BV = bridging vein; cSDH = chronic subdural hematoma;

SDH = subdural hematoma; SDHy = subdural hygroma

Child abuse represents a very heterogeneous, unfortunately
still present, and therefore well-established research field
within the forensic sciences.' According to the Committee on
Child Abuse and Neglect of the American Academy of Pediatrics,
abusive head trauma (AHT), also referred to as nonaccidental
head injury, is still the leading cause of child abuse fatalities.”””
The incidence of AHT in children under 1 year of age ranges
between 14 and 28 per 100,000 live births in Western coun-
tries.'®'> Direct blunt force to the head and the so-called
Shaken Baby syndrome are currently assumed to be the main
etiologic factors of AHT.>'¢"'® The full-blown clinical picture
of Shaken Baby syndrome is characterized by the triad of sub-
dural hematomas (SDHs), retinal hemorrhages, and encepha-
lopathy. In some cases, metaphyseal fractures, rib fractures, or
small hematomas on arms or thorax may be encountered.'®>>
The caregiver’s explanation provided for the injuries is fre-

quently inadequate or inconsistent.”'®
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The diagnosis and dating of AHT in living infants predomi-
nantly relies on neuroimaging by means of CT and/or MR imag-
ing.>?~° An important indicator for AHT is the presence of SDHs
attributed to defects of the bridging veins (BVs). Moreover, in
some cases suspected for AHT, radiologists are confronted with
almost homogeneous fluid collections within the subdural space,
which appear isodense/isointense or nearly isodense/isointense
to CSF. These collections are then interchangeably termed as
subdural hygromas (SDHys), chronic subdural hematomas
(cSDHs), or a terminologic mixture of both: chronic hygro-
mas. This radiologic diagnosis has often resulted in difficulties
with regard to the medicolegal assessment of such cases be-
cause the exact pathogenesis, diagnosis, and significance of
SDHys are still a matter of debate and uncertainty, particularly
in infants.>"**> However, these issues can be decisive in court,
for example, when SDHys are considered as evidence for the
age of injury.

Therefore, the present review addresses the following
questions:

1. What are SDHys?

2. What are the current theories regarding the pathogenesis of
SDHy?

3. Which alternative explanations and differential diagnoses have
to be considered?

4. What forensic implications arise concerning AHT?



FIG 1. Two-month-old boy with huge hypodense, CSF-like, subdural collections lacking encapsulating membranes (A, cranial CT). MR imaging
confirmed the diagnosis of frontoparietal SDHys on both sides (B, axial T2-weighted image; C, coronal T2-weighted image).

What are Subdural Hygromas?

Pathology is always based on anatomy. Under physiologic condi-
tions, the subdural space does not exist in humans. It does not
open until the dura-arachnoid interface is mechanically sepa-
rated, for instance due to brain shrinking, trauma, or neurosurgi-
cal interventions.>>™*> This opening is actually regarded as a cleav-
ing of the so-called dural border cell layer—the innermost zone of
the dura mater—and therefore also referred to as intradural le-
sion.>>?¢ Nevertheless, in this article, the traditional term sub-
dural is used to describe accordant pathologies within that space
such as SDHy.

SDHys can be regarded and examined from 2 different
points of view: first, the traditional perspective of the neuro-
pathologist, forensic pathologist, or neurosurgeon who di-
rectly investigate or treat colorful 3D pathologies in the human
head; and second, the perspective of the neuroradiologist who
indirectly evaluates and interprets 2D black-and-white cross-
sectional images from CT, MR imaging, or sonography.

With respect to the traditional macroscopic perspective, the
term Hygroma durae matris (hygrés [gr.] = wet, moist) was first
introduced by Rudolph Virchow in 1856.>” Many other terms,
such as subdural hydroma, Meningitis serosa traumatica, trau-
matic subdural effusion, or simply subdural fluid accumulation
have also been used.”*?***> SDHys are classically described as pro-
tein-rich, clear, pink-tinged, or xanthochromic fluid collections
within the subdural space.>*”***” Likewise, if the principal
component of a subdural collection appears to be CSF-like, the
term SDHy is used.****">* A mixture of blood and CSF is referred
to as hematohygroma.>'>*

The heterogeneous appearances of SDHys prompted Unter-
harnscheidt’” to differentiate between 2 general morphologic

types:

1. Cystic and often multichambered formations encapsulated by
a membrane.
2. “Free” fluid collections without any capsule.

In radiology, the definition of SDHy is more difficult, and the
terminology is very heterogeneous. While acute SDH, repre-
senting 1 of the leading indicators for Shaken Baby syndrome,

can be reliably diagnosed by means of CT and MR imaging,
other pathologic fluid collections are often termed inter-
changeably as SDHys, cSDHs, subdural effusions, chronic hy-
gromas, or simply subdural collections.

The term subdural collection is used as an unspecific umbrella
term for pathologically formed subdural fluid, whereas the term
chronic hygromas should be principally avoided as it is a very
imprecise and pathogenetically insufficient description. If there is
a mass of proteinaceous liquid within the subdural space that
appears to be associated with bacterial meningitis, it is generally
spoken of as a subdural effusion.*>°

But what about SDHy versus ¢SDH? A current neuroradio-
logic textbook by Osborn® defines SDHys as “hypodense, CSF-
like, crescentic extraaxial collections that consists purely of CSF,
have no blood products, lack encapsulating membranes, and
show no enhancement following contrast administration” (Fig 1).
This description is strikingly similar to the second morphologic
type of SDHy suggested above by Unterharnscheidt.”” However,
this CSF-like appearance is also the reason why SDHys harbor a high
potential to be confused with ¢SDHs.”” According to Osborn,>
c¢SDHs may be defined as “encapsulated collections of sanguin-
eous or serosanguineous fluid confined within the subdural
space.” This description, on the other hand, closely resembles
the first of Unterharnscheidt’s>” morphologic types of SDHy
suggesting that cSDHs diagnosed by radiologists can also be
termed as SDHys. In fact, the terms ¢cSDH (in the meaning of
old SDH) and SDHy are frequently used as synonyms in radio-
logic reports as well as in recent scientific literature.”* Thereby,
it is implied that SDHys solely indicate remnants of SDHs.

But is this simplification true? This may become an impor-
tant issue for the forensic expert in court. Once the radiologic
diagnosis of SDHy is made, the forensic expert will likely be
confronted with 2 questions: Does the SDHy represent a result
of AHT? And ifyes, does it indicate recent injury, old injury, or, when
in combination with other types of subdural collections, the presence
of multiple injuries that occurred at different times? Therefore, it is
important to understand how SDHys develop or what they originate
from.
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FIG 2. Simplified schematic drawing of the pathogenetic pathways of the origin and fate of SDHys. ICP indicates intracranial pressure.

The Pathogenesis of Subdural Hygromas:
An Ongoing Odyssey
Among neurotraumatologists it is generally known that SDHys
usually derive from head injuries and represent rare posttrau-
matic complications that may coexist with epidural or subdural
hematomas.>>***>°7%° Unfortunately, the causes of SDHys can-
not always be read directly from the CT or MR images. Numerous
scientists from different disciplines sought to address this prob-
lem in the last decades. Particularly in infants, SDHys are not well
described and only little understood. Children were even ex-
cluded in a recent radiologic SDHy study because their pathoge-
netic aspects were considered a priori as different from adults.®'
Hereafter, the 2 current basic concepts of SDHy formation
with their different medicolegal implications, as well as important
alternative explanations, are presented.

Concept I: Delayed Formation of Subdural Hygromas

It appears to be widely presumed that SDHys represent liquefied
and/or deposited remnants of a previous acute SDH>>¢%>82 gug_
gesting that, in a case of suspected child abuse, the baby could
have been abused weeks ago. In 1857, Rudolph Virchow consid-
ered SDHys as “final stages of subdural hemorrhages.”” But are
SDHys really direct remnants of acute SDHs?

An advanced approach was developed considering additional
aspects of SDHy formation. The suggested process describes the
conversion of acute SDH into ¢SDH via SDHy as an intermediate
stage (blue pathway in Fig 2).*”°° Because most acute SDHs re-
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solve rapidly, reflecting the high levels of tissue thromboplastin in
brain tissue and CSF,*” this approach has been refined by other
authors. During the dissolving of the acute SDH, especially if de-
creased intracranial pressure is present, the cleaved dura-arach-
noid interface is assumed to remain as persistent posttraumatic
space. Liquid remnants of the acute SDH or CSF might then pass
into that opened space by effusion from surrounding vessels or
even the subarachnoid space, forming the SDHy.”*>* It should be
noticed that in this approach, the SDHy is considered as a conse-
quence of the SDH but not as a directly transformed remnant of it.

Alternatively, Mack et al’® suggested that CSF could physi-
ologically move from the subarachnoid space into interstitial
spaces of the dura mater and subsequently via the dural venous
plexus into the dural sinuses. CSF might therefore be present in
small amounts in the dura at all times. In any cases of alteration
of this CSF absorption pathway—for instance from bleeding
into the dural layers—a disruption of the transport mechanism
may result in delayed accumulation of CSF within the subdural
space producing imaging findings of SDHy. Approximately 30
years earlier, it was hypothesized that concurrent traumatic
subarachnoid hemorrhages, that are frequently found together
with SDHy, may secondarily predispose to defective CSF re-
sorption leading to enlargement of subdural CSF collections as
well.*¢%%9 In the end, SDHys represent a subsequent result of
acute SDHs.

Following the concept of delayed SDHy formation, the pres-



FIG 3. MRimaging scan of a 5-month-old female infant who showed a sudden increase of head
circumference (from 50th to 97th percentile within T month). Frontoparietal SDHys (maximum
width of 11 mm) as well as enlarged subarachnoid spaces (maximum width of 4 mm) were found
on both sides (A, sagittal TI-weighted image; B, axial T2-weighted image; thin arrows indicate
position of the subarachnoid membrane). In addition, a small subacute SDH was diagnosed in
the left posterior cranial fossa beneath the tentorium cerebelli (A, small thick arrows indicate
subdural blood). In the preceding months, periodic sonography scans of the head did not ever
show any abnormalities with respect to the subdural or subarachnoidal space. Ophthalmologic
examination revealed sub- and epiretinal hemorrhages distributed over the whole fundus area
of both eyes. These retinal hemorrhages were not present yet in a check-up examination 1
month after birth. As further clinical diagnostics have ruled out coagulopathies, neoplastic
diseases, and metabolic disorders, the presence of SDH and retinal hemorrhage prove substan-
tial (sub)acute head trauma and therefore strongly suggest child abuse (AHT). The enlarged
subarachnoid spaces, found after the trauma diagnosis, have rather to be regarded as conse-
quence and not as source (see “BESS” section). Hence, the SDHy in this well-documented case

tween arachnoid and dura may disrupt
both the BVs and the weak arachnoid
attachments to the parasagittal dura
(Pacchioni granulations). Thereby, a
mixture of CSF and blood products can
flow into the traumatically opened sub-
dural space resulting in an acute sub-
dural hematohygroma.*?

This is not only a plausible explana-
tion for the known mixed-density appear-
ance of subdural collections frequently
seen in AHT cases. The injured arachnoid
granulations also explain the often-de-
scribed occurrence of enlarged subarach-
noid spaces because of suboptimal CSF
absorption.

Following this concept of rapid for-
mation, SDHys must not be considered
automatically as direct remnants or de-
layed consequence of acute SDHs but
SDHy and acute SDH may develop simul-
taneously as exemplified in Figure 3.
Medicolegal expert opinions should
therefore consider the possibility of an
rapid formation of SDHy as an additional
symptom indicating AHT.

can be regarded as a result of acute injury.

ence of SDHy may be medicolegally interpreted as later conse-
quence of AHT that occurred some days or a few weeks before.

Concept 2: Rapid Formation of Subdural Hygromas

This theory suggests SDHy to be caused by a laceration in the
arachnoid.3337-39:49-51.53.70-72 Hapce, SDHy can result from
trauma and from cranial operations in which the arachnoid mem-
brane is opened, leading to CSF transfer into the subdural space.
For this, the term acute SDHy has been suggested.>* A ball-valve
mechanism of the arachnoid is assumed to prevent a backflow of
CSF into the subarachnoid space.’*>”>

In regard to a 74-year-old woman with acute SDHy and sub-
arachnoid hemorrhage after accidental head injury, Kamezaki et
al”? discussed a tear of the arachnoid membrane as possible rea-
son for the SDHy. Radiotracer and cisternography studies per-
formed in infants with SDHy were able to show that radioisotopes
(eg, indium-111) injected into the subarachnoid space move into
the subdural compartment.**>> In addition, the CSF-specific
B-trace protein and other proteins have been found up to 100% of
SDHys,”*”> indicating that there really is CSF in the subdural
space.

Zouros et al®® reported on 5 infants with suspected AHT show-
ing acute hematohygromas. Encapsulating neomembranes, pos-
sibly indicating the presence of ¢cSDH (see below: “Differential
Diagnoses of Subdural Hygromas”), were not found either on MR
imaging or at surgery. In addition, free CSF communication be-
tween subarachnoid and subdural space was proved in all cases by
radiotracer injection. The authors proposed a mechanism
whereby SDHy directly originates from shaking the baby: during
acceleration and deceleration of the brain, acute shear strains be-

Alternative Explanations

Besides the 2 main theories introduced above, additional theories
regarding the formation of SDHys are discussed. In terms of
forensic issues, 2 in particular are noteworthy:

1. Glutaric aciduria type I: this hereditary disease is caused by
a deficiency of the enzyme glutaryl CoA-dehydrogenase and
leads to increased urinary excretion of glutaric and 3-hy-
droxy-glutaric acid.”® Clinically, macrocephalia and ex-
trapyramidal movement disorders are described. In neuro-
radiology, frontotemporal atrophy as well as SDHys and/or
SDHs are diagnosed.””””® Glutaric aciduria type I should
therefore be diagnostically excluded in infants with SDHy,
because misdiagnosing as AHT may occur in exceptional

cases.””®°

2. Rupture of pre-existing arachnoid cysts: arachnoid cysts are con-
genital or acquired intra-arachnoidal CSF collections occurring
infrequently. These may rupture because of minor, but identifi-
able, head trauma, or sudden temporary rise in intracranial pres-
sure.*®®! Ruptures result in SDHys rather than in SDHs.*® How-
ever, this phenomenon has not been described in infants yet. A

18! demonstrated

review of the literature by Gelabert-Gonzalez et a
ages of occurrence ranging from 5 to 25 years. It seems conceiv-
able that arachnoid cysts also rupture in infants and are not yet
acknowledged as such. However, as long as scientific data do not

support this possibility, this remains mere speculation.

Differential Diagnoses of Subdural Hygromas

Chronic Subdural Hematoma. Surgeons and pathologists know
¢SDH as subdural liquid with a dark brown “crank case oil” ap-
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pearance.*” Many cSDHs also contain a mixture of both CSF and
blood, such as breakdown products of hemoglobin or other pro-
teins.”>®* Furthermore, multiple hemorrhages of different ages
are supposed to be common (so-called mixed-age SDH).>® This
may sometimes also lead to an attenuation approximating that of
CSF.

The pathogenesis of cSDH is not yet clear. cSDHs were ob-
served to evolve directly from acute SDHs in only very few cases
(reviewed in>?). Moreover, experimental studies failed to repro-
duce ¢SDH from acute subdural blood.*>** It has also been re-
ported that, based on histopathology®> and CT,*® chronic and
acute SDH should actually be regarded as different entities. <SDH
might therefore not be (at least not directly) the last stage of an old
acute SDH.

A direct transformation from remnants of an acute SDH into a
cSDH is therefore not plausible in all cases. Instead, a more com-
plex pathomechanism must be assumed. As mentioned above
(Fig 2), cSDHs were commonly shown, at least in adult trauma
cases (mostly traffic crashes), to derive from SDHys with inci-
dence rates between 8% and 58%.>>*7°%5° Thus, the fate of SDHy
is either resolution or cSDH formation.*>*”> Under a normal
pressure situation, the SDHy resolves. If the decreased intracra-
nial pressure that had led to SDHy formation continues, the
SDHy may expand.’>>* This can enlarge the intradural cleavage
(= subdural space filled with SDHy) up to the opposite brain side
opening a subdural space even above the falx cerebri. Accordingly,
SDHys were frequently observed not to be restricted to the brain
side of the “original pathology” (eg, acute SDH).*

SDHy can then develop neomembranes from the proliferating
dural border cells that are principally able to proliferate in any
pathologic process with cleavage of the dural borderzone tis-
sues.”® Forming of neomembranes is accompanied by neovascu-
larization. Spontaneous microhemorrhages from these fragile
new vessels may then occur and lead to a mixture of CSF and
blood.?*®” Therefore, it has been suggested that repeated micro-
hemorrhages possibly convert an SDHy into an expanding
CSDH.33,S(),52,S7,66

These pathogenetic considerations show why it is important
for the forensic expert to differentiate between ¢SDH and SDHy.
While ¢SDHs appear to be very rare and delayed consequences of
subdural collections, SDHys can apparently develop delayed or
rapidly. However, differentiation can be impossible for the radi-
ologist in cases of cSDH appearing CSF-like in CT or MR imaging.
These ¢SDHs are particularly vulnerable to be accidentally re-
ferred to as SDHys. Consequently, the terms cSDH and SDHy are
often used as synonyms in practice.

Some authors describe the differences between cSDH and
SDHy as follows: SDHys are thought to be less than 3 weeks old,
static or decreasing, and do not or rarely produce a mass effect,
whereas cSDHs are thought to be older than 3 weeks, enlarging,
and may cause a mass effect.>>>"*® However, all these smooth
differencing criteria should be handled with care. “Three weeks”
cannot be a strict borderline, and most of the aforementioned
pathophysiologic data regarding ¢SDH rely on studies in adults.
Thus, it remains at least questionable whether these results can be
applied to infants at all.

As SDHys mostly lack neomembranes, this aspect could be
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FIG 4. Benign enlargement of the subarachnoid space. While in CT
(A), BESS could be misdiagnosed as SDHy, MR imaging (B, T1-weighted
image; C, T2-weighted image) clearly demonstrates the presence of
BESS. Note the vessels (thin arrows) spanning through the subarach-
noid space. The small black arrows in B point at the subarachnoid
membrane.

another morphologic criterion for differentiation. Neomem-
branes are usually present in cSDHs and encapsulate the subdural
collection as a result of tissue response and may even subdivide it
into different chambers.>*>*>> Although neomembranes are de-
scribed as becoming visible to the naked eye after approximately
10 days™* and were shown to aid in dating injuries,* diagnosing
such membranes in CT or MR imaging can be very challenging.

Benign Enlargement of the Subarachnoid Space. The benign en-
largement of the subarachnoid space (BESS) represents an impor-
tant differential diagnosis for both SDHy and c¢SDH (Fig
4).4%51:3290 Thege subarachnoid fluid collections are frequently
observed and often termed confusingly as “benign hygromas of
infancy.” BESS probably results from immaturity of the arach-
noid villi leading to a transient form of communicating or exter-
nal hydrocephalus.’* Infants concerned are usually neurologically
uneventful without evidence of prior brain injury.”’ Nowadays,
BESS can clearly be distinguished from SDHy (Fig 5), particularly
because of improvements in MR imaging technology. In the pres-
ence of BESS, the vessels, which run through the subarachnoid
space, are localized away from the brain. On the other hand, in the
presence of a subdural fluid collection, the vessels can be found
near the surface of the brain.

Forensically, it is important to know that long-term observa-
tions of infants with BESS as well as a finite element study indi-
cated no increased risk for developing SDH.*>*> The hypothesis



FIG5. Schematic drawing of the right parietal region as seen in the coronal view imaging. Note the position of the subarachnoid membrane and
the subarachnoid vessels (both in yellow). The dura mater is presented in green. A, normal situation; B, enlarged subarachnoid spaces and C,

subdural hygroma.

was that stretching of the BV due to enlargement of the subarach-
noid space may result in a predisposition to developing SDH.
Accordingly, it has been reported that SDHs may occur either
spontaneously or as a result of minor trauma in infants with
BESS.”® By contrast, it has been frequently discussed that enlarg-
ing of the head circumference because of external hydrocephalus
is rather a consequence and not the cause of bleeding, for instance,
due to impaired CSF absorption caused by subarachnoid pus,
cells, or hemorrhage, or by SDH.>">*%>

Besides BESS, it is essential to know that, in general, the sub-
arachnoid spaces are relatively larger in the first 2 years of life than
in older children or adults.’>*>*” According to Libicher and
Troger,” head sonography of 89 healthy American infants re-
vealed the distances between the inner calvarian table and the
cerebral cortex to range from 0.3 to 6.3 mm (upper limit proposed
based on the 95th percentile: 4 mm).The infants’ head circumfer-
ences of that study were found to be between the 3rd and 97th
percentile. In addition, cerebral atrophy, for example, as a result
of AHT, may also lead to the impression of enlarged subarachnoid

5
spaces.”>®?

CONCLUSIONS

SDHy and c¢SDH are often difficult to distinguish from each other
and are often used synonymously in daily case work. While
cSDHs in infants are rare and rather implicate a delayed and non-
acute process, SDHys may develop rapidly or be delayed. Accord-
ingly, early hypodensity in infantile SDH has also been observed

51,98-100

by others arguing against an overhasty diagnosis of a
chronic process but suggesting a significant role of CSF.

On one hand, SDHys are classically considered as remains of a
previous SDH, directly or indirectly, which strongly suggests a
trauma of cortical BVs and a delayed formation of SDHys (see
Concept 1 section). On the other hand, acute pathogenesis of
SDHys has been verified by traumatically induced tears in the
arachnoid membrane (see Concept 2 section). In all probability,
multiple mechanisms exist and also coexist. Accordingly, it is not
adequate to state different ages of injuries when SDH and SDHy
are present concomitantly.

Both concepts presented have 1 thing in common: if other
infrequent reasons and differential diagnoses have been excluded,
the presence of SDHy strongly suggests trauma, or more precisely:

a posttraumatic state. The presence of SDHy in infants therefore
represents compelling reason to search for other signs of AHT
such as retinal hemorrhages, fractures, bruises, or inadequate ex-
planations for trauma.

The usage of SDHy for age estimation of head trauma is diffi-
cult and should not be considered as the most important factor in
determining the time of injury.”” Hence, as already proposed by
Vezina,”' in initial CT investigations, it is best to describe sub-
dural collections only in terms of density (hypo-, hyper-,
isodense, or mixed) and strongly avoid labels such as “acute” or
“chronic.”

If additional presurgical MR imaging scans of the head exist,
further assessment is possible. MR imaging is clearly more sensi-
tive to the presence of SDH, BESS, neomembranes, and injuries of
the cerebrum, brain stem, or upper cervical cord. Furthermore,
temporal development of intracranial hemorrhages by means of
MR imaging is well studied.>">>

To conclude, evaluation of SDHy cases should ideally be done
in close cooperation between neuroradiology, pediatrics, and fo-
rensic medicine. The initial neuroradiologic evaluation is of par-
ticular importance and indispensable for correct medicolegal
conclusions.
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ACADEMIC PERSPECTIVES

Differences in Neuroradiology Training Programs
around the World

T. Schneider, T.A.G.M. Huisman, J. Fiehler, L. Savic, and D.M. Yousem

ABSTRACT

BACKGROUND AND PURPOSE: No previous study compares neuroradiology training programs and teaching schedules across the globe,
to our knowledge. This study was conducted to better understand international program requisites.

MATERIALS AND METHODS: Data from 43 countries were collected by an e-mail-based questionnaire (response rate, 84.0%). Radiologists
across the world were surveyed regarding the neuroradiology training schemes in their institutions. Answers were verified by officers of
the national neuroradiology societies.

RESULTS: While many countries do not provide fellowship training in neuroradiology (n = 16), others have formal postresidency curricula
(n = 27). Many programs have few fellows and didactic sessions, but the 1- or 2-year duration of fellowship training is relatively consistent
(n = 23/27, 85%).

CONCLUSIONS: There is a wide variety of fellowship offerings, lessons provided, and ratios of teachers to learners in neuroradiology
training programs globally.

ABBREVIATIONS: ACGME = Accreditation Council for Graduate Medical Education; DNR = diagnostic neuroradiology; ESNR = European Society of Neuroradi-

ology; INR = interventional neuroradiology; NR = neuroradiology

he United States considers itself a leader in medical education

and training among nations." Generally speaking, American
medical school, residency, and fellowship programs are consid-
ered globally as being well-structured, highly competitive, and
outstanding in the quality of education and instruction. As of the
2013-2014 academic year, 185 radiology residency programs and
85 neuroradiology (NR) fellowship programs in the United States
are voluntarily supervised by the Accreditation Council for Grad-
uate Medical Education (ACGME). This private, nonprofit orga-
nization sets educational standards and periodically reviews their
implementation within the respective graduate medical educa-
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tion programs.” In addition, completion of programs accredited
by the ACGME is a prerequisite to becoming board-certified in
diagnostic radiology and subspecialty certified in neuroradiology.
Examinations are offered by the American Board of Radiology
annually through the American Board of Medical Specialties. It
oversees specialty and subspecialty certification in radiology and
23 other medical specialties in the United States.

The educational path for an aspiring American neuroradiolo-
gist typically begins by matching in a first-postgraduate-year pre-
requisite clinical year (internship year) and an ACGME-accred-
ited postgraduate year 2- to 5-year diagnostic radiology residency
program.” The first 3 years of residency focus on diagnostic radi-
ology (postgraduate years 2—4) and include 9 core rotations in
abdominal radiology, breast imaging, cardiothoracic radiology,
musculoskeletal radiology, neuroradiology, nuclear radiology,
pediatric radiology, sonography, and vascular and interventional
radiology. In postgraduate year 5, residents may participate in
subspecialty rotations of their choice.* The trainees’ diagnostic
experience in the different imaging modalities is assessed through
a case/procedure log system, which is annually reviewed by the
faculty of the program and the ACGME.”

After finishing residency, graduating radiologists have the oppor-
tunity to start additional fellowship training within their discipline of
choice if they desire subspecialty expertise.® Contributing factors that


http://orcid.org/0000-0002-3767-5963

promote the implementation of fellowship programs in radiology are
the rapid development of new imaging techniques, the need for ap-
propriate interpretation skills and expertise to compete in the job
market, and the trend toward endovascular and percutaneous
therapies.'

The first NR fellowship positions were offered in Stockholm
and London in the 1950s and approximately 10 years later in New
York (1960).” Regarding neuroradiology, 2 fellowships are of-
fered in the United States currently: diagnostic neuroradiology
(DNR) and interventional neuroradiology (INR), with the latter,
by ACGME regulations, requiring a previous DNR year. How-
ever, very few of the offered neurointerventional programs are
currently ACGME-accredited, so this requirement is often not
completed.

Because there is a trend toward greater subspecialization in
radiology globally, we conducted a survey to investigate differ-
ences in radiology training programs across the world with regard
to the general curriculum, focusing on neuroradiology fellow-
ships in particular. Therefore, departments in countries on all
continents were asked to complete a standardized questionnaire
about their training programs. Hence, differences in international
educational structures could be revealed.

MATERIALS AND METHODS

The parameters of radiology residency and fellowship training at
institutions across the globe (both university hospitals and com-
munity teaching hospitals) were analyzed. From December 2013
through February 2014, a 16-item questionnaire was sent via
e-mail to members of 50 non-US neuroradiology societies, neu-
roradiologists, neuroradiology fellows, and residents (On-line
Table 1). To check the accuracy of information submitted, in a
second step, we contacted representatives of national radiology
and neuroradiology societies, who validated the responses.

The items were related to 3 topics: general information about
the structure of medical education, features of general radiology
residency, and neuroradiology fellowship programs. Responders
were further contacted by e-mail to clarify specific issues if
necessary.

To evaluate the structure of the trainee didactic and clinical
education, we asked for the weekly number of neuroradiology
teaching sessions in the programs. In addition, a ratio of the num-
ber of residents/fellows to the number of attending physicians was
calculated for each department.

RESULTS

The response rate was 86.0% (43/50 countries). Members of na-
tional neuroradiology societies helped to verify 76.7% of the ini-
tial results (n = 33/43 countries). Representative information was
obtained from the following 43 countries:

e North America: United States and Canada

e South America: Argentina, Brazil, Colombia, and Guatemala

e Europe: Albania, Austria, Belgium, Denmark, Finland, France,
Germany, Greece, Iceland, Ireland, Italy, Lithuania, Norway,
Portugal, Spain, Sweden, Switzerland, the Netherlands, Turkey,
and United Kingdom

o Africa: Egypt, South Africa, and Tunisia

e Asia: China, India, Indonesia, Iran, Israel, Japan, Lebanon, Pak-
istan, Philippines, Saudi Arabia, South Korea, and Thailand

e Australia

e New Zealand.

As for general categorization of responses, the countries were
divided into those who do not provide neuroradiology fellowship
programs and those who do.

Countries That Do Not Provide Fellowship Training
On-line Table 2 provides information about the 16 countries re-
porting that they do not offer a fellowship program for either
diagnostic or interventional neuroradiology (n = 16/43).

The duration of medical school, including an internship pe-
riod before graduation, ranges from 4 years in Lebanon (an Amer-
ican system with a 3-year bachelor of science degree required) to
up to 7 years in Iceland, Egypt, and Tunisia.

Internships as part of general radiology residency are manda-
tory in Albania, Denmark, Lebanon, New Zealand, Pakistan, and
South Africa. The shortest radiology residency program (3 years)
of all surveyed countries without neuroradiology fellowships was
in Egypt. Only in Egypt (1:1), and New Zealand (1:1.5) are there
official requirements for a resident/faculty ratio.

In Spain, no official fellowship programs are provided, and
instead, candidates are obliged to get a 2- or 3-year grant for a
specific project from the national government, a hospital, or the
pharmaceutical industry. In Turkey, a few hospitals have formal
approval to offer fellowships for interventional neuroradiology,
but there are no public tenders for diagnostic neuroradiology
fellowships.

None of the surveyed African nations (Egypt, South Africa,
and Tunisia) offer neuroradiology fellowships. A unique feature
of the Tunisian radiology residency program is that the residents
rotate through different departments in various cities and hospi-
tals across the country.

Pakistan offers 1-year fellowships in vascular and interven-
tional radiology during which the fellows likely get some interven-
tional neuroradiology exposure, but there is no dedicated pro-
gram per se.

Countries with a Formal Neuroradiology Fellowship
Program

On-line Tables 4 and 5 show information about the 27 countries
that provide postresidency training in DNR and/or INR.

If one looks at the ratio of the number of residents/number of
attending physicians, there is a large difference among the sur-
veyed departments: on the one hand, countries such as Finland
(ratio 0.2), Norway (0.3), the United States (0.3), and Canada
(0.5) have a surplus of attendings (attendings exceed residents by
far). On the other hand, Germany (ratio: 2.9), Brazil (3.2), Iran
(3.2), and Indonesia (8.3-10.0) have a high number of residents
compared with the number of attendings. National requirements
regarding the number of faculty members are available only in a
few countries (Austria, Australia, India, the Netherlands, and the
United States).

Of those countries with a neuroradiology training program,
almost every department offers regular neuroradiology lectures or
at least the opportunity for residents to attend otolaryngology,
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neurosurgery, or neurology case conferences. Case logs for track-
ing the residents’ experience are used by most departments
(63%).

Thirteen of 27 analyzed hospitals offer diagnostic and inter-
ventional neuroradiology fellowship programs; 9 departments
provide only a diagnostic (n = 8) or a neurointerventional pro-
gram (n = 1). The neuroradiology fellowships in Germany (2-3
years), India (3 years), Ireland (1 year), and South Korea (2 years)
include both diagnostic and interventional NR in 1 curriculum
(see “NR” in On-line Table 5).

The largest fellowship program is offered by the representative
United States department (Johns Hopkins University) with 8
places for diagnostic NR and 2-3 places for interventional NR
yearly. This program offers 1-2 teaching sessions daily (case pre-
sentations, journal clubs, grand rounds) given by neuroradiology,
neurosurgery, neurology, and otolaryngology faculty or by the
fellows themselves. There is a wide variety in terms of the number
of scheduled lectures among other countries (only sporadic lec-
tures in the Swedish, British, Chinese, Iranian, and Korean de-
partments; 1-5 lectures per week in all other departments).

Ten of these 27 countries do not require a written or oral
examination at the end of the neuroradiology fellowship.

Because of a lack of specialized interventional neuroradiolo-
gists, interventional neuroradiology procedures in Indonesia are
performed by general interventional radiologists. A fellowship
program for INR is currently in the planning phase.

The Tehran University of Medical Sciences is the only hospital
in Iran that offers a fellowship for INR. The DNR postresidency
program in Israel has been recently approved by the Israeli Med-
ical Association and was reported to start in 2014.

Compared with the aforementioned countries, Portugal is an
exception. After 6 years of medical school, the trainee must com-
plete 18 months of an internship and can then start a 5-year neu-
roradiology fellowship program without doing a general radiol-
ogy residency beforehand. Currently 7 teaching centers with 30
trainees offer a program solely focusing on diagnostic and inter-
ventional neuroradiology, including rotations in neurology, neu-
rosurgery, and neuropediatrics. Fellows have a case log and must
pass an oral examination at the end of the 5 years.

Taken together, nearly half of the European countries ana-
lyzed provide formal postresidency training in neuroradiology
(n = 11/20). To obtain an official degree in neuroradiology in a
country without a fellowship program, one can complete a special
course program organized by the European Society of Neurora-
diology (ESNR, On-line Table 3). The first-level course is held on
ayearly basis as a 2-day course in varying European cities, review-
ing the most common cerebral pathologies, and is designed for
residents in their first, second, or third year. The second-level
course is organized every 6 months and is designed for certified
radiologists with a 2-year minimum of neuroradiology training.
Each of the 4 modules (first course: embryology/anatomy/malfor-
mations/genetics; second course: tumors and tumorlike lesions;
third course: vascular diseases; and fourth course: trauma/degen-
erative/metabolic/inflammatory) lasts 5 days. The location is se-
lected by the ESNR executive committee. Eligible candidates for
the final European Diploma in Neuroradiology are certified radi-
ologists with a 2-year minimum training in neuroradiology, who
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need to successfully pass the written examinations associated with
the second-level course modules. The ESNR also organizes third-
level courses (European Advanced Courses/European Diploma of
Higher Qualification). The duration of these programs varies, but
usually 1 course lasts several days and is offered in different cities.
In doing so, the ESNR aims to achieve standardization of neuro-
radiology education throughout Europe.®

Regarding training in general radiology in Europe, the Euro-
pean Society of Radiology recently published the revised version
of the European Training Curriculum for Radiology. It aims to
harmonize radiology training in Europe because it describes the
objectives in knowledge, skills, and competences and attitudes for
radiology residents. The curriculum does not include details
about lecture hours, case log minimums, or the number of faculty
members.” Comparable with the European Society of Radiology
work, the ESNR implemented the “European Charter for Educa-
tion and Training in Clinical Neuroradiology (Diagnostic and
Interventional),” attempting to standardize neuroradiology sub-
specialization training in Europe.'°

DISCUSSION

In this study, data about neuroradiology training programs in
various countries worldwide were collected, though it is virtually
impossible to realistically compare their quality. Socioeconomic
factors, local culture/preferences, historic precedents, and finan-
cial factors may explain differences in educational structures in
these countries more than any other condition. However, this
survey was primarily conducted to give an impression of the ed-
ucational concepts in different countries and to show how their
training schemes are organized.

Preresidency

Despite the varying structure of medical school curricula (eg, un-
dergraduate/graduate education in the United States, Canada, or
Australia versus direct-entry medical programs in Germany, Bra-
zil, or Thailand; and inclusion of an internship within the medical
school curriculum versus noninclusion), the duration of medical
school is roughly equal in all countries studied (4—6 years). In
almost all the analyzed countries, it is mandatory to complete an
internship, which is either included in the medical school curric-
ulum or has to be performed after graduation from medical
school before a radiology residency. On the other hand, there isan
ongoing debate in America as to whether the year of internship
should be spent in other activities for future radiologists. Short-
ening the US radiology residency program to 3 years and poten-
tially completing clinical months instead of a preresidency intern-
ship as part of subspecialty fellowship training after the residency

has been suggested in editorials."""

Residency

There was a wide variation in the duration of radiology residency,
ranging from 3 years (Egypt, Brazil, Colombia, India, Thailand,
and Japan; 6/43 = 14%) to 5 years (n = 17/43 departments =
39.5%). Iceland, with the lowest population density of all Euro-
pean countries, provides formal residency programs for general
medicine and psychiatry, but not for radiology. All 3 neuroradi-



ologists working there obtained their training in mainland
Scandinavia.

Because new imaging techniques are developing more rapidly,
whether the shorter programs would be able to cover the same
teaching modules as the longer programs has been questioned.
However, the current trend is toward greater subspecialization. In
this setting, it may be feasible for even a short general program to
provide a sufficient basis for proceeding to more focused subspe-
cialty expertise.

A striking difference was observed for the ratio of the number
of residents to faculty members, which was lowest in the US de-
partment (0.3 residents/1 attending) and highest in Germany (2.9
residents/1 attending), Brazil (3.2 residents/1 attending), Iran
(3.2 residents/1 attending), and Indonesia (8.3-10 residents/1 at-
tending). A high number of attending physicians are suggested
as the basis for maintaining a high standard of teaching, edu-
cating young radiologists, and conducting high-quality re-
search. Consequently, in the United States, the ACGME requires
at least 1 full-time equivalent physician faculty in each of the 9
core subspecialties for US radiology residency programs (see the
first paragraph).*

Furthermore, a unique feature of US general radiology pro-
grams is that they must offer a minimum of 5 hours of lectures,
case conferences, and journal clubs per week (mandated by the
ACGME). As required by the ACGME, residents are not respon-
sible for covering clinical service during that time.>* No other
country mandates such extensive protected teaching/learning
time.

Most neuroradiology lectures during residency are included in
the general diagnostic radiology conference schedule, but ambi-
tious residents may have the opportunity to plan extra rotations in
neuroradiology. An additional focused lecture series in neurora-
diology (4 weeks) for residents is provided once a year in some US
and Turkish departments.

Fellowship

Regarding specialized training in neuroradiology, a wide spec-
trum of programs was observed, ranging from solely DNR (7
countries) or INR training (1 country) versus both DNR and INR
fellowships (13 countries including the United States plus 4
countries with a joint DNR/INR [both diagnostic and interven-
tional NRin 1 curriculum fellowship]) to a program that does not
require completion of residency in general radiology but rather
provides exclusive DNR/INR neuroradiology training for 5 years
(Portugal).

The departments of 5/27 countries (18.5%) that provide neu-
roradiology fellowship training do not provide regularly sched-
uled didactic sessions. In contrast, daily teaching is strongly en-
couraged in some countries, where fellowship lectures are also
provided by the clinical services (ie, neurosurgeons, neurologists,
and otolaryngologists). The Philippine, Australian, and the Saudi
Arabian departments also offer daily teaching. To encourage ed-
ucation and self-improvement of fellows (and residents), the di-
dactic curriculum may also include a variety of formats (case
series, journal clubs, noon conferences, grand rounds, and mor-
bidity and mortality conferences).

To maintain the highest standards of neuroradiology educa-

tion and ensure competent guidance of the US trainees, a faculty-
to-fellow ratio exceeding 1:1 is suggested by the ACGME. Except
for the Chinese hospital (6 DNR fellows to 4 faculty members),
each non-US department analyzed met this requirement (26/
27 = 96.3%)."2

The limitations of this survey are based on sampling bias for
those respondents that replied to the survey and the results pro-
vided particularly for that institution. Because national regula-
tions are not widely disseminated across each country, one
could not tell whether the results from 1 institution truly repre-
sent the whole nation. We aimed to cross-check the validity of the
answers (regarding general information) submitted by interview-
ing national representatives of neuroradiology and radiology so-
cieties, but not all officials responded. However, the information
we obtained was provided by radiology residents, neuroradiology
fellows, or radiology faculty members. Because the comparison
with the representative American program was also based on a
single large university hospital (Johns Hopkins), we used the
ACGME regulations to provide the requirements of all American
programs.

CONCLUSIONS

Several differences were observed with regard to the organization
of neuroradiology training in the nations examined. The spec-
trum ranges from the complete absence of neuroradiology fellow-
ships to highly specialized and elaborate programs in several
countries. These variations across the globe may be primarily re-
lated to financial and economic factors; historical precedents, pol-
itics, and turf battles among medical specialties; the volume of
candidates available; the job market; and the teaching expertise
available.

ACGME-approved radiology residency programs in the
United States are structured educational experiences, because
they are based on concrete enforceable guidelines.*>'* These in-
clude scheduled rotations with specified goals and objectives, re-
quirements for qualification of personnel, the necessity of a case
log as an accurate trainee experiential record, teaching standards
with scheduled conferences and lectures relating to a core didactic
curriculum, periodic review of the resident, and the implementa-
tion of objective national certifying examinations.* As well,
ACGME-accredited neuroradiology fellowship training is offered
in the United States and also provides analogous guidelines re-
quiring faculty-to-fellow ratios that exceed 1:1. Non-ACGME-
approved fellowships in neuroradiology are also offered. How-
ever, because they may not lead to US subspecialty certification
and may not be recognized for state licensure, those programs
remain less desirable.

The ESNR has recently endeavored to coordinate training
courses in neuroradiology, implement standardized European
examinations, and create a “European Charter for Education and
Training in Clinical Neuroradiology”.'® Primarily, it aims to har-
monize subspecialization training in neuroradiology throughout
Europe and to create common standards of knowledge.

In summary, many different philosophies and methods for
training radiologists and neuroradiologists can be found across
the globe. While the duration of diagnostic neuroradiology train-

AINR Am J Neuroradiol 36:440—44  Mar 2015  www.ajnr.org 443



ing varies only minimally, the structure of that training and the
regulations and oversight vary widely.
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GENETICS VIGNETTE

Genetics of Parkinson Disease

E. Ben-David and R. Tu

ABBREVIATION: PD = Parkinson disease

Parkinson disease (PD) is a degenerative disorder of the ner-
vous system. It is characterized by loss of dopamine-produc-
ing cells which, in time, develops into motor system dysfunction.
A small portion of PD cases are purely genetic. Currently, diagno-
sis is based on clinical examination. Molecular imaging is most
sensitive and novel techniques are promising; however, their use
is largely limited to research. Anatomic imaging is not disease-
specific in this disorder, though it may be used to rule out alter-
native diagnoses known to mimic PD.

HISTORY OF PARKINSON DISEASE
The description of tremors and other symptoms of PD is found in
ancient texts."* The eponym of the disease was bestowed posthu-
mously, in the late 1800s, by Jean-Martin Charcot upon James
Parkinson, a British apothecary and surgeon, who described “pa-
ralysis agitans” in a monograph entitled An Essay on the Shaking
Palsyin 1817.” PD is the second most common neurodegenerative
disorder after Alzheimer disease.” It is caused by impairment of
the dopaminergic system, initially affecting movement. In later
stages, cognition and behavior may also be affected.
Pathologically, PD is associated with dopaminergic neuronal
cell loss and accumulation of Lewy bodies and Lewy neuritis
within affected cells. Clinical symptoms develop when between
70%-—80% of the involved nerve terminals have degenerated.’
Prevalence of PD is approximately 1% of the population over the
age of 50.% Its reported annual incidence rate is 13.4 per 100,000
in the general population; however, over the age of 60 years, the

incidence rate greatly increases.®
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WHAT ARE THE CLINICAL MANIFESTATIONS OF
PARKINSON DISEASE?

PD is a movement disorder with a slow onset, frequently present-
ing initially with coordination difficulties. Later, bradykenisia, ri-
gidity, postural instability, and resting tremors are the dominant
features of the disease.” The time lag between the initial symptoms
and diagnosis may be several years."’

A depletion of dopaminergic production may be seen in other
diseases as well. Atypical PD, also known as Parkinson Plus Syn-
dromes, represents 15% of patients presenting with Parkinson-
like symptoms. However, these syndromes (multiple system atro-
phy, Lewy body dementia, progressive supranuclear palsy, and
corticobasal degeneration) do not respond to dopamine therapy.

ARE THERE GENETIC TYPES OF PD?

Initially, the genetic component of PD was questioned, especially
in PD occurring after the age of 60."" In a large twin study exam-
ining concordance for PD in twins, no concordance was found.'?
However, additional studies found a Mendelian inheritance pat-
tern, especially in early onset PD.'*'* Currently, monogenic PD is
thought to cause 3%-5% of all PD.'® Detection of the genes was
performed using linkage analysis and positional cloning in fami-
lies suspected of having a genetic component. The genes discov-
ered to have a link to PD were designated the “PARK” genes.'® The
inheritance patterns may be autosomal dominant, as is seen in the
PARK1, 3, 5, and 8 genes. Autosomal recessive PD is linked to
PARK?2, 6, and 7. A polymorphic or multiple genetic form of late
onset PD has been described as well.'”

THE PRION DISEASE HYPOTHESIS

In recent years, there has been an increasing body of research
suggesting that a-synuclein, which accumulates in Lewy bodies in
patients with PD, is a prionlike protein. The protein aggregates in
a misfolded configuration and demonstrates properties of self-
propagation to adjacent cells.'®?° The similarity of genetic forms
of PD and prion diseases is stated as an argument on behalf of this
hypothesis.>'

AJNR Am J Neuroradiol 36:445—-47  Mar 2015 www.ajnr.org 445



IS THERE DIAGNOSTIC TESTING FOR PD?

Currently, diagnosis of Parkinson disease is based on the clinically
characteristic signs of bradykinesia, rigidity, and resting tremor.
Asymmetric onset of symptoms and a response to levodopa are
considered supporting diagnostic features.®

WHAT IS THE ROLE OF IMAGING IN PD?

MR Imaging. The role of iron in the pathogenesis of Parkinson
disease has been and continues to be investigated.?**> Iron, which
has ferromagnetic properties and is excessively deposited in the
substantia nigra of patients with PD, led many to believe that this
could potentially be an imaging marker of the disease, especially
with T2/T2* imaging.>*° In addition, more advanced MR imag-

ing techniques have been evaluated, such as SWI*”*®

and mag-
netic transfer imaging.>*”° One limitation of iron-based imaging
is that it is nonspecific and may be seen in myriad normal or
non-PD patients with parkinsonism.

Voxel-based morphometry uses high-resolution images for
the assessment of brain structure. In a study of carriers of PARK2
and 6 heterozygous carriers, an increase in volume of the posterior
putamen and the internal globus pallidus was seen, possibly a
compensatory reaction to dopaminergic dysfunction.”!

Evaluation of white matter tracts, basal ganglia, and substantia
nigra integrity using regional apparent diffusion coefficients and
fractional anisotropy can be performed using DTI.**>">*

Resting-state MR imaging shows promise in the evaluation of
abnormal neural networks, which is seen as hypersynchronicity in
basal ganglia-thalamo-cortical loops.*®*”

High-field (7T) MRS demonstrates elevated putaminal and
pontine gamma-aminobutyric acid levels.*® This is promising;
however, larger studies are required to validate this technique for
clinical use.

Molecular Imaging. Radionuclide (['®*F]fluoro-L-dopa or FDOPA)
uptake by dopaminergic neurons makes this molecule particu-
larly useful as a sensitive tool for assessing the dopaminergic
pathway.

In a comprehensive review, van der Vegt et al'®

discussed, at
length, the use of molecular as well as structural imaging in ge-
netic forms of PD. The use of ['*FJFDOPA PET and SPECT im-
aging is characteristic for sporadic PD but is nonspecific for ge-
netic PD. A pattern similar to idiopathic PD of presynaptic
dopaminergic dysfunction was seen in most genetic forms of PD.

CONCLUSIONS

Diagnosis of PD still rests on a characteristic clinical examination.
Only a fraction of these patients will have a monogenetic etiology.
Of the imaging modalities, radionuclide studies appear to be the
most sensitive diagnostic tool. Structural imaging is currently
noncontributory for diagnosis; however, it may be used to rule
out other diseases that may have a similar clinical presentation.
Genetic and idiopathic forms of PD have similar imaging appear-
ances, suggesting a common pathophysiology.
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ORIGINAL RESEARCH
BRAIN

White Matter Correlates of Cognitive Impairment in Essential
Tremor

K.S. Bhalsing, KJ. Kumar, J. Saini, R. Yadav, AK. Gupta, and P.K. Pal

ok =1

ABSTRACT

BACKGROUND AND PURPOSE: Impairment of cognitive functions occurs in essential tremor, though the mechanism s largely unknown. The aim of
this study was to find microstructural correlates of cognitive dysfunction seen in essential tremor by using DTl and neuropsychological assessment.

MATERIALS AND METHODS: Fifty-five patients with essential tremor and 55 matched healthy controls were evaluated. Essential tremor
was diagnosed by using the National Institutes of Health criteria. Subjects were assessed by using a structured neuropsychological battery.
DTI data were acquired by using 3T MR imaging and were analyzed by using tract-based spatial statistics. Fractional anisotropy, mean
diffusivity, radial diffusivity, and axial diffusivity were analyzed.

RESULTS: Patients were considered cognitively impaired when the test score was 1.5 SDs below or above the mean of healthy controls
(depending on the type of test) in =3 neuropsychological tests. Patients with cognitive impairment had significantly higher mean diffu-
sivity, radial diffusivity, and axial diffusivity values in the bilateral frontoparietal regions. In patients with cognitive impairment, mean
diffusivity, radial diffusivity, and axial diffusivity showed correlations with various neuropsychological test scores. Executive function
correlated with DTI measures of the frontal white matter, cingulum, inferior superior longitudinal and uncinate fasciculi, anterior thalamic
radiations, and posterior lobe of the cerebellum. Visuospatial function correlated with the right parieto-occipital lobe, whereas visual-
verbal memories correlated with the anterior thalamic radiations, inferior longitudinal and uncinate fasciculi, and the posterior lobe of the
cerebellum. No significant correlations were found between fractional anisotropy and any of the neuropsychological test scores.

CONCLUSIONS: The present study demonstrates a correlation between neuropsychological test scores and DTI measures, suggesting a
neuroanatomic basis for cognitive impairment seen in patients with essential tremor.

ABBREVIATIONS: ET = essential tremor; ETCI = ET with cognitive impairment; ETNCI = ET without cognitive impairment; HC = healthy controls; TBSS =
tract-based spatial statistics

ssential tremor (ET) is the most common movement disorder.

It is associated with cognitive impairments' and behavioral
and sleep disturbances,” in addition to tremor. Various studies
have shown cognitive impairment, especially executive-visuospa-
tial dysfunction and attention deficits, in patients with ET.>*
Voxel-based morphometry studies in ET have found volume re-
ductions in the cerebellum and cerebrum (frontal lobe, insula,
and cingulum).>® While voxel-based morphometry analysis is
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useful for demonstrating regional GM changes, DTI provides in-
formation about the microstructural organization of WM. The
most widely used measurements are fractional anisotropy and
mean diffusivity. Variations in these measures within WM struc-
tures are thought to reflect structural changes such as myelin ab-
normalities, neuronal damage, microtubule breakdown, and/or
axonal loss. The involvement of WM is controversial in ET. In
particular, the first diffusion study in ET did not report WM ab-
normalities,” while Shin et al® showed fractional anisotropy re-
duction in the cerebellum, brain stem, and cerebral hemispheres
in patients with ET. Recently, a few studies have reported the
presence of WM abnormalities in the frontoparietal region and
cerebellar peduncles.”'® Thus, structural studies in ET suggest
involvement of the cerebellofrontal network, which is known to
play an important role in higher level cognitive functions."'

The aim of the present study was to characterize the brain
localization of cognitive dysfunction in ET. To characterize cog-
nitive dysfunction, we used a structured neuropsychological bat-



tery. Tract-based spatial statistics (TBSS; http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/TBSS) analysis on DTI images was performed to
characterize the microstructural correlates of cognitive performance.
Such correlation analysis offers an opportunity to detect the role of
WM microstructural damage in cognitive deficits seen in ET.

MATERIALS AND METHODS

We studied 55 patients with ET (mean age, 45.6 = 11.7 years) and
55 age-, sex-, education-, and handedness-matched healthy con-
trols (HC) (mean age, 46.2 = 11.4 years) at the National Institute
of Mental Health and Neurosciences, India, from December 2011
to August 2013. All subjects were screened with the Mini-Mental
State Examination scale and were included if the score was =25.

Patient Group

All patients recruited in our study were carefully examined by a
movement disorder specialist (P.K.P.). The diagnosis of ET was
confirmed by using the National Institutes of Health Collabora-
tive Genetic Criteria.'? The severity of the tremor was assessed by
using the Fahn-Tolosa-Marin tremor rating scale. In all patients,
arm tremors were assessed at rest, with their arms extended, and
while performing finger-to-nose movements. Head, voice, leg,
and trunk tremors were also assessed in addition to arm tremor.
Tremor severity was also assessed while writing and performing
activities of daily living (such as pouring water and buttoning and
unbuttoning a shirt).

The half-life of the commonly used medications for tremor
ranges from 5 to 50 hours, and it takes 3-5 plasma half-lives to
eliminate a drug from a body. Therefore, patients who were on
medications for tremor were asked to stop the medications 2
weeks before the study.

Control Group
Hospital staff, spouses, and nonfamily attendants of patients were
recruited as controls. Each control was carefully interviewed and
examined to rule out any neurologic conditions and family his-
tory of neurodegenerative disorders. The Modified Mini Screen
was applied to all of them to rule out the presence of any psychi-
atric disorder.

The study was approved by the ethics committee of the insti-
tution, and all subjects consented to participate in this study.

Neuropsychological Evaluation

All subjects underwent neuropsychological assessment with tests as-
sessing attention, executive functions, memory (visual, verbal, and
working memory), and visuospatial functions. In patients, depend-
ing on the type of test, a test finding was considered abnormal if the
score was 1.5 SDs below or above the mean of the healthy controls."?
A patient was recognized as cognitively impaired if =3 neuropsycho-
logical test findings were abnormal. We considered =3 tests to in-
crease the stringency of the criteria. Patients were further divided into
2 groups, namely ET with cognitive impairment (ETCI) and ET
without cognitive impairment (ETNCI).

Test for Attention and Executive Functions

Wisconsin Card Sorting Test. A computerized version of the Wis-
consin Card Sorting Test (Berg's Card Sorting Test; http://

pebl.sourceforge.net/battery.html), which consists of 64 trials, was
used. Performance was evaluated on the basis of categories com-
pleted, perseverative response, and perseverative errors.

Stroop Test. The Stroop Test is a test of response inhibition. It
consists of 3 subtasks having 100 stimuli each. The first subtask
shows names of colors printed in black ink in random order. The
second subtask displays 1 of 4 basic colors. The third subtask
contains names of colors printed in an incongruous ink color; for
example, the word “yellow” printed in red ink. The subject is
required to inhibit the prepotent or habitual response of reading
the word and instead give a new response, which is to name the
color of the ink. This is known as Stroop effect.

The time needed to complete each subtask was recorded. Per-
formance was evaluated on the basis of “interference” because it is
considered a measure of cognitive flexibility and executive func-
tioning.'* Tt was calculated by subtracting the average time
needed to complete the first 2 subtasks from the time needed to
complete the third subtask.

Color Trails Tests | and Il. The Color Trails Test has 3 parts. The
time required to perform each part was recorded.

Test for Visuospatial Functions

Line Orientation Test. The Benton’s Judgment of Line Orienta-
tion Test is considered a valid task for the assessment of visuospa-
tial function."® In the present study, we used a self-designed short
form of the test (15 items instead of 30), keeping all the parame-
ters similar to those in the original test.

Test for Working Memory

Wechsler Memory Scale Il Spatial Span Test. We performed
both forward and backward Spatial Span tests to judge the
performance.

Test for Verbal and Visual Memory

We used the Rey Auditory Verbal Learning Test and Wechsler
Memory Scale III Face Recognition test for evaluation of verbal
and visual memories, respectively. In both tests, performance was
evaluated on the basis of immediate and delayed recall.

MR Imaging Acquisition

Imaging was performed in all subjects by using an Achieva
(Philips Healthcare, Best, the Netherlands) 3T MR imaging scan-
ner. Diffusion-weighted data with 16 directions were acquired by
using a 32-channel head coil. In case of severe head tremors, ad-
ditional cushions were used to stabilize the head. The acquisition
parameters were the following: TR/TE = 8782/62 ms, flip angle =
90°, b=1000 s/mm?, section thickness = 2 mm, number of sec-
tions = 60, intersection gap = 0, acquisition matrix = 112 X 112.
FLAIR images were also acquired. Before the analysis, all images
were screened by a neuroradiologist for the presence of structural
abnormalities.

Tract-Based Spatial Statistics
The fMRI of the Brain Software Library (FSL; http://www.fmrib.

ox.ac.uk/fsl), Tract-Based Spatial Statistics tool,*® was used to
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Clinical and demographic details of study subjects

correlation results with P < .001 (un-

ETCI(n=33) ETNCI(n=22) HC(n=55) PValue corrected for multiple comparisons) as
Age (yr) 47.03 =104 434 +134 46 =1 22 statistically significant.
Sex (female/male) 12.8 125 12,6 42
MMSE score 292+086 296+ 07 29.9 +02 P RESULTS . _
Family history of disease (No.) 18 3 NA &° Thirty-three patients were classified as
Disease duration (yr) 102 =74 9.5+82 NA 8° ETCI. A comparison of the 3 groups with
Fahn-Tolosa-Marin score 348+ 143 339 =154 NA 8°

respect to demographic and clinical char-

Note:—NA indicates not applicable; MMSE, Mini-Mental State Examination.
2 ANOVA.
® Unpaired t test.

compare diffusion measures among ETCI, ETNCI, and HC
groups and to correlate diffusion measures with neuropsycholog-
ical assessment scores. DTT data were first corrected for eddy cur-
rent and head motion. Fractional anisotropy images were then
created by fitting a tensor model to the raw diffusion data by using
the FMRIB Diffusion Toolbox (http://www.fmrib.ox.ac.uk/fsl/
fdt/index.html) and were extracted by using the Brain Extraction
Tool.'”'® The fractional anisotropy data of all the subjects were
then aligned into a common space by using the FMRIB Nonlinear
Registration Tool (FNIRT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FNIRT). In the next step, the mean fractional anisotropy image
was created and thinned to create a mean fractional anisotropy
skeleton, which represented the centers of all tracts common to
the whole group. To exclude GM or cerebrospinal fluid, the mean
fractional anisotropy skeleton was thresholded at 0.2. The aligned
fractional anisotropy data of each subject were then projected
onto this fractional anisotropy skeleton. In addition to fractional
anisotropy, mean diffusivity, radial diffusivity, and axial diffusiv-
ity images were also generated.

Statistical Analysis

F-test and Post Hoc Analysis. The F-test was performed among
the 3 groups (ETCI, ETNCI, and HC) to investigate differences in
DTI measures within the groups. Post hoc analysis was then per-
formed (when appropriate) to evaluate the differences among
ETCI versus HC, ETCI versus ETNCI, and ETNCI versus HC.
Age, sex, total intracranial volume, disease duration, and Fahn-
Tolosa-Marin scale scores were entered as nuisance regressors in the
design matrix throughout the analysis. Statistical analysis was per-
formed by using the FSL Randomize Tool (http:/fsl.fmrib.ox.ac.uk/
fsl/fslwiki/Randomise/UserGuide) with 5000 permutations.

Correlation Analysis. Correlation analysis was performed to
study the relationship between neuropsychological test scores and
each of the DTI measures. Neuropsychological test scores were used
as a covariate of interest in the framework of a general linear model.
Age, sex, total intracranial volume, disease duration, and Fahn-To-
losa-Marin scale scores were entered as nuisance regressors in the
design matrix throughout the analysis. Statistical analysis was per-
formed by using the FSL Randomize Tool with 5000 permutations.

Threshold-free cluster enhancement was performed to en-
hance cluster-like structures.'® Family-wise error correction with
P < .05 was considered significant. In correlation analysis, we
did not find any surviving clusters or voxels with analysis cor-
rected for multiple comparisons (family-wise error or false
discovery rate correction), so we decided to report the
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acteristics is presented in the Table. Inter-

group analysis among ETCI, ETNCI, and

HC by using ANOVA and between ETCI

and ETNCI by using a ¢ test did not show
any statistically significant differences in any of the demographic
and clinical parameters.

ANOVA and Post Hoc T Test
An F-test performed among the 3 groups was found to be statis-
tically significant in mean diffusivity, radial diffusivity, and axial
diffusivity, while it was not significant for fractional anisotropy.
On post hoc t test analysis (family-wise error—corrected, P < .05),
the ETCI group compared with HC group showed increased
mean diffusivity in the right cingulum and left precuneus (parietal
lobe), increased radial diffusivity in the right medial frontal white
matter and left cingulum, and increased axial diffusivity in the
right cingulum and left medial frontal white matter. The Figure
shows the results of ¢ test analysis performed in ETCI versus HC.
There was no statistically significant difference in any of the
diffusion measures for comparisons between ETCI versus ETNCI
and ETNCI versus HC groups.

Correlation Analysis

The following correlations (uncorrected for multiple compari-
sons, P <.001) between diffusion measures and neuropsychology
assessment scores were observed in the ETCI group (On-line Ta-
bles 1-3):

1) The number of categories completed on the Wisconsin Card
Sorting Test showed a negative correlation with mean diffu-
sivity, radial diffusivity, and axial diffusivity of the right medial
frontal gyrus, right cingulum, left anterior thalamic radia-
tions, and bilateral cerebellum (posterior lobe), whereas the
number of perseverative errors on the Wisconsin Card Sorting
Test positively correlated with mean diffusivity of bilateral an-
terior thalamic radiations, bilateral superior longitudinal fas-
ciculus, left uncinate fasciculus, left cerebellum (posterior
lobe) and radial diffusivity of left anterior thalamic radiations,
right superior and inferior longitudinal fasciculus and left un-
cinate fasciculus.

2) The Stroop Test score showed a positive correlation with mean
diffusivity, radial diffusivity, and axial diffusivity of the left
anterior thalamic radiations, bilateral superior longitudinal
fasciculus, left uncinate fasciculus, and left cerebellum (poste-
rior lobe).

3) The Color Trails Test score positively correlated with mean
diffusivity, radial diffusivity, and axial diffusivity of the left
anterior thalamic radiations and bilateral superior longitudi-
nal fasciculus.

4) Working memory scores showed a negative correlation with
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FIGURE. TBSS analysis (t test) performed in those with ETCI versus HC. Voxels demonstrating significantly (family-wise error—corrected P <.05)
increased mean diffusivity, radial diffusivity, and axial diffusivity in ETCI compared with HC are shown in red-yellow. Voxels are thickened into
local tracts and overlaid on the white matter skeleton (green). The design matrix used for the TBSS analysis is shown on the right.

mean diffusivity and radial diffusivity of the right medial fron-
tal gyrus, right cingulum, bilateral anterior thalamic radia-
tions, right superior longitudinal fasciculus, and right cerebel-
lum (posterior lobe).

9]
=~

Visuospatial scores negatively correlated with mean diffusiv-
ity, radial diffusivity of the right parietal lobe (supramarginal),
and the right occipital lobe.

6) Verbal memory immediate recall showed a negative correla-
tion with mean diffusivity, radial diffusivity, and axial diffu-
sivity of the bilateral inferior longitudinal fasciculus, right un-
cinate fasciculus, and bilateral cerebellum (posterior lobe),
whereas delayed recall showed a negative correlation with the
right anterior thalamic radiations, right inferior longitudinal
fasciculus, and right uncinate fasciculus.

7

~

Visual memory immediate recall showed a negative corre-
lation with mean diffusivity, radial diffusivity, and axial
diffusivity of the right inferior longitudinal fasciculus,
whereas delayed recall negatively correlated with diffusivity
measurements of the right anterior thalamic radiations and
bilateral inferior longitudinal fasciculus.

There was no statistically significant correlation between frac-
tional anisotropy and any of the neuropsychology assessment
scores in the ETCI group. No significant correlation was found
between neuropsychological test scores and any of the diffusion
measures in the ETNCI and HC groups.

DISCUSSION
Cognitive impairments often accompany typical motor symp-
toms of ET. Cognitive impairments related to impairments in the
frontal-cerebellar circuit appear to be the most prominent feature
of ET.* Despite the high prevalence of ET and the impact of cog-
nitive impairments on quality of life, the spectrum and neural
basis of these impairments are not fully characterized. Although a
number of DTT studies have been conducted to better understand
ET pathology, none have focused on the cognitive correlates of the
disease. To our knowledge, our study is the first to comprehen-
sively study the broad range of cognitive deficits in ET by using a
structured neuropsychological battery and to correlate them with
the structural abnormalities identified by using DTL

We analyzed DTI measures that are thought to reflect the fol-
lowing: 1) directional WM integrity (fractional anisotropy), 2)
tissue breakdown with increased water content (mean diffusiv-
ity), and 3) the integrity of axons versus their adjacent myelin
sheaths (radial diffusivity and axial diffusivity).*® Diffusion an-
isotropy (fractional anisotropy) may not be enough to better
characterize the tissue microstructure. If diffusion changes along
the direction of the semi-major axis (axial diffusivity) are propor-
tional to those of the semi-minor axes (radial diffusivity), then
fractional anisotropy, which is the ratio of axial diffusivity and
radial diffusivity, would remain relatively unchanged.”' Thus, it is
recommended that studies use multiple diffusion tensor measures
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to assess WM integrity comprehensively.?! Our analysis revealed
changes in the ETCI group mainly involving the bilateral frontal
parietal WM. The changes were mainly observed in mean diffu-
sivity, radial diffusivity, and axial diffusivity. This finding is sim-
ilar to those in studies performing whole-brain analysis by using
TBSS in patients with ET.>'® Significant changes in fractional
anisotropy of the cerebrum and cerebellum have been reported in
various region-of-interest-based studies in patients with ET.*®
The reason for these changes is unclear, but a possible explanation
might be attributable to subtle changes in fractional anisotropy
that can be detected within ROIs, which however may not survive
stringent whole-brain statistical analysis. A region-of-interest ap-
proach can be artifactual because even a subtle amount of atrophy
in a tract of interest could lead to wrong placement of ROIs.*!
Thus, region-of-interest results need to be interpreted with
caution.

Executive function is often regarded as the most common cog-
nitive deficit in patients with ET.* In the present study, executive
and working memory dysfunction showed a correlation with DTI
measures in the right medial frontal gyrus, right cingulum, bilat-
eral anterior thalamic radiations, bilateral superior longitudinal
fasciculus, left uncinate fasciculus, and bilateral cerebellum (pos-
terior lobe). Our results revealed that executive dysfunction in ET
was largely associated with changes in frontal WM. Lesion studies
have demonstrated that the frontal lobe is crucial for executive
functions.>* Zheng et al** also reported involvement of frontal
connections while testing DTI correlates of executive dysfunction
in Parkinson disease. However, a meta-analysis of neuroimaging
and lesion studies revealed that executive functions are sensitive,
but not specific, to frontal lobe functioning, meaning that both
frontal and nonfrontal brain regions are necessary for executive
functions.**

Our results are in agreement with this finding. We also found
correlation of executive dysfunction with temporal lobe projec-
tions. The temporal lobe has several WM projections, including
the cingulum, which are involved in many brain functions, such
as working memory and attention.?® The superior longitudinal
fasciculus, inferior longitudinal fasciculus, and uncinate fascicu-
lus have an important role in executive function, language, and
memory.>® Our results are suggestive of a possible relationship
between WM integrity in the anterior thalamic radiations and
executive performance. This finding is consistent with the role of
the anterior thalamic radiations in cognition because the anterior
thalamic radiations carry fibers from the thalamic nuclei to the
prefrontal cortex, which are involved in executive function and
planning complex behaviors.>”*° Thalamic atrophy has been re-
lated to cognitive performance in many neurodegenerative disor-
ders, such as Huntington disease, mostly affecting the executive
functioning of patients.>' Thus, our finding of a correlation be-
tween anterior thalamic radiations—impaired diffusivity and ex-
ecutive dysfunction is consistent with prior work, suggesting the
importance of thalamic-prefrontal connections in executive
control.

Neuropathologic research supports the role of cerebellar de-
generation in the pathogenesis of ET, but its role in cognitive
dysfunction remains unclear.’” Research in patients with focal
lesions (strokes or tumors) and fMRI in healthy subjects has

452 Bhalsing Mar 2015 www.ajnr.org

shown the role of the cerebellum in a variety of cognitive func-
tions."" An fMRI study by Passamonti et al*> showed abnormal
activation of the cingulum and cerebellum (posterior lobe) in
patients with ET during working memory trials. In our previous
study on the correlation of GM volume with cognitive dysfunc-
tion in ET, we found that executive dysfunction correlated with
GM volume values in the frontal lobe, cingulum, and cerebellum
(posterior lobe).**
bellum during working memory trials in an fMRI study®”> may

The overactivation of the cingulum and cere-

represent compensation for volume loss and loss of WM integrity
of these areas observed in our study.

We observed significant impairment of the visuospatial func-
tions in ETCI, an observation similar to that reported by Sahin et

al.> Daniels et al®®

reported relative expansion of GM volume
bilaterally in the region of the temporal parietal junction in pa-
tients with ET and attributed this to adaptive reorganization for
compromised visuospatial functioning. In the present study, visu-
ospatial dysfunction was correlated with diffusion measures of the
right parieto-occipital lobe. Our previous study also found a cor-
relation of visuospatial dysfunction with GM volume values in the
parietal, temporal, and occipital lobes.* The right occipital and
right parietal cortices are specialized for visuospatial function.>®
The correlation of the visuospatial dysfunction score with GM
volume changes and diffusion parameters in these areas may sug-
gest that structural damage in these areas may contribute to un-
derlying dysfunction.

In the present study, we also found impairment in visual and
verbal memory correlating with diffusion measures of the right
anterior thalamic radiations, bilateral inferior longitudinal fascic-
ulus, right uncinate fasciculus, and posterior lobe of the cerebel-
lum. The inferior longitudinal fasciculus is known to play an im-
portant role in visual memory as demonstrated by previous
postmortem, lesion, and imaging studies.?® The uncinate fascic-
ulus plays a role in the formation and retrieval of memories.*®
Thus, memory impairment seen in patients with ET may repre-
sent involvement of the cerebellothalamocortical loop. The in-
volvement of memory seen in our study may help explain the risk
of dementia in patients with ET, as demonstrated by a few previ-
ous studies.””*®

In our study, an association was observed between cognition
and WM microstructure in ET. Such an association has been
demonstrated in different degenerative disorders such as Parkin-
son disease and Alzheimer disease.”>® It suggests a role of neu-
rodegeneration in cognitive deficits seen in ET. Neuropathologic
studies also provide evidence of neurodegeneration in ET.>* No-
vellino et al,*° for the first time, demonstrated increased iron ac-
cumulation in a group of patients with ET by using T2* MR im-
aging, further strengthening the role of neurodegeneration in ET.
Prospective longitudinal neuroimaging studies coupled with neu-
ropathology are needed to substantiate the role of neurodegen-
eration in ET.

Limitations

Even though careful clinical examination was performed to ex-
clude Parkinson disease, a dopamine transporter scan to demon-
strate the integrity of the nigrostriatal network was not per-
formed. TBSS definitely has its advantages in DTI analysis;



nonetheless, it is not without limitations. In regions of crossing

tracts or junctions, it may be inefficient in detecting changes in DTT

parameters. Finally, the results of our correlation analysis should be

interpreted carefully because they were not controlled for multiple

comparisons, which may lead to false-positives. Moreover, in view of

the cross-sectional design of the present study, future longitudinal

studies would be needed to better assess the course of neuroanatomic

changes and cognitive impairment in ET.

CONCLUSIONS
This study demonstrates microstructural changes in the WM of

patients with ET with cognitive impairment. These changes cor-

related with abnormal neuropsychological test scores in various

brain regions. Such mapping of WM networks may provide in-

sight into the etiology of cognitive impairment in ET.
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ORIGINAL RESEARCH
BRAIN

Susceptibility-Weighted Imaging Improves the Diagnostic
Accuracy of 3T Brain MRI in the Work-Up of Parkinsonism

FJ.A. Meijer, A. van Rumund, B.A.C.M. Fasen, I. Titulaer, M. Aerts, R. Esselink, B.R. Bloem, M.M. Verbeek, and B. Goraj

ABSTRACT

BACKGROUND AND PURPOSE: The differentiation between Parkinson disease and atypical parkinsonian syndromes can be challenging
in clinical practice, especially in early disease stages. Brain MR imaging can help to increase certainty about the diagnosis. Our goal was to
evaluate the added value of SWI in relation to conventional 3T brain MR imaging for the diagnostic work-up of early-stage parkinsonism.

MATERIALS AND METHODS: This was a prospective observational cohort study of 65 patients presenting with parkinsonism but with an
uncertain initial clinical diagnosis. At baseline, 3T brain MR imaging with conventional and SWI sequences was performed. After clinical
follow-up, probable diagnoses could be made in 56 patients, 38 patients diagnosed with Parkinson disease and 18 patients diagnosed with
atypical parkinsonian syndromes, including 12 patients diagnosed with multiple system atrophy—parkinsonian form. In addition, 13 healthy
controls were evaluated with SWI. Abnormal findings on conventional brain MR imaging were grouped into disease-specific scores. SWI
was analyzed by a region-of-interest method of different brain structures. One-way ANOVA was performed to analyze group differences.
Receiver operating characteristic analyses were performed to evaluate the diagnostic accuracy of conventional brain MR imaging sepa-
rately and combined with SWI.

RESULTS: Disease-specific scores of conventional brain MR imaging had a high specificity for atypical parkinsonian syndromes (80%—90%),
but sensitivity was limited (50%—80%). The mean SWI signal intensity of the putamen was significantly lower for multiple system atrophy—
parkinsonian form than for Parkinson disease and controls (P << .001). The presence of severe dorsal putaminal hypointensity improved the
accuracy of brain MR imaging: The area under the curve was increased from 0.75 to 0.83 for identifying multiple system atrophy—
parkinsonian form, and it was increased from 0.76 to 0.82 for identifying atypical parkinsonian syndromes as a group.

CONCLUSIONS: SWI improves the diagnostic accuracy of 3T brain MR imaging in the work-up of parkinsonism by identifying severe
putaminal hypointensity as a sign indicative of multiple system atrophy—parkinsonian form.

ABBREVIATIONS: AP = atypical parkinsonian syndromes; AUC = area under the curve; CBS = corticobasal syndrome; DLB = dementia with Lewy bodies; HC =
healthy controls; MSA = multiple system atrophy; MSA-P = multiple system atrophy—parkinsonian form; PD = Parkinson disease; PSP = progressive supranuclear palsy;
ROC = receiver operating characteristic; S| = signal intensity

n clinical practice, the differentiation between Parkinson dis-
I ease (PD) and atypical parkinsonian syndromes (AP), such as
multiple system atrophy (MSA), progressive supranuclear palsy
(PSP), corticobasal syndrome (CBS), and dementia with Lewy
bodies (DLB), can be challenging. For adequate patient counsel-
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ing and treatment planning, it is important to make the correct
diagnosis at an early disease stage. Ancillary investigations such as
brain MR imaging can be performed to increase certainty about
the diagnosis. In the diagnostic work-up of parkinsonism, per-
forming brain MR imaging is advised because it can support the
diagnosis of AP or vascular parkinsonism." Also, brain MR imag-
ing can demonstrate other more rare causes of parkinsonism such
as normal pressure hydrocephalus or multiple sclerosis.
Conventional brain MR imaging findings, including those of
T1, T2, T2 FLAIR, and proton-attenuation sequences, are usually
normal in PD or will show age-related changes.” Atrophy or

E Indicates article with supplemental on-line tables.
B Indicates article with supplemental on-line photo.
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Table 1: MRI scanning protocol

Flip Voxel Size No. and Direction of iPAT Acquisition Time
Sequence TR (ms) TE (ms) Angle (mm) Sections Factor (min:sec)

T2 TSE 5830 120 120° 0.6 X 0.6 X3 48 Axial - 343

T1 MPRAGE 2300 47 12° 1X1X1 192 Sagittal 2 5:47

T2 FLAIR 9000 86 150° 0.7 X 0.6 X5 28 Axial 2 2:44

Proton-attenuation 2000 20 90° 0.9 X 09 X3 48 Axial - 716

DWI-EPI (b=0 and b=1000) 3900 89 90° 13X 13 X5 48 Axial 2 2:10

SWI gradient-echo 29 20 15° 0.6 X 0.6 X3 48 Axial 2 4:42
Note:—iPAT indicates integrated parallel acquisition technique.
signal-intensity (SI) changes of specific regions of the brain iden- ~ Study Design

tified on brain MR imaging can have high specificity for the dif-
ferent forms of AP. Examples include putaminal or pontine atro-
phy in MSA and midbrain atrophy (hummingbird sign) in PSP.
The sensitivity of brain MR imaging for AP is generally limited,
especially in early disease stages.”

New MR imaging techniques have become available for clini-
cal practice in recent years, including susceptibility-weighted im-
aging. SWI is sensitive to magnetic susceptibility differences in
tissues such as blood, calcification, and iron deposition. Because
SWI makes use of both magnitude and phase information during
image acquisition, it is superior in detecting brain susceptibility
changes in comparison with T2* gradient-echo sequences.>” SWI
is emerging as a useful technique in a wide variety of intracranial
pathologies, including neurodegenerative diseases.® In parkinso-
nian syndromes, there are different patterns of abnormal brain
iron metabolism in PD and AP. Examples include increased iron
accumulation in the substantia nigra in PD and increased striatal
iron content in MSA.® These patterns of abnormal brain iron
content should be differentiated from physiologic age-related
iron accumulation.'®!! Also, there still is debate about whether
disturbances in iron levels in PD constitute representation of the
primary pathologic process or are a secondary consequence.'”
This debate is highly relevant for SWI because it influences
whether abnormal iron content in brain structures can be identi-
fied in early-stage PD or AP. Initial reports on SWT in parkinson-
ism indicate that SWI may provide new diagnostic markers for
clinical use.'>'*

The goal of our study was to evaluate whether SWT is of added
value in relation to conventional 3T brain MR imaging in the
diagnostic work-up of early-stage parkinsonism.

MATERIALS AND METHODS

Study Group

We performed a prospective observational study in 65 patients
presenting with parkinsonism with a disease duration of <3 years,
with major uncertainty of the underlying diagnosis on inclusion.
Patients were consecutively recruited at our outpatient move-
ment disorder clinic during 2010-2012. Study inclusion criteria
were clinical signs and symptoms of parkinsonism (hypokinetic-
rigid syndrome) with an uncertain clinical diagnosis and disease
duration of <3 years. Exclusion criteria were age younger than 18
years, prior brain surgery, the presence of another neurodegen-
erative disorder, and unstable comorbidity. The medical ethics
committee of our hospital approved the study, and all participants
gave written informed consent. For the sake of the SWI analyses,
we also enrolled 13 age- and sex-matched healthy controls, who
were scanned with the SWI sequence.

Patients had a clinical assessment at baseline by standardized history
taking and neurologic examination by an experienced physician
(M.A., A.v.R.). Cardiovascular risk factors, activities in daily living,
medication use, disease onset, clinical signs, most affected body site,
and balance and fear of falling were assessed. Clinical neurologic
scores were applied, including the Non-Motor Symptoms Scale'”
and the Mini-Mental State Examination'® to evaluate global cogni-
tive status and the Unified Parkinson’s Disease Rating Scale'” and the
Hoehn and Yahr Staging Scale'® to evaluate motor function.

At baseline, all patients underwent brain MR imaging. After
clinical follow-up, final diagnoses could be made by 2 experienced
clinicians (A.v.R., R.E.). These diagnoses were made according to
international diagnostic criteria'®* based on neurologic signs
that developed during the course of the disease (as identified dur-
ing repeat neurologic examinations), rate of disease progression,
and treatment response. Our primary interest was to evaluate
the added value of SWI in relation to conventional 3T brain MR
imaging performed in the early disease stage in differentiating PD
and the various forms of AP.

Brain MR Imaging Protocol

At baseline, all patients underwent 3T MR imaging of the brain
(Magnetom Trio; Siemens, Erlangen, Germany). The scanning
protocol included 3D T1 MPRAGE, T2 TSE, T2 FLAIR, proton-
attenuation, and DWI sequences. The SWI sequence was a 3D
gradient echo acquisition; magnitude and phase images were ob-
tained in the axial plane. Details of the scanning protocol are
provided in Table 1. In addition to our patient cohort, 13 age-
matched healthy controls (HC) were scanned with the SWI
sequence.

Imaging Analysis

Two neuroradiologists (F.J.AM. and B.G.) evaluated conven-
tional brain MR imaging studies in a standardized manner,
blinded to clinical information. First, abnormalities that have
been validated for the evaluation of parkinsonian syndromes were
scored.”>** Second, selected abnormalities were grouped in a
score typical for a given disease. Atrophy and T2 hypointensity
changes of the putamen, pontine atrophy, hot cross bun sign,
cerebellar atrophy, and T2 hyperintense signal changes of the
middle cerebellar peduncle were combined in the “MSA” score.
Midbrain atrophy, hummingbird sign, and a reduced AP mid-
brain diameter of <14 mm were scored and combined in the
“PSP” score. Cortical atrophy and third and lateral ventricle dila-
tion were scored and combined in the “Atrophy” score as a man-
ifestation of CBS or DLB. The “MSA,” “PSP,” and “Atrophy”
scores combined resulted in the “Sum” score, which was used to
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evaluate AP as a group. Several thresholds (eg, the presence of 1, 2,
3, or 4 abnormalities) were applied to these scores to evaluate the
diagnostic accuracy of conventional brain MR imaging for the
different forms of AP. Furthermore, white matter changes and
the presence of infarction were scored.

The region-of-interest method was used to evaluate the SWI
sequences on an Impax workstation, Version 6.5.3 (Agfa-Gevaert,
Mortsel, Belgium). A 4.9-mm” circular region of interest was
placed bilaterally in the following structures: caudate nucleus, pu-
tamen (anterior and posterior), red nucleus, substantia nigra (an-
terior and posterior), globus pallidus, thalamus, pulvinar thala-
mus, and dentate nucleus. The region of interest was placed in the
most hypointense part of the brain structure, avoiding vessels and
not including the edges of the structure. Additionally, the signal
intensity of CSF was measured by region-of-interest placement in
the fourth ventricle. SWI signal intensity of the different brain
structures was normalized to CSF with a signal intensity of 200, to
correct for inconsistencies in the reference standard. Two readers
(F.J.A.M. and B.A.C.M.F.), blinded to the clinical symptoms and
diagnoses, performed the region-of-interest analysis of the SWI
sequences. One reader (B.A.C.M.F.) performed the region-of-in-
terest analysis twice to evaluate intrarater variability.

Increased susceptibility is defined here as decreased SW1 signal
intensity. On the basis of the mean signal intensity values ob-
tained, the hypointensity was graded according the criteria pro-
posed by Gupta et al (Fig 1)':

Grade 0: SI similar to CSF intensity (SI > 200)

Grade 1: mild hypointensity (SI > 150 but <200)

Grade 2: moderate hypointensity (SI > 75 but <150)

Grade 3: severe hypointensity (SI < 75).

Statistical Analyses

The diagnostic accuracy of the conventional brain MR imaging
“MSA,” “PSP,” “Atrophy,” and “Sum” scores to identify the different
forms of AP was calculated. Cohen k coefficient was used to evaluate
interrater variability of abnormalities scored on conventional brain
MR imaging. For SWI, both intra- and interrater agreement was eval-
uated. Agreement was graded as the following: k < 0.20, poor agree-
ment; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement;
0.61-0.80, good agreement; >0.80, perfect agreement.

The mean SWI signal intensity of the brain structures was
calculated for each diagnosis, and 1-way ANOVA, corrected
for multiple comparisons with a Bonferroni correction, was
performed to analyze group differences. A P value < .05 was
considered statistically significant for disease-specific SWI
changes.

Finally, the area under the curve (AUC) of the receiver oper-
ating characteristic (ROC) was used to evaluate the discriminative
power of conventional brain MR imaging alone and in combina-
tion with selected SWI measures.

All statistical analyses were performed with SPSS (Version 20;
IBM, Armonk, New York).

RESULTS

Study Group

Patients had a mean follow-up of 24.8 = 12 months. Of the 65
patients, 9 were excluded for the following reasons: brain MR
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imaging with severe artifacts (n = 2), uncertain diagnosis (n = 4),
diagnosis other than PD or AP (n = 1), and diagnosis of vascular
parkinsonism (n = 2).

Of the remaining 56 patients, 38 patients were diagnosed with
PD, and 18 patients, with AP (12 with multiple system atrophy—
parkinsonian form [MSA-P], 3 with PSP, and 3 with DLB). De-
mographic data of the study population and control group are
shown in Table 2.

Conventional Brain MR Imaging Results

Abnormalities scored on conventional brain MR imaging are
summarized in On-line Table 1. Overall there was good inter-
rater agreement for the abnormalities scored on brain MR imag-
ing with perfect interrater agreement (k > 0.8) for atrophy and
signal-intensity changes of the putamen and midbrain. Pon-
tine and cerebellar atrophy and T2 hyperintensity changes of
the middle cerebellar peduncle showed moderate interrater
agreement (k = 0.47—0.54). There was poor agreement for the
putaminal rim sign. The putaminal rim sign proved not to be
indicative of MSA on 3T MR imaging (sensitivity, 42%; speci-
ficity, 48% for MSA), which is in line with a previous report.>®
Therefore, we did not include the putaminal rim sign in further
analyses.

The diagnostic accuracy of conventional brain MR imaging
abnormalities combined in group scores to identify the different
forms of AP is shown in Table 3. Sensitivity and specificity can be
influenced by choosing a threshold—eg, the presence of at least 1
abnormality for the “MSA” score to identify MSA-P results in
83% sensitivity with 66% specificity, while the presence of at least
2 abnormalities results in 25% sensitivity with 93% specificity.
The presence of at least 2 abnormalities on conventional brain
MR imaging has reasonable sensitivity (78%) and specificity
(76%) to identify AP as a group. The specificity for AP can be
increased (89%) by considering the presence of at least 4 abnor-
malities for the diagnosis of AP, though at the cost of sensitivity
(50%).

MR Imaging SWI Analysis

Significantly lower mean SWI signal intensity of the putamen was
found in MSA-P, in comparison with PD and HC (On-line Table
2). This finding was consistent for both sides and the anterior and
posterior parts of the putamen (all regions, P < .001 for MSA-P
versus PD, for both readers). Signal intensity of the posterior pu-
tamen was compared with that of the anterior part. The distribu-
tion of putaminal signal intensities for the different disease groups
demonstrated that grade 3 hypointensity changes of the poste-
rior putamen discriminated MSA-P from the other groups
(boxplots in On-line Fig 1). For the anterior putamen, the
presence of grade 2 or 3 hypointensity changes discriminated
MSA-P from the other groups. There was good intrarater (k=
0.76) and interrater (k= 0.80) agreement for the putaminal
SWI hypointensity grading.

Lower mean SWI signal intensity of the caudate nucleus was
seen in MSA-P; the difference in signal intensity was statistically
significant on the left side in comparison to PD. Caudate nucleus
signal intensity (mean grade 1 hypointensity) was not as low as
that for the putamen. In PSP, significantly decreased mean SWI



FIG 1. A-D, SWI with a circular region of interest in the left dorsal
putamen. A, Grade 0 hypointensity (S| > 200) in a patient diagnosed
with PD. B, Grade 1 hypointensity (SI > 150 but <200) in a patient
diagnosed with PD. C, Grade 2 hypointensity (SI > 75 but <150) in a
patient diagnosed with DLB. D, Grade 3 hypointensity (SI < 75)in a
patient diagnosed with MSA-P. E, T2 TSE image of the patient diag-
nosed with MSA-P shown in D. Hypointensity of the putamen is less
pronounced, though atrophy of the putamen is seen.

Table 2: Patient characteristics®

PD (n = 38) AP (n =18) MSA-P (n =12) PSP (n =3) DLB (n =3) HC (n =13)
Age (yr) 61(9) 65 (8) 63(9) 67 (5) 69 (3) 67(7)
Sex (M/F) 23:15 99 6:6 12 2 9:4
Disease duration (mo) 19.1(14) 15.2(12) 15.5 (1) 23.0(20) 6.7 (7) -
UPDRS-III 321(12) 452 (1) 455(12) 475(13) 427 () -
H&Y 17(0.7) 2.6(0.9) 2.6(1.0) 3.0(0) 23(0.6) -
MMSE 285 (1.6) 281(1.6) 284 (1.4) 287 (0.6) 26.0(1.0) -

Note:—UPDRS-IIl indicates Unified Parkinson’s Disease Rating Scale-lll; H&Y, Hoehn and Yahr Staging Scale; MMSE, Mini-Mental State Examination.
2 Data are mean or number (SD).

signal intensities (grade 2 hypointensity) of the red and dentate  statistically significant SW1I signal-intensity changes of the differ-

nuclei on the left side were found in comparison with those in PD  ent brain structures were found for PD.

and HC. On the basis of the findings above, SWI hypointensity
In comparison with the different forms of AP and HC, no  grading of the putamen was used for further analyses in eval-

AINR Am J Neuroradiol 36:454—60 Mar 2015  www.ajnr.org 457



Table 3: Frequency (%) of positive results®

PD (n =38) MSA-P (n =12) PSP (n = 3) DLB (n =3) Sensitivity/Specificity K (Interrater)
“MSA” score, threshold 1 1(29) 10(83) 133) 3(100) 83%/66% for MSA 0.64
“MSA” score, threshold 2 2(5) 3(25) 0(0) 1(33) 25%/93% for MSA 059
“PSP” score, threshold 1 0(0) 1(8) 3(100) 0(0) 100%,/98% for PSP 0.88
“Atrophy” score, threshold 2 7(18) 4(33) 3(100) 2(67) 67%/74% for DLB 0.86
“Sum” score, threshold 2 9(24) 8(67) 3(100) 3(100) 78%/76% for AP 0.75
“Sum” score, threshold 3 8(21) 5(42) 3(100) 2(67) 56%/79% for AP 0.80
“Sum” score, threshold 4 4 M) 4(33) 3(100) 2(67) 50%,/89% for AP 0.64

@ Threshold criteria defined as the presence of either 1, 2, 3, or 4 abnormalities on conventional brain MRI for the different scores.

FIG 2. ROC curves to evaluate diagnostic accuracy. Point 1indicates the brain MR imaging “MSA” score to identify MSA-P, threshold 2 abnormalities
(left figure), and the MR imaging “Sum” score to identify AP as a group, threshold 4 abnormalities (right figure). Point 2 is the grade 3 SWI hypointensity
of the dorsal putamen. Point 3 indicates points 1and 2 combined. SWI increases sensitivity with preservation of high specificity.

uating the diagnostic accuracy of brain MR imaging and
SWI.

Evaluation of Diagnostic Accuracy

SWI grade 3 hypointensity of the posterior putamen proved to be
superior to grade 2 or 3 hypointensity of the anterior putamen for
identifying MSA-P (AUC, 0.82 versus 0.69). The results of the ROC
analyses to evaluate the diagnostic accuracy of conventional brain
MR imaging alone and in combination with SWI grade 3 hypointen-
sities of the putamen are shown in Fig 2 and On-line Tables 3 and 4.

Diagnosis of MSA-P

Conventional brain MR imaging “MSA” score, with a threshold of
at least 2 abnormalities present, results in an AUC of 0.59 (confi-
dence interval, 0.40—-0.79) to identify MSA-P. Threshold 1 results
in an AUC of 0.75 (confidence interval, 0.60—0.90). The AUC is
increased to 0.83 (confidence interval, 0.68—0.98) when combining
the conventional brain MR imaging threshold 2 with the presence of
SWI grade 3 hypointensity of the posterior putamen. This increase in
AUC is explained by a significant improvement in sensitivity (25%—
75%) with preservation of high specificity (91%).

Diagnosis of AP

The conventional brain MR imaging “Sum” score, when at least 2
abnormalities are present, results in the highest AUC of 0.76 (confi-
dence interval, 0.62—0.90) to identify AP as a group. The AUC can be
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increased to 0.82 (confidence interval, 0.69—0.95) when combining
the conventional brain MR imaging “Sum” score with at least 4 ab-
normalities present with SWI grade 3 hypointensity of the posterior
putamen. The improved diagnostic accuracy results from improved
sensitivity (50%—78%) with preservation of high specificity (87%).

DISCUSSION

Unlike previous studies, we prospectively evaluated both conven-
tional brain MR imaging and SWI in patients presenting with
parkinsonism with an initial uncertain diagnosis, in whom in-
crease of certainty about the diagnosis is of the most clinical rele-
vance. In our study population, the ability of conventional 3T
brain MR imaging to differentiate PD and the different atypical
parkinsonian syndromes was limited and depended on defined
diagnostic criteria. When combined with SWI, the diagnostic ac-
curacy was improved, mainly by identifying severe hypointensity
of the putamen, which is indicative of MSA-P.

Patterns of normal age-related iron content of the different brain
structures have been described in literature, including age-related
increase in iron content of the putamen.?”*® Because we included a
group of age-matched healthy controls, it is more likely that the in-
creased putaminal susceptibility in MSA-P found in our study re-
flects pathologic mineralization rather than a result of aging.

Increased iron concentrations and decreased signal intensity
on T2 spin-echo and T2* gradient echo—weighted sequences of



the putamen, but also of the caudate nucleus, have been reported
previously in MSA.**°-*? Susceptibility changes of the putamen
are depicted more accurately by SWI than by a T2 spin-echo se-
quence (Fig 1D, -E). With regard to SWI, decreased signal inten-
sity of the putamen in MSA has been described,'* though not
confirmed by others.”® Gupta et al' found higher putaminal SW1
hypointensity scores in MSA-P, though this difference was not
statistically significant. Wang et al"* found increased iron deposi-
tion in the putamen in MSA-P, as we did, and reported that the
lower inner region of the putamen was the most valuable subre-
gion in differentiating MSA-P from PD, while in our study, this
finding is valid for the posterior part of the putamen.

Gupta et al'® reported higher hypointensity scores of the pu-
tamen and red nucleus in PSP, in comparison with PD and MSA.
In our study population, the SWI signal intensities of the red
nucleus and dentate nucleus were lower in PSP compared with
PD, with statistical significance on the left side. This finding is in line
with observed neuropathologic changes of these structures in PSP.>
SWI hypointensity changes of these nuclei could therefore possibly
provide a new diagnostic marker for PSP. Increased iron content in
the substantia nigra and putamen have been reported in PSP mainly
in advanced disease stages, but not in the amount seen in MSA.?
According to the literature, there is little evidence of increased brain
iron levels in DLB, but possibly the substantia nigra is affected.’

SWI signal intensity is influenced by many factors besides iron
content of brain structures, including acquisition parameters and
magnetic field strength but also by spatial position and reconstruc-
tion algorithms (which differ across MR imaging vendors). For re-
producibility of quantitative analyses, it is important to apply a nor-
malization technique. Our study population was scanned by using a
3T MR imaging scanner, while others used a 1.5T scanner.'>'* It is
likely that differences in magnetic field strengths could partly explain
discrepancies in study results because a 3T MR imaging scanner is
more sensitive to susceptibility changes than a 1.5T scanner.”**”

On the basis of their 3T MR imaging SWI study, Haller et al**
found increased susceptibility in the thalamus and left substantia
nigra in PD, and they reported good discrimination between PD
and AP by using a support-vector analysis. Unfortunately, they
did not include a healthy control group to evaluate whether the
observed increased susceptibility in the substantia nigra and thal-
amus is PD-specific. In our study population, we did not observe
changes in the susceptibility of the substantia nigra or other brain
structures in PD in comparison with patients with AP or matched
healthy control subjects. A possible explanation could be that our
patients with PD were scanned in earlier disease stages. In previ-
ous studies however, no clear evidence was found of substantia
nigra iron content being related to disease duration.?®>” In recent
in vivo and postmortem SWI studies, a subregion of the substan-
tia nigra pars compacta, called nigrosome 1, was reported to be
absent in PD.*>*" A “swallow tail” appearance of the healthy ni-
grosome 1 and its absence in PD have recently been evaluated in a
case control study with observed good discrimination between
patients with PD and HC.*? It is not known whether the absence
of nigrosome 1 on SWI could discriminate PD from AP.

There are some limitations to our study. First, our study pop-
ulation was relatively small, especially for the AP group, and con-
clusions were mainly based on a comparison among PD, MSA-P,

and HC. Therefore, definite conclusions regarding other forms of
AP cannot be made. On the other hand, the prevalence of less
frequent parkinsonian syndromes in our cohort does reflect clin-
ical practice and draws attention to the need for ancillary investi-
gations aiming to improve certainty about the diagnosis in a pa-
tient presenting with parkinsonism. The subjects of our study
were patients with parkinsonism and uncertain clinical diagnosis,
which could explain the relatively low frequency of the different
forms of atypical parkinsonism in our study population.

The small number of patients diagnosed with PSP could explain
why the lower signal intensity values of the red nucleus and dentate
nucleus were only statistically significant unilaterally. Whether the
SWI sequence is of added value for the diagnosis of PSP, CBS, DLB,
or other forms of AP not included in our study, such as multiple
system atrophy—cerebellar form and CBS, remains to be determined.
In vascular parkinsonism, SWI could be of additional value to iden-
tify microbleeds as a sign of microangiopathy, but this possibility was
beyond the scope of our study.

Second, we did not have postmortem confirmation of the diag-
noses; therefore, we cannot fully rule out misdiagnosis in our study
population. The diagnoses were made by a movement-disorder spe-
cialist on the basis of accepted diagnostic criteria, after a mean fol-
low-up of 24.5 months. This approach proved to yield high accuracy
(>90%) as shown in a previous clinical-pathologic study.**

Third, because there are only a few studies available in which
SWI has been evaluated in parkinsonism, validation of diagnostic
criteria is crucial for optimal use in daily clinical practice. This
validation also applies to the conventional brain sequences be-
cause diagnostic criteria have not been standardized. Because ab-
normalities on brain MR imaging differ for the various forms of
AP, disease-specific diagnostic criteria give a more accurate esti-
mation of the diagnostic accuracy of brain MR imaging rather
than grouping all the forms of AP together. Standardization of the
scanning protocol, with the magnetic field strength of the MR
imaging study taken into account, and postprocessing methods is
necessary for validation of diagnostic criteria.

Other advanced MR imaging techniques, including diffusion
(tensor) imaging, magnetization transfer imaging, and functional
MR imaging could possibly provide new diagnostic markers for
PD or AP. In future clinical cohort studies, it would be interesting
to study the diagnostic value of SWT in relation to these advanced
imaging techniques.

CONCLUSIONS

SWI proved a useful sequence in addition to conventional 3T
brain MR imaging in the diagnostic work-up of early-stage par-
kinsonism. SWIimproves the diagnostic accuracy of 3T brain MR
imaging by detecting severe hypointensity of the putamen as a
sign indicative of MSA-P.
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ABSTRACT

BACKGROUND AND PURPOSE: Standard neuroimaging fails in defining the anatomy of the substantia nigra and has a marginal role in the
diagnosis of Parkinson disease. Recently 7T MR target imaging of the substantia nigra has been useful in diagnosing Parkinson disease. We
performed a comparative study to evaluate whether susceptibility-weighted angiography can diagnose Parkinson disease with a 3T
scanner.

MATERIALS AND METHODS: Fourteen patients with Parkinson disease and 13 healthy subjects underwent MR imaging examination at 3T
and 7T by using susceptibility-weighted angiography. Two expert blinded observers and 1 neuroradiology fellow evaluated the 3T and 7T
images of the sample to identify substantia nigra abnormalities indicative of Parkinson disease. Diagnostic accuracy and intra- and
interobserver agreement were calculated separately for 3T and 7T acquisitions.

RESULTS: Susceptibility-weighted angiography 7T MR imaging can diagnose Parkinson disease with a mean sensitivity of 93%, specificity
of 100%, and diagnostic accuracy of 96%. 3T MR imaging diagnosed Parkinson disease with a mean sensitivity of 79%, specificity of 94%, and
diagnostic accuracy of 86%. Intraobserver and interobserver agreement was excellent at 7T. At 3T, intraobserver agreement was excellent
for experts, and interobserver agreement ranged between good and excellent. The less expert reader obtained a diagnostic accuracy of
89% at 3T.

CONCLUSIONS: Susceptibility-weighted angiography images obtained at 3T and 7T differentiate controls from patients with Parkinson
disease with a higher diagnostic accuracy at 7T. The capability of 3T in diagnosing Parkinson disease might encourage its use in clinical
practice. The use of the more accurate 7T should be supported by a dedicated cost-effectiveness study.

ABBREVIATIONS: HsS = healthy subjects; PD = Parkinson disease; SN = substantia nigra; SWAN = susceptibility-weighted angiography; UHF = ultra-high-field

P arkinson disease (PD) is a common neurodegenerative dis-
ease whose pathologic substrate is nigrostriatal dopaminergic
degeneration due to the neuronal loss in the pars compacta of the
substantia nigra (SN)."
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On the basis of the correlation between MR signal intensity at
conventional field strengths and Perls staining for iron distribu-
tion, the medial portion of the midbrain with lower MR signal is
attributed to the pars reticulata of the substantia nigra, and the
lateral region (with higher MR signal), to the substantia nigra pars
compacta.” However, Perls staining and T2WI signal hypointen-
sity do not match precisely,” and the hypointense area on T2WI
does not match the substantia nigra pars reticulata.* Moreover,
conventional MR imaging techniques, including segmented in-
version recovery ratio imaging,” fail to distinguish the inner struc-
ture of the substantia nigra.® More advanced and recently pro-
posed SN-derived biomarkers such as relaxometry,”® DTI,” and
neuromelanin imaging'® are currently not yet accepted in evalu-
ating patients with PD in clinical practice."!

Recently, by using high-resolution 3D susceptibility-weighted
angiography (SWAN),'? the ultra-high-field (UHF) anatomy of
the SN with its inner organization has been described'” as a
3-layer structure of different signal intensities along the posterior-
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anterior axis of the midbrain, resembling the dorsal and ventral
components of the substantia nigra pars compacta and the sub-
stantia nigra pars reticulata, respectively. By using calbindin im-
munostaining, one can distinguish calbindin-positive (matrix)
and calbindin-negative structures (nigrosomes)'* within the sub-
stantia nigra. In a recent MR imaging study at 7T,"” nigrosome 1,
the largest and highly attenuated cluster of calbindin-negative neu-
rons within the substantia nigra pars compacta ventralis, corre-
sponded to the round hyperintense area observed in the intermediate
and lateral portion of the substantia nigra pars compacta.'®

In patients with PD the 3-layer organization and the hyperin-
tense lateral spot within the SN (nigrosome 1) are lost, and this
radiologic sign distinguishes patients with PD from healthy sub-
jects (HS) on an individual basis with high accuracy."

The diagnostic gain provided by 7T imaging is a prerequisite
for the clinical acceptance of UHF, but until now, 7T MR imaging
examinations have been confined to the research environment.
The neuroimaging-based diagnosis of PD might constitute an im-
portant addition to the clinical diagnosis of extrapyramidal disor-
ders. Therefore, the diagnostic role of SWI performed with a clin-
ical MR imaging scanner at 3T has been tested recently,'”'® with
promising results. A direct comparison of 3T and 7T evaluation of
the SN is mentioned in a pilot experience including 2 patients
with PD."?

Here, we describe a comparative study with a case control
design that prospectively evaluates the diagnostic accuracy of
SWAN at 3T and 7T.

MATERIALS AND METHODS

Subjects

Fourteen patients with PD according to the clinical criteria for
probable PD of the UK Parkinson’s Disease Society Brain Bank'®
were consecutively enrolled from a tertiary movement disorder
center.

Patients (6 women and 8 men; mean age, 57.4 years; range,
39-69 years) had a disease mean duration at the moment of en-
rollment of 58 months (range, 6-120 months); the range of
Hoehn and Yahr Scale®® was 1-2, and the motor part of the Uni-
fied Parkinson Disease Rating Scale*! was 18.3 (range, 9-37).

Thirteen right-handed HS (4 women and 9 men; mean age,
54.8 years; range, 41—66 years) were enrolled to test the diagnostic
accuracy of the SN MR imaging examination in discriminating
patients with PD from controls. All HS were volunteers and had
no personal or family history of psychiatric and neurologic disor-
ders; their general and neurologic examination findings were
unremarkable.

All patients and controls gave their informed consent to the
enrollment and diagnostic procedures on the basis of the adher-
ence to an experimental protocol called “Clinical Impact of Ultra-
High-Field MRI in Neurodegenerative Diseases Diagnosis,” RF-
2009-1546281, approved and funded by the Italian Ministry of
Health and co-funded by the Health Service of Tuscany. The local
competent ethics committee approved the study.

MR Imaging Acquisition
MR imaging examinations were performed in patients and con-
trols by using a Discovery MR 950 7T imaging scanner (GE
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Healthcare, Milwaukee, Wisconsin) equipped with a 2CH-TX/
32CH-RX head coil (Nova Medical, Wilmington, Massachusetts)
and a Discovery MR 750 3T scanner (GE Healthcare) equipped
with an 8-channel head coil. Patients and controls underwent
both 7T and 3T examination in a random order but within 1
month of recruitment.

The same technicians optimized the 3D multiecho gradient-
recalled sequence (SWAN) at 7T and 3T.

The MR imaging parameters at 7T were TE = 5.57,10.7, 15.84,
20.97, 26.1, 31.23, 36.36, 41.5 ms; TR = 55.7 ms; flip angle = 8°%
NEX = 0.67; in-plane resolution = 312 wm; thickness = 1.2 mm;
18 partitions; receiver bandwidth = 67 KHz.

The MR imaging parameters at 3T were TE = 13, 17.96, 22.93,
27.89,32.86,37.82,42.78,47.75,52.71,57.68,62.64 ms; TR = 67.2
ms; flip angle = 15% NEX = 0.68; in-plane resolution = 394 um;
thickness = 1.2 mm; 18 partitions; receiver bandwidth = 62.5
KHz.

The SWAN acquisitions on both MR imaging systems targeted
the midbrain and were oriented perpendicularly to the fourth
ventricle floor.

The final output image was reconstructed into a 512 X 512 X
18 matrix by averaging the images obtained for each single echo.
The SWAN acquisition time was 4 minutes 2 seconds at 7T and 4
minutes 20 seconds at 3T.

Image Analysis

According to the methodology of a previous study,'” the SN anat-
omy was evaluated along the rostrocaudal axis at the level of the
inferior third of the red nucleus (level I) and at the level of the
superior cerebellar peduncle decussation (level IT), where the sig-
nal changes were more informative for diagnosing PD. Anatomy
was considered normal if the SN at level I was characterized by a
medial homogeneous hypointense region and by a lateral hyper-
intense spot between 2 hypointense layers and if a trilaminar or-
ganization characterized by a central hyperintense layer between 2
hypointense laminae was detectable at level II.

The criteria for abnormal SN anatomy were the loss of the
hyperintense lateral spot at level I or/and the loss of the 3-layer
organization at level IT on at least 1 side of the midbrain.

Two experienced neuroradiologists were invited to identify
“abnormal” SN in SWAN-targeted images acquired in the sample
of patients and controls. Images acquired at 7T and 3T were sep-
arately loaded into a data base and presented in a blinded and
randomized fashion. This process ensured that the readers were
unaware of the clinical diagnosis. Readers were asked to identify
patients with PD according to the “abnormal” appearance of the
SN. Images of each subject were presented twice after an interval
of 7 days to calculate intra- and interrater reliability separately for
7T and 3T imaging. Intra- and interobserver reliability of re-
sponses from each reader were cross-tabulated to enable the
calculation of agreement and the Cohen «k statistic.>*> The
strength of agreement was considered low for k values of 0.21—
0.40, moderate for k values of 0.41-0.60, good for k values of
0.61-0.80, and excellent for k values of =0.81. Sensitivity,
specificity, positive predictive value, negative predictive value,
and diagnostic accuracy with respect to the clinical diagnosis
were calculated.



Sensitivity, specificity, PPV and NPV, diagnostic accuracy, and true-positive/true-negative results for each reader in each reading

session
7T 3T
R11st R12nd R2 1st R2 2nd R3 Ist R3 2nd R11st R12nd R2 1st R2 2nd R3 Ist R3 2nd
Sensitivity 93 93 93 93 77 86 79 79 71 86 79 79
Specificity 100 100 100 100 100 100 92 100 92 92 100 100
PPV 100 100 100 100 100 100 92 100 91 92 100 100
NPV 93 93 93 93 81 87 80 81 75 86 81 81
Accuracy 96 96 96 96 85 93 85 89 81 89 89 89
TP/TN 13/13 13/13 13/13 13/13 10/13 12/13 /12 /13 10/12 12/12 1/13 n/13

Note:—R indicates reader; TP, true-positive; TN, true-negative; Ist, first reading; 2nd, second reading; NPV, negative predictive value; PPV, positive predictive value.

this study. After training, the third rater
evaluated all the 3T and 7T midbrain
images previously presented to the 2 ex-
perienced neuroradiologists in a blinded
and randomized fashion at 2 different
times to calculate sensitivity, specificity,
accuracy, and intraobserver agreement
for 3T and 7T acquisitions.

RESULTS

The diagnostic accuracy, sensitivity,
specificity, positive predictive value, and
negative predictive value for each rater
in each reviewing session are separately
reported in the Table. In the next 2
paragraphs, the diagnostic parameters
are reported as the mean value ob-
tained by the 2 expert raters in the 2
reviewing sessions.

7T MR Imaging of the SN

Sensitivity, specificity, positive predic-
tive value, and negative predictive value
for the diagnosis of PD were 93%, 100%,
100%, and 93%, respectively. Diagnostic
accuracy was 96%. Intraobserver agree-

FIG 1. SWAN-targeted axial image of the midbrain in a healthy subject evaluated at 3T (right
column) and at 7T (left column). The trilaminar organization of the SN at level Il (upper row) and
the nigrosome formation at level | (lower row) are clearly shown with 3T and 7T magnets.
Levels I and Il of image acquisition are represented by white and gray lines in the scout image.
On 7T images, we overlaid a diagram of the trilaminar structure of the SN derived by
anatomic atlases.’ The diagnostic accuracy is elevated for both high- and ultra-high-field-
strength magnets. cp indicates cerebral peduncle; PBN, parabrachial nucleus; RRF, retrorubral
field; scp, superior cerebellar peduncle; SNcv, substantia nigra pars compacta ventralis; SNcd,
substantia nigra pars compacta dorsalis; SNr, substantia nigra pars reticularis; VTA, ventral

ment (k = 1) and interobserver agree-
ment (k = 1) were excellent.

3T MR Imaging of the SN

Sensitivity, specificity, positive predic-
tive value, and negative predictive value
for the diagnosis of PD were 79%, 94%,

tegmental area; R, red nucleus.

To test the role of radiologic signs in diagnosing PD and to
reduce the bias of previous experiences at high and ultra-high-
field strength magnets, we presented the entire data base of pa-
tients and controls to a third blinded observer with 5 years’ expe-
rience in radiology at our university and whose experience in the
neuroradiology unitincluded CT and 1.5T MR imaging studies of
patients with neurodegenerative and movement disorders but not
with acquisitions on 3T or 7T MR imaging systems. The third
rater was invited to study the SN anatomy and its changes accord-
ing to the most recent literature'>'> regarding the semiology of
the SN in PD. A dataset consisting of 8 midbrain images at 3T (4
HS) and at 7T (4 HS) was used for training purposes. The images
belonging to this training dataset were not included in the rest of

94%, and 81%, respectively. Diagnostic

accuracy was 86%. At 3T, intraobserver
agreement was excellent for both raters (k = 0.924 for rater 1 and
k = 0.851 for rater 2) and interobserver agreement was good for
the first reviewing session (k = 0.773) and excellent for the second
reviewing session (k = 0.851).

Performance of the Third, Less Expert Rater
For the third rater, sensitivity, specificity, positive predictive
value, negative predictive value, and accuracy were 82%, 100%,
100%, 84%, and 89% at 7T and 79%, 100%, 100%, 81%, and 89%
at 3T, respectively. Intraobserver agreement was good (k = 0.773)
at 7T and excellent (k = 1) at 3T.

Examples of 3T correct, false-positive, and false-negative read-
ings as classified by rater 2 are shown respectively in Figs 1-3.
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FIG 2. SWAN-targeted axial image of the midbrain in a healthy subject evaluated at 3T (right) and
7T (left). The nigrosome formation appreciable at 7T is interpreted as lost at 3T, generating a

false-positive.

FIG 3. SWAN-targeted axial image of the midbrain in a patient with PD evaluated at 3T (right) and
7T (left). The nigrosome formation seems recognizable in the left SN. On the right SN, the
nigrosome formation is lost at 7T, while at 3T the slight hyperintense component (arrow) has
been erroneously interpreted as a nigrosome, leading to a false-negative finding.

DISCUSSION

Our results confirm the capability of 7T MR imaging to reveal,
through visual inspection of SWAN images, the loss of the 3-layer
organization'? and of the lateral bright spot of the SN'>'>1€ in
patients with PD, allowing high diagnostic accuracy.

MR imaging at 7T is being tested in different clinical condi-
tions> to assess its clinical importance for specific situations.**
UHF MR imaging examinations provide encouraging results in
terms of tolerability and acceptance.>®*° At present, around the
world, there are approximately 40 UHF MR imaging systems that
are still confined to the research environment. In this study, we
transferred the semiology adopted at 7T in diagnosing PD to 3T
and verified that the diagnostic gain permitted by UHF could be
extended, at least to some relevant extent, to a clinical scanner that
is more easily accessible for patient care (Fig 1).

With high-resolution target imaging at 3T, we detected a par-
tition of the SN in HS and identified patients with PD as reported
in other recent experiences.'”'® Nevertheless as demonstrated by
the lower intra- and interobserver agreement at 3T, the confi-
dence in revealing the inner structure of the SN was inferior to
that of 7T. Theloss of the 3-layer organization of the SN or the loss
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of the hyperintense spot in the lateral
component of the intermediate tier of
the SN is less evident at 3T and leaves
some uncertainty in defining the patho-
logic aspect of the SN in PD. As demon-
strated by the higher number of false-
positives and false-negatives at 3T,
identifying the hyperintense central
component of the normal SN (Fig 2) is
more difficult, and the raters tended to
overestimate subtle SN hyperintensities,
which were misinterpreted as normal
(Fig 3). The global effect is the reduction
of the diagnostic accuracy of SWAN se-
quences at 3T with respect to 7T.
Because the MR imaging signal in-
creases quadratically with the field
strength while noise increases only lin-
early, the SNR is theoretically more than
double at 7T with respect to 3T, and this
difference can be exploited to increase
the spatial resolution.*” In our protocol,
the 7T and 3T images have a similar spa-
tial resolution (312 wm at 7T versus 364
um at 3T); therefore, this is unlikely to
be the reason for the better performance
of 7T. The superior imaging perfor-
mance of 7T is more likely from the in-
creased T2* contrast and magnetic sus-
ceptibility effects
substances, which are enhanced at

of paramagnetic

higher magnetic fields.>®>° The mag-
netic susceptibility effects of iron con-
tained in the SN scale linearly with mag-
netic field strength. At 7T, the larger
susceptibility effect compared with 3T
results in more informative images of
the midbrain with an increased contrast between the 2 hypoin-
tense iron-containing components of the SN and the intermediate
hyperintense part that is preserved in HS (On-line Figure).
From a clinical point of view, a diagnostic error occurs in
10%-25% of patients with parkinsonism; and 20% of patients
with PD coming to medical attention are not diagnosed as such.>!
These diagnoses result in delayed or inappropriate therapy initi-
ation.”” The accuracy of the clinical diagnosis of PD is 90% in a
5-year observation period,*® and the rate of re-diagnosis from PD
to an alternative disease is 5.9%.>* The most frequent wrong dif-
ferential diagnosis is related to atypical parkinsonism?’ but also to
nondegenerative movement disorders such as essential tremor,
dystonic tremor, and vascular pseudoparkinsonism.>® More rare
but crucial misdiagnoses are normal pressure hydrocephalus®”
and neoplastic lesions.*® The total annual cost of anti-Parkinson
medication for these misdiagnosed patients has been estimated at
£13,400 (US $21,722).%* The potential role of MR imaging would
be to provide an earlier and more accurate diagnosis than the
standard clinical assessment, improving the cost-effectiveness.
The diagnostic accuracy of SWAN imaging at 3T is lower than that



at 7T but is still high enough to suggest a role in a clinical setting.
Because the sensitivity of the clinical evaluation is high (96%) and
the specificity of the 3T MR imaging is higher than that of the
clinical evaluation in a 5-year period (82%),”® 3T MR imaging can
be used in clinical practice as a confirmatory method. In a popu-
lation with a clinical suspicion of PD, the high specificity of 3T
MR imaging allows identifying true-negative subjects, similar to
nuclear medicine with radiotracers for dopamine transporters.>”
Because MR imaging is a fundamental step in excluding pseudop-

40 the use of a 3T clinical

arkinsonism or atypical parkinsonism,
scanner, including the imaging of the SN, seems to be justified in
extrapyramidal disorders.

Unfortunately SN imaging at 3T is less effective than at 7T in
identifying true-positive cases, attenuating its impact. We hy-
pothesize that patients with high clinical suspicion of PD and
negative imaging findings of the SN at 3T might benefit from an
evaluation at 7T. A dedicated study would be necessary to calcu-
late whether the use of the more accurate diagnosis obtained with
7T MR imaging is cost-effective compared with to the use of 3T
MR imaging only.

Regarding the results of the less expert rater unbiased by pre-
vious UHF MR imaging experiences, the high diagnostic accuracy
and intrarater reproducibility at 7T and 3T confirm the robust-
ness of the radiologic semiology consisting of simple and repro-
ducible signs.'”

The diagnostic accuracy is inferior at 3T in both expert and less
expert raters, indicating that the confidence in expressing a diag-
nostic judgment depends more on the magnetic field strength
than on the rater’s ability.

Some major limitations should be taken into account. First,
the number of enrolled patients is limited mostly due to the lim-
ited number of patients available for evaluation at 7T. Patients
and controls are not perfectly matched, though they do not differ
significantly. The sequence parameters (TE and flip angle) slightly
differ between the 2 MR imaging scanners. TEs are automatically
determined by the software and cannot be set by the operators,
while the flip angle at 7T is reduced to limit the signal drop related
to the T2 relaxation time shortening at UHF. Finally, although
images were randomly presented, the quality of images obtained
at 7T and 3T is clearly different, and the 2 datasets can be clearly
recognized by the readers, who therefore cannot be considered
blinded with respect to the scanner but only with respect to the
subject’s condition.

CONCLUSIONS

The experience acquired in the research environment by using
7T systems allowed us to develop and refine targeted MR im-
aging acquisitions for 3T scanners, improving the role of imaging
in the diagnosis of PD at a single-subject level in clinical practice.
However if the higher diagnostic accuracy of SWAN at 7T with
respect to 3T could justify the use of the 7T in clinical practice, a
cost-effectiveness study to support this possibility should be
performed.
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Quantitative Susceptibility Mapping of Human Brain at 3T:
A Multisite Reproducibility Study

P.-Y. Lin, T.-C. Chao, and M.-L. Wu
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ABSTRACT

BACKGROUND AND PURPOSE: Quantitative susceptibility mapping of the human brain has demonstrated strong potential in examining
iron deposition, which may help in investigating possible brain pathology. This study assesses the reproducibility of quantitative suscep-
tibility mapping across different imaging sites.

MATERIALS AND METHODS: In this study, the susceptibility values of 5 regions of interest in the human brain were measured on 9 healthy
subjects following calibration by using phantom experiments. Each of the subjects was imaged 5 times on 1 scanner with the same
procedure repeated on 3 different 3T systems so that both within-site and cross-site quantitative susceptibility mapping precision levels
could be assessed. Two quantitative susceptibility mapping algorithms, similar in principle, one by using iterative regularization (iterative
quantitative susceptibility mapping) and the other with analytic optimal solutions (deterministic quantitative susceptibility mapping), were
implemented, and their performances were compared.

RESULTS: Results show that while deterministic quantitative susceptibility mapping had nearly 700 times faster computation speed,
residual streaking artifacts seem to be more prominent compared with iterative quantitative susceptibility mapping. With quantitative
susceptibility mapping, the putamen, globus pallidus, and caudate nucleus showed smaller imprecision on the order of 0.005 ppm, whereas
the red nucleus and substantia nigra, closer to the skull base, had a somewhat larger imprecision of approximately 0.01 ppm. Cross-site
errors were not significantly larger than within-site errors. Possible sources of estimation errors are discussed.

CONCLUSIONS: The reproducibility of quantitative susceptibility mapping in the human brain in vivo is regionally dependent, and the
precision levels achieved with quantitative susceptibility mapping should allow longitudinal and multisite studies such as aging-related
changes in brain tissue magnetic susceptibility.

ABBREVIATIONS: PDF = projection onto dipole fields; QSM = quantitative susceptibility mapping; SHARP = sophisticated harmonic artifact reduction for phase
data

MR imaging scanner.'! As a result, measurements of magnetic sus-

brain has recently drawn increasing research interest because

uantitative susceptibility mapping (QSM) of the human
ceptibility allow an examination of the difference in tissue ion con-

of its strong potential in neurologic applications.''* The magnetic
susceptibility reflects the amount of induced magnetization in a cer-
tain tissue when placed in an external magnetic field such as that of an
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tent in the generally diamagnetic brain parenchyma. Previous reports
by using QSM in the brain have demonstrated its capability to quan-
tify cerebral iron deposition and, therefore, to assess brain pathology,
including Parkinson disease and multiple sclerosis.>'*'*

The procedures to reconstruct the susceptibility maps comprise mul-
tiple data-processing steps, each of which could contribute to variations
in the numeric results. For instance, the effectiveness of background gra-
dient removal may be variable on different shimming conditions before
image acquisition, and the convergence condition in the iterative regu-
larization may be prone to parameter-selection bias. Consequently, it
would be useful to assess the reproducibility and consistency of QSM
results on a cross-site and within-subject basis so that the QSM ap-
proaches could be extended for longitudinal investigations of brain dis-
eases with an increased patient pool.

In this study, we aimed to investigate the reproducibility of
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QSM within healthy adult subjects and the consistency of QSM
among multiple sites in different brain regions. The results would
provide implications regarding the precision levels of QSM before
being widely applied in clinical brain studies. We compared re-
sults from both the iterative and deterministic methods, showing
opportunities for higher computation efficiency by using fewer
freely adjustable parameters, along with its possible limits. In all,
this study is expected to increase the practicality of QSM for clin-
ical neurologic applications, especially those in multisite and lon-
gitudinal studies.

MATERIALS AND METHODS
Phantom Experiment Validation
A cylindric phantom (diameter = 20 cm, height = 16 cm) con-
taining water was made with 6 test tubes (diameter = 1.8 cm,
height = 20 cm) inserted into the container. Gadolinium, gado-
pentetate dimeglumine solution (Magnevist; Bayer HealthCare,
Wayne, New Jersey), was prepared at 0%, 0.25%, 0.5%, 0.75, 1%,
and 1.25% of the raw solution. The test tubes were placed parallel
to the main magnetic field in the cylindric container and were
filled with gadolinium solution, generating susceptibility changes
of 0, 0.41, 0.82, 1.22, 1.63, and 2.04 ppm, respectively."”
Phantom scans were performed on the 3T MR imaging scanners
used for human subject experiments (to be detailed in the next sec-
tion). Data were acquired by using multichannel head coils identical
to those used in human experiments, with a 3D multiecho gradient-
echo sequence (axial slices: matrix size = 224 X 216 X 92; voxel =
1 X 1X2mm? flip angle = 30°% TR = 30 ms; unipolar readout
gradient, TE = 2.6, 6.6, 10.6, 14.6, 18.6, and 22.6 ms).

Human Subject Experiments

Nine healthy subjects (7 men, 2 women; age range, 23—37 years;
mean, 28 * 5years) participated in the MR imaging brain scans of
this study. Each subject underwent 15 QSM scans, with 5 scans in
each of the three 3T scanners tested in this study. The 5 scans in
each scanner were acquired in the same scan session for all sub-
jects. For each subject, the time span to complete the scans at 3
sites ranged from 3 to 68 days. Subject scans were performed
following an institutional review board protocol. One hundred
thirty-five datasets were collected and analyzed.

Three 3T MR imaging scanners (site A and site B: Magnetom
Skyra; Siemens, Erlangen, Germany; Site C: Discovery MR750;
GE Healthcare, Milwaukee, Wisconsin) at 3 sites separated from
one another by 40-350 km were used in this multisite study. Mul-
tiecho gradient-echo images (axial slices: matrix size = 256 X
256 X 64; FOV = 256 mm; slice thickness = 2 mm; TR/TE1 =
45/6 ms; echo spacing = 6 ms; 6 echoes with unipolar readout; flip
angle = 5% bandwidth = 31.25 KHz; 16-channel head coil at sites
A and B; 8-channel head coil at site C) were acquired for QSM
reconstruction. The scanning time for each single scan was ap-
proximately 12 minutes. Typical values of the signal-to-noise ra-
tio for the first TE images were approximately 185, 165, and 260
for sites A, B, and C, respectively.

All datasets were first preprocessed and then went through the
QSM computation algorithms. Susceptibility maps from iterative
QSM and deterministic QSM were compared both in phantom
and in human subject data. For region-of-interest analysis, 15 sets
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of susceptibility maps from each subject were registered in SPM8
software (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Five
ROIs, including the caudate nucleus, putamen, globus pallidus,
red nucleus, and substantia nigra, were then manually selected in
all subjects to calculate the mean susceptibility values in each re-
gion of interest. Within-subject variability of the susceptibility
values was then calculated with data from both a single site and 3
sites. As a result, 3 within-site variability values (each correspond-
ing to the SD in a particular site) and 5 cross-site variability values
(each corresponding to the SD from 1 of the 5 scans in 3 scanners)
were obtained for each subject. Within-site and cross-site impre-
cision levels were calculated by averaging 3 within-site and 5
cross-site variability values, separately. Subsequently, within-site
and cross-site imprecision levels were tested for significance of the
difference in 5 ROIs by using paired Student ¢ tests with a Bonfer-
roni correction (P = .05/5 = .01).

In addition, susceptibility values in the 5 ROISs, with reference to
those of the CSF in the lateral ventricles, were plotted versus ages of
the recruited subjects. To examine whether the precision level of
QSM allows an investigation of possible correlation of susceptibility
values with age, we performed linear regression with average suscep-
tibility values obtained from iterative QSM versus subject ages in each
region of interest. One hundred thirty-five datasets were included.

Data-Preprocessing Procedures

Multiecho gradient-echo images were used for calculating quantita-
tive susceptibility maps. In the data-preprocessing stage, 3D phase
unwrapping was first applied for images obtained at each TE."® Sub-
sequently, magnetic field distribution was estimated by weighted
least-squares fitting of the phase values versus the TE on a voxel-by-
voxel basis.'” The background magnetic field was removed from the
total magnetic field by using the projection onto dipole fields (PDF)
method."®

Quantitative Susceptibility Mapping

In susceptibility mapping, a magnetic dipole model was used to
model the magnetic field B, ,; contributed from all tiny magnetic
substances with susceptibility distribution of x,.y in a 3D
space.”'>'""?*> An inverse problem was solved from the magnetic
field B,,., by using a regularized equation to obtain the tissue
susceptibility distribution x;,.,;.. Two QSM methods, iterative and
deterministic, by using similar regularized equations, were com-

pared in this study."*

Iterative QSM

Regularization was applied so that the optimal solution converged
under the constraint of consistency with the magnitude image as
in the following equation':

1) minXIucal(”(FHDFXIucul - Bloml)”% + AZHWeGXIond“%)’

where F is the Fourier transform operator, D is the matrix expres-
sion of the dipole model, B, denotes the local magnetic field
obtained from the PDF method, A is the associated regularization
parameter; G represents a gradient operator; and W, is a binary
mask containing nonedge regions of the magnitude images, re-
spectively. The minimization problem was solved by using the
conjugate gradient method.



In equation 1, the first term H(FHDF)(,om, - Bloml)H; was
used to ensure the fidelity between the magnetic field gener-

ated from yx;,., and the local magnetic field B To reduce

local*
streaking artifacts in .., maps, we added AZHWeGXloml”; as
the regularization term, in which edges in susceptibility maps
(GXjpeq) Were suppressed when appearing at nonedge regions of
the magnitude image (W,).

To determine the optimal A value from a given range, for each
A, we recorded the fitted error H(FHDF)(,ml - Bloml)Hi. The opti-
mal A was chosen so that the fitted error reached the expected

noise variance.**

Deterministic QSM

In addition to the iterative method, a deterministic QSM method has
been proposed to calculate the susceptibility maps with improved
computational efficiency.>® Similar to the iterative QSM, the deter-
ministic QSM involves minimization of the following equation:

2) minXlacul(”(FHDFXZocal - Blocal)”% + )\Z”GXlacuZ“%)’

where Fis the Fourier transform operator, D is the matrix expres-
sion of the dipole model, B, denotes the local magnetic field
obtained from the PDF method, A is the associated regularization
parameter, and G represents a gradient operator, respectively. The
minimization equation in deterministic QSM is similar to that of
iterative QSM except that the edge information from magnitude
images (ie, W, of equation 1) is not included. Through math-
ematic derivation, when equation 2 is minimized, an analytic so-
lution for X;,..; can be obtained as in the following®*:

3) Xiocal = FH[DZ + )\Z(Ei + E)Zr + Ei]ilDFBlocal’

where E, E,, and E, are alternative forms of the gradient operator
G in equation 2, expressed in 3 directions. Equation 3 shows that
the optimal solution of y;,., can be calculated by using Fourier
transform and matrix multiplication, which greatly reduce com-
putation time compared with the iterative approach. The optimal
A was determined in a manner identical to that used in iterative
QSM as stated above.

Minimization problems in iterative and deterministic QSM were
solved by using Matlab (MathWorks, Natick, Massachusetts) R2012a
(central processing unit: Intel i7-3930K; RAM 64GB; Microsoft
Windows 7). The computation time for calculating susceptibility
maps was recorded to compare the 2 QSM methods.

RESULTS

Phantom Experiment

Results from the phantom scan comparing the experimental sus-
ceptibility values in the 6 tubes against the ideal susceptibility
values predicted from the concentrations of the gadolinium solu-
tions'” are shown in Fig 1. Good linearity exists between the mea-
sured susceptibility and the true values (R* = 0.999). The fitted
line between the 2 susceptibility values has a slope of 0.91 and an
intercept of —0.04 ppm, respectively. Due to excellent linearity,
the regression equation is used as calibration to adjust the suscep-
tibility values obtained in subsequent in vivo studies. Figure 2
shows the susceptibility maps in a view plane covering the long
axes of 2 tubes to compare the results from both the iterative (Fig
2A) and the deterministic (Fig 2B) QSM. The susceptibility map

FIG 1. Measured susceptibility versus the phantom susceptibility val-
ues. Good linearity exists between measured susceptibility values and
phantom susceptibility values in 6 test tubes of the phantom. The
regression line has a slope of 0.91.

FIG 2. Comparison of iterative QSM and deterministic QSM in a sag-
ittal view of the phantom. The susceptibility map from deterministic
QSM presents a higher level of streaking artifacts as indicated by the
white arrows.

from deterministic QSM presents a visually higher level of streak-
ing artifacts, as indicated by white arrows in Fig B, than that from
the iterative QSM in Fig 2A. Further adjustments of the A value in
deterministic QSM show that the reconstructed susceptibility
map exhibits either streaking at a small A (under-regularized) or
blurring at a large A (over-regularized). At the A value chosen in
our study, the presence of both artifacts albeit at lower levels is
visually discernible (not shown).

Human Subject Experiments

Susceptibility maps from a human subject reconstructed by iter-
ative QSM and deterministic QSM are shown in Fig 3A, -B, re-
spectively. In 3 displayed views, both image contrast and brain
structures are very similar in the susceptibility maps of Fig 3A, -B,
for which no visually prominent streaking artifacts are present.
For examining the difference in susceptibility maps generated
from the 2 QSM methods more closely, Fig 3C shows subtraction
of Fig 3A, - B. Note that most of the streaking patterns are centered
at locations with highly distinct susceptibility values from the vi-
cinity, such as the superior sagittal sinus and regions close to the
skull base, as indicated by white arrows. The average reconstruc-
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FIG 3. Susceptibility maps reconstructed by iterative QSM (A) and deterministic QSM (B) in 3
different views. Susceptibility maps from both methods are very similar in contrast and brain
structures. C, The difference images of A and B. Note that most streaking patterns in C are
centered at locations with high susceptibility values, such as the sagittal sinus and regions close

to the skull base, as indicated by white arrows.

FIG 4. Susceptibility maps reconstructed by using iterative QSM with data from 3 scanners at
sites A, B, and C. A—C, Good consistency in brain structures and susceptibility values is shown.
Some difference is found at the frontal lobe as indicated by white arrows in B and C, likely due

to different shimming conditions in this region.

tion durations for a dataset using iterative QSM and deterministic
QSM are 123 seconds and 0.17 seconds, respectively.

Data from multiple sites are also compared in all subjects. Figure
4 shows the susceptibility maps of another subject reconstructed with
data from 3 tested scanners at sites A, B, and C by using iterative
QSM. Figure 4 presents good consistency in brain structures and
susceptibility values. Some difference can be observed at the frontal
lobe as indicated by white arrows in Fig 4B, -C. Figures 5 and 6 show
the region-of-interest analysis results from iterative QSM and deter-
ministic QSM, respectively, of the within-site and cross-site varia-
tions for all 9 subjects. Among the 5 ROIs, the putamen and globus
pallidus show comparably less imprecision in the susceptibility val-
ues, whereas the red nucleus and substantia nigra exhibit relatively
larger imprecision (P < .001 for all pairs of comparison). Generally,
for each subject, cross-site variation of susceptibility values is no
larger than within-site variation in all ROIs statistically (P > .01 after
Bonferroni correction). The Table summarizes results in Figs 5 and 6
by showing within-site and cross-site imprecisions averaged from 9
subjects. Iterative QSM and deterministic QSM perform equally well
in these regions. The caudate nucleus is the only exception among the
5 ROIs, in which iterative QSM (0.0054 and 0.0059 ppm for within-
site and cross-site imprecisions, respectively) is found to outperform
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deterministic QSM (0.0087 and 0.0107
ppm for within-site and cross-site impreci-
sions, respectively).

Figure 7 plots the susceptibility values
versus age with the preliminary linear re-
gression results. Among the 5 selected
ROIs, the putamen, globus pallidus, and
red nucleus present correlation coeffi-
cients of 0.40, 0.35, and 0.47 (P < .001),
respectively, which reach statistical signif-
icance. The caudate nucleus, on the other
hand, shows no age association (P > .5).
The substantia nigra exhibits marginal as-
sociation with age, showing a correlation
coefficient of 0.20 and P = .02, which
does not reach statistical significance after
Bonferroni correction.

DISCUSSION

Quantitative susceptibility mapping pro-
vides an important opportunity for mea-
suring pathologic changes in iron content
to improve the diagnosis of brain dis-
eases.”” Before one fully uses the potential
of QSM, it should be understood that set-
tings of the parameters in the data-pre-
processing procedures and the suscepti-
bility-mapping algorithms could both
lead to variations in the quantitative re-
sults. Therefore, it is essential to establish
the precision level of QSM in terms of
both within-site and cross-site reproduc-
ibility before wide application of this
technique to clinical studies.

The results from our study show that
while within-site and cross-site yield sim-
ilar reproducibility levels in general, the caudate nucleus, putamen,
and globus pallidus show significantly higher precision in suscepti-
bility values (average variations on the order of 0.005 ppm) than the
red nucleus and substantia nigra (average variations on the order of
0.01 ppm) when computed by using iterative QSM. This regional
dependency of QSM precision is anticipated to arise from the influ-
ences of air-tissue interfaces. In fact, the shimming condition is
expected to alter in different scans particularly near the air-tissue
interfaces, which in turn, could cause inconsistencies in back-
ground field removal via the PDF method. Moreover, the PDF
approach, though relatively robust compared with the high-pass-
filtering approach, is known to exhibit difficulties in the object
boundaries, which also correspond to regions adjacent to the air
cavities.'® Our experimental observation of the somewhat larger
cross-site discrepancy in the frontal region, as shown in Fig 4, is
also consistent with the inference that boundaries of large suscep-
tibility changes remain the major challenging regions for QSM.
The red nucleus and substantia nigra are 2 examples of tissues
at the skull base level, hence exhibiting relatively lower precision
than other regions investigated in this study.

One recent study reported aging-related increases in suscepti-



FIG 5. Within-site (left) and cross-site (right) imprecisions shown as SDs from multiple measurements on the 9 subjects by using the iterative
QSM algorithm. The P values shown in the subplot titles stand for the difference between within-site and cross-site precisions (paired Student
t test). For all 5 regions, cross-site variations are not larger than within-site variations. The putamen and globus pallidus show the highest
precision, followed by the caudate nucleus, red nucleus, and substantia nigra.

bility values in healthy human subjects, with stronger statistical
significance found in the putamen, globus pallidus, and red nu-
cleus than in the substantia nigra, and insignificant changes in the
caudate nucleus,” all in very good agreement with findings from
our study. In the study by Bilgic et al,” the analysis was performed
on 2 groups of subjects whose age ranges were far separated
(21-29 years for the young population versus 64— 86 years for the
elderly population, respectively), as opposed to our preliminary
investigation in which the subject age range was relatively narrow
(23-37 years). Nevertheless, the ranges of the numeric values of
the magnetic susceptibility found for these brain regions in our
data are consistent with those in previous investigations.”>® More
important, with the levels of precision achieved in our study, fu-
ture examinations of the aging-related susceptibility changes on
the basis of regression analysis as opposed to categoric analysis
should be highly feasible.

In the phantom experiment, the slope between measured and
expected susceptibility values in Fig 1 is 0.91, which reveals 9% of
the inaccuracy in QSM. The inaccuracy of QSM in this study was
found to be at a level similar to that found in another study (Fig 2
in de Rochefort et al, slope = 0.93)." Although the slope is found
to deviate from the ideal value of unity, the R? value of 0.9999
between measured and expected susceptibility values demon-
strates the high linearity of susceptibility mapping within the
range of 0-2.04 ppm. Thus, the precision and reproducibility are
not affected, even if the nonunity slope currently remains an un-
solved issue if absolute accuracy is required.

Comparison of iterative and deterministic QSM shows that both
algorithms are capable of solving the inverse problem of susceptibil-
ity mapping with good consistency, at least for region-of-interest-
based analysis. However, deterministic QSM may be more suscepti-
ble to streaking artifacts at regions surrounding strong susceptibility
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FIG 6. Within-site (left) and cross-site (right) imprecisions shown as SDs from multiple measurements on the 9 subjects by using the determin-
istic QSM algorithm. The P values shown in the subplot titles stand for the difference between within-site and cross-site precisions (paired
Student t test). For all 5 regions, cross-site variations are not larger than within-site variations. The putamen and globus pallidus show the highest
precision, followed by the caudate nucleus, red nucleus, and substantia nigra.

Within-site and cross-site imprecisions averaged from 9 subjects

equations 1 and 2 suggests that the inclusion

Within-Site Cross-Site of the edge mask from the magnitude image

ROI Method Imprecision (ppm) Imprecision (ppm) i the regularization term is the major cause

Caudate nucleus :;erative QSMQSM 888;‘; ggg"j’; 88100579((21]18;4)) for the difference in the performance for the

eterministic . 9% . 9% . . .

Putamen Iterative QSM 0.0037 (9.3%) 0.0038 (9.5%) 2 QSMalgorithms. Most interesting, on hu-

Deterministic QSM 0.0048 (8.3%) 0.0061(10.6%) man brain susceptibility maps obtained in

Globus pallidus Iterative QSM 0.0044 (3.4%) 0.0054 (4.1%) vivo by using deterministic QSM, streaking

Deterministic QSM 0.0056 (3.4%) 0.0068 (4.1%) artifacts are not as visually prominent as on

Red nucleus Iteratlvg ('QS‘M 0.0113 (18.4%) 0.0115 (18.7%) the phantom images, where the possible
Deterministic QSM 0.0091(9.3%) 0.0103 (10.6%) fth ki £ h

Substantia nigra Iterative QSM 0.0099 (15.2%) 0.0121(18.6%) presence of the streaking artifacts may have

Deterministic QSM 0.0081(8.2%) 0.0108 (11.1%) been masked by the texture of brain tissues.

changes, as shown in the phantom images. This susceptibility could
also explain the somewhat inferior reproducibility of deterministic
QSM to iterative QSM in the caudate nucleus. An examination of
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While for these human data, the compara-
tive superiority of the 2 QSM algorithms
cannot be assessed because no ground truth could be obtained for
validation, causing difficulty in determining which of the 2 QSM
methods gives a lower level of streaking artifacts in Fig 3, the



FIG 7. Linear regression results comparing susceptibility values versus age by using 135 datasets
collected in this study. Among the 5 ROIs, the putamen, globus pallidus, and red nucleus present
correlation coefficients of 0.40, 0.35, and 0.47, respectively (P < .001). The caudate nucleus shows no
age association (P > .5), and the substantia nigra exhibits a marginal association that does not reach
statistical significance after Bonferroni correction (P = .02). The vertical error bars shown on the left
stand for the cross-site variability values of iterative QSM found for these regions.

phantom results are certainly in favor of iterative QSM. Conse-
quently, although the deterministic QSM is found to be at least 700
times faster than iterative QSM and thus opening an opportunity for
on-line reconstruction of susceptibility maps at the MR imaging con-
sole, for detailed quantitative analysis such as aging-related changes,
the iterative QSM approach is still recommended.

In data preprocessing, the purpose of background field removal is
to extract local magnetic field variation generated by brain tissues,
which is subsequently used for QSM. The high-pass filtering method
is not preferred for quantitative susceptibility mapping, even though
it is one of the most frequently used methods for background field
removal in MR imaging (eg, in susceptibility-weighted imaging).
One of the major limitations of applying high-pass filtering in QSM is
that part of the local field information could be mistakenly filtered
out, because the distributions of spatial frequency in local field and in
background field cannot be cleanly separated by a single high-pass-
filtering kernel size. Therefore, new methods, including the PDF'®
and the sophisticated harmonic artifact reduction for phase data
(SHARP)?** methods, have been proposed for background field

removal in QSM. The idea of both the
PDF and the SHARP methods is to decom-
pose local field and background field by
using their physical properties. While the
PDF method uses a projection theorem,
the SHARP method applies the Laplace
equation to separate background field. In
previous studies, both the PDF and the
SHARP methods have been demon-
strated to be superior to the high-pass-
filtering method for background field
removal in QSM."®2? From numeric sim-
ulation, we have also confirmed that local
field obtained by the PDF method pre-
serves subtle field changes from brain tis-
sues better than that obtained by the high-
pass-filtering method (data not shown).
We, therefore, think that both the PDF
and the SHARP methods are adequate for
background field removal in QSM. The
comparison between the PDF and the
SHARP methods, however, is beyond the
scope of this study.

This study is limited by the absence of
flow compensation to reduce flow-related
phase accumulations in vessels and the ven-
tricles. Because our study used commercial
3D multiecho gradient-echo sequences on
the tested scanners, full flow compensation
for all echoes was unavailable at the time of
this study. This scenario may have affected
the reference susceptibility values calculated
for the flowing CSF in the lateral ventricles.
Nonetheless, this minor weakness influ-
ences only the absolute susceptibility values
reported for the 5 ROIs and is relatively un-
important to our investigation focused on
within-site and cross-site precision assess-
ment. Some investigators used the splenium as a reference” instead of
using CSF.* Yet in our experience, the regional variations of suscep-
tibility in the splenium are no smaller than those found for the lateral
ventricles. This potential limitation of uncertain susceptibility values
for the CSF could be alleviated with pulse sequence modifications to
include flow compensation for all echoes.'”*” As a last note, the sta-
tistical sensitivity of cross-site imprecisions may be somewhat limited
by the derivation of SDs by using only 3 numbers. However, this
limitation is because we could only access the three 3T scanners.
Moreover, even with this statistical limitation, results from this study
could still serve as a reference for the imprecision level to be expected
in future multisite QSM studies.

CONCLUSIONS

In summary, quantitative susceptibility mapping is a technique of
high potential to measure changes in iron content in human brain
tissues. This study demonstrates that an average imprecision level
of approximately 0.005-0.01 ppm, depending on the location
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within the brain, could be achieved at 3T for QSM when used with
careful control, even on different scanners. Results from our study
may further increase the practicality and applicability of QSM in
longitudinal and cross-site human brain studies.
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Brain Metabolic Abnormalities Associated with Developmental
Venous Anomalies

M. Larvie, D. Timerman, and J.A. Thum
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ABSTRACT

BACKGROUND AND PURPOSE: Developmental venous anomalies are the most common intracranial vascular malformation and are
typically regarded as inconsequential, especially when small. While there are data regarding the prevalence of MR imaging findings
associated with developmental venous anomalies, FDG-PET findings have not been well-characterized.

MATERIALS AND METHODS: Clinical information systems were used to retrospectively identify patients with developmental venous
anomalies depicted on MR imaging examinations who had also undergone FDG-PET. Both the MR imaging and FDG-PET scans were
analyzed to characterize the developmental venous anomalies and associated findings on the structural and functional scans. Qualitative
and quantitative assessments were performed, including evaluation of the size of the developmental venous anomaly, associated MR
imaging findings, and characterization of the FDG uptake in the region of the developmental venous anomaly.

RESULTS: Twenty-five developmental venous anomalies in 22 patients were identified that had been characterized with both MR imaging
and FDG-PET, of which 76% (19/25) were associated with significant metabolic abnormality in the adjacent brain parenchyma, most
commonly hypometabolism. Patients with moderate and severe hypometabolism were significantly older (moderate: mean age, 65 + 7.4
years, P = .001; severe: mean age, 61 = 8.9 years, P = .008) than patients with developmental venous aberrancies that did not have abnormal
metabolic activity (none: mean age, 29 * 14 years).

CONCLUSIONS: Most (more than three-quarters) developmental venous anomalies in our series of 25 cases were associated with
metabolic abnormality in the adjacent brain parenchyma, often in the absence of any other structural abnormality. Consequently, we
suggest that developmental venous anomalies may be better regarded as developmental venous aberrancies.

ABBREVIATION: DVA = developmental venous anomaly

Adeveloprnental venous anomaly (DVA) is a transparenchy-  medusa. DVAs may drain into either the superficial or deep ve-

mal vein of greater than usual size into which coalesces a  nous systems and may occur in the cerebrum, cerebellum, brain
network of smaller veins, a configuration described as a caput  stem, and spinal cord. DVAs are the most common intracranial
vascular malformation, with a reported incidence of 2.6%."> The

mechanism of DVA formation is still controversial. The term “de-
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to emphasize their belief that these are embryologic variants of
venous drainage rather than true vascular anomalies.
Brain parenchymal lesions have been widely reported in asso-
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CT?and MR structural imaging,®® and functional imaging meth-
ods such as perfusion and diffusion-weighted imaging.”'* Several
case reports further exemplify how DVAs can be associated with
clinical pathologies such as hemorrhagic transformation, isch-
emic complications, and epileptogenic foci.'>' Recent studies

O Indicates open access to non-subscribers at www.ajnr.org
E Indicates article with supplemental on-line table.
http://dx.doi.org/10.3174/ajnr.A4172

also indicate the possible role of DVAs in the formation of cav-
ernous malformations.” These findings suggest that the clinical
significance of abnormal brain anatomy and activity near a DVA
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is uncertain and has yet to be accurately evaluated. Furthermore,
our clinical experience has revealed metabolic abnormality asso-
ciated with DVAs, as determined by FDG-PET. These findings led
us to the hypothesis that the metabolic activity in brain paren-
chyma in the region of a DVA is abnormal. In this study, we
sought to better understand metabolic activity in the region of
DVAs as assessed by FDG-PET.

MATERIALS AND METHODS

Patient Population

This study was performed at a tertiary care academic medical
center for adult and pediatric patients and was approved by the
institutional review board and ethics committee. A retrospective
search for patients with DVAs identified on radiologic examina-
tions during January 2000 to August 2013 at our institution was
performed. The reports were analyzed for key terms by using an
internal radiology report data base. There were 9337 radiology
reports that included the phrases “developmental venous abnor-

» <«

S . »
mality,” “developmental venous anomaly,” “venous angioma,

» o«

“cerebral venous malformation,” “cerebral venous medullary
malformation,” or “DVA” in the findings. Criteria for inclusion in
the study were the following: 1) patients with at least 1 cerebral or
cerebellar DVA identified by MR imaging and reconfirmed by a
neuroradiologist (M.L.); 2) positive confirmation of the DVA, as
defined by the presence of dilated medullary veins (caput me-
dusa) converging to a large transparenchymal vein draining into a
deep or superficial vein; and 3) availability of an FDG-PET scan
performed within 1 year of the MR imaging examination demon-
strating the DVA. Consequently, all included cases were initially
identified and reported by a clinical staff radiologist and subse-
quently confirmed by a trained neuroradiologist for inclusion in
this study. Exclusion criteria for this study were the following: 1)
PET or MR imaging findings suggestive of a neurodegenerative
disease; or 2) a confounding lesion, such as a tumor, in the region
of the DVA or the anatomically equivalent contralateral cortex.
One subject had a seizure at the time of PET imaging: This case is
presented independently and was not included in the statistical
data analysis of the correlates of hypometabolism. Of the 22 pa-
tients who qualified for this study, 25 DVAs were identified. The
medical histories of the 22 patients were reviewed to identify de-
mographic information, the initial reason for obtaining the imag-
ing studies, and DVA characteristics (Table and On-line Table).

MR Imaging

The included MR imaging examinations were performed using a
variety of imaging protocols that were prescribed according to the
clinical indication for the scan. All MR imaging was performed at
our institution using 1.5T (Signa, GE Healthcare, Milwaukee,
Wisconsin; and Avanto, Siemens, Erlangen, Germany), 3T (Dis-
covery, GE Healthcare; and Trio and Skyra, Siemens), and 7T
(Siemens) scanners. When available, postcontrast T1-weighted
imaging was used for the evaluation and confirmation of the
DVA. In those cases in which postcontrast imaging was not avail-
able, sequences that reliably depicted flow voids, including T1-
and T2-weighted sequences, were used for evaluation of the
DVAs. Any additional MR imaging sequences were also reviewed
to assess the presence of additional findings in the area affected by
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Summary of characteristics of all patients and DVAs®

Characteristic

Total No. of patients 22
No. of DVAs per patient
1 19 (86%)
2 3(14%)
Age (yr) (mean) 415+19.8

Male, female sex
DVA hemisphere: left, right

11(50%), 11 (50%)

Cerebral 8(32%), 11 (44%)
Cerebellar 2(8%),4 (16%)
Indication for imaging patient
Seizure 11(50%)
Tumor 5(23%)
Memory loss 1(5%)
Infection 1(5%)
Other 4(18%)
Metabolic activity near DVA
Isometabolic 6(24%)
Hypometabolic 18 (72%)
Mild 11(44%)
Moderate 4(16%)
Severe 3(12%)
Hypermetabolic 1(4%)
Mild 0(0%)
Moderate 0(0%)
Severe 1(4%)

#Each DVA was counted separately in the 3 patients with multiple DVAs.

the DVA. The specific associated findings identified were the fol-
lowing: atrophy, calcification, hemorrhage, cavernous malforma-
tions, and abnormal T2 hyperintensity. Thirteen patients also had
CT scans, which were reviewed to aid in the identification of
calcification.

FDG-PET Imaging

All PET was performed at our institution using a standard proto-
col. Imaging was performed approximately 45 minutes following
intravenous injection of 5.0-mCi of ['*F] fluorodeoxyglucose by
using an ECAT HR+ scanner (CTI-Seimens, Knoxville, Tennes-
see). Sixty-three planes were acquired simultaneously during a
15.5-cm FOV. Images were acquired in 3D mode. Attenuation
correction was performed using a transmission scan obtained
with a germanium-68 source. A maximum likelihood reconstruc-
tion method was used, yielding images with an in-plane resolu-
tion of approximately 4.6 mm (full width at half maximum). All
patients were screened with fingerstick blood glucose measure-
ment, and PET was not performed in those patients with blood
glucose of >150 mg/dL.

Image Analysis

MR images and PET images were reviewed independently and
coregistered using a PACS. PET images were also evaluated by
comparison with normal standards to assess regional hypometab-
olism and hypermetabolism using internally developed software.
FDG-PET findings in the brain parenchyma affected by DV As was
qualitatively evaluated and classified as normal, hypometabolic,
or hypermetabolic in comparison with parenchyma in the con-
tralateral brain hemisphere. Hypometabolism was further char-
acterized as mild, moderate, and severe with respect to the range
of findings in this study. This qualitative assessment of metabo-
lism included both the extent of the lesion and the degree of met-



FIG 1. Representative FDG-PET and MR images demonstrating DVAs and associated metabolic activ-
ity. The numbering in the upper left of each image pair corresponds to the cases in the On-line Table.
Cases 3A (white arrow) and 3B (yellow arrow) both do not demonstrate abnormal metabolism with
respect to the contralateral cerebral hemisphere. Case 10 demonstrates mild hypometabolism in the
anterior right frontal lobe corresponding to an area drained by a DVA. Case 16 demonstrates moderate
hypometabolism in the posterior left frontal lobe corresponding to a DVA. Case 19 demonstrates
severe hypometabolism distributed over the right frontal and parietal lobes and involving both cor-
tical and deep gray matter in the region of a large DVA, which is not completely depicted on this single

axial section. The green arrow in case 19 indicates atrophy.

abolic abnormality. We approximated the size of DVAs as the
longest dimension on axial, sagittal, or coronal images, taking into
account any visible feature of the DVA, including a caput medusa,
if present, and the draining vein. This approximate measurement
was obtained from the available imaging that best depicted the
DVA, which was predominantly T1 postcontrast images, though
other sequences that demonstrated the DVA were reviewed, in-
cluding T1 precontrast, T2 and SWI, and T2* gradient recalled-
echo images. Both qualitative and quantitative assessments were
assigned by the consensus of the 3 authors. Representative MR
images and PET images were obtained of each DVA (Fig 1).

Statistical Analysis

The relationship between DVA size (in centimeters) and the qual-
itative degree of hypometabolism (normal, mild, moderate, or
severe) was statistically analyzed for 24 cases. One of the 25 cases
included in this study showed hypermetabolism in the clinical
context of a seizure and was excluded from this analysis. Each of
the datasets for the degree of hypometabolism was tested for equal
variance. An ANOVA test was performed to determine whether
the DVA sizes of the hypometabolic groups were significantly
different, and pair-wise ¢ tests for equal variance among the 6
paired combinations of the 4 groups were performed to deter-
mine which groups had significantly different DVA sizes com-
pared with each other. Differences with P < .05 were considered
statistically significant.

RESULTS
Twenty-five DVAs were identified and characterized in 22 pa-
tients. A summary of the DVA characteristics and associated
findings is presented in the On-line Table. Three patients each
had 2 DVAs identified. The other 19 patients each had 1 DVA
identified.

Clinical and demographic features of the patient cohort in this

study are presented in the Table. Eleven
patients were male, and 11 were female;
ages at the time of PET imaging ranged
from 14 to 76 years (mean, 41.5 * 19.8
years). Ten of the 25 DVAs (40%) were
identified on the patient’s left side.
Nineteen of the 25 DVAs (76%) were
supratentorial.

Among the 22 patients, the most
common indications for imaging were
seizure (n = 11, 50%), tumor (n = 5,
23%), memory loss (n = 1, 5%), infec-
tion (n = 1, 5%), and other (including
deficits, and
blurred vision; n = 4, 18%), as shown
in the Table. At least 2 of the patients
had symptoms that may have been due
to the DVA. One of these patients had
a DVA in the left perirolandic region

paresthesias, motor

that may have been a causative factor
in the patient’s reported right-sided
paresthesias (case 16). Another patient
(case 22) with a left temporo-occipital
DVA had a seizure immediately fol-
lowing injection of FDG. The subsequent PET scan showed
severe hypermetabolism associated with the DVA, which may
reflect an underlying epileptogenic abnormality.

Qualitatively, 18 DVAs (72%) exhibited some degree of hypo-
metabolism, 6 DVAs (24%) showed no visibly discernible meta-
bolic difference between the cortical region drained by the DVA
and the homologous contralateral brain, and 1 DVA (4%) exhib-
ited severe hypermetabolism (case 22, On-line Table).

Examples of the range of metabolic abnormalities seen in as-
sociation with DVAs are shown in Fig 1, with the case numbering
(top left of the image pairs) corresponding to the On-line Table.
Cases 3A and 3B both demonstrate no abnormal metabolism in
the region of the DVA, which is similar in metabolic activity to the
contralateral hemisphere. Case 3A is notable for a large DVA that
has no associated metabolic abnormality. Cases 10, 16, and 19
demonstrate mild, moderate, and severe hypometabolism, re-
spectively, compared with the contralateral cerebral hemisphere.
Case 19 is a demonstration of hypometabolism involving both
cortical and deep gray matter in the region of the DVA.

As shown in Fig 2, patients with DVAs that were associated
with moderate and severe hypometabolism were significantly
older (moderate: mean age, 65 = 7.4 years, P = .001; and severe:
mean age, 61 * 8.9 years, P = .008) than patients with DVAs
that were associated with normal metabolic activity (none: mean
age, 29 * 14 years). Furthermore, patients with mild hypometab-
olism were younger (mild: mean age, 33 * 16 years) than those
with moderate or severe hypometabolism, with P = .002 and P =
.013 for the respective comparisons.

As shown in Fig 3, DVAs that were associated with severe hy-
pometabolism were significantly larger (mean, 5.0 = 1.5 cm) than
DVAs that were not associated with metabolic abnormality
(mean, 2.3 £ 0.6 cm, P = .011) and were also significantly larger
than DVAs with mild hypometabolism (mean, 2.4 = 1.0cm, P =
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FIG 2. Relationship between age and degree of hypometabolism. Pa-
tients with DVAs with corresponding moderate and severe hypometab-
olism were significantly older (moderate: mean age, 65 * 7.4 years, P =
.001; severe: mean age, 61 = 8.9 years, P = .008) than patients with DVAs
that were not associated with abnormal metabolism (none: mean age,
29 =+ 14 years). Patients with a moderate (P = .002) or severe (P = .013)
degree of hypometabolism were also older than patients with mild hy-
pometabolism (mild: mean age, 33 = 16 years). All patients who were 50
years or older (n = 8) had some degree of hypometabolism and included
all cases with moderate (n = 4) and severe (n = 3) hypometabolism. A
single asterisk indicates statistical significance at P < .05; double asterisks
indicate statistical significance at P << .005. Error bars indicate 2 SDs.

FIG 3. Size of the DVA versus the degree of hypometabolism in brain
parenchyma drained by the DVA. DVAs associated with severe hypome-
tabolism were larger (mean, 5.0 = 1.5 cm) than those not associated with
abnormal metabolism (mean, 2.3 £ 0.6 cm, P = .011), mild hypometabo-
lism (mean, 24 = 1.0 cm, P = .003), and moderate hypometabolism
(mean, 2.5 = 1.0 cm, P = .043). Case 3A corresponds to the outlier, which
was not included in the statistical analysis. This DVA was not associated
with any degree of hypometabolism but had a large size measurement
(indicated by a plus sign). DVA size was approximated by using the length
of the single greatest dimension of the lesion. A single asterisk indicates
statistical significance at P < .05; double asterisks indicate statistical sig-
nificance at P << .005. Error bars indicate 2 SDs.

.003) and moderate hypometabolism (mean, 2.5 * 1.0 cm, P =
.043). A statistically significant difference in DVA size was not
observed between DV As with no associated metabolic abnormal-
ity and those associated with mild or moderate hypometabolism.

The 1 DVA in our sample with corresponding hypermetabo-
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lism is depicted in Fig 4 and corresponds to case 22 in the On-line
Table. In this case, a relatively small DVA is associated with severe
hypermetabolism in the adjacent brain parenchyma.

Other findings identified in association with the DVAs were
atrophy (4 cases), calcifications (2 cases, one a large calcification
measuring 5.5 cm and the other a 1.5-cm calcification), cavernous
malformations (2 cases, both subcentimeter), hemorrhage (1
case), and elevated T2 hyperintensity (4 cases), as presented in the
On-line Table. The hemorrhage, identified in a single case, was
revealed by a 15-mm arc of mild susceptibility signal in the deep
white matter along the course of the DVA that was distinct from
the associated flow void and was not apparent on a CT scan. This
hemorrhage was within the deep white matter and was not clearly
associated with hypometabolism in the adjacent cortex. The other
findings—atrophy, calcifications, and cavernous malforma-
tions—were contained within the area of abnormal metabolism
on the PET scan. Overall, 10 of the 25 total DVAs (40%) were
associated with a brain parenchymal lesion. Of the 24 nonhyper-
metabolic cases, all 6 DVAs that were scored as having normal
metabolism in the cortex drained by the DVA had no additional
abnormalities. Severe hypometabolism was observed in 1 of the 3
cases that exhibited atrophy, both of the 2 cases that had calcifi-
cation, and 1 of the 4 cases with T2 hyperintensity. The 2 DVA
cases with associated cavernous malformations also had corre-
sponding hypometabolism.

DISCUSSION

We have undertaken this qualitative analysis to evaluate a rela-
tively large number of cases with both structural imaging (princi-
pally MR imaging) and metabolic functional imaging with FDG-
PET. In this study, cortical hypometabolism associated with a
DVA was observed in more than two-thirds of the 25 cases iden-
tified, supporting our hypothesis that the metabolic activity in the
brain parenchyma in the region of a DVA is not necessarily defin-
itively normal. This finding challenges the conventional under-
standing that DVAs are clinically inconsequential and do not af-
fect adjacent brain parenchyma,” though the significance of any
metabolic abnormality remains uncertain.

The etiology of hypometabolism in the brain parenchyma
drained by a DVA is unclear and may reflect an intrinsic, possibly
developmental, neuronal abnormality or an acquired abnormal-
ity secondary to derangement of blood flow. We observed an
association between the degree of DVA-associated hypometab-
olism and increased age of the patient. This association be-
tween hypometabolism in the drainage region of a DVA and
age suggests the hypothesis that DVAs result in cumulative
brain parenchymal injury. In this study, all 8 patients who were
50 years or older had some degree of hypometabolism, including
all 4 cases with moderate hypometabolism and all 3 cases with
severe hypometabolism.

DVAs have been documented in neonates,'”"* children,*® and
adults.” Risk stratification among age groups is challenging, given
that the progression of brain abnormality and associated symp-
toms may be slow. One report showed that patients with signal-
intensity changes associated with a DVA were significantly older
than those without.”

Our case series included a large DVA with no associated meta-



FIG 4. Case 22 is a patient who presented for evaluation qof epilepsy. MR imaging (A) revealed a
DVA in the left temporo-occipital region, seen here on postcontrast Tl images. Additional se-
quences (not shown) reveal elevated T2 signal in the region surrounding the DVA. The patient had
seizure activity shortly after FDG administration, and FDG-PET (B) demonstrates focal severe
hypermetabolism within the posterior left temporal lobe and anterior left occipital lobe that
corresponds to the region of T2 hyperintensity on the MR imaging. Coregistration of the MR
imaging and FDG-PET (C) demonstrates concordance between the PET abnormality and the DVA,
suggesting the possibility that cortical abnormality related to the DVA may have resulted in an

epileptogenic focus.

bolic abnormality (case 3A) in a 24-year-old patient. This stands as
the single exception in this series, in which other large DVAs were
associated with other brain parenchymal abnormalities. It would be
informative to learn whether this lesion remains stable or additional
brain parenchymal abnormalities develop with time.

Hemorrhagic or ischemic infarction around a DVA has been

1320 and has been attributed to acute

reported in multiple studies
thrombosis of the collecting vein. Not all patients with DVAs in
our study had observable hypometabolism near the DVA, sug-
gesting that either not all DVAs result in decreased metabolic
activity or that infarction and subsequent brain parenchymal in-
jury have yet to occur in such patients.

Few reports have used FDG-PET to evaluate the metabolic activ-
ity in the brain parenchyma drained by DVAs. In one case report, a
patient presented with a DVA with associated increased FDG uptake
in a region of MR imaging enhancement, which was attributed to
“vascular changes, microcalcifications, and chronic inflammatory
changes.”® Although it is challenging to appreciate the complete
FDG-PET findings without a thorough analysis of the data, it appears
that the axial map provided in Fig 2A of that report could suggest
marked hypometabolism associated with the DVA in the right cere-
bellum relative to the homologous contralateral region. In another
case report, Planche et al*' described a patient with a DVA and cor-
tical hypometabolism demonstrated on FDG-PET, though this find-
ing was confounded by superimposed pathology of Sturge-Weber
syndrome, including extensive pial angiomatosis.

Brain metabolism has been previously evaluated by using
FDG-PET in patients with cavernous malformations. Ryvlin et
al®* observed significantly reduced brain metabolism in 4 of 22
patients with cavernous malformations. Although DVAs are com-
monly associated with cavernous malformations, the 2 are dis-
tinct cerebral vascular malformations. Our finding of a higher
incidence of metabolic abnormality associated with DVAs com-
pared with cavernous malformations suggests that these vascular
malformations have differential effects on the brain.

We observed 1 patient (case 22)
who had seizure activity shortly after
FDG administration, which mani-
fested as extreme focal hypermetabo-
lism in the posterior left temporal
lobe, which corresponded to a T2 hy-
perintense cortical abnormality seen
on the MR imaging (Fig 4). The asso-
ciation of DVAs and seizure has been
previously reported®’; however, to the
best of our knowledge, this is the first
report to observe hypermetabolic ac-
tivity near the region of a DVA on
FDG-PET. The concordance between
the PET and MR imaging findings fur-
ther suggests that DVAs may be epilep-
togenic. Alternatively, or in addition, the
DVA in this case may be associated with a
cortical malformation, which supports the
hypothesis that DVA may be a marker of
developmental abnormality that includes
both vessels and neurons.

The findings of this study have implications for the evaluation
of patients with DVAs. We suggest that certain criteria may help
to identify DVAs that could be symptomatic and that might war-
rant further evaluation, especially with FDG-PET. These include
the following: 1) symptoms that could localize to the region of the
DVA, 2) increased age (older than 50 years), and 3) large size (>4
cm). The presence or absence of brain parenchymal abnormalities
on MR imaging was not strongly associated with metabolic ab-
normalities, so these findings may be less useful in the identifica-
tion of symptomatic DVAs.

This study has several limitations. Although the number of
DVAs included in this study is greater than that of any other DVA
study evaluating FDG-PET findings, our collection of cases is rel-
atively small owing to the relative scarcity of DVAs and the infre-
quency of FDG-PET examinations. Because the patients in this
study underwent PET imaging as part of the inclusion criteria,
there was a potential selection bias for patients with clinical symp-
toms that prompted the examination. Consequently, it is possible
that the frequency with which hypometabolism is associated with
DVAs is higher in our clinical population than in the general
population. Nonetheless, the finding of hypometabolism in most
cases reported here supports the conclusion that in some patients,
the presence of a DVA correlates with and may cause brain
parenchymal abnormality. Another limitation in this study is
that the method used for measuring DVA size has limited ac-
curacy in characterizing the overall extent of the lesion. DVAs
are topologically diverse and not accurately characterized with
orthogonal measurements. Furthermore, the PET findings in
this study were qualitatively analyzed on the basis of visual
inspection. A more quantitative volumetric analysis would
better characterize the region of brain parenchyma affected by
DVAs. Additionally, such a quantitative approach to the struc-
tural data would provide an improved approach to quantita-
tive analysis of the PET data by providing a better defined
region of interest for PET analysis.
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CONCLUSIONS

We found that most (more than three-quarters) of the DVAs in
our series of 25 cases were associated with metabolic abnormality
in the adjacent brain parenchyma, as assessed by FDG-PET, often
in the absence of any other structural abnormality. We also found
that a more severe degree of DVA-associated hypometabolism
was observed in older patients. In light of these findings, we sug-
gest that DVAs may be better regarded as developmental venous
aberrancies. A better understanding of the pathogenesis of the
parenchymal metabolic abnormality associated with DVAs would
be useful in the evaluation and possibly the management of pa-
tients with DVAs.

Disclosures: Mykol Larvie—RELATED: Grant: National Institutes of Health*;
UNRELATED: Grants/Grants Pending: National Institutes of Health.* *Money paid to
the institution.
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ORIGINAL RESEARCH
BRAIN

Identification of Minimal Hepatic Encephalopathy
in Patients with Cirrhosis Based on White Matter Imaging and
Bayesian Data Mining

H.-J. Chen, R. Chen, M. Yang, G.-J. Teng, and E.H. Herskovits

o’

ABSTRACT

BACKGROUND AND PURPOSE: White matter abnormalities have been demonstrated to play an important role in minimal hepatic
encephalopathy. In this study, we aimed to evaluate whether WM diffusion tensor imaging can be used to identify minimal hepatic
encephalopathy among patients with cirrhosis.

MATERIALS AND METHODS: Our study included 65 patients with cirrhosis with covert hepatic encephalopathy (29 with minimal hepatic
encephalopathy and 36 without hepatic encephalopathy). Participants underwent DTI, from which we generated mean diffusivity and
fractional anisotropy maps. We used a Bayesian machine-learning technique, called Graphical-Model-based Multivariate Analysis, to
determine WM regions that characterize group differences. To further test the clinical significance of these potential biomarkers, we
performed Cox regression analysis to assess the potential of these WM regions in predicting survival.

RESULTS: In mean diffusivity or fractional anisotropy maps, 2 spatially distributed WM regions (predominantly located in the bilateral
frontal lobes, corpus callosum, and parietal lobes) were consistently identified as differentiating minimal hepatic encephalopathy from no
hepatic encephalopathy and yielded 75.4%—81.5% and 83.1%—-92.3% classification accuracy, respectively. We were able to follow 55 of 65
patients (median = 18 months), and 15 of these patients eventually died of liver-related causes. Survival analysis indicated that mean
diffusivity and fractional anisotropy values in WM regions were predictive of survival, in addition to the Child-Pugh score.

CONCLUSIONS: Our findings indicate that WM DTI can provide useful biomarkers differentiating minimal hepatic encephalopathy from
no hepatic encephalopathy, which would be helpful for minimal hepatic encephalopathy detection and subsequent treatment.

ABBREVIATIONS: FA = fractional anisotropy; GAMMA = Graphical-Model-based Multivariate Analysis; HE = hepatic encephalopathy; HR = hazard ratio; MD =

mean diffusivity; MHE = minimal hepatic encephalopathy; NHE = no hepatic encephalopathy

H epatic encephalopathy (HE) is a serious and frequent com-
plication of cirrhosis,' which can increase the risk of death.?
As the mildest form of HE, minimal hepatic encephalopathy
(MHE) is defined by impaired performance on psychometric or neu-
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rophysiologic testing, despite normal mental status."” MHE is asso-
ciated with impaired quality of life* and predicts conversion to overt
HE,’ which can result in subsequent mortality.2 Meanwhile, MHE
represents a treatable and reversible stage of HES; it is, therefore,
important to identify MHE to optimize treatment and prognosis.
Abnormalities in brain white matter, such as low-grade
edema’ ™! and structural impairments,'*"'* have been well-revealed
in MHE by MR imaging. These WM abnormalities are believed to

12,15,16

be responsible for poor neurologic performances and brain

dysfunctions'”'® in MHE and to be associated with HE develop-

ment,‘),l 1,16

suggesting that WM imaging may be useful in character-
izing potential MHE biomarkers. Of WM imaging techniques, diffu-
sion tensor imaging, measuring the appropriate metrics such as
mean diffusivity (MD), reflecting water movement across cell mem-

branes, and fractional anisotropy (FA), reflecting microstructural in-

O Indicates open access to non-subscribers at www.ajnr.org
B Indicates article with supplemental on-line photo.
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Table 1: Demographic and clinical characteristics of subjects

tients were identified as having MHE if

Patients with NHE Patients with MHE

they had abnormal scores in any of these 3

Characteristic (n=36) (n=29) P Value neurocognitive tests.'>*’

Age (yr) 501+89 528+ 84 -2227 Exclusion criteria were the presence
s (m:.ale/ female) 34/2 26/3 AN test)  of overt HE at baseline, known presence
Education (yr) 85+29 76+23 158 ¢ hiatric di ionifi
Etiology of cirrhosis (HBV,/alcoholism/ 29/4/1/2 22/0/4/3 - of neuropsychiatric diseases, significant

HBV +alcoholism/other) nonhepatic diseases (such as decompen-
Child-Pugh stage (A/B/C) 19/12/5 8/10/11 - sated heart and respiratory or renal fail-
Child-Pugh score 7022 84x22 016 ure), and uncontrolled endocrine or
Previous history of overt HE (yes/no) 7/29 10/19 170 metabolic diseases (such as diabetes
Number Connection Test A (sec) 44.5+10.8 814 +23.8 <.001 1 d thyroid dvsf . Sub
Digit Symbol Test (raw score) 402+ 87 236+77 <.001 mellitus and thyroid dysfunction). Sub-
Block Design Test (raw score) 293+ 88 77 +65 <001 jects on psychoactive medications or

Note:—HBYV indicates hepatitis B virus.

tegrity of WM, is demonstrated to reveal the neuropathologic pro-
cesses of MHE through group-level comparison.®*'>'*!>17 To date,
however, there is no study using DTI-derived feature maps to
discriminate patients with and without MHE in cirrhosis at the
individual level; this discrimination remains an important ques-
tion for clinicians.*'® The only related study is the report of Sug-
imoto et al,"® which used a DWI-based metric (apparent diffusion
coefficient) instead of DTI to classify patients with or without
MHE, but in which patients in the intermediate state were ex-
cluded; this method obviously results in inadequate assessment.
Few studies to date have been conducted to detect MHE by using
FA as a biomarker.

In this study, our goal was to investigate whether DTT fea-
ture maps can distinguish patients with cirrhosis with MHE
from those without (NHE) by using a Bayesian voxel-based
machine-learning technique called Graphical-Model-based Mor-
phometric Analysis (GAMMA; http://www.nitrc.org/projects/
gamma_suite).zo’22 GAMMA is a nonparametric, multivariate,
Bayesian approach to modeling structure-function associa-
tions, which allows dimension reduction and predictive mod-
eling in a unified framework and has been validated both on

2123 and has been

structural and functional MR imaging data
used in several studies related to neurologic diseases.”*** To
further validate identified biomarkers, we assessed their abili-
ties to predict survival among patients with cirrhosis with co-
vert hepatic encephalopathy, given the relationship between
MHE and mortality: The presence of MHE has been observed
to have a prognostic impact on mortality among patients with

liver cirrhosis.>>2°

MATERIALS AND METHODS

Subjects

This study was approved by the Research Ethics Committee of
Affiliated Zhongda Hospital, Southeast University, China; 65 pa-
tients with clinically proved cirrhosis with covert HE (29 with
MHE and 36 with NHE) were included after written informed
consent was obtained (Table 1).

For psychometric assessment, a battery of neuropsychiatric
tests, including the Number Connection Test A, Digit Symbol
Test, and Block Design Test, were administered to all partici-
pants. These 3 neuropsychiatric tests are widely used in MHE
detection,>'® development of new diagnostic methods for
MHE,'**” and survival analysis of patients with cirrhosis.'®*® Pa-
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with alcohol abuse 6 months before the
study were also excluded.

MR Imaging Acquisition

MR imaging was performed by using a 1.5T scanner (Vantage
Atlas; Toshiba Medical Systems, Tokyo, Japan). DTT sequences
were acquired by using a 6-direction, single-shot, spin-echo EPI
sequence, with TR = 9450 ms, TE = 100 ms, FOV = 260 X 260
mm, matrix = 128 X 128, section thickness/gap = 3.0/0 mm,
b=1000 s/mm?, and NEX = 3. The 3D high-resolution (1.0 X
1.0 X 1.5 mm) T1-weighted images were also acquired for the
registration of DTI.

DTI Processing

We used the fMRI of the Brain Software Library (ESL; http://
fsl.fmrib.ox.ac.uk/fsl) to process the DTI data. We corrected the
DTI data for head movement and eddy current distortions with
the non-diffusion-weighted imaging (the B0 image) as a refer-
ence. We fitted diffusion tensor models independently for each
voxel and computed MD and FA maps. For the normalization
of DTI, we first segmented the high-resolution T1-weighted
images into gray matter, WM, and CSF by using the FMRIB
Integrated Registration and Segmentation Tool (FIRST; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) and spatially normalized
these images to the Montreal Neurological Institute coordinate
space. By concatenating the transformation from the B0 image
to the T1 image with the transformation from the T1 image to
the Montreal Neurological Institute space (by using a nonlin-
ear transformation), we obtained normalized FA and MD

maps.

GAMMA
GAMMA is a machine-learning method that detects biomarkers
from high-dimensional neuroimaging data. GAMMA has 2 im-
portant features: First, it has an embedded dimension-reduction
mechanism. For high-dimensional neuroimaging data, the large
number of candidate models turns the model inference into an
underdetermined computational problem. Dimension reduc-
tion can ameliorate this problem. Second, GAMMA can detect
multivariate interactions among brain regions characterizing a
disorder by considering conditional independence among vari-
ables. To date, few neuroimaging data analysis methods have
these 2 features.

The goal of GAMMA is to detect a set of brain regions that are
jointly predictive of a group-membership variable g. Toward this
end, GAMMA iteratively performs Markov Blanket identification


http://www.nitrc.org/projects/gamma_suite
http://www.nitrc.org/projects/gamma_suite
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST

and voxel-space partitioning. In Markov Blanket identification,
GAMMA uses Bayesian methods to search for a set of voxels
(called representative voxels) that are jointly predictive of g. The
interactions among representative voxels and g are described by a
Bayesian network model. In voxel-space partitioning, for each
representative voxel, GAMMA identifies voxels that are probabi-
listically equivalent to this representative voxel—that is, GAMMA
searches for additional voxels that have similar associations with
¢ In this manner, each representative voxel is associated with a
region of interest consisting of a representative voxel and its
equivalent voxels. The output of GAMMA is a label field and a
Bayesian network model. The label field includes a set of brain
regions that are jointly most predictive of ¢, and each brain region
in the label field is a ROIL The interactions among these brain
regions and g are described by the Bayesian network model. De-
tails of the GAMMA algorithm are presented in Chen and
Herskovits.*®

We calculated voxelwise mean and SD values for FA maps and
compared each subject’s FA map with the mean FA map. De-
creased FA in WM has been consistently reported in patients with
MHE!>'%15; therefore, we used a voxelwise threshold that is at
multiple SDs below the mean value to threshold the FA map,
resulting in a binary FA map, in which 1 represents an abnormal
FA value and zero is normal. To reduce noise, we included only
WM voxels with decreased FA value (determined by uncorrected
P < .05 in a 2-sample ¢ test).>” To ensure model stability, we
compared 5 different thresholds: 0 SD, 0.25 SD, 0.50 SD, 0.75 SD,
and 1.0 SD below the mean.

We performed similar preprocessing steps to generate binary
MD maps. Because previous reports have consistently reported
that patients with MHE have increased MD in WM,®!21417 we
set the voxelwise thresholds of the MD value at 0 SD, 0.25 SD, 0.50
SD, 0.75 SD, and 1.0 SD above the mean.

After identifying FA and MD regions of interest that charac-
terize group differences, we used the regional state inference algo-

rithm?°

to infer the state (normal/abnormal) for a particular ROI.
Then we built Naive-Bayes classifiers (10-fold cross-valida-
tion) to discriminate patients with MHE and NHE on the basis
of these regional state variables. The structure of the Naive-
Bayes classifier was [group membership — (biomarker 1, ...,

biomarker m)].

Validation of Detected Biomarkers
We performed 2 experiments to validate the biomarkers detected
by GAMMA. For each subject, we extracted the average FA value
for each ROI generated by GAMMA; let FA(ROI,)/MD(ROI,)
denote the average FA/MD value for the k™ ROL

First, we used Pearson correlation analysis to examine the
relationship between MD(ROI,) or FA(ROI,) and the neuro-
logic test score and the Child-Pugh score. Second, we per-
formed survival analysis by using the detected biomarkers. We
defined the date of the first DTT examination as day 1, and each
patient was followed up every 6 months. Fifty-five of 65 pa-
tients with cirrhosis completed follow-up studies until death
or the end of the observation period (November 2012). We
performed multivariate Cox regression (forward LR method)

analysis to assess the associations of MD(ROI,) or FA(ROI,)
with survival.

RESULTS

Neurologic Assessments and Altered DTI Metrics

Patients with MHE showed significantly impaired performance in
all neurocognitive tests, compared with those with NHE (Table
1). Relative to patients with NHE, those with MHE showed in-
creased mean MD values throughout the WM globally [NHE:
(0.805 * 0.020) X10~> mm?/s; MHE: (0.821 *+ 0.035) X10~>
mm?/s; P = .025]. Patients with MHE also had reduced mean FA
values throughout the WM (NHE: 0.344 = 0.014; MHE: 0.331 =
0.016; P < .001). The brain areas with increased MD values in
MHE were the bilateral frontal lobes and the corpus callosum, and
the areas with decreased FA values included the bilateral frontal,
parietal, occipital, and temporal lobes; internal capsule; and cor-
pus callosum (see the Appendix and On-line Figure). Moreover,
in the MHE group, there was no area showing decreased MD or
increased FA.

Additionally, we performed a post hoc power analysis based
on FA. The observed effect size was 0.87, which was considered
large by using Cohen criteria. Power analysis with a = .05 dem-
onstrated that this study had power = 0.96.

Results of GAMMA Analysis

Across different abnormality thresholds for the MD and FA maps,
GAMMA consistently identified 2 spatially distributed WM re-
gions that were jointly significantly predictive of the group-mem-
bership variable (Figs 1 and 2). Two ROIs identified in MD
maps, denoted by ROI,MP and ROI,™MP, were predominant in
the bilateral frontal lobes, precuneus, and the corpus callosum
(Fig 1). Similarly, the 2 ROIs identified in FA maps, denoted by
ROIlFA and ROIZFA, included bilateral frontal lobes, the cor-
pus callosum, and the left paracentral lobule (Fig 2). Of note,
the ROIs that GAMMA identified from MD and FA maps
largely overlapped.

Results of Classification Analysis

Table 2 shows classification performance based on these ROIs.
Using MD maps, GAMMA achieved good classification accuracy
(mean, 79.1%; range, 75.4%—81.5%) across 5 distinct thresholds.
The optimal classification performance was accuracy = 80.0%,
sensitivity = 75.9%, and specificity = 83.3%, with the threshold
0f 0.25 SD above the mean MD value. Using FA maps, GAMMA
yielded higher classification accuracy (mean, 87.1%; range,
83.1%-92.3%) across the different thresholds. The optimal
classification result was accuracy = 92.3%, sensitivity = 100%,
and specificity = 86.1%, which was obtained at the threshold
of 0.75 SD below the mean FA value. The thresholds resulting
in best classification result (eg, a threshold of 0.25 SD above the
mean MD value or a threshold of 0.75 SD below mean FA
value) were chosen and included in the following validation
analyses.

Results of Validation Analysis
Table 3 shows that MD values of WM ROIs [MD(ROI,) and

MD(ROI,)] were significantly positively correlated with the
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FIG 1. Two white matter ROls generated by GAMMA, which characterize group differences on
the MD map on the basis of voxelwise thresholds of the following: 0 SD (A), 0.25 SD (B), 0.50 SD (C),
0.75 SD (D), and 1.0 SD (E) above the mean voxelwise MD value. Green and red indicate the 2 ROls

generated by GAMMA.

result of the Number Connection Test A and negatively corre-
lated with the results of the Digit Symbol Test and Block De-
sign Test. In contrast, FA values of WM ROIs [FA(ROI,) and
FA(ROL,)] were significantly negatively correlated with the
Number Connection Test A and positively correlated with the
Digit Symbol Test and the Block Design Test scores. Longer
time to complete Number Connection Test A and lower scores
in the Digit Symbol Test and Block Design Test indicated
poorer performance. Patients’ Child-Pugh scores were signif-
icantly correlated with MD(ROI, ), MD(ROL,), FA(ROI,), and
FA(ROL,).

For survival analysis, the median follow-up period was 18.0
months. By the end of the observation, 15 patients (11 with
MHE and 4 with NHE) had died from liver-related complica-
tions. Given the consensus that the Child-Pugh score is a
variable with prognostic value for survival among patients with

cirrhosis,>*>2%28

we assessed the predictive values of MD and
FA alterations by multivariate Cox regression, taking into
account the Child-Pugh score as a covariate. Cox regression
showed that MD(ROY, ) (hazard ratio [HR] = 4.253;95% CI, 1.218 -
14.848; P = .023) was a predictor of survival, independent of the
Child-Pugh score. Similarly, MD(ROL,) (HR = 3.948; 95% CI,
1.655-9.420; P = .002), FA(ROI,) (HR = 0.823; 95% CI, 0.696—
0.973; P = .022), and FA(ROL,) (HR = 0.805; 95% CI, 0.671-0.965;
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P = .019) showed prognostic value on
survival as well, in addition to the Child-
Pugh assessment.

DISCUSSION

In this study, by using machine learn-
ing, we found that MD values in the bi-
lateral frontal lobes, the precuneus, and
the corpus callosum differentiate sub-
jects with MHE and NHE; similarly, FA
values in the bilateral frontal lobes, the
corpus callosum, and the left paracen-
tral lobule distinguish subjects with
MHE from those with NHE. Mean-
while, MD and FA values of WM ROIs
had prognostic value for survival, inde-
pendent of the Child-Pugh score. These
findings suggest the utility of measuring
WM water molecular diffusivity for
MHE detection.

WM edema (reflected by increased
MD)”'" and impaired cerebral struc-
tures'>'* have been demonstrated to
play an important role in the MHE
mechanisms. WM edema, which could
be extracellular and/or cytotoxic in ori-
gin,® ' is considered closely associated
with a metabolic disorder of ammonia
in the brain tissue of patients with
MHE.”®!'%%% " Although the neuro-
pathologic mechanism of decreased FA
is not well-understood in the setting of
cirrhosis, one possible explanation is
demyelination. Osmotic demyelination (due to inappropriate
correction of hyponatremia®') has been noted in cirrhosis.””
Moreover, central nervous system inflammation has been shown
to play an important role in HE,?® which may contribute to in-
flammatory demyelination as observed in other neurologic dis-
eases such as multiple sclerosis.** In addition, it has been found
that factors released by astrocytes contribute to brain myelina-
tion,>® which would be impaired due to astrocytic dysfunction
resulting from Alzheimer type II changes.”®'® Thus, reduction of
WM FA may indicate impaired microstructural integrity in MHE.

Indeed, increased MD and decreased FA are also associated

1718 which can

with the disruption of brain intrinsic networks,
induce neurologic dysfunction in patients with MHE. In our
study, the correlations between altered MD and FA values and
psychometric results further suggest that WM abnormalities, es-
pecially in the corpus callosum and frontal and parietal lobes, are
responsible for neurologic deficits such as psychomotor speed
(reflected by the Number Connection Test A), attention and vi-
sual memory (reflected by the Digit Symbol Test), and visuospa-
tial motor function (reflected by the Block Design Test).

We identified 2 spatially distributed WM ROIs, predomi-
nantly located in the bilateral frontal lobes, the corpus callosum,
and bilateral parietal lobe, in MD maps as predictive of MHE. The
ROIs identified from FA maps largely overlap those obtained



FIG 2. The 2 white matter ROIs generated by GAMMA, which characterize group differences in
the FA on the basis of voxelwise thresholds of the following: 0 SD (A), 0.25 SD (B), 0.50 SD (C), 0.75
SD (D), and 1.0 SD (E) below the mean voxelwise FA value. Green and red indicate the 2 ROls.

Table 2: Classification accuracy between patients with MHE and
NHE using a single Bayesian network

Voxelwise Threshold and

Classification Network Accuracy Sensitivity Specificity

MD alone
0 SD above mean value 78.5% 75.9% 80.6%
0.25 SD above mean value  80.0% 75.9% 83.3%
0.50 SD above mean value  75.4% 58.6% 88.9%
0.75 SD above mean value 81.5% 65.5% 94.4%
1.0 SD above mean value 80.0% 62.1% 94.4%
FA alone
0 SD below mean value 84.6% 75.9% 9N1.7%
0.25 SD below mean value  83.1% 79.3% 86.1%
0.50 SD below mean value  89.2% 86.2% 91.7%
0.75 SD below mean value  92.3% 100% 86.1%
1.0 SD below mean value 86.2% 72.4% 97.2%

from MD maps; this overlap indicates that these WM regions are
predominantly affected by MHE pathology. Increased ammonia
levels have been found to be associated with the increased ADC in
the frontal and parietal WM.'® In addition, positron-emission

tomography studies have indicated that
an altered glial cell state, an important
cause of MHE, occurs in the frontal WM
and in the corpus callosum.?® The fron-
tal and parietal WM and corpus callo-
sum (particularly the anterior part) are
the regions most commonly reported to
demonstrate increased water content'!
or diffusivity9,10,12,15,l6
FA."> When patients with cirrhosis in

and decreased

the intermediate state are excluded, Sug-
imoto et al'® reported 70%-90% sensi-
tivity and 85%-90% specificity in classi-
fication of MHE and NHE, based on a
frontal or parietal WM ADC metric.
Their results indicate, to some extent,
the usefulness of measuring WM diffu-
sion features in MHE detection and are
in line with our findings.

Increased regional MD has been
found to be predictive of the develop-
ment of overt HE,'® which has an omi-
nous prognostic value on survival.”
Meanwhile, MHE is associated with in-
creased risk of an episode of overt HE.
It is believed that MHE (measured by
neuropsychological tests) has prognos-
tic value on survival in patients with cir-
rhosis with covert HE.>® These progres-
sive patterns of disease may explain why
we found increased MD to be predictive
of survival for patients with cirrhosis
with covert HE. Brain edema has been
reported to be fatal, especially in high-
grade HE, due to increased intracranial
pressure.””?® Moreover, our findings
regarding the predictive values of MD

and FA on survival agree with the con-
9-11 12,13

sensus that brain edema” "' and structural impairment prog-
ress with advanced disease.

One strength of this study is the application of an advanced
machine-learning method, GAMMA, to the detection of MHE-
related biomarkers.”* > GAMMA is a nonparametric and multi-
variate Bayesian approach to model complex nonlinear multivar-
iate associations among image features and the clinical variables.
GAMMA automatically generates ROIs that can be used to differ-
entiate MHE from NHE; this feature distinguishes our study from
previous DWI studies, which relied on prespecified ROIs.**%!¢
The consistency of classification across distinct thresholds sug-
gests the validity of these results. Moreover, the significance of
MD ROIs and FA ROIs in predicting survival provides further
evidence regarding the validity of biomarkers detected by
GAMMA.

One limitation of our study is that we confined our analysis to
WM regions, where brain edema predominantly occurs in
MHE'"'%; however, several studies have indicated that other ce-

rebral regions, such as subcortical nuclei,”!° may also manifest

AJNR Am J Neuroradiol 36:481-87 Mar 2015  www.ajnr.org 485



Table 3: Pearson correlation coefficients of MD and FA values
with neurologic performances and Child-Pugh score among
patients with cirrhosis and covert hepatic encephalopathy

MD Map FA Map
Variables ROI1 ROI2 ROI ROI2
Number Connection Test A 038*  041° —0.59*° —0.63°
Digit Symbol Test —0.5”* —0.52° 0.712 0.68*
Block Design Test -032° —037*  0.5P° 0.56°
Child-Pugh score 033 0377 —027° —034°
ap< 0l
bp < .05

low-grade edema. The second limitation is that we used a subop-
timal DTT sequence with 6 diffusion-encoding gradient direc-
tions, due to the finite capability of our MR imaging scanner. The
third limitation is that we only used DTT to generate biomarkers
for MHE. Other MR imaging models (eg, resting-state fMRI>®)
have been reported to be useful in distinguishing MHE from NHE
as well. DTI may be more readily applicable in the clinical setting
because it is more convenient to obtain DTT relative to resting-
state fMRI. However, the combination of these MR imaging tech-
niques may yield more accurate classification and is an area for
future extension of this research.

CONCLUSIONS

Combining advanced machine-learning techniques and DTT can
generate biomarkers that identify patients with MHE among pa-
tients with cirrhosis with covert hepatic encephalopathy; both
increased MD and decreased FA are predictive of survival. Our
findings may be helpful in detecting MHE and improving subse-
quent treatment.

APPENDIX

Between-Group Comparison

The 2-sample ¢ tests were performed to determine the regions
with an MD/FA difference between 2 groups in a voxelwise way.
The statistical threshold was set at P < .05 (the combination of
P < .005 for single voxel and a minimum cluster size of 120
voxels), which was determined by Monte Carlo simulations by
using the AlphaSim program (http://afni.nimh.nih.gov/afni).

Disclosures: Edward H. Herskovits—UNRELATED: Expert Testimony: Medicolegal;
Grants/Grants Pending: Microsoft,* State of Maryland.* *Money paid to the
institution.
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Strategies of Collateral Blood Flow Assessment in Ischemic
Stroke: Prediction of the Follow-Up Infarct Volume in
Conventional and Dynamic CTA

S.E. Beyer, KM. Thierfelder, L. von Baumgarten, M. Rottenkolber, F.G. Meinel, H. Janssen, B. Ertl-Wagner,
M.F. Reiser, and W.H. Sommer

ABSTRACT

BACKGROUND AND PURPOSE: Collateral blood flow is an important prognostic marker in the acute stroke situation but approaches for
assessment vary widely. Our aim was to compare strategies of collateral blood flow assessment in dynamic and conventional CTA in their
ability to predict the follow-up infarction volume.

MATERIALS AND METHODS: We retrospectively included all patients with an M1 occlusion from an existing cohort of 1912 consecutive
patients who underwent initial multimodal stroke CT and follow-up MR imaging or nonenhanced CT. Collateralization was assessed in both
conventional CT angiography and dynamic CT angiography by using 3 different collateral grading scores and segmentation of the volume of
hypoattenuation. Arterial, arteriovenous, and venous phases were reconstructed for dynamic CT angiography, and all collateral scores and the
volume of hypoattenuation were individually assessed for all phases. Different grading systems were compared by using the Bayesian information
criterion calculated for multivariate regression analyses (Bayesian information criterion difference = 2-6, “positive”; Bayesian information
criterion difference = 6-10, “strong”; Bayesian information criterion difference = >10, “very strong”).

RESULTS: One hundred thirty-six patients (mean age, 70.4 years; male sex, 41.2%) were included. In the multivariate analysis, models
containing the volume of hypoattenuation showed a significantly better model fit than models containing any of the 3 collateral grading
scores in conventional CT angiography (Bayesian information criterion difference = >10) and dynamic CT angiography (Bayesian infor-
mation criterion difference = >10). All grading systems showed the best model fit in the arteriovenous phase. For the volume of
hypoattenuation, model fit was significantly higher for models containing the volume of hypoattenuation as assessed in the arteriovenous
phase of dynamic CT angiography compared with the venous phase (Bayesian information criterion difference = 6.2) and the arterial phase
of dynamic CT angiography (Bayesian information criterion difference = >10) and in comparison with conventional CT angiography
(Bayesian information criterion difference = >10).

CONCLUSIONS: The use of dynamic CT angiography within the arteriovenous phase by using quantification of the volume of hypoat-
tenuation is the superior technique for assessment of collateralization among the tested approaches.

ABBREVIATIONS: BIC = Bayesian information criterion; NECT =nonenhanced CT; VH = volume of hypoattenuation

I n acute ischemic stroke, leptomeningeal collateral vessels pro-
vide blood flow to the ischemic bed of the occluded artery.">
The extent of collateralization is an independent predictor of a
small-lesion volume on follow-up imaging” and a favorable clin-
ical outcome.” It has been further shown to predict response to
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intravenous thrombolysis® and to determine penumbral tissue
loss.® Noninvasive imaging of collaterals can be performed by
using CT angiography”® or MR angiography.® CTA offers the
advantages of a wide availability and short scanning times.

One strategy to assess collateral blood flow in CTA is through
grading of collateral vessels in the territory of the occluded ar-
tery.*”® Currently, several different grading scores have been
published,'® which differ not only in the number of categories of
each score but also in the type of assessment (ie, an assessment
relative to the contralateral hemisphere or absolute quantifica-
tion). The 3 most commonly used scores in the literature include

E Indicates article with supplemental on-line tables.
D Indicates article with supplemental on-line photo.
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the following: 1) an absolute score assessing the percentage of the
ischemic bed in which collateral filling is seen,’ 2) a relative score
comparing collateral vessel enhancement within the ischemic bed
with similar contralateral vessels,® and 3) a detailed relative score
comparing collateral vessel enhancement with similar contralat-
eral vessels within each ASPECTS region.'"

Another strategy to assess collateral blood flow is through
quantification of hypoattenuated brain tissue in CTA source im-
ages.'>"'> Whereas hypoattenuation in nonenhanced CT (NECT)
images represents the brain tissue net water uptake,'® hypoat-
tenuation in CT angiography suggests an area receiving limited
blood flow, which has been shown to correlate with initial diffu-
sion-weighted images'® and follow-up lesion size.'* However,
this correlation might be heavily influenced by the time point of
image acquisition."?

Recently, Smit et al'” demonstrated that conventional CTA
can fail to capture delayed collateral enhancement. Delay-insen-
sitive CT angiography with acquisition of multiple timeframes
can help overcome this limitation. Its value in assessing the max-
imal extent of collateralization has been shown in several stud-
ies.>!”'® However, the time point of image analysis might play an
important role in correctly assessing the prognostic value of the
collateralization.

The aim of our study was the following: 1) to determine the
optimal time-phase for reconstruction of the dynamic CTA im-
ages to best predict follow-up lesion volume, and 2) to compare
the predictive value of the volume of hypoattenuation with differ-
ent collateral vessel grading scores.

MATERIALS AND METHODS

Study Design and Population

The institutional review board approved the retrospective study
and waived the requirement for informed consent. Our initial
cohort consisted of 1912 consecutive patients who underwent ini-
tial whole-brain CT perfusion for suspected acute ischemic stroke
at our institution between April 2009 and April 2014. From this
cohort, we included all patients with complete occlusion of the
middle cerebral artery in the M1 segment, with or without an
occlusion of the internal carotid artery, on both conventional and
dynamic CTA. We excluded patients with the following:

1) Incomplete or missing whole-brain CTP raw datasets

2) Missing follow-up NECT or MR imaging acquired at least 1
day after initial CT perfusion imaging'®

3) Nondiagnostic quality of conventional CTA or dynamic CTA.

Data on the time of symptom onset, treatment with intrave-
nous thrombolysis, and mechanical recanalization were collected
by review of the medical charts.

CT Examination Protocol

The multiparametric CT protocol consisted of an NECT to ex-
clude intracranial hemorrhage, supra-aortic CTA, and whole-
brain CT perfusion, all performed by using one of the following
CT scanners: Somatom Definition AS+, a 128-section CT scan-
ner; Somatom Definition Flash, a 128-section dual-source CT
scanner; and Somatom Definition Edge, a 128-section CT scanner
(all by Siemens, Erlangen, Germany).

FIG 1. Definition of arterial, arteriovenous, and venous phases. Exam-
ple of the separation the 3 phases by using the time-to-peak contrast
enhancement of the contralateral middle cerebral artery and the su-
perior sagittal sinus in a typical patient.

Conventional CT angiography was acquired in a caudocranial
direction with a 2-second delay after bolus triggering in the aortic
arch (cutoff value = 100 HU). Images of whole-brain CTP were
obtained with 0.6-mm collimation and 100-mm scan coverage in
the z-axis by using a toggling-table technique. One scan was ac-
quired every 1.5 seconds. Tube voltage and current were 80 kV
and 200 mAs, respectively. CT dose index was 276 mGy. A total of
35 mL of iodinated contrast agent was administered at a flow rate
of 5 mL/s, followed by a saline flush of 40 mL at 5 mL/s. Thirty-
one axial sections were reconstructed per view with a thickness of
10 mm and an increment of 3 mm.

Dynamic CT Angiography Image Processing

CT perfusion raw datasets were reconstructed as dynamic angiog-
raphies by using the syngo CT Dynamic Angio module and syngo
via, VA 20 (Siemens). The image processing included motion cor-
rection and automated bone removal. Dynamic angiographies
were then represented as source images and temporal MIPs.
Computation of temporal MIPs included a 4D noise reduction;
our approach was previously described by Smit et al.>° We created
3 different temporal MIPs representing the arterial phase, the ar-
teriovenous phase, and the venous phase, to determine differ-
ences in collateral vessel enhancement with time. We created tem-
poral MIPs of the different phases rather than using source images
acquired at a single time point, to optimize quality because tem-
poral MIP computation included the aforementioned 4D noise
reduction. This process has been shown to increase the signal-to-
noise ratio, vessel contour, detail visibility, and overall image
quality.?® For standardization and adjustment for interindividual
differences in circulation times and bolus dispersion, we used the
time point of peak contrast enhancement of the contralateral
MCA to separate arterial and arteriovenous phases and the time
point of peak contrast enhancement of the superior sagittal sinus
to separate arteriovenous and venous phases (Fig 1).

Image Analysis of CTA and Dynamic CTA

Quantification of Regions of Hypoattenuation. OsiriX, Version
4.0, imaging software (http:// www.osirix-viewer.com) was used
for 3D assessment of regions of hypoattenuation by using a
method previously described for CT perfusion deficit assess-
ment.”’ We manually segmented the region of hypoattenuation
on every axial section of the temporal MIPs by using the OsiriX
Closed Polygon Tool to create a region of interest; thus, the extent
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FIG 2. Comparison of conventional and dynamic CTA. A, MIP (10-mm) of conventional CTA
source images. Volume of hypoattenuation (1 representative section outlined) is 90.5 mL. B,
Temporal MIPs (10 mm) of dynamic CTA source images reconstructed for the arteriovenous
phase. Volume of hypoattenuation (1 representative section outlined) is 7.5 mL. The follow-up

infarct volume was 6.5 mL.

of the hypoattenuation could be evaluated by comparison with
the contralateral hemisphere. Figure 2 shows representative ex-
amples. The region volume was then calculated by using the
OsiriX volume calculation tool. According to previous studies on
the quantification of the region of hypoattenuation,'? window
and level settings were adjusted by the reader to increase the con-
trast between normal and hypoattenuated brain tissue.

Grading of Collateral Vessels. Allimages were reconstructed with
a section thickness of 20 mm to increase the visualization of vessel
continuity. We assessed collateralization in conventional CT an-
giography and temporal MIPs of the arterial, arteriovenous, and
venous phases. Collateral vessels were graded by using 3 previ-
ously described and evaluated scores (On-line Table 1). For rela-
tive collateral grading in dynamic CT angiography, we used con-
tralateral arterial vessel status as a reference to prevent venous
superimposition. Collaterals were assessed separately for each
phase and each score.

In addition, we assessed CT angiographic datasets for an addi-
tional ICA occlusion and a visible early temporal branch before
the occlusion because these have been shown to affect final infarct
size.”

Follow-Up Image Analysis

MR imaging or NECT acquired at least 1 day after the initial
multiparametric CT was used to assess follow-up lesion volume.
In MR imaging, lesions were assessed as volumes of relatively
increased signal in the DWI sequence with a b-value of 1000
s/mm? and concomitant decreases in the apparent diffusion coef-
ficient. On NECT, lesions were assessed as volumes of relative
hypoattenuation. Volumetric analyses of either MR imaging or
NECT datasets were performed by using OsiriX, Version 4.0, as
described above, for regions of hypoattenuation analysis.

Image analysis was performed by 2 readers: 1 board-certified
radiologist (W.H.S.) with 10 years of experience in neuroimaging,
and 1 reader (S.E.B.) with 2 years of experience in acute stroke
imaging. Quantitative measurements (eg, drawing of ROIs) were
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performed by the less experienced reader.
In unclear cases, the more experienced
reader was consulted. The readers were
blinded to clinical data and follow-up
imaging.

Statistical Analysis

We performed all statistical analyses by
using SPSS (Version 22.0; IBM, Armonk,
New York) and the open-source R statis-
tical computing software, Version 3.0.3
(http://www.r-project.org).

All metric and normally distributed
variables are reported as mean *= SD;
non-normally distributed variables are
presented as median with first-third quar-
tiles. Categoric variables are presented as
frequency and percentage.

Normal distribution was assessed by
using histogram methods for the variable
follow-up lesion volume. Square root
transformation was performed for nor-
malization of the dependent variable in regression analysis in case of
non-normal distribution. Univariate linear regression analysis was
used to test the association between predictors and follow-up lesion
volume as outcome. The following variables were included as predic-
tors: age, sex, time from symptom onset to initial imaging, time to
follow-up imaging, additional ICA occlusion, visible early temporal
branch, intravenous thrombolysis, and mechanical recanalization.

Multivariate linear regression was used for adjusted analyses of
collateral scores and volume of hypoattenuation for follow-up
lesion volume. Variables significantly associated with a favorable
outcome (P <.2) in the univariate regression were included in the
multivariate models with the collateral scores or volume of hy-
poattenuation. The 4-point absolute and the 5-point relative
scores were entered as ordinal variables. Volume of hypoattenu-
ation and the 20-point relative score were entered as continuous
variables. P values < .05 were statistically significant. Residual
plots (independent variable: regression standardized predicted
value; dependent variable: regression standardized residual) and
normal probability-probability plots of regression standardized
residuals were generated to evaluate linear regression models.

Multivariate regression models were compared on the basis of
the adjusted coefficients of determination (adjusted R*) and the
Bayesian information criterion (BIC). Differences in BIC of 2—6
were regarded as “positive”; 6-10, as “strong”; and >10, as “very

strong,””

RESULTS
Study Population
Among our cohort of 1912 patients and after exclusion of non-

complete raw datasets, 165 patients showed complete M1 occlu-
sion on conventional and dynamic CT angiography and were in-
cluded in further analyses. Among these, we further excluded 22
patients due to missing follow-up imaging and 7 patients due to
nondiagnostic quality of dynamic CTA. The remaining 136 pa-
tients constituted the study cohort. Figure 3 illustrates the detailed
patient flow chart of the study cohort.



FIG 3. Inclusion and exclusion flow chart.

Table 1: Patient characteristics and univariate linear regression analysis to determine the

effect of patient characteristics on follow-up lesion size

CT angiography, collateral grades were
highest in the arteriovenous phase and were
slightly lower in the arterial phase than in
the venous phase. The volume of hypoat-
tenuation was highest in conventional CTA
and decreased continuously from the arte-
rial to the venous phase. The detailed results
of collateral vessel grading systems are pre-
sented in On-line Table 2.

Optimal Time-Phase for Collateral
Assessment
The models containing collateral grading
assessed in the arteriovenous phase of dy-
namic CTA showed the best model fit
(highest adjusted R, Table 2) in multivari-
ate linear regression analyses for follow-up
lesion volume controlling for the variables
sex, additional ICA occlusion, time to fol-
low-up imaging, early temporal branch, IV
thrombolysis, and mechanical recanaliza-
tion. This was seen independent of whether
the models contained the volume of hypo-
attenuation or any collateral grading score.
For the model containing the volume of
hypoattenuation, model fit (adjusted R?)
was 0.614 in the arteriovenous phase, com-

All Patients

pared with 0.483 in conventional CTA (BIC

(N=136) B-Coefficient® P Value® difference = 39.9, indicating a very strong
Age (yrP° 704 ~ 3.8 B=—0043 935 difference between the 2 models), 0.576 in
Male sex (No.) (%) 56 (41.2) B =1434 157 the arterial phase (BIC difference = 15.8,
Time from symptom onset to initial imaging® 139 (89-227) B = —0.001 .897 also indicating a very strong difference), and

. \d
T(mm) ol (days? 315) 8 0095 051 0.586 in the venous phase (BIC difference =
ime to follow-up imaging (days - = —0. . ST . .

Additional ICA occlusion (No.) (%) 65(47.8) B =491 <.001 9.6, indicating a strong difference). Figure 2
Visible early temporal branch (No.) (%) 28(20.6) B=—243 (048~ presents examples comparing conventional
IV thrombolysis (No.) (%) 90 (66.2) B=—3926 <.001 and dynamic CT angiography in a typical pa-
Mechanical recanalization (No.) (%) 72(52.9) B = —3776 <.001 tient. On-line Fig 1 illustrates the plots of the
Follow-up lesion volume® (mL) 79 (19-218) N/A N/A residuals of the multivariate regression

Note:—N/A indicates not available.

@ Results of univariate linear regression analysis with follow-up lesion volume (square-root-transformed) as a depen-

dent variable. Positive B-values indicate an increase in follow-up lesion volume.
® Mean.

© Documented for 70 patients.

9 Median (first-third quartile).

€ As measured by DWI-MRI (b=1000) or NECT.

Baseline Characteristics
The mean age was 70 * 14 years (range, 2897 years). Fifty-six
(41.2%) patients were male. Ninety patients (66.2%) were treated
with IV thrombolysis, and 72 patients (52.9%) underwent me-
chanical recanalization. Among these, 57 patients (41.9%) were
treated with IV thrombolysis and mechanical recanalization. Me-
dian follow-up lesion volume was 79 mL (first-third quartiles =
19-218). Because follow-up lesion volume was not normally dis-
tributed, square root transformation was performed for this vari-
able for further analysis. Patient characteristics and the results of
univariate linear regression analyses for the square-root-trans-
formed follow-up lesion volume are given in Table 1.

Collateral grades were lowest on conventional CTA. In dynamic

models.

For the model containing the 4-point
absolute score, BIC difference between the
arteriovenous phase and the conventional
CTA, arterial phase, and venous phase was
16.7 (very strong), 5.7 (positive), and 20.7
(very strong), respectively. For the model
containing the 5-point relative score, the BIC difference between the
arteriovenous phase and conventional CTA, arterial phase, and ve-
nous phase was 17.1 (very strong), 16.8 (very strong), and 26.5 (very
strong), respectively. For the model containing the 20-point relative
score, the BIC difference between the arteriovenous phase and con-
ventional CTA, arterial phase, and venous phase was 12.0 (very strong),
15.6 (very strong), and 27.4 (very strong), respectively (Fig 4).

Volume of Hypoattenuation versus Collateral Vessel
Grading Scores

In the multivariate linear regression analysis for follow-up lesion
volume controlling for the variables sex, additional ICA occlu-
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Table 2: Model fit of multivariate linear regression for follow-up lesion volume®

indicating a strong difference). Figure 5

Dynamic CT Angiography (R?)

shows 2 examples of the volume of hy-

Conventional ~ Arterial  Arteriovenous  Venous  poattenuation and collateral vessels in all
CTA (R?) Phase Phase Phase 3 phases of dynamic CTA and the infarct
4-Point absolute 0.392 0.439 0.462 0.374 on follow-up in a typical patient.
5-Point relative 0.348 0.349 0.441 0.321
20-Point relative 0.436 0.421 0.483 0.368
Volume of hypoattenuation 0.483 0.567 0.614 0.586 DISCUSSION

Note:—R? indicates the adjusted coefficient of determination corrected for sex, time to follow-up imaging, addi-
tional ICA occlusion, visible early temporal branch, IV thrombolysis, and mechanical recanalization. It is an indicator
of model fit; higher values indicate a better explanation of the variance of the outcome variable.

@ Overall, dynamic CTA allows a better prediction of follow-up lesion volume than conventional CTA. Specifically,
model fit was highest for reconstructions of dynamic CTA images within the arteriovenous phase. Models containing
the volume of hypoattenuation performed better than models containing any of the collateral vessel grading scores.

FIG 4. Comparison of collateral grading systems. The coefficient of determination is an indica-
tor of model fit. Higher values indicate a better explanation of the variance of the outcome

variable.

sion, time to follow-up imaging, early temporal branch, intrave-
nous thrombolysis, and mechanical recanalization, the models
containing a volume of hypoattenuation showed a better model
fit (adjusted R*) than models containing any of the collateral ves-
sel grading scores (adjusted R*> = 0.483 versus 0.392—0.436 in
conventional CTA, 0.567 versus 0.349—0.439 in the arterial phase,
0.614 versus 0.441—0.483 in the arteriovenous phase, 0.586 versus
0.321-0.374 in the venous phase, Table 2). BIC analyses con-
firmed these results and showed a very strong preference (BIC
difference = >10) for models containing the volume of hy-
poattenuation in conventional CTA and in all phases of dy-
namic CTA.

Among collateral vessel grading scores, the BIC favored the
model containing the 20-point relative score in conventional CTA
(BIC difference = 17.8, indicating a very strong difference). In
dynamic CTA, there was also a preference for the 20-point relative
score in the arterial phase (BIC difference = 3.3), in the arterio-
venous phase (BIC difference = 13.2, indicating a very strong
difference), and in the venous phase (BIC difference = 6.5,
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Our data demonstrate the volume of hy-
poattenuation to be a stronger predictor
of the follow-up lesion volume than col-
lateral vessel grading scores. Dynamic
CTA, particularly if assessed in the arte-
riovenous phase, was superior to conven-
tional CTA in predicting the follow-up in-
farction volume.

Our findings are in line with and ex-
tend those of prior reports showing that
the degree of collateralization is an inde-
pendent predictor of tissue outcome.*>*?
Most of these studies were performed by
using conventional CTA for collateral as-
sessment. So far, no consensus has been
reached on how to standardize collateral
assessment. Different approaches in-
cluded the quantification of the volume of
hypoattenuation in CTA source im-

1213 and the use of different collateral

ages
vessel grading scores. "’

In our study, we demonstrate the vol-
ume of hypoattenuation to be a stronger
predictor of tissue outcome than collat-
eral vessel grading scores in both conven-
tional and dynamic angiography. While
collateral vessels correspond to the
macrocirculation within the ischemic
bed, attenuation values correlate with pa-
renchymal contrast material arrival and
may therefore be considered an indicator
of effectiveness of collateral blood supply.>* This effectiveness
may depend on not only the status of the macrocirculation but
also other factors such as cerebral perfusion pressure' and may
therefore be a better prognostic marker.

Another crucial aspect in collateral blood flow imaging by us-
ing conventional CT angiography is the time point of image ac-
quisition. Triggered protocols that cover the phase of peak arterial
enhancement have already found their way into clinical routine
because they reliably detect arterial occlusions, stenoses, and an-
eurysms.'>'” However, image acquisition at an early arterial
phase can fail to capture delayed collateral contrast material ar-

1.7 1'” could

rival.'” Using delay-insensitive dynamic CTA, Smit et a
show that the presence of a delayed collateral enhancement may
still be an important predictor of a good outcome. While impor-
tant information has been added to the previously described value
of conventional CT angiography,”® the optimal time point for
collateral evaluation has not been assessed. Other studies demon-
strated that the application of different CTA acquisition proto-

cols has a substantial effect on the correlation with concur-



FIG5. Examples of the volume of hypoattenuation and collateral vessels. A and B, Examples
of 2 typical patients. The top rows show 10-mm MIPs of each phase in dynamic CTA. The
areas of hypoattenuation of these MIPs are outlined, and the total lesion volumes of each
phase are given beneath the images. The bottom rows show 20-mm MIPs of each phase in
dynamic CTA, illustrating the collateral vessels. Collateral grades for each phase are given
beneath the images and correspond to (in the order given) the 20-point relative score, the
5-point relative score, and the 4-point absolute score. The area of infarction on follow-up

is shown on the right.

rently acquired CT perfusion®® and MR diffusion-weighted
images.'”

Independent of the approach chosen to evaluate the collater-
alization status, our results suggest an optimal prognostic value of
collateralization when assessed during the arteriovenous phase.
Notably, the prognostic value was lowest in conventional CT an-
giography, which is acquired in a caudocranial direction with a
2-second delay after bolus triggering in the aortic arch (cutoff
value = 100 HU) at our institution. This finding is in line with
those in previous studies showing that early scan acquisition

might fail to capture the full extent of
collateral enhancement.'”

Furthermore, our results indicate that
collateral assessment in dynamic CTA
during the venous phase has a worse
prognostic value than assessment during
an earlier phase. Two possible reasons for
a worse prognostic performance of the
late venous phase compared with the
earlier arteriovenous phase may be an
overestimation of collateral blood flow
due to concurrent enhancement of ve-
nous vessels and an important role of col-
lateral filling time, which cannot be ac-
counted for in the late venous phase. The
superiority of the arteriovenous phase
may also have important implications for
standardization of collateral blood flow
assessment by using conventional CT an-
giography because it might not be neces-
sary to perform image acquisition during
a delayed venous phase. Instead, the arte-
riovenous phase might allow an optimal
assessment of occlusions and of collateral
blood flow.

Our data should be interpreted in the
context of the study design. As a retro-
spective study, there is a potential for bias
in patient selection. The use of a large co-
hort of consecutive patients and stan-
dardized protocols for patients with sus-
pected stroke, however, helped to reduce
these confounding factors. Furthermore,
although patients with mechanical recan-
alization and treatment by intravenous
rtPA were included, the state of recanali-
zation between initial CT and follow-up
imaging was not assessed. Lack of recana-
lization leads to larger volumes of infarc-
tion and reduces the correlation between
initial and follow-up lesion volumes.'*
Thus, different rates of recanalization
might alter the correlation between the
collateral status at different time-phases
and the follow-up lesion volume. Finally,
assessment was performed in consensus
readings. The purpose of this study was
not to test interobserver agreement but to compare the predictive
value of different strategies at different time-phases.

CONCLUSIONS

We demonstrated that the type of collateral blood flow assessment
is an important cornerstone for estimating the final infarct vol-
ume. Among all strategies tested, the use of dynamic CTA within
the arteriovenous phase, including the quantification of the vol-
ume of hypoattenuation, is the best-suited technique to assess
collateralization. This technique may help to reliably assess the
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collateralization status and to make a first prognostic statement in
the acute stroke situation.
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Impact of Time-to-Reperfusion on Outcome in Patients with
Poor Collaterals
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ABSTRACT

BACKGROUND AND PURPOSE: The relationship between reperfusion and clinical outcome is time-dependent, and the effect of reper-
fusion on outcome can vary on the basis of the extent of collateral flow. We aimed to identify the impact of time-to-reperfusion on
outcome relative to baseline angiographic collateral grade in patients successfully treated with endovascular revascularization for acute
large-vessel anterior circulation stroke.

MATERIALS AND METHODS: Two hundred seven patients were selected for analysis from our prospectively maintained registry. Inclusion
criteria were MTMCA = ICA occlusions, onset-to-puncture time within 8 hours, and successful endovascular reperfusion. Baseline angiographic
collateral grades were independently evaluated and dichotomized into poor (0-1) versus good (2—4). Multivariable analyses were performed to
identify the effect of collateral-flow adequacy on favorable outcome on the basis of onset-to-reperfusion time and puncture-to-reperfusion time.

RESULTS: In the poor collateral group, the odds of favorable outcome significantly dropped for patients with onset-to-reperfusion time
of >300 minutes or puncture-to-reperfusion time of >60 minutes (onset-to-puncture time: =300, 59% versus >300, 32%; OR, 0.24; P =
.01, puncture-to-reperfusion time: =60, 73% versus >60, 32%; OR, 0.21, P = .011), whereas the probability of favorable outcome in the good
collateral group was not significantly influenced by onset-to-reperfusion time or puncture-to-reperfusion time. In the subgroup lesion-
volume growth analysis by using DWI, the effect of puncture-to-reperfusion time of >60 minutes was significantly greater compared with
the effect of puncture-to-reperfusion time of <60 minutes in the poor collateral group (8 = 41.6 cm?, P = .00]).

CONCLUSIONS: Time-to-reperfusion including onset-to-reperfusion time and puncture-to-reperfusion time in patients with poor col-
laterals is an important limiting factor for favorable outcome in a time-dependent fashion. Future trials may benefit from a noninvasive
imaging technique to detect poor collaterals along with a strategy for rapid reperfusion.

ABBREVIATIONS: HI = hemorrhagic infarction; OPT = onset-to-puncture time; ORT = onset-to-reperfusion time; PH = parenchymal hematoma; PRT = puncture-
to-reperfusion time

he restoration of antegrade perfusion to the ischemic territory is
the principal goal of current acute stroke treatments because it is
associated with better clinical outcomes and reduced mortality."
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Also, the effect of reperfusion on outcome is time-dependent, and
onset-to-reperfusion time (ORT) has emerged as an important time
metric to show the benefit of endovascular treatment.>*

However, the effect of reperfusion on outcome can vary on the
basis of the extent of collateral flow.> !! Baseline collateral flow,
which is an important determinant of clinical recovery, can mit-
igate potential injury to ischemic brain tissue.'? Before adequate
reperfusion occurs, the penumbral area can continue to be sal-
vageable depending on the robustness of collateral flow, and its
impact on infarct growth and subsequent clinical outcome may be
time-dependent, along with reperfusion status. It can be specu-
lated that in patients with poor collaterals, the relationship be-
tween reperfusion and clinical outcome may be more dependent
on time-to-reperfusion because the odds of potential brain injury
may be higher until reperfusion occurs.

We hypothesized that differential clinical response to reperfu-
sion can be driven by the quality of baseline collaterals in a time-
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FIG 1. Flow chart description of patient selection and exclusion for the study. IAT indicates

intra-arterial treatment.

dependent manner. We sought to determine the relationship
among time-to-reperfusion, angiographic collateral-flow grade,
and clinical and imaging outcome, which may show that there is a
narrow therapeutic time window for patients having poor collat-
erals, despite angiographic reperfusion.

MATERIALS AND METHODS

Between May 2006 and April 2013, patients were retrospectively
selected from a prospectively maintained acute stroke intra-arte-
rial treatment registry at our institution. Eligibility for inclusion
in this study was that patients met the following criteria: 1) They
had an acute anterior circulation stroke with angiographically
confirmed ICA-T or -L (-T or -L indicate the shape of occlusive
lesion), MCA M1, or ICA/M1 tandem occlusion; 2) had evaluable
angiographic imaging for collateral-flow grading; 3) had arterial
puncture in the angiography suite room within 8 hours from time
last-known well; and 4) achieved a sufficient angiographic reper-
fusion, which we defined as a TICI grades 2-3 (Fig 1).'> Within

d,14’15 and

the 3-hour time window, intravenous rtPA was use
patients showing a persistent ICA or MCA occlusion despite rtPA
on TOF MRA or CTA were selected for endovascular treatment.
We excluded patients who revealed well-developed parenchymal
hypoattenuation on CT or hyperattenuation on FLAIR imaging,
severe brain edema, intracerebral hemorrhage, or cardiopulmo-
nary compromise. The local institutional review board approved
this study for retrospective analysis.

Eligible patients underwent transfemoral cerebral angiogra-
phy, including injection of both carotid arteries and the dominant
vertebral artery through the late venous phase, under local or
general anesthesia to define the angioarchitecture of the occluded
vessel and to assess collateral flow from all possible sources. If
the treatable ICA or MCA occlusion persisted, endovascular
treatment was initiated. Treatment strategies were selected on the
basis of available therapies at the time of angiography,
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which included intra-arterial throm-
bolytic infusion (urokinase or rtPA),
mechanical clot disruption, mechani-
cal thrombectomy including forced
arterial suction thrombectomy or Sol-
itaire thrombectomy (Covidien, Ir-
vine, California), rescue intra-/ex-
tracranial stent, or a combination.'®'®
Angiographic collateral-flow grade
was evaluated with the American Soci-
ety of Interventional and Therapeutic
Neuroradiology/Society of Interven-
tional Radiology collateral-flow grad-
ing system on pretreatment angiogra-
phy. This angiographic scale assigns
patients to grades 0—4 according to the
completeness and rapidity of collateral
filling in a retrograde fashion."> The an-
giographic collateral-flow grade was inde-
pendently evaluated by an experienced
neurologist (Y.-W.K.) and neuroradiolo-
gist (D.-H.K.) blinded to patient informa-
tion and was dichotomized as poor
(collateral-flow grades 0—1) and good (2—
4)." The k coefficient for interobserver agreement was 0.864 for each
collateral grade. Disagreement was resolved by consensus. Reperfu-
sion status was measured by the same raters and methods for the
TICI scale.””

Information on demographic and clinical characteristics,
medical history, admission blood pressure, and blood glucose lev-
els was collected at baseline. The onset of stroke was defined as the
time when the patient was last observed to be healthy. Stroke
severity was assessed by using the NTHSS at baseline. The DWT at
baseline was assessed by using ASPECTS.*® All patients under-
went CT or MR imaging at 24—48 hours after the treatment. If
there was evidence of hemorrhage, the subtype was classified as
hemorrhagic infarction (HI), parenchymal hematoma (PH),
SAH, intraventricular hemorrhage, or mixed.*! Symptomatic intra-
cranial hemorrhage was defined as any type of hemorrhage associ-
ated with an increase in the NIHSS score of =4 within 24 hours.** A
subset of 160 patients had undergone both pretreatment and post-
treatment DWT (3—7 days from stroke onset). One experienced neu-
rologist (Y.-W.K.) who was blinded to clinical status performed DWI
lesion-volume calculation by using an open source image-analysis
software (OsiriX Imaging Software; http://www.osirix-viewer.com).
Functional status was assessed by using the mRS at 3 months, and
favorable outcome was defined as an mRS of =2 or equal to the
prestroke mRS if the prestroke mRS was >2.7>*

Statistical Analysis

Statistical analysis was performed by using the SPSS statistical
package (Version 20.0; IBM, Armonk, New York). Bivariate com-
parisons were made by using the x* test or Fisher exact test as
appropriate for categoric variables. The Student ¢ test was used for
continuous variables, and the Mann-Whitney U test was used for
ordinal and continuous variables that had skewed distributions.
Multivariable regression analysis was performed to identify the
effect of collateral-flow grade on each outcome or lesion volume



based on prespecified various time cutoff points. The results are
presented as OR estimates of relative risk with a 95% CI or 3
coefficient as appropriate. Probability values < .05 were statisti-
cally significant.

RESULTS
During the study period, 207 patients were included for analysis,
and the details of exclusion are described in Fig 1. Overall, 76

Baseline characteristics, imaging, and clinical outcomes
(N = 207)

Collateral-Flow Grade

P
Characteristics 0-1(n=76) 2-4(n=131) Value

Age (yr) 69 (62-76) 67(58-73) 105
Male 50 (65.8%) 75 (57.3%) 226
Baseline NIHSS 17 (13-21) 16 (12-19) 041
Baseline ASPECTS,,,,® 7(5-8) 8(6-9) .004¢
SBP (mm Hg) 48 (131-176) 146 (126-168) 520
DBP (mm Hg) 82 (72-90) 82 (71-97) 470
Blood glucose level (mg/dL) 126 (117-156) 126 (1M1-159) 861
Occlusion site .000

ICA-T or ICA-L 38 (50.0%) 22 (16.8%)

MCA M1 26(342%) 103 (78.6%)

ICA/M1 tandem 12 (15.8%) 6(4.6%)
IV rtPA 41(53.9%) 62 (47.3%) 359
Onset-to-puncture (min) 220 (160-290)  245(175-325)  .055
Puncture-to-reperfusion (min) 77 (54-104) 66 (44-90) .053
Onset-to-reperfusion (min) 297 (224-383) 307 (244-395) 342
3-Month favorable outcome 35(46.1%) 82(62.6%) .021
Procedure-related complications 4(5.3%) 8(6.1%) 1.000°
Symptomatic ICH 4(5.3%) 6(4.6%) 1.000¢
Ischemic brain edema 7(9.2%) 8(6.1%) 406
Mortality 11(14.5%) 13(9.9%) 324

Note:—SBP indicates systolic blood pressure; DBP, diastolic blood pressure; ICH,
intracranial hemorrhage.

2 Numbers in parentheses are median (interquartile range) or number (%).

® Two hundred one DWI images at baseline (72 in 0—1 and 129 in 2—4; 97.1% in total)
were available for ASPECTS,,, analysis.

< Fisher exact test for categoric variables/Mann-Whitney U test for continuous vari-
ables.

patients (37%) were assigned to the poor collateral group (collat-
eral-flow grades, 0—1), and 131 patients (63%), to the good col-
lateral group (collateral-flow grades, 2—4). The baseline charac-
teristics and outcomes are described in the Table (On-line Table 1
in detail). Patients in the poor collateral group had a higher base-
line NTHSS score, a lower baseline ASPECTS,y;, @ higher inci-
dence of ICA-T or -L occlusion, and a lower rate of 3-month
favorable outcome, all statistically significant.

Time-to-Reperfusion and Favorable Outcome

As shown in Fig 24, the probability of favorable outcome de-
creased with every minute increase of ORT in the poor collateral
group (OR, 0.99; 95% CI, 0.99-1.00; P = .021). The effect of ORT
on the probability of favorable outcome in the good collateral
group was also time-dependent, but it was not statistically signif-
icant (OR, 1.00; 95% CI, 0.99-1.00; P = .080). With 30-minute
time intervals, the OR magnitude was 0.80 (95% CI, 0.67—0.96;
P = .015) in the poor collateral group compared with the good
collateral group (OR, 0.90; 95% CI, 0.80-1.02; P = .096) after
adjustment for age, baseline NIHSS score, and posttreatment
TICI 2b-3 reperfusion. With a time cutoff point of 300 minutes
for ORT, ORT of >300 minutes remained as an independent
predictor of decreased odds for favorable outcome in patients
with poor collateral flow (OR, 0.24; 95% CI, 0.08—0.72; P = .011)
compared with good collateral flow (OR, 0.47; 95% CI, 0.21-1.08;
P = .074) after adjustment for age, baseline NIHSS score, and
posttreatment TICI 2b-3 reperfusion (Fig 3A).

We divided the ORT between onset-to-puncture time (OPT)
and puncture-to-reperfusion time (PRT) to determine the effects
of time spent on endovascular treatment. There was no time-
dependent effect on favorable outcome based on a time cutoff
point of 240 minutes of OPT. Rather, as shown in Fig 2B, the
probability of favorable outcome decreased with every minute

FIG 2. Unadjusted predicted probability of favorable outcome at 3 months by time-to-reperfusion based on collateral-flow grades 01 (red line)
versus 2—4 (blue line). Solid lines represent the probability of favorable outcome over onset-to-reperfusion time (A) and puncture-to-reperfu-
sion time (B) as predicted by an unadjusted logistic regression model based on collateral-flow grade. Dashed lines show the 95% confidence
intervals. Outcomes of each observed case are also indicated on the basis of collateral-flow grades 01 (red diamond) versus 2—4 (blue square).
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FIG 3. A-D, The effect of time-to-reperfusion on clinical and imaging outcomes based on collateral-flow grade. ¢ indicates logistic regression
analysis adjusted for age, baseline NIHSS score, and posttreatment TICI 2b—3 reperfusion; ?, logistic regression analysis adjusted for age, baseline
NIHSS score, posttreatment TICI 2b—3 reperfusion, and onset-to-puncture time; €, linear regression analysis adjusted for age, baseline NIHSS
score, posttreatment TICI 2b-3 reperfusion, and onset-to-puncture time.

increase of PRT in the poor collateral group (OR, 0.97; 95% CI,
0.96—0.99; P = .001). The effect of PRT on the probability of
favorable outcome in the good collateral group was also time-
dependent (OR, 0.99; 95% CI, 0.98—-1.00; P = .005). According to
a time cutoff point of 60 minutes, PRT of >60 minutes remained
an independent predictor of decreased odds of favorable outcome
in patients with poor collateral flow (OR, 0.21; 95% CI, 0.06—
0.70; P = .011) compared with good collateral flow (OR, 0.80;
95% CI, 0.34-1.85; P = .601) after adjustment for age, baseline
NIHSS score, posttreatment TICI 2b-3 reperfusion, and OPT (Fig
3B). The cutoff time points for ORT and PRT were chosen on the
basis of sensitivity and specificity analyses, and details are de-
scribed in the On-line Figure.

Time-to-Reperfusion and Mortality/Intracerebral
Hemorrhage

Unlike the significant relationship between the probability of fa-
vorable outcome and time-to-reperfusion, no statistically signif-
icant relationship was seen between the probability of mortality
and prespecified time metrics based on collateral-flow grade. As
to hemorrhage, the rate of HI was significantly increased in pa-
tients with ORT of >300 minutes in both the poor and good
collateral groups. Likewise, a PRT of >60 minutes also increased
the rate of HI, which remained as an independent predictor of
increased odds of HI (OR, 6.60; 95% CI, 1.23-34.1; P = .024) in
the poor collateral group compared with the good collateral
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group (OR, 2.28; 95% CI, 0.88-5.95; P = .091) after adjustment
for age, baseline NTHSS score, posttreatment TICI 2b—3 reperfu-
sion, and OPT (Fig 3C). The rate of PH was not significantly
influenced by the prespecified time metrics based on collateral-
flow grade (On-line Table 2).

Time to Reperfusion and DWI Lesion Volume

A subset of 160 patients (0f 207, 77.3%) completed both pretreat-
ment and posttreatment DWI (3-7 days from stroke onset).
There was a significant imbalance regarding the completion of
both DWIs between patients with a favorable outcome or those
without; 108 of 117 (92.3%) in patients with a favorable outcome
versus 52 of 90 (57.8%) in patients with an unfavorable outcome
(P = .000). At baseline, the median DWI lesion volume was 14.6
and 9.8 cm” in the poor and good collateral group, respectively
(P =.115). The median DWI lesion volume at posttreatment and
DWI lesion-volume growth were 56.6 cm” and 31.1 cm? versus
18.4 cm® and 7.0 cm? in the poor and good collateral groups,
respectively (P = .002 and .001). Multiple regression analysis was
performed to elucidate the effect of prespecified time cutoff
points on DWI lesion volume based on collateral-flow grade (On-
line Table 3). PRT of >60 minutes in the poor collateral group
was an independent predictor of larger final lesion volume (8 =
46.8 cm?; P = .004) and lesion-volume growth (8 = 41.6 cm® P =
.001) after adjustment for age, baseline NIHSS score, posttreat-



FIG 4. Simplified illustration, which represents the unique effect of time-to-reperfusion on clin-
ical outcome based on proposed collateral scenarios (modified from Liebeskind’s illustrations®).
A, Universally poor collaterals, which may show large infarcts and severe neurologic deficits at the
time of presentation. B, Rapidly failing collaterals, which may show small-to-medium infarcts and
severe neurologic deficits at the time of presentation. C, Slowly failing collaterals, which may
show small infarcts and moderate-to-severe neurologic deficits at the time of presentation. D,
Universally good collaterals, which may show tiny-to-small infarcts and mild-to-moderate neu-
rologic deficits at the time of presentation. In real clinical practice, patients in scenarios B and C
can be ideal candidates for endovascular reperfusion. However, the clinical outcome is limited by
time-to-reperfusion in scenario B (eg, onset-to-reperfusion within 300 minutes or puncture-to-

reperfusion within 60 minutes in this study).

ment TICI 2b-3 reperfusion, and OPT (Fig 3D). In addition, a
PRT of >60 minutes was associated with lesion-volume growth
(B = 14.5 cm?®, P = .045) in the good collateral group, but the
magnitude of the increment was not so large compared with the
poor collateral group. The effect of final lesion volume and infarct
volume growth remained significant from pretreatment DWI to
reperfusion of >150 minutes in both groups; however, the mag-
nitude of the increment was larger in the poor collateral group
compared with the good collateral group.

DISCUSSION

In patients with acute ischemic stroke attributable to large-vessel oc-
clusion, selecting a candidate who will benefit most from endovascu-
lar revascularization therapy to optimize the practice of endovascular
treatment is important for improving clinical outcome.>* In consid-
eration of that point, defining the optimal timeframe for reperfusion
based on collateral-flow adequacy is crucial in averting further isch-
emic injury.”>*® Our study demonstrated that the evaluation of the
collateral-flow status before the initiation of intra-arterial treatment
could be a key marker to determine a timeframe for reperfusion with
a probable favorable clinical outcome.

The effect of the quality of collateral flow on clinical outcome
has been examined in previous reports, which show that good
collateral flow is associated with favorable outcome.”'" Also, the
ORT in intra-arterial treatment was a main determinant factor
in predicting favorable outcome.” Regarding collateral flow
and ORT as determinant factors of favorable outcome, reperfu-
sion of >300 minutes from onset in a poor collateral group was
associated with decreased odds of clinical improvement and

favorable outcome from a small retro-
spective cohort.?” Our study also
showed that ORT is a critical determi-
nant of favorable outcome in a time-de-
pendent fashion (each minute, 30 min-
utes, or reperfusion of >300 minutes
were all associated with a decreased
chance of favorable outcome). Among
the time variables affecting ORT, PRT
was the main determinant of favorable
outcome in the poor collateral group,
which can be a more practical time met-
ric to proceed or not proceed in the con-
sideration of intra-arterial treatment. In
the poor collateral group, PRT of >60
minutes was strongly associated with
decreased odds of favorable outcome,
which can be a practical marker for the
determination of endovascular therapy
termination. A previous study showed
that the procedural time in intra-arterial
treatment is a critical determinant of

outcomes,?®

and further negative im-
pact on favorable outcome was shown in
the poor collateral group in our study.

The extent of collateral flow has been
associated with the rate of hemorrhage
in patients with acute stroke undergoing
intra-arterial treatment.'®*’ In our
study, the rate of hemorrhagic infarction was increased in the later
time window (eg, ORT of >300 minutes and PRT of >60 min-
utes), especially in the poor collateral group; this change suggests
that the ischemic area in the poor collateral group is more suscep-
tible to reperfusion injury in a time-dependent manner. Unlike
that previous study,” we could not find any significant relation-
ship between collateral-flow grade and parenchymal hematoma.

The status of collateral flow at the time of angiography has
been shown to be associated with infarct growth in interaction
with reperfusion.'” We tried to link the 3-month favorable out-
come and diffusion lesion volume to explain the inter-relation-
ship between lesion-volume increments based on collateral-flow
status. Perhaps because many cases of unfavorable outcome were
excluded in this volumetric analysis, the relationship between
ORT and lesion volume was not statistically significant on the
basis of collateral-flow grade. However, we found that the chance
of increased infarct volume is determined by the PRT and imag-
ing-to-reperfusion time.

The main findings of this study were the following: 1) The prob-
ability of favorable outcome differed in a time-dependent manner on
the basis of collateral-flow adequacy; 2) the rate of hemorrhagic in-
farction, which is a marker of reperfusion injury, increased with in-
creasing ORT or PRT in the poor collateral group; and 3) lesion-
volume enlargement was most prominent in patients with poor
collaterals having a longer PRT or imaging-to-reperfusion time.

The results of this study should be interpreted with caution
because it was not a randomized, controlled trial. Patients were
treated with a variety of reperfusion therapies, including throm-
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bolytics and different types of endovascular therapy. Further-
more, although our patients were enrolled prospectively, the de-
cision for endovascular treatment was based on our institutional
treatment protocol and the attending physician’s decision, so there
was a chance of exclusion from our study if the patient had a sizable
infarct volume with a large-vessel occlusion despite being within the
treatable time window. Therefore, this study was limited by its retro-
spective nature and inherent case-selection bias. For example, for
patients with poor collaterals at baseline, the chance of sizable infarct
volume might be higher, and such a patient could be excluded from
endovascular treatment. In addition, the exclusion of patients who
failed reperfusion despite endovascular treatment might affect the
results of our study because the chance of successful reperfusion

could be higher in cases of good collaterals.'"*°

CONCLUSIONS

In considering endovascular revascularization as a rescue treatment
in patients with acute large-vessel occlusion, the status of baseline
collateral flow at the time of angiography can be a crucial marker for
favorable outcome and a limiting factor for lesion-volume incre-
ments in a time-dependent fashion (Fig 4). Therefore, limiting time-
to-reperfusion, especially in patients with poor collaterals, is desir-
able in clinical practice, though our results should be confirmed in
randomized trials or large datasets of prospective trials.
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MS Lesions Are Better Detected with 3D T1 Gradient-Echo Than
with 2D T1 Spin-Echo Gadolinium-Enhanced Imaging at 3T

A. Crombé, M. Saranathan, A. Ruet, M. Durieux, E. de Roquefeuil, *~).C. Ouallet, B. Brochet, V. Dousset, and T. Tourdias

O=

ABSTRACT

BACKGROUND AND PURPOSE: In multiple sclerosis, gadolinium enhancement is used to classify lesions as active. Regarding the need for
a standardized and accurate method for detection of multiple sclerosis activity, we compared 2D-spin-echo with 3D-gradient-echo TIWI
for the detection of gadolinium-enhancing MS lesions.

MATERIALS AND METHODS: Fifty-eight patients with MS were prospectively imaged at 3T by using both 2D-spin-echo and 3D-gradient
recalled-echo TIWI in random order after the injection of gadolinium. Blinded and independent evaluation was performed by a junior and
a senior reader to count gadolinium-enhancing lesions and to characterize their location, size, pattern of enhancement, and the relative
contrast between enhancing lesions and the adjacent white matter. Finally, the SNR and relative contrast of gadolinium-enhancing lesions
were computed for both sequences by using simulations.

RESULTS: Significantly more gadolinium-enhancing lesions were reported on 3D-gradient recalled-echo than on 2D-spin-echo (n = 59 versus
n = 30 for the junior reader, P = .021;n = 77 versus n = 61 for the senior reader, P = .017). The difference between the 2 readers was significant
on 2D-spin-echo (P = .044), for which images were less reproducible (k = 0.51) than for 3D-gradient recalled-echo (k = 0.65). Further com-
parisons showed that there were statistically more small lesions (<5 mm) on 3D-gradient recalled-echo than on 2D-spin-echo (P = .04), while
other features were similar. Theoretic results from simulations predicted SNR and lesion contrast for 3D-gradient recalled-echo to be better than
for 2D-spin-echo for visualization of small enhancing lesions and were, therefore, consistent with clinical observations.

CONCLUSIONS: At 3T, 3D-gradient recalled-echo provides a higher detection rate of gadolinium-enhancing lesions, especially those with
smaller size, with a better reproducibility; this finding suggests using 3D-gradient recalled-echo to detect MS activity, with potential impact

in initiation, monitoring, and optimization of therapy.

ABBREVIATIONS: FSPGR = fast-spoiled gradient recalled; GRE = gradient recalled-echo; SE = spin-echo

R imaging is widely used in multiple sclerosis and has be-
come an established tool not only for diagnosis but also for
disease monitoring." MR imaging—defined disease activity, in
conjunction with clinical status, can be used to ensure treatment
optimization by identifying high-risk patients or poor responders
during follow-up,>” which is important given that MS is a chronic
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disease for which expensive treatments are now used. There is an
urgent need for an accurate and standardized MR imaging meth-
odology among centers to better characterize and follow intrapa-
tient changes longitudinally in personalized medicine and to fa-
cilitate analysis of large standardized datasets, which could help
define predictors of disease evolution and long-term effects of
therapies. Several attempts to improve and standardize MR imag-
ing protocols have been published,*® and several national cohorts
are being developed (MAGNetic resonance Imaging in Multiple
Sclerosis centers in Europe,7 L’Observatoire Frangais de la
Sclérose en Plaques in France®), all sharing the objective of creat-
ing a central library documented by using high-quality homoge-
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neous MR imaging examinations with demographic and clinical
evaluations.

Despite published imaging recommendations,*® recent tech-
nical developments suggest a careful re-examination of imaging
methods and parameters. One significant development is the suc-
cessful implementation of single-slab 3D sequences,” which have
become more commonplace with stronger field strengths (3T),
better gradients, and improved receiver coil arrays. For exam-
ple, the single-slab version of the 3D-T2-FLAIR has been
shown to be better than conventional 2D-T2-FLAIR in terms
of contrast-to-noise ratio, lesion detection, and homogeneity
of CSF suppression.'>'? Due to its higher sensitivity for lesion
detection, 3D-T2-FLAIR is increasingly being used in MS and
it also improves comparison across time points through easier
registration of images to be displayed within the same geomet-
ric frame.®

While 3D-T1-weighted imaging sequences such as 3D fast-
spoiled gradient recalled (FSPGR) and magnetization-prepared
rapid acquisition of gradient echo have been in use for along time
and are widely used in clinical brain imaging,'” they are not rou-
tinely used in MS for visualization of active lesions after gadolin-
ium injection. This practice is likely a result of theoretic'* and
15717 that demonstrated that 3D gradient recalled-
echo (GRE) sequences could miss contrast enhancement com-

clinical studies

pared with “conventional” 2D spin-echo (SE) images. While it is
true that there are fundamental differences in the contrast behav-
ior of the GRE and SE techniques,"* the dogma favoring 2D-SE
over 3D-GRE for contrast enhancement of MS lesions comes
from early work by using an older generation of imaging hard-
ware and sequences.'”'® The increased availability of higher SNR
3T imaging systems and the improved contrast effect of gadolin-

ium agents at 3T compared with 1.5T"°>*

suggest a reconsidera-
tion of 2D-versus-3D imaging. High-performance imaging hard-
ware and developments in parallel imaging permit whole-brain
coverage with thin-section thickness by using 3D-GRE sequences
in relatively short scanning times. The multiplanar reformatting
capabilities with high SNR and contrast make 3D sequences ap-
pealing. In addition, Kakeda et al** found significantly more me-
tastases with contrast-enhanced 3D FSPGR than with 2D-SE im-
aging at 3T, especially small metastases of <3 mm in diameter. A
direct comparison of 3D-GRE and 2D-SE T1-weighted sequences
to depict active MS lesions after gadolinium injection has not
been conducted, to our knowledge.

Consequently, recognizing the need for a standardized opti-
mal detection of MS activity among centers to better guide ther-
apy, we aimed at comparing the detection of gadolinium-enhanc-
ing lesions between 3D-GRE and conventional 2D-SE sequences.
To achieve this goal, we combined an experimental approach in
patients with MS with theoretic models analyzing the contrast-
enhancement performance of 3D-GRE versus 2D-SE.

MATERIALS AND METHODS

Subjects

Fifty-eight patients with clinically definite MS (48 women and 10
men; mean age, 39.3 years; range, 18—78 years) were prospectively
included between March and October 2012. All were scanned
when they were admitted to our hospital either to monitor treat-
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ment efficacy (n = 34) or because of a recent relapse (n = 24).
Fifty had relapsing-remitting MS, and 8 had secondary-pro-
gressive MS. Disease duration ranged from 1 month to 39 years
(mean, 10 years), and the median Expanded Disability Status
Scale score was 2 (range, 0—8). All patients were already under
disease-modifying treatment before MR imaging: Twenty-nine
patients were treated with natalizumab; 9, with fingolimod;
and the remaining 20 received interferon. Corticosteroids were
not administered within 1 month before MR imaging, and
even patients presenting with new neurologic symptoms were
scanned before steroid administration. Both the patients and
their relatives were informed that the patient’s data might be
used in clinical research studies, and all gave informed consent
for their data to be analyzed after anonymization.

MR Imaging Acquisition
Brain imaging was performed on a whole-body MR imaging sys-
tem operating at 3T (Discovery MR750w; GE Healthcare, Mil-
waukee, Wisconsin) equipped with high-performance gradients
(maximum slew rate of 200 mT/m/ms and maximum strength of
50 mT/m) and using a 32-channel phased array head coil. The
scanning protocol included a T2-FLAIR sequence, a pregado-
linium 3D TI, and 2 postgadolinium sequences referred to as
2D-SE and 3D-GRE. The gadolinium-containing agent (gadoter-
ate meglumine, Dotarem; Guerbet, Aulnay-sous-Bois, France)
was injected manually at 0.2 mL/kg of body weight, and a 5-min-
ute delay was observed before the acquisition of the first postin-
jection sequence. Because the delay between contrast injection
and image acquisition may influence enhancement,** the order of
the 2D-SE and 3D-GRE was randomly chosen, with half of sub-
jects being scanned with 2D-SE first and the other half, with 3D-
GRE first. The following imaging parameters were used after ad-
ministration of Dotarem—2D-SE refers to an axial T1 spin-echo
sequence: 38 sections; thickness = 3 mm; gap = 1 mm; FOV = 22
cm; matrix = 320 X 224; voxel size = 0.7 X 1 X 3 mm?>; TR/TE =
400/6.8 ms; bandwidth = 50 KHz; echo-train length = 2; refocus-
ing flip angle = 111°; NEX = 2; parallel imaging factor = 1.5; scan
time = 2 minutes 16 seconds. The sequence was acquired with
flow-compensation gradients. 3D-GRE refers to a single-slab ax-
ially acquired T1 FSPGR: 128 sections; thickness = 1.2 mm; no
gap; FOV = 24 cm; matrix = 288 X 288; voxel size = 0.8 X 0.8 X
1.2 mm’; TR/TE = 7.8/3.2 ms; bandwidth = 31 KHz; refocusing
flip angle = 10°% NEX = 1; parallel imaging factor = 2; scan
time = 2 minutes 24 seconds.

These parameters were optimized and adjusted for routine
clinical imaging, and the matched acquisition times allowed a fair
comparison between the 2 sequences.

Image Analysis

2D-SE and 3D-GRE after gadolinium injection were analyzed
randomly and in a blinded fashion, with a minimum interval of 10
days between the 2 readings to avoid any recall bias. The analysis
was done by 2 readers, independently, blinded to any clinical in-
formation. One reader was a junior radiologist in residency train-
ing in radiology with 2 years” experience in MR imaging, includ-
ing 6 months as a neuroradiology resident (A.C.), and the other
was a senior neuroradiologist with >9 years’ experience in MR



imaging, especially in neuroimaging (T.T.). Subsequently, a final
interpretation was made in consensus, with the addition of a third
experienced neuroradiologist (V.D., with >25 years’ experience)
in case of disagreements.

The readers were asked to count the gadolinium-enhancing
lesions and to measure their maximal diameter. The precontrast
T2-FLAIR sequence was always available during the interpreta-
tion because an enhancing lesion had to be seen on T2 FLAIR
and to appear with high signal intensity on postgadolinium
T1WI, irrespective of its maximum length or the number of
sections in which the lesion was visible. The enhancing lesions
were categorized according to their anatomic location in in-
fratentorial, periventricular, juxtacortical, and other deep
white matter locations as defined previously.>* Finally, the pat-
tern of enhancement was also categorized as uniform or ring-
like.® The 3D-GRE volume could be reformatted in arbitrary
planes to assess the presence of lesions, a unique advantage of
3D sequences.

In the subgroup of lesions of >5 mm in diameter that were
found to enhance on both the 2D-SE and the 3D-GRE, identical
ROIs were placed by 1 reader within the lesion and the adjacent
normal-appearing white matter, to compute relative contrast de-

fined as (Signal — Signalyyy)/(Signal,.;,,, + Signalyyy,). This

lesion
metric was preferred rather than the contrast-to-noise ratio be-
cause noise cannot be accurately measured when parallel imaging
is used without duplicating the sequence to measure the noise on

the image difference.”

Simulations

To understand the theoretic signal and contrast behavior of the
sequences used above after gadolinium injection, we performed
Matlab (MathWorks, Natick, Massachusetts) simulations of le-
sion SNR and lesion-WM relative contrast by implementing the
signal equation for 2D-SE and 3D-GRE, similar to that of Mugler
and Brookeman.'”> We used a T1 value of 1300 ms and a T2 value
of 100 ms to define a theoretic MS lesion precontrast at 3T.*° We
used the data of Yu et al*” to set the relaxivity values of Dotarem at
3Tasrl = 5.5mmol 's™'and 72 = 6.25 mmol 's™ ' and varied
the gadolinium concentration values from 0 to 5 mmol/L. We
simulated 2 scenarios: 1) The lesion is large and occupies the
entire voxel in both the 2D and 3D sequences, and 2) the lesion
is small and occupies the entire voxel in 3D but not in 2D
sequences (ie, 2D lesion volume < 2D voxel volume and 3D
lesion volume = 3D voxel volume). The former is the worst-
case scenario, and the latter is more realistic for cases we en-
countered and the scan parameters we used. Note that the 3D
and 2D voxel sizes on the acquired images and used in these
simulations were 0.8 X 0.8 X 1.2 mm® and 0.7 X 1.0 X 3.0
mm?, with 3D voxel volume being ~2.5 times smaller than the
2D voxel volume.

Statistical Analysis

Nonparametric tests were used because the number of lesions did
not follow a Gaussian distribution. Statistical differences in lesion
counting were compared patient-wise by using the Wilcoxon
signed ranked test for matched pairs. Differences were first tested
between 3D-GRE and 2D-SE for the junior and the senior radiol-

FIG 1. Total count of gadolinium-enhancing lesions on 3D-GRE (dark
gray) and 2D-SE (light gray) is plotted for the junior and the senior
readers. The data in brackets are the number of patients with at least
1 gadolinium-enhancing lesion detected on 3D-GRE (dark gray) or
2D-SE (light gray). The asterisk, double dagger, and section sign indi-
cate corrected P values of .021, .017, and .044, respectively, obtained
by the Wilcoxon test for matched pairs.

ogists and then between readers for the 3D-GRE and 2D-SE by
using Bonferroni corrections to adjust for multiple (4 pair-wise)
comparisons. The interreader agreement between the junior and
the senior readers with respect to the number of gadolinium-
enhancing lesions detected on 3D-GRE and 2D-SE was assessed
by calculating the Cohen k test. Finally, differences in the propor-
tions of gadolinium-enhancing lesions detected with 3D-GRE
versus 2D-SE in terms of location, pattern of enhancement, and
lesion size were compared with the McNemar test for paired data,
while relative contrast values of gadolinium-enhancing lesions
detected with 3D-GRE versus 2D-SE were compared with the
Wilcoxon signed ranked test. Statistical analyses were performed
by using R statistical computing software, Version 3.0.0 (http://
www.r-project.org). A corrected P value = .05 was statistically
significant.

RESULTS

In Vivo Study in Patients

Both the junior and the senior readers consistently reported more
gadolinium-enhancinglesions on 3D-GRE compared with 2D-SE
(Fig 1). The junior radiologist reported 59 enhancing lesions in 15
patients on 3D-GRE, which was 96% more compared with 2D-SE
(301esions in 11 patients), while the senior radiologist reported 77
enhancing lesions in 16 patients on 3D-GRE, which was 26%
more compared with 2D-SE (61 lesions in 12 patients). For the
junior and the senior readers, 4 patients would have been missed
as “active” when using only 2D-SE. Patient-wise analysis showed
that these differences were statistically significant, with a higher
number of patients with more enhancing lesions on 3D-GRE
compared with 2D-SE both for the junior and senior radiologists
(P = .021 and P = .017, respectively). All lesions counted on
2D-SE were also seen on 3D-GRE for both readers; thus, 29 and 16
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FIG 2. Illustrative example of a small right juxtacortical lesion (arrow) that was scored as gad-
olinium-enhancing by the 2 readers on 3D-GRE, being visible on 4 consecutive sections, while it
was fully invisible even retrospectively on 2D-SE. The contralateral larger lesion (arrowhead)
was counted as enhancing on both 3D-GRE and the 2D-SE. In this case, 2D-SE was acquired

before 3D-GRE.

lesions for the junior and the senior readers, respectively, were
supplementary lesions reported on 3D-GRE only.

The senior reader had a significantly better lesion-detection
rate compared with the junior reader on 2D-SE (P = .044), while
the difference did not reach statistical significance on 3D-GRE
(P = .078). In line with this observation, the agreement between
the 2 readers was better for the 3D-GRE (k = 0.65, indicating
good agreement; 95% confidence interval, 0.50 < intraclass cor-
relation coefficient < 0.79) than for the 2D-SE (k = 0.51, indicat-
ing fair agreement; 95% confidence interval, 0.36 < intraclass
correlation coefficient < 0.64).

To determine which factors could contribute to the higher rate of
gadolinium-enhancing lesions detected on the 3D-GRE compared
with the 2D-SE, we compared the features of gadolinium-enhancing
lesions detected by 3D-GRE and 2D-SE for qualitative and quantita-
tive differences by using the final consensual interpretation.

Qualitatively, the additional gadolinium-enhancing lesions seen
on 3D-GRE were sometimes totally invisible on 2D-SE (n = 11; Fig 2
for an illustrative example) and sometimes were not scored on the
2D-SE in the first reading while retrospectively detected during the
final consensual side-by-side comparison (n = 5). Such misdiag-
noses on 2D-SE were attributed to difficulty associated with pulsa-
tion artifacts in the venous sinus that were less dominant on 3D-GRE
(Fig 3) or to confusion with enhancing cortical vessels on 2D-SE.
Vessel distinction was not problematic on 3D-GRE due to decreased
partial volume effects and 3D reformats that allowed scrolling
through images in 3D to distinguish linear vascular structures pres-
ent in multiple planes from enhancing MS lesions.

Quantitatively, 3D-GRE showed significantly more small le-
sions (<5 mm) than 2D-SE in patient-wise analysis (P = .04),
while there was no difference for larger lesions (>5 mm). All the
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other features were similar for gadolin-
ium-enhancing lesions seen on 2D-SE or
3D-GRE. Specifically, there was no con-
founding effect induced by the delay of
acquisition after the injection®* because
exactly 50% of patients with enhancing le-
sions were scanned with 3D-GRE first and
the other 50%, with 2D-SE first. There
was a trend, though not significant, for a
higher detection on 3D-GRE, even in the
subgroup explored with 3D first (n = 46
versus n = 31). Furthermore, the distri-
bution of gadolinium-enhancing lesions
was identical between 3D-GRE and 2D-
SE in terms of location (for 3D-GRE and
2D-SE, respectively: 20.8% and 21.3% in
periventricular; 39% and 42.6% in deep
WM; 28.6% and 27.8% in juxtacortical;
and 11.6% and 8.3% in infratentorial lo-
cations) and pattern of enhancement (for
3D-GRE and 2D-SE, respectively: 56%
and 47% with homogeneous enhance-
ment; 44% and 53% with ringlike enhance-
ment). Finally, measurement of the gado-
linium-enhancing lesions large enough to
avoid any difficulty with region-of-interest
placement (diameter of >5 mm) and seen
with both 3D-GRE and 2D-SE (n = 15 lesions) showed similar rela-
tive contrast between gadolinium-enhancing lesions and the adja-
cent white matter (contrast = 0.16 = 0.08 on 2D-SE versus 0.15 *
0.07 on 3D-GRE, P = not significant).

Simulations and Theoretic Models

Figure 4 summarizes the results of theoretic simulations of SNR
and contrast behavior for the 2D and 3D sequences by using the
scan parameters in the actual imaging experiments. For a simu-
lated MS lesion occupying the whole voxel on 2D-SE and 3D-
GRE, the lesion-SNR and the lesion-to—white matter contrast as a
function of the gadolinium concentration within this lesion were
close. The 2D-SE still provided slightly better performance for
lesions accumulating a small amount of gadolinium (low gado-
linium concentration), but even in this situation, there was not a
major drop in SNR and contrast on 3D-GRE, despite a voxel size
>2.5 times smaller than that on 2D-SE. If we consider small le-
sions that occupy the entire 3D-GRE voxel but only a portion of
the 2D-SE voxel, the simulations predict a significant decrease in
lesion SNR and lesion-to—white matter contrast on 2D-SE (solid
red), which was roughly in agreement with our experimental re-
sults. While the true gadolinium concentration in vivo in an MS
lesion is unknown, some authors have estimated that the typical
gadolinium dose of 0.2 mL/Kg of body weight leads to a target
tissue concentration of =0.5 mmol/L.*® At this gadolinium con-
centration, the models predicted that the SNR of a large lesion on
3D-GRE was decreased by 9.5% compared with 2D-SE but was
increased by 46% for a small lesion. Similarly, lesion-WM con-
trast on 3D-GRE was decreased by 16% compared with 2D-SE for
a large lesion but was increased by 45% for a small lesion.



FIG 3. Illustrative example of a right cerebellar lesion (arrow) that was scored as gadolinium-
enhancing by the 2 readers on the 3D-GRE but not on 2D-SE during the independent blinded
reading sessions. Retrospectively, subtle gadolinium enhancement can also be seen on 2D-SE
but in a single section (as opposed to 5 sections on 3D-GRE), where it could easily be misdiag-
nosed as ghosting artifacts induced by the adjacent sinus. The contralateral lesion (arrowhead)
was counted as gadolinium-enhancing on both 3D-GRE and the 2D-SE. In this case, 2D-SE was
acquired before 3D-GRE.

FIG 4. Plots of lesion SNR and lesion-to—white matter relative contrast (same definition as that
forin vivo experiments (i€, [Siesion — Swil/[Stesion T Swal) @s a function of the concentration of
gadolinium within theoretic MS lesions assumed to fulfill a whole-voxel size in 2D-SE (dark solid
line) and 3D-GRE (dark dotted line). If a lesion the size of the 3D voxel is simulated, the dark
dotted line still shows the lesion SNR and lesion-to—white matter contrast on 3D-GRE but the
2D-SE shows a far lower signal and contrast (red solid line).

DISCUSSION

We found that the 3D-GRE sequence after injection of gadolin-
ium in patients with MS detected more enhancing lesions and
more patients with enhancing lesions than the standard 2D-SE

sequence, which failed to detect some ac-
tive lesions. This result is in contrast to
earlier ones showing better sensitivity of
the 2D SE sequence to contrast enhance-

ment15,17

and suggests the use of a 3D-
GRE-type sequence after gadolinium in-
jection for imaging patients with MS to
improve the quality and consistency of
routine scanning.

Currently, gadolinium has a pivotal
role in MS to assess the radiologic disease
activity,' which is used in turn for diagno-
sis,>® guiding therapeutic strategies,>>>°
and as a surrogate marker to evaluate
treatment efficacy in clinical trials.”" After
a first clinical event suggestive of MS
(clinically isolated syndrome), detection
of a single gadolinium-enhancing lesion
can argue for “dissemination in time,”**
which could allow fulfilling diagnostic
criteria of MS, which, in turn, could accel-
erate early therapy. At later stages, a single
gadolinium-enhancing lesion can pro-
vide a strong argument to optimize ther-
apy by identifying an aggressive course or
a suboptimal treatment response at fol-
low-up, both requiring escalation of ther-
apy.”?° Any additional sign of activity de-
picted with 3D-GRE could therefore have
a strong impact in clinical practice.
Whether the additional sensitivity that we
are reporting here translates to such clin-
ical relevance remains a crucial question.
The current study could be viewed as the
first step to be followed up with larger
studies on homogeneous populations to
ascertain whether the 3D-GRE could re-
ally lead to an earlier diagnosis or have
any therapeutic consequences.

While earlier studies reported that
contrast enhancement might be less con-
spicuous on GRE images compared with
SE,'>"'” those studies were performed on
older scanners. We revisited this possibil-
ity, keeping in mind the improvements in
scanner hardware and pulse sequences.
The higher field strength at 3T affects the
relaxation time of both enhanced and
nonenhanced tissues, but disproportion-
ately, with a greater relative T1 shortening
effect after gadolinium at 3T than at
lower field strengths.?’ The linear in-
crease of signal-to-noise ratio with the
field strength is another factor that might

improve the quality of higher resolution images such as 3D-GRE
and, in turn, the conspicuity of small lesions. The higher field
strength also enhances parallel imaging performance by reducing

AINR Am J Neuroradiol 36:501-07 Mar 2015  www.ajnr.org 505



noise enhancement in reconstruction,>® which can be further im-
proved by the 32-channel coil. Altogether, the fundamental dif-
ferences between the contrast behaviors of the SE and GRE tech-
niques reported earlier'* might not necessarily result in the
inferiority of GRE, and the higher spatial resolution of 3D-GRE
could even overtake SE for active lesion detection. In our study,
the thinner section thickness and reduced partial volume averag-
ing seem to be the main factors associated with 3D-GRE perfor-
mance regarding the identical experimental values of relative con-
trast but the significantly higher rate of small lesions of <5 mm on
3D-GRE. Some of the lesions were completely invisible on 2D-SE,
even after retrospective reading. In our experimental design, the
readers could not be blinded to the sequence type (2D-SE versus
3D-GRE) because it is easily recognizable, and that factor could
have potentially biased the results of the reading. Nevertheless, the
simulation results, which are consistent with the in vivo data,
strengthen our experimental findings. From these simulations, in
line with the literature,'* 2D-SE is expected to provide slightly
higher SNR and contrast if the amount of gadolinium is low and
the lesion occupies the whole voxel. Nevertheless, no lesions seen
on 2D-SE were missed by 3D-GRE. With the parameters of the
sequences routinely used in clinical imaging at 3T and assuming a
different lesion/volume contribution, which is the case for small
lesions fully captured on the 3D voxel but only partly on the 2D
voxel, the simulations predict that the SNR and the contrast of an
enhancing lesion will be significantly better by using 3D-GRE
than 2D-SE.

Moving to 3D datasets for postgadolinium imaging in patients
with MS could offer other advantages in addition to its higher
sensitivity to enhancing lesions. Such images seem easier to read
on the basis of our junior and senior readers’ results, with proba-
bly less training required to distinguish noise, artifacts, anatomic
variants, and true lesions. For example, the pulsatile flow artifacts
seen on 2D-SE, even if not fully absent, were reduced on 3D-GRE
because of the shorter TEs used in 3D-GRE. Furthermore, with
3D being more amenable to image registration, the 3D images
could be easily displayed in a fixed-registration framework, facil-
itating longitudinal follow-up and standardization. Finally, be-
cause noncontrast 3D-GRE is becoming more frequently used in
MS to monitor atrophy,® it makes sense to use the same sequence
after contrast injection for an accurate pre/post comparison.

This study has limitations from the limited number of active
lesions, which nevertheless corresponds to the classic recruitment
of patients with MS, who are more often controlled by therapy.
Such a study also has an intrinsic limitation from the absence of a
valid reference standard (histopathologic confirmation) to define
which lesions are truly active or inactive. Therefore, we did not
compute true sensitivity and specificity, but we compared abso-
lute numbers of lesions detected with each sequence, considering
each lesion is truly active, because misdiagnoses can be reasonably
excluded during the final consensual interpretation with expert
readers. Furthermore, the theoretic approach provides additional
evidence to support our experimental findings, even in the ab-
sence of a valid criterion standard. Last, we did not use the re-
cently developed class of 3D-TSE sequences, which could com-
bine the advantage of the SE and the 3D acquisitions while using
variable flip angles to optimize contrast and reduce the specific
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absorption rate.>*?> While these sequences are promising,** they
are still less widely available compared with the 3D-GRE we used
here, availability being important for standardization of MS im-
aging protocols among a large number of centers with different
vendors. These 3D-TSE sequences are also longer than the 3D-
GRE-based T1 and may have more motion artifacts due to subject
motion and blurring due to the long echo-trains.”® 3D-GRE T1
imaging is thus an easy start for improving the MS protocol for
clinical routine or research purposes after gadolinium injection.

CONCLUSIONS

In summary, we have demonstrated that the contrast-enhanced
3D T1 FSPGR sequence can detect significantly more active de-
myelinating lesions than the conventional axial T1 SE sequence at
3T in patients with MS. We suggest reconsidering a 3D sequence
post-gadolinium injection, which can be easily standardized
among centers, instead of 2D-SE, to improve routine scanning for
personalized medicine and also clinical research studies.
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Pretreatment Diagnosis of Suprasellar Papillary
Craniopharyngioma and Germ Cell Tumors of Adult Patients

H.-). Lee, C.-C. Wu, H.-M. Wu, S.-C. Hung, J.-F. Lirng, C.-B. Luo, F.-C. Chang, and W.-Y. Guo

ABSTRACT

o= =

BACKGROUND AND PURPOSE: Suprasellar papillary craniopharyngiomas and germ cell tumors in adults share some clinical and imaging
similarities but have different therapeutic strategies and outcomes. This study aimed to evaluate the pretreatment diagnosis of these 2
tumors to improve the therapeutic outcome.

MATERIALS AND METHODS: We retrospectively enrolled 18 adults with papillary craniopharyngiomas and 17 with germ cell tumors. The
MR imaging findings were evaluated, including signal change and anatomic extension. The medical records were reviewed to collect clinical
findings, management, and outcomes.

RESULTS: The clinical findings of papillary craniopharyngiomas versus germ cell tumors were as follows: age: 46 * 13.9 years versus 23 =
7.1 years (P < .0001); diabetes insipidus: 2/18 (11%) versus 11/17 (65%) (P = .001); recurrence 13/16 (81%) versus 4/17 (24%) (P = .0031). The MR
imaging findings of papillary craniopharyngiomas versus germ cell tumors were as follows—pituitary stalk thickening: 1.6 = 0.4 mm versus
5.4 = 4.2 mm (P < .0001); vertical infundibular extension: 1/18 (6%) versus 16/17 (94%) (P << .0001); sagittal spheric shape: 17/18 (94%) versus
1/17 (6%) (P < .0001); diffusion restriction: 1/17 (6%) versus 8/12 (67%) (P = .0009).

CONCLUSIONS: Younger age, diabetes insipidus, MR imaging characteristics of restricted diffusion, and vertical infundibular extension
favor the diagnosis of germ cell tumors. Spheric shape without infundibular infiltration provides clues to papillary craniopharyngiomas,
which originate from the pars tuberalis and are located outside the third ventricle. We suggest that suprasellar germ cell tumor is possibly
an intraventricular lesion. Appropriate treatment planning can be initiated according to the diagnosis and anatomic location.

ABBREVIATIONS: GCT = germ cell tumor; PCP = papillary craniopharyngioma

xcept for pituitary macroadenoma, suprasellar tumors are in-
frequent in adult patients. Some of these suprasellar tumors
have specific clinical and imaging features that make them
straightforward to diagnose and subsequently manage. These
classic features include a dural tail appearance in meningioma;
young age; cysts and calcifications in adamantinomatous cranio-
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pharyngioma; homogeneous infiltrating mass of hypothalamic/op-
tic pathway gliomas; a midline enhancing lesion in germ cell tumor
(GCT); specificlocations with signal similar to those of gray matter in
hamartoma; and bright signals on DWT in epidermoids.' > However,
some suprasellar tumors in adults can mimic each other in some
clinical and imaging features, making pretreatment planning
difficult.

Papillary craniopharyngiomas (PCPs) and GCTs are 2 un-
usual suprasellar tumors in adults, with similar clinical and imag-
ing findings in some aspects. Clinically, PCPs and GCTs mostly
occur in young adults with visual impairment or pituitary axis
dysfunction or diabetes insipidus. They commonly present as pre-
dominantly solid or mixed cysts and solid suprasellar lesions with
contrast enhancement on MR imaging. However, the treatment
and outcomes of both tumor types are quite different.>*? Surgical
resection not only is the main treatment of PCPs but also remark-
ably affects the outcome.® By contrast, complete surgical resection
is usually unnecessary in patients with germinoma. This radiosen-
sitive tumor can be well-controlled by radiation therapy alone or


http://orcid.org/0000-0002-9303-7165

Table 1: Analysis of clinical symptoms and outcomes of suprasellar papillary craniopharyngioma and suprasellar germ cell tumors

Variables PCP (n =18) GCT (n=17) OR 95% Cl P Value®

Age (yr) 46 *13.9 (21-70) 23+ 71(16-43) <.0001
Sex (male:female) 13:5 13:4 13 27-57 7738
Symptoms

Visual field deficits 12 (67%) 6 (35%) 27 .07-11 .0634

Hypopituitarism® 12(71%) 12 (75%) 13 27-58 7761

Hyperprolactinemia“ 14 (93%) 1(67%) 16 .02-1.5 .0834

Hypothalamic dysfunction, including diabetes insipidus 2 (M%) 11(65%) 15 2.5-87 .0010
Initial management .0303

Total resection 7 (39%) 3(18%) 1.0 -

Subtotal resection 6(33%) 1(6%) 39 .03-4.8

Partial resection or biopsy 3(17%) 6 (35%) 47 .67-32

Radiation or radiosurgery 2 (%) 7 (41%) 8.2 1.03-65
Outcome

Recurrence? 13 (81%) 4(24%) 10 .02-50 .0031

Survival (mean) 39.6 +32.02(2-118)  52.4 % 40.32 (13-123) 3815

@ P = statistical significance as calculated by the log-rank test.
©1n the PCP group, n = 17; in the GCT group, n = 16.
In the PCP group, n = 15; in the GCT group, n = 16.
91n the PCP group, n = 16; in the GCT group, n = 7.

combined with chemotherapy, even without a tissue diagnosis.” The
preoperative diagnosis of these 2 unusual suprasellar tumors in
adults facilitates appropriate treatment planning and avoids associ-
ated surgical morbidity. We presumed that the distinct embryology
and pathogenesis of the 2 tumors develop unique clinical and MR
imaging characteristics. This study was designed to evaluate retro-
spectively the clinical and MR imaging findings of suprasellar papil-
lary craniopharyngioma and germ cell tumors in adult patients, to
obtain a pretreatment diagnosis.

MATERIALS AND METHODS

Study Population

This retrospective study was reviewed by an institutional review
board. Between 2003 and 2013, 58 patients with craniopharyngi-
oma and 17 patients with germ cell tumors who were older than
16 years of age were diagnosed at our institution. Of the 58 patho-
logically diagnosed craniopharyngiomas, 21 adamantinomatous
craniopharyngiomas and 12 in patients without mention of specific
subtypes or mixed type of adamantinomatous and papillary compo-
nents were excluded. Seven patients with PCPs with incomplete
preoperative MR imaging studies were also excluded. We ex-
cluded the patients with adamantinomatous craniopharyngiomas
because they can usually be diagnosed by their classic imaging
findings.® Thus, 18 patients with PCP were included in the present
study. Among the 17 consecutive patients with a GCT ata suprasellar
location, 8 were pathologically diagnosed with a germinoma; 1, with
an immature teratoma; 1, with a mixed germ cell tumor; and 7 pa-
tients with germinoma were diagnosed on the basis of clinical and
neuroradiologic features (Table 1).” The medical records of both
groups were reviewed to collect demographic information, present-
ing symptoms, laboratory data, management information, and out-
come information.

Clinical Findings

We included the symptoms of visual field defects, hypopituitar-
ism, and hypothalamic dysfunction. Visual field tests were ana-
lyzed by ophthalmologic examination. Hypopituitarism included
symptoms of orthostatic hypotension, amenorrhea, impotence,
or a decreased level of hypothalamic-pituitary axis hormones

(Table 1). Hypothalamic dysfunction included symptoms of dia-
betes insipidus or weight gain. The level of prolactin, B-human
chorionic gonadotropin, and a-fetoprotein were also assessed.

MR Imaging Findings

MR images were retrospectively blindly reviewed by 2 certified
neuroradiologists (F.-C.C. and H.-J.L). All quantitative measure-
ments were made by standard tools in the hospital PACS, and
qualitative assessments of lesional characters were made on the
basis of consensus. We evaluated the MR imaging findings of the
2 suprasellar tumors regarding the location, extent (largest sagittal
diameter), components, signal, shape, involvement of the pitu-
itary stalk and pituitary gland, and other associated findings (On-
line Table). The locations of the tumors were divided into 3 sub-
groups: those located at the suprasellar space and extending
toward the third ventricle; those located at the suprasellar region
with sellar extension, causing displacement of the pituitary gland;
and those involving the sellar and suprasellar spaces and third
ventricle. The size of the tumor was measured as the largest diam-
eter at the midsagittal plane on contrast-enhanced TIWI. If the
solid component of the tumor exceeded 50% of the total tumor
volume on both sagittal and coronal imaging, the tumor was de-
fined as having a solid predominance and vice versa. The signal
intensities of the solid part of the tumors were further compared
with those of the gray matter at the adjacent temporal lobe on
T1WI, T2WI, and DWI. The signal changes on noncontrast and
post-contrast-enhanced TIWI were also evaluated. The patterns
of contrast enhancement were further described as enhancement
if the solid component showed strong enhancement and mar-
ginal enhancement if there was peripheral enhancement along
the margin.

The shape of the tumors was evaluated on sagittal imaging. If
the lower end of the tumor appeared as a round or blunted shape
in the suprasellar region, the tumor was described as spheric (Figs
1A and 2A). If the low end of the tumor extended vertically down
to the sellar region, the tumor was described as transinfundibular
(Figs 3A and 4B)."° The diameter of the pituitary stalk was mea-
sured at the narrowest part on contrast-enhanced sagittal TIWI.
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FIG1. A 28-year-old man had bitemporal hemianopsia for several weeks. Surgical resection revealed PCP. A, Sagittal TIWI shows a mixed solid
and cystic tumor (arrow) at the sellar and suprasellar regions. B, Contrast-enhanced sagittal TIWI shows strong enhancement at the solid
component and its cystic wall (arrow). The lower end of the tumor is spheric. The pituitary gland is compressed but intact (arrowhead). C, Axial
T2WI demonstrates that the tumor (arrow) has mixed isointense-to-hyperintense signals compared with the adjacent temporal gray matter. D,

DWI (b=800) shows no restricted diffusion in the tumor (arrow).

If the diameter of the infundibulum was =4 mm, infundibular
thickening was defined.'" The relationship between the tumor
and the pituitary gland was described as infiltrative if there was an
indistinct and irregular border between the tumor and the gland
on sagittal and coronal imaging (Figs 3 and 4A, -B). When the
pituitary gland was compressed but intact, it was described as a
compression (Fig 1B). The associated findings of involvement of
the optic pathway and hypothalamus and dilation of the ventricles
were analyzed (On-line Table).

Except for the 2 patients with GCT who underwent surgical
resection, all patients of both groups underwent radiation therapy
of the tumor bed or residual tumor and/or the ventricular system.
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To check the relationship between suprasellar GCT and the pos-
sible origin of the pineal region, we evaluated the interval changes
of the pineal gland and suprasellar tumor of both groups. The
largest diameter of the pineal gland and/or its associated tumor
on contrast-enhanced sagittal TIWTI in the initial studies was
compared with those in the latest follow-up series, to evaluate
the effect of radiation therapy on the pineal gland or its asso-
ciated tumor (mean, 36.8 = 31.2 months). If the largest diam-
eter changed >25% from the initial one, a significant interval
change of volume was defined. The presence of ventricular or
subarachnoid tumor seeding was evaluated by contrast-en-
hanced TIWL.



Management and Outcome

Initial management was determined according to the preopera-
tive diagnosis by the clinical and neuroradiologic findings. The
surgical approach included craniotomy or transsphenoidal resec-
tion aimed at obtaining tumor removal in all patients with PCP
and in 7 with GCT. Postoperative radiation therapy of the residual
tumor/tumor bed and/or ventricular system was assigned for
both tumor types. Radiation therapy was the initial treatment in
10 patients with GCT when they had a tissue or a clinical diagnosis
of germinoma. The initial results of surgical resection were clas-
sified as gross total removal, subtotal removal, and partial re-
moval or biopsy of the tumor, which were defined as no tumor left
under maximum magnification, residual invaded parenchyma,
and persistent macroscopic fragments, respectively.'*> Complica-
tions related to the management and any tumor recurrence were
recorded to evaluate the outcome. Radiation therapy or gamma

FIG2. A 38-year-old man had intermittent dizziness for 2 months
and right-sided limb weakness for 1 week. Surgical resection re-
vealed PCP. Brain MR imaging. A, Contrast-enhanced sagittal TIWI
shows a heterogeneous enhancing tumor (arrow) at the suprasellar
region and third ventricular floor. The lower end of the tumor is
spheric. The size of the pineal gland is within normal range (arrow-
head). B, The 2.5-year follow-up contrast-enhanced sagittal TIWI
shows a mixed cystic and solid recurrent tumor (arrow). The size of
the pineal gland (arrowhead) remains unchanged. C, DWI (b=800)
reveals no restricted diffusion in the tumor (arrow).

knife radiosurgery was conducted for recurrent tumor. The sur-
vival time was also calculated.

Statistical Analysis

We analyzed the clinical and MR imaging findings of both groups.
Demographic features, clinical presentations, management and
outcome, and MR imaging findings were examined by using the
Fisher exact test. The odds ratios and the accompanying 95%
confidence intervals were calculated. For all analyses, P < .05 was
statistically significant.

RESULTS

Clinical Findings

The demographic and clinical findings of both groups are sum-
marized in Tables 1 and 2. The age of patients with GCT was
significantly younger than that in those with PCP (P <.0001).
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The symptoms related to an impaired visual field and pituitary
dysfunction were commonly found in both groups but showed
no significant difference. Hypothalamic dysfunction and dia-
betes insipidus were significantly associated with patients with
GCT (P = .001; OR, 15; 95% CI, 2.5—87). Besides the 7/17
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FIG3. A29-year-old woman who had amenorrhea and
diabetes insipidus was diagnosed with germinoma after
partial resection of the tumor. A, Sagittal contrast-en-
hanced TIWI with fat saturation shows that the tumor
infiltrates along the infundibular recess down to the
sellar region (arrows). The tumor shows transinfundibu-
lar growth (thick arrow). Note the 8-mm pineal cystic
structure (arrowhead). B, Coronal T2WI demonstrates
the isointense tumor (arrow). C and D, DWI (b=800)
and an ADC map demonstrate restricted diffusion of
the tumor (arrows). E, The 5-year follow-up sagittal
contrast-enhanced TIWI shows a recurrent suprasellar
GCT (arrow). An enlarged pineal GCT is noted in the
original pineal cystic structure (arrowhead).

(41%) patients in the GCT group diagnosed clinically, a-feto-
protein and B-human chorionic gonadotropin levels were ex-
amined in 2/10 (20%) patients of the GCT group and 4/18
(22%) patients of the PCP group before the operation. a-feto-
protein levels were elevated in 2 patients, including 1 with



FIG4. A23-year-old woman had amenorrheafor 2 years and biopsy-proved germinoma. A, Sagittal contrast-enhanced TIWI with fat saturation
shows a heterogeneous enhancing suprasellar and third ventricular floor tumor (white arrows) with infundibular stalk thickening (black arrow).
The pineal gland is 8 mm in the largest diameter (arrowhead). B, Coronal contrast-enhanced TIWI shows the growth of the tumor along the
infundibular recess (arrow) and the indistinct margin between the tumor and pituitary gland. C, DWI (b=800) demonstrates mildly high signal in
the tumor (arrow). D, The 3-month follow-up sagittal contrast-enhanced TIWI after surgical and radiation treatment shows shrinkage of both

the suprasellar (arrow) and pineal tumors (arrowhead).

mixed germ cell tumor and 1 with immature teratoma; 3-hu-
man chorionic gonadotropin levels were elevated in 1 patient
with immature teratoma and 2 with germinomas.

MR Imaging Findings

MR imaging findings of both groups are summarized in the On-
line Table and Table 2. Both suprasellar tumors could extend to
the sellar region and third ventricle. PCPs had a larger size than
GCTsat the time of diagnosis, with a mean diameter of 3.18 cm on
sagittal images (P = .0064). Compared with the predominantly
heterogeneous solid characteristics in the GCT groups, PCPs were

mostly well-circumscribed mass lesions with heterogeneous,
multicystic components (P = .0002; OR, 0.03; 95% CI, 0.003—
0.30). The multicystic components of PCPs showed prominent
marginal enhancement on contrast-enhanced TIWI compared
with the heterogeneous strong enhancement of the solid portion
of GCTs (P < .0001). Most of the solid parts of both tumors
showed isointense signal intensity in the gray matter on T1WIand
T2WI, which demonstrated no significant difference (P = .2962
and 0.9616, respectively). On DWI, the solid parts of GCTs re-
vealed higher signal intensity than the adjacent gray matter, and
PCPs had lower signal intensity than the gray matter. The signal
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Table 2: Specific clinical findings and MR imaging characteristics favoring papillary craniopharyngiomas or suprasellar germ cell tumors

Papillary Craniopharyngioma Germ Cell Tumor

Clinical findings

Hypothalamic dysfunction, including diabetes insipidus
MR imaging characteristics

Component

DWI signals in the solid part

Marginal contrast enhancement

Shape

Pituitary stalk

Tumor seedings

Size change of the pineal gland after radiotherapy
Main management strategy
Outcomes

- Yes

Cystic predominance Solid predominance

Hypointense Isointense
Yes -
Spheric Transinfundibular
- Thickening
- Yes
- Yes
Surgery Radiation therapy

Higher recurrence rate -

Note:— indicates the feature was significantly lower or less in the specific tumor group.

intensity was significantly different between both tumor groups
(P = .0009).

Regarding the shape of the lower part of both tumors on sag-
ittal images, PCPs appeared spheric or blunted in all except 1
patient; additionally, the GCT extended vertically downward
along the pituitary stalk in all except 1 patient (P < .0001; OR,
272;95% CI, 16—4724). Infundibular thickening was observed in
13 of 17 GCTs, and the mean diameter of the pituitary stalk was
5.4 mm. Infundibular thickening was not noted in patients with
PCPs with a mean value of 1.6 mm (P < .0001). Although patients
with GCTs involving the pituitary gland were more frequent than
those with PCPs, no significant difference was found between the
2 groups (P = .1896).

Seeding lesions in the subarachnoid space or ventricle were
noted in 8 patients with GCT and in none with PCP (P = .0009).
Except for 6 patients with PCP, all the other patients of both
groups underwent radiation therapy. Thereafter, a significant in-
terval change of the size of the pineal gland was noted in 8 of the 16
patients with GCT (50%), but in none in the patients with PCP
(P = .0009). These included 7 patients with a reduced size (Fig
4D) and 1 patient with an increased size of the pineal gland (Fig
3E). In both tumor types, some of the optic tract and hypothala-
mus had edema. However, the PCP group demonstrated more
significant compression and displacement of the optic chiasm
compared with the GCT group (P = .0019; OR, 0.05; 95% CI,
0.01-0.49).

Management and Outcome

For patients with PCP, the extent of the initial resection was
grossly total in 7 patients, subtotal in 6 patients, and partial or only
a biopsy in 3 patients. The other 2 patients with PCP underwent
radiation therapy initially because the preoperative impression
was GCT. They had surgical resection due to poor response to radi-
ation therapy and local recurrence. One underwent a subtotal resec-
tion 10 months after initial radiation therapy; the other underwent 3
operations and 1 session of radiosurgery in 10 years. Regarding the
treatment outcomes, 2 surgery-related deaths occurred in the PCP
group (2/18, 11%). One was caused by intracranial infection 6 days
after the surgery; the other patient died of severe extrapontine my-
elinolysis 1 month after the surgery. Of the other 16 patients in the
PCP group, 13 (81%) had residual or recurrent tumors that required
adjuvant radiation therapy, radiosurgery, or repeat surgery. Only 3 of
the 16 patients (19%) in the PCP group obtained complete tumor
removal after initial management.
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Ten of the 17 patients of the GCT group received surgical
treatment. The surgical results were total tumor removal in 3 pa-
tients, subtotal resection in 1 patient, and partial resection or bi-
opsy in 6 patients. Four of the 6 patients had a partial resection or
biopsy because the diagnosis of GCT was made on frozen section
pathology. The other 7 patients with GCT diagnosed by clinical
and MR imaging findings underwent radiation therapy as the ini-
tial treatment. No mortality in the GCT group was noted.

After initial management, the recurrence rate in the PCP and
GCT groups was 81% versus 24%, respectively (P = .003; OR,
0.10; 95% CI, 0.02—0.50). Repeat surgery or adjuvant radiosur-
gery was performed for the 12 patients with PCP with recurrent
tumors. In the GCT group, only 1 patient had recurrent tumors
after surgery and radiation therapy. Although the pineal gland
was initially normal, recurrent tumors were observed in both the
infundibular and pineal regions (Fig 2E). The survival interval
was longer in patients with GCT (52.4 = 40.3 months) than in
those with PCP (39.6 * 32.0 months) (P = .3815), but it was not
statistically significant.

DISCUSSION

The pituitary gland is divided into 2 anatomic compartments
from different ectodermal origins. At the fourth week of gestation,
the Rathke pouch forms from the evagination of an ectodermal
outpouching of stomodeum immediately in front of the bucco-
pharyngeal membrane. The cells in the anterior wall of the Rathke
pouch proliferate rapidly to form the pars anterior. The less active
cells in the posterior wall form the pars intermedia. By the 16th
week of gestation, the pars tuberalis, a small part of the pars ante-
rior, extends superoventrally and wraps around the pituitary stalk
(Fig 5A).">'* It was hypothesized that PCPs originated from
squamous epithelial cells in the pars tuberalis of adenohypophysis
(Fig 5B). The spheric tumor shape of PCPs and upward compres-
sion of the optic chiasm were compatible with an origin in the pars
tuberalis, which encircles the pituitary stalk (Fig 1B).

The posterior lobe develops from the downward evagination
of neuroectodermal tissue originating from the diencephalon,
called the “infundibulum.” The neurohypophysis is embryologi-
cally and anatomically continuous with the hypothalamus.'® In-
tracranial GCT's almost exclusively arise from the diencephalon,
primarily the pineal region and hypothalamic-infundibular axis.
These 2 regions are regulated by gonadotropins and connected via
the accessory optic tract.'® It was proposed that GCTs originated



FIG 5. Hypothetic pathogenesis of suprasellar GCT and PCP. A, Nor-
mal anatomy of the sellar and suprasellar regions. The pars tuberalis, a
small part of the pars anterior, extends ventrally and wraps around
the pituitary stalk; the neurohypophysis is embryologically and ana-
tomically continuous with the hypothalamus. B, The PCP originates
from squamous epithelial cells in the pars tuberalis of the adenohy-
pophysis and is located extraventricularly. C, The GCT originates from
the hypothalamic-infundibular axis or pineal region. It is located in-
traventricularly and infiltrates along the infundibular recess down to
the sellar region.

from the abnormal termination of primordial germ cell migration.
Most hypophyseal GCTs present with infundibular thickening,
which represents the only imaging findings in small tumors.>'” This
infundibular lesion can extend vertically into the sellar region along
the pituitary stalk axis (Figs 34, 4A, -B, and 5C).

The pineal region is the most common location for GCTs,
accounting for 40%—60%."® The suprasellar region is the second
most common location of GCTs. Between 5% and 10% of intra-
cranial germ cell tumors are found in both the pineal and supra-
sellar regions at diagnosis. This bifocal disease manifests mostly as
germinoma, but its actual spreading or synchronous develop-
ment remains unclear.” We propose that suprasellar GCT pres-
ents more commonly as a spreading lesion from the primary pi-
neal lesion than as a lesion with synchronous development or as a
primary lesion. Some results of this study support our hypothesis:
1) In our 10 patients with suprasellar GCT who underwent surgi-

cal management, the tumors were identified in the lower portion
or floor of the third ventricle. This location implied that the su-
prasellar GCT had a close relationship with the intraventricular
CSF flow dynamics and was influenced by gravity, particularly
related to the pineal lesion with intraventricular involvement. 2)
The transinfundibular tumor growth, diffuse thickening of the
pituitary stalk, and downward infiltration of the pituitary gland
on MR imaging suggested that the suprasellar GCT grew intra-
ventricularly along the infundibular recess of third ventricle. This
intraventricular location could also explain the common symp-
tom of diabetes insipidus with suprasellar GCT because the hypo-
thalamus has a close relationship with the third ventricle. By con-
trast, suprasellar PCPs originate outside the ventricle. Suprasellar
PCPs presented with spheric tumor growth, displacement of the
pituitary stalk, and compression of the optic chiasm. That PCPs
had more upward growth toward the third ventricle (50%) than
GCTs (24%) also suggests the extraventricular location and the
influence of the hard structures of the tuberculum sellae and dia-
phragm sellae in their floor. 3) In half of the patients with GCT,
the size of the pineal gland changed after low-dose radiation ther-
apy. In the patients with recurrent GCT, tumor growth was re-
vealed in the pineal gland and in the suprasellar region. The PCP
group showed no significant interval change of the pineal gland,
though the pineal gland was included in the field of radiation
therapy. We suppose that the structure of the pineal gland in
GCTsin the present study, even if the lesion is <1 cm, could be a part
of the primary tumor. This radiosensitive tumor can shrink signifi-
cantly from any low-dose irradiation, such as brain CT, and can re-
grow in some seeding areas.'>*° Due to gravity in upright position,
the infundibular recess of the third ventricle is one of the most com-
mon sites for deposition of a seeding lesion. This seeding hypothesis
of suprasellar GCT can corroborate the therapeutic results of pediat-
ric GCT with low-dose irradiation including the ventricular sys-
tem.”® Further study to compare the pathology of the pineal gland
and suprasellar GCT will help confirm this hypothesis.

PCPs predominated in the older age groups, with bimodal
distribution of craniopharyngiomas peaking in the fifth to sixth
decades.®?" Intracranial suprasellar GCTs were mostly diagnosed
between 6 and 15 years of age.”” In the present study, the patients
diagnosed with GCT were younger than those diagnosed with
PCP; nevertheless, a 43-year-old man with GCT was identified.
Regarding pediatric GCT, pineal tumors showed a male predom-
inance, and suprasellar tumors were equally distributed between
both sexes.” We found male predominance in the adult patients of
both groups in the present study. Both groups also presented with
the common clinical symptoms of suprasellar tumors, including
headache, visual field defects, decreased visual acuity, and hor-
mone disturbance.?®> However, GCTs commonly caused diabetes
insipidus, which was consistent with hypothalamic-neurohy-
pophyseal axis involvement.*

Several reports concerned optic pathway edematous changes as-
sociated with craniopharyngioma.**® Recently, this finding was
also reported in other parasellar tumors, such as pituitary adenoma,
GCTs, meningioma, and lymphoma.>” We also found optic pathway
edema in both groups with no significant difference.

Only a few studies concerning MR imaging diffusion of PCPs
have been published in the English literature. A case report of a
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huge craniopharyngioma showed high signal intensities on both
DWI and ADC maps by its complex contents.*® In our study, the
solid component of PCPs on DWI showed hypointense signals,
presumably reflecting the character of this low-grade epithelial
tumor.'®** Intracranial GCTs were thought to demonstrate high
nuclear-to-cytoplasmic ratios of tumor cells or high tumor cellu-
larity, showing restricted diffusion on DWIL>® Routine axial
whole-brain DWI may have problems in the evaluation of small
suprasellar tumors because of scan gaps or artifacts of the skull
base. We suggest sagittal DWT of the sellar region to improve the
diagnosis of suprasellar tumors.

Although craniopharyngiomas are classified as grade I tumors
by the World Health Organization, multiple recurrences and ma-
lignant transformations have been reported. Adhesion or encase-
ment of adjacent cranial nerves or vessels also promotes the
association of craniopharyngiomas with significant surgical mor-
bidity. Aggressive surgical resection or conservative surgical treat-
ment combined with adjuvant therapy remains a controversial
therapeutic strategy. Regarding GCTs, germinomas respond well
to radiation therapy, even without a pathologic diagnosis. Non-
germinomatous GCTs require surgery or radiation therapy com-
bined with chemotherapy.” These diverse therapeutic strategies
and outcomes highlight the importance of presurgical planning of
these 2 unusual suprasellar tumors. According to our hypothesis
of the extraventricular location of suprasellar PCPs, a transsphe-
noidal or subfrontal approach is a good option for tumor re-
moval. An interhemispheric approach is appropriate for obtain-
ing a pathologic diagnosis of the intraventricular location of
suprasellar GCTs.

The major limitation of this study is the small number of cases
of GCTs in the adult group. We included patients older than 16
years of age because they are beyond the common age distribution
of pediatric GCT.?* The other limitation is that some cases of GCT
did not have a pathologic diagnosis, including the interval change
of pineal tissue on serial MR imaging. Further study comparing
the pathologic and imaging changes of suprasellar and pineal
structures will be helpful to clarify the origin and extension of
these tumors and their best management.

CONCLUSIONS

Younger age, diabetes insipidus, MR imaging characteristics of
restriction diffusion, and vertical infundibular extension favor the
diagnosis of GCT. MR imaging findings of spheric shape without
infundibular infiltration and without diffusion restriction pro-
vide clues to PCPs. We suggest that suprasellar GCT is possibly an
intraventricular lesion originating from a pineal lesion or the hy-
pothalamic-infundibular axis. Suprasellar PCPs originate from
the pars tuberalis and are located outside the third ventricle. On
the basis of clinical and MR imaging findings and these anatomic
origins, appropriate pretreatment diagnosis and a surgical ap-
proach can be planned.
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Crossed Cerebrocerebellar Language Lateralization: An
Additional Diagnostic Feature for Assessing Atypical Language
Representation in Presurgical Functional MR Imaging

C. Méndez Orellana, E. Visch-Brink, M. Vernooij, S. Kalloe, D. Satoer, A. Vincent, A. van der Lugt, and M. Smits

ABSTRACT

BACKGROUND AND PURPOSE: Determining language dominance with fMRI is challenging in patients with brain tumor, particularly in
cases of suspected atypical language representation. Supratentorial activation patterns must be interpreted with great care when the
tumor is in or near the presumed language areas, where tumor tissue or mass effect can lead to false-negative fMRI results. In this study,
we assessed cerebrocerebellar language fMRI lateralization in healthy participants and in patients with brain tumors with a focus on
atypical language representation.

MATERIALS AND METHODS: Twenty healthy participants and 38 patients with a brain tumor underwent fMRI with a verb-generation
task. Cerebral and cerebellar language lateralizations were separately classified as left-sided, right-sided, or symmetric. Electrocortical
stimulation was performed in 19 patients. With the McNemar test, we evaluated the dependency between language lateralization in the
cerebrum and cerebellum, and with Pearson correlation analysis, the relationship between the cerebral and cerebellar lateralization
indices.

RESULTS: There was a significant dependency between cerebral and cerebellar language activation, with moderate negative correlation
(Pearsonr = —0.69). Crossed cerebrocerebellar language activation was present in both healthy participants and patients, irrespective of
handedness or typical or atypical language representation. There were no discordant findings between fMRI and electrocortical
stimulation.

CONCLUSIONS: Language lateralization in the cerebellum can be considered an additional diagnostic feature to determine language
dominance in patients with brain tumor. This is particularly useful in cases of uncertainty, such as the interference of a brain tumor with
cerebral language activation on fMRI and atypical language representation.

ABBREVIATIONS: ECS = electrocortical stimulation; HP = healthy participant; LI = lateralization index

Functional MR imaging is a feasible diagnostic neuroimaging Determining language dominance is additionally challenging

tool for determining hemispheric language dominance in pa-  in left-handed patients with brain tumor. Left-handers are known

tients with brain tumor preoperatively.! Nevertheless, it has im-  to have less well-defined language-lateralization patterns, with

portant limitations when evaluating language lateralization, par-
ticularly in patients with brain tumors.'” Activation patterns
must be interpreted with great care when the tumor is in or near
the presumed language areas, where tumor tissue or mass effect
can lead to false-negative fMRI results.”
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more atypical right-sided language lateralization compared with
right-handers.*® In patients with brain tumor, the ability of fMRI
to confirm Wada-established language lateralization was signifi-
cantly more specific for right- than for left-handed or ambidex-
trous patients, presumably due to their higher rate of typical, left-
lateralized language representation.” In a study evaluating the role
of fMRI confirming language dominance in patients with epi-
lepsy, this technique showed higher posttest probability for lan-
guage dominance in patients with typical language representation
than in patients with atypical language representation.®

Thus far, studies assessing language lateralization have focused
on the supratentorial brain. Prior fMRI studies have shown acti-
vation not only in the cerebral hemispheres but also in the cere-
bellum while performing specific language tasks.””'! An example


https://twitter.com/MarionSmits

is the verb-generation task, which is preferred to localize language

areas in patients with tumor''"'*

and has been properly validated
with electrocortical stimulation (ECS)."” In individuals with left-
hemispheric language dominance, this task has been shown to
activate the right cerebellum.” Some further studies have pro-
vided evidence for a so-called crossed cerebrocerebellar language
lateralization pattern in healthy individuals, with both typical,
left-sided and atypical, right-sided language lateralization.'®'¢
This crossed cerebrocerebellar language lateralization may serve
as a useful additional diagnostic feature in determining language
hemispheric dominance in patients with brain tumor because the
cerebellar language activation is generally undisturbed by the tu-
mor localized in or near the presumed supratentorial language
areas. Such an additional diagnostic feature may be especially
helpful in patients with potentially atypical language representa-
tion, namely left-handers.

The purpose of our study was to assess cerebrocerebellar
language fMRI lateralization in healthy participants and in pa-
tients with brain tumor, with a focus on atypical language
representation.

MATERIALS AND METHODS

Study Participants

We included 20 healthy participants (HPs) whose functional data
were reported in a previous study'” that investigated the relation-
ship between cerebral functional language lateralization and
structural asymmetry of the arcuate fasciculus and 38 patients
with brain tumor. Institutional review board approval was ob-
tained for the inclusion of HPs and for the retrospective use of
anonymized patient data. We included more left- than right-
handed HPs to increase the probability of finding atypical right-
lateralized or symmetric language representation. Handedness in
healthy participants was assessed with the Oldfield Edinburgh
Handedness Inventory.'® Written informed consent was obtained
from all HPs before participation in this study. The institutional
review board waived the requirement to obtain written informed
consent from patients. Patients were selected from our data base
of 205 patients referred for preoperative fMRI by the neurosur-
gery department at our institution between May 2004 and Sep-
tember 2013. From this data base, we selected all left-handed
patients (n = 19) who had performed an fMRI language task. We
then matched these with 19 right-handed patients for sex, age, and
tumor location. Handedness in all patients was assessed by the
neurosurgeon at presurgical neurologic examination. All patients
were able to perform the language task and were native Dutch
speakers except for 1 native German speaker, who was fluent in
Dutch after learning this language at 37 years of age. Nineteen
patients (9 left-handed) underwent an operation in an awake
setting, where direct ECS was performed to identify language
functions (biphasic pulse, 50-Hz frequency, 1-ms duration,
6-12 mA).

Data Acquisition and Preprocessing

Participants performed a verb-generation task.'*> They were in-
structed to think of a verb related to an auditorily presented noun,
and in the control condition, they listened to high (2000-Hz) and
low (400-Hz) tones.

Participants were scanned at 1.5T or 3T with an 8-channel
head coil. Functional and structural sequences are specified in
On-line Table 1. Imaging data were analyzed by using SPM8 soft-
ware (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Func-
tional images were manually aligned to the anterior commissure,
realigned to correct for motion, coregistered with the individual’s
T1-weighed image,'® and smoothed with a 3D Gaussian full width
at half maximum filter of 6 X 6 X 6 mm?.>°

Anatomic images of the HPs were segmented and normalized
with the functional images to the Montreal Neurological Institute
standard brain space by using affine and nonlinear registration.
This process resulted in resampled voxel sizes of 3 X 3 X 3 mm’
for the functional and 1 X 1 X 1 mm® for the anatomic images.
Patient data were not normalized, in line with routine presurgical
analysis, but were resliced with preservation of the acquired voxel

size.

Data Analysis

Statistical activation maps were generated with a general linear
model, by using a boxcar function convolved with a hemody-
namic response function, corrected for temporal autocorrelation
and filtered with a high-pass filter of 128-second cutoff. Motion
parameters were included as regressors of no interest to reduce
potential confounding effects of motion. Individual t-contrast
images of language activation (verb-generation > tones) were
generated for all participants. Different from the analysis per-
formed with the HPs in our previous study,l7 individual lateral-
ization indices (LIs) were determined by ROIs known to be in-
volved in language processing: the inferior frontal gyrus, superior
temporal and middle temporal gyri, angular and supramarginal
gyri, and the cerebellum. Furthermore, in this study, the number
of activated voxels within these ROIs was calculated by using a
threshold-independent method.?"** The LI was defined as
(LH — RH)/(LH + RH), where LH and RH are the number of
activated voxels in the left and right hemispheres, respectively.
Activation was classified for the cerebrum and cerebellum sepa-
rately as left-lateralized for LI values between 0.1 and 1.0, right-
lateralized for LI values between —0.1 and — 1.0, or symmetric for
LI values between or equal to —0.1 and 0.1.%!

Patients’ individual t-contrast images, thresholded individu-
allybut ata minimum t-value of 3.2, were assessed qualitatively by
a neuroradiologist with 11 years’ experience in presurgical fMRI
who was blinded to the handedness of patients and ECS findings.
Language activation was assessed in the same predetermined lan-
guage areas as those quantitatively assessed in the HPs. For each
region, activation was categorized as left-lateralized, right-lateral-
ized, symmetric, or no activation, on the basis of which an overall
assessment of supratentorial language representation was made.
Cerebellar activation was not taken into account when determin-
ing overall language lateralization.

For both HPs and patients, when functional language activa-
tion in the cerebrum was left-lateralized, we defined this activa-
tion as typical language representation. When cerebral language
activation was right-lateralized or symmetric, we defined it as
atypical language representation. Furthermore, when activation
patterns were observed in the left cerebrum and right cerebellum,

AJNR Am J Neuroradiol 36:518—24  Mar 2015  www.ajnr.org 519



Healthy participant demographics and lateralization indices

Age EHI LI LI Lateralization Lateralization
(yr) Sex Score® Cerebrum Cerebellum Cerebrum Cerebellum
25 M —100 0.42 —0.36 L R
30 M —100 —0.44 0.34 R L
33 F —100 —0.27 0.03 R S
27 F —100 0.34 —0.41 L R
28 F —100 0.02 —043 S R
35 F —100 0.24 —-0.19 L R
5 M =90 —0.18 0.13 R L
36 F —-90 —0.28 0.07 R S
30 M —80 0.13 —0.22 L R
29 M —78 0.32 —0.40 L R
28 F —20 —0.04 —0.13 S R
31 M —20 0.48 0.00 L S
43 M 0 —0.18 0.00 R S
30 F 100 0.21 —0.30 L R
34 F 100 0.16 —0.04 L S
34 M 100 0.32 —0.12 L R
34 F 100 0.31 —0.46 L R
29 F 100 0.42 —0.30 L R
32 M 100 0.33 —0.09 L S
28 F 100 0.43 —0.25 L R

Note:—L indicates left-sided; R, right-sided; S, symmetric; EHI, Oldfield Edinburgh
Handedness Inventory.
#Handedness was assessed with the Oldfield Edinburgh Handedness Inventory.

or vice versa, we defined this relationship as crossed cerebrocer-
ebellar language activation.>

Statistical Analysis

Statistical analysis was performed by using SPSS (Version 20; IBM
Armonk, New York). Age differences between left- and right-
handed participants were examined by using an independent-
samples ¢ test. Sex differences between both groups of patients
were examined by using the Fisher exact test. To test whether the
lateralizations in the cerebrum and in the cerebellum were inde-
pendent of each other, we performed a McNemar test in HP and
patient data. In HPs, the possible relationship between the LIs of
the cerebrum and of the cerebellum was investigated with a scat-
terplot and was tested with Pearson correlation analysis. We used
a significance level of & = .05 for all analyses.

RESULTS

Participant Characteristics

From the 20 HPs included in the study (mean age, 32.8 years;
range, 25-54 years, 9 men), 13 were classified'® as left-handed and
7, as right-handed (Table). There were no significant differences
between the left- and right-handed HPs for age (¢[18] = —0.416,
P = .682) or sex (P = .374, Fisher exact test). Patient characteris-
tics are shown in On-line Table 2. There were no significant dif-
ferences between the left- and right-handed patients for age
(t[36] = —0.723, P = .474) or sex (P = .728, Fisher exact test). In
24 patients, tumors were reported as low-grade, and in 13 pa-
tients, as high-grade on histopathologic examination. Thirty-two
of the 38 patients underwent surgery. ECS was performed in 19 of
these, and language regions were identified in 5.

Cerebrocerebellar Language Lateralization in HPs

The cerebral and cerebellar language lateralizations and Lls in
HPs are presented in Fig 1 and the Table. We found a crossed
cerebrocerebellar activation in 60% (12/20) of HPs. None of the
participants showed language lateralization toward the same

520 Méndez Orellana  Mar 2015 www.ajnr.org

hemisphere in both the cerebrum and cerebellum. Of the 13 left-
handed participants, 6 showed typical and 7, atypical language
representation: right-lateralized cerebral activation in 5 and sym-
metric cerebral activation in 2 participants. Crossed cerebrocer-
ebellar language activation was observed in 7 left-handed par-
ticipants (5/6 with typical and 2/7 with atypical language
representation). Of the remaining 6 participants, cerebellar acti-
vation was symmetric in 4 and right-lateralized in 2. All 7 right-
handed participants showed typical language representation, of
whom 5 showed a crossed cerebrocerebellar language activation.
The remaining 2 participants showed symmetric activation in the
cerebellum.

There was a significant dependency between the cerebral and
cerebellar language lateralization patterns with x* (3, n = 20) =
8.533, P = .036. The scatterplot (Fig 2) indicated a negative direc-
tion of this dependency, with a moderate negative correlation
between the LIs of the cerebrum and the cerebellum (Pearson
7(20) = —0.69, P = .001).

Cerebrocerebellar Lateralization in Patients with Tumor
The cerebral and cerebellar language lateralizations in patients are
presented in Fig 1 and in On-line Table 2. We found crossed
cerebrocerebellar activation in 76% (29/38) of patients. None of
the patients showed language lateralization toward the same side
in both the cerebrum and cerebellum.

Of the 19 left-handed patients, 13 showed typical, and 6, atyp-
ical language representation. Crossed cerebrocerebellar language
activation was observed in 12/13 left-handed patients with typical
language representation. Of the 6 patients with atypical language
representation, cerebral language activation was right-lateralized
in 1 and symmetric in 5. Of these, 1 patient with symmetric cere-
bral language activation showed right-lateralized activation in the
cerebellum (Fig 3A). His tumor was localized in the presumed
language areas in the left hemisphere, which could have reduced
language activation, resulting in a potentially false symmetric lan-
guage-activation pattern. In addition, this patient was a bilingual
speaker whose mother tongue was German. Although he was flu-
ent in Dutch, he performed the verb-generation task in his mother
tongue while the task was presented in Dutch. It is known that
language activation in bilingual patients may be more symmet-
ric,”* and his performing the task with the interference of both
languages may have contributed to the unexpected language-ac-
tivation pattern we observed. The other patients showed symmet-
ric (3 patients) or no activation (1 patient) in the cerebellum.

Ofthe 19 right-handed patients, 17 showed typical and 2, atyp-
ical language representation. Crossed cerebrocerebellar language
activation was observed in 16 of the 17 patients with typical lan-
guage representation. Of the 2 patients with atypical language
representation, one showed right-lateralized cerebral activation
with crossed cerebrocerebellar language representation (Fig 3B)
and the other showed symmetric cerebral and cerebellar language
activation.

There was a significant dependency between the lateralization
in the cerebrum and in the cerebellum [x* (6, n = 38) = 42.06,
P =.000].

There were no discordant findings between fMRI and ECS,
which positively identified language representation in the same



FIG 1. Cerebrocerebellar language representation in healthy participants and patients. The 4 patients with no activation in the cerebellum (as
described in On-line Table 2) are not represented in this figure. Sym. indicates symmetric.

hemisphere in 5 patients. In one of these patients, fMRI language
activation was found to be present in both hemispheres, whereas
it was only identified on the operated side with ECS (the con-
tralateral hemisphere was not assessed with ECS).

DISCUSSION

We found a significant dependency between language lateraliza-
tion in the cerebrum and in the cerebellum, both in HPs and in
patients with brain tumor, in line with previous studies in healthy
left- and right-handers with typical language representation.' >
Furthermore, we found a moderate inverse correlation of cere-
brocerebellar lateralization; in other words, the more strongly
language was lateralized toward a cerebral hemisphere, the more
strongly it was lateralized to the contralateral cerebellar hemi-
sphere. In almost all cases in which activation in the cerebellum
was lateralized, there was a crossed cerebrocerebellar lateraliza-
tion pattern, irrespective of whether language representation was
typical or atypical. This means that as a rule of thumb, in cases of
clear cerebellar lateralization, cerebral language lateralization can
be assumed contralateral. Language lateralization in the cerebel-
lum may thus serve as an additional diagnostic feature for deter-
mining hemispheric language dominance in individuals with ei-
ther typical or atypical language representation. Cerebellar

activation was found to be symmetric in a minority of HPs and
patients. In these cases, there was no clear correlation with cere-
bral language representation; in some, cerebral language was also
symmetric, but in others, cerebral activation was clearly lateral-
ized. In cases in which assessment of cerebral lateralization is hin-
dered by tumor effects and cerebellar activation is symmetric,
another examination such as the Wada test or ECS is thus still
required to determine language dominance."®

Neuroimaging studies of the verb-generation task indicated
that the cerebellum is involved in generating or maintaining ar-
ticulatory representation, even though no speech motor output
was required. Both lesion and functional neuroimaging studies
suggest that the cerebellum contributes to diverse cognitive lan-

25,26 and

guage components and aspects of language production,
cerebellar activation has been reported not only in productive
tasks but also in speech-comprehension tasks.?” The mechanism
underlying the observed crossed cerebrocerebellar activation re-
mains to be elucidated. Connectome analyses could be used to
attempt to find white matter pathways that may be responsible for
these findings.

Irrespective of handedness or the side of lateralization, crossed

cerebrocerebellar activation was observed in most cases and par-
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FIG 2. Scatterplot of the healthy participant lateralization indices of the cerebrum and
cerebellum.

FIG 3. A, Language activation of a left-handed, bilingual patient, with tumor in the left middle
frontal gyrus (blue arrowhead), showing symmetric cerebral activation and right-lateralized cer-
ebellar activation. B, Language activation of a right-handed patient with tumor in the right middle
temporal and angular gyri (blue arrowhead), showing atypical, right-lateralized cerebral activa-
tion and crossed cerebellar lateralization.

guage activation due to tumor®?® and
in left-handed patients in whom diag-
nostic uncertainty is greater due to the
increased prevalence of atypical lan-
guage representation.

To the best of our knowledge, this is
the first study confirming crossed cere-
brocerebellar activation in a large group
of HPs and patients with brain tumor
with a high prevalence of atypical lan-
guage representation. To assess the cor-
relation between cerebral and cerebellar
lateralization quantitatively, we used a
threshold-independent method, which
is less prone to within-subject variability
than threshold-dependent LI calcula-
tion and generates LIs that are more in
agreement with clinical findings.>' For
the assessment of language lateralization
in patients with brain tumor, we chose
to assess language lateralization qualita-
tively to remain as close to the clinical
routine as possible. Studies comparing
quantitative with qualitative assessment
of language lateralization have shown
that visual inspection by an experienced
rater is reliable for presurgical assess-
ment of language lateralization.**!
This qualitative approach provided a
clinically applicable assessment of the
cerebrocellebellar relationship in pa-
tients with tumor.

The main limitation of our study, as
in many studies assessing functional lan-
guage lateralization presurgically,*” is
the relative lack of a criterion standard.
Next to techniques such as the Wada test
and ECS that are commonly considered
criterion standards, transcranial mag-
netic stimulation,> magentoencepha-
lography,”* and fMRI are currently be-
ing used as presurgical methods to
evaluate language lateralization. In our
study, in combination with fMRI, ECS
was performed in most of our patients,
but in many, no language area was iden-
tified. ECS assessment is limited to just
the brain region surrounding the tumor,
and language areas at some distance
from the tumor are thus not identified.
Even when a language area is identified,
we cannot know for certain whether this
is the sole, dominant hemisphere: Bilat-
eral language representation cannot be

ticularly in all patients, except one who was bilingual, in whom  assessed with certainty. While we found no discordance between

cerebellar activation was lateralized. This finding is of particu-  ECS and fMRI, the number of patients in whom this could be
lar clinical use in cases in which hemispheric language domi-  assessed with certainty was small. A minor limitation of our study
nance cannot be assessed because of the interference of lan-  is that patients were scanned on several scanners, consistent with
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daily clinical practice. Nevertheless, we used a standardized imag-
ing protocol for presurgical fMRI evaluations, maintaining simi-
lar image resolution across our MR imaging systems and stan-
dardized image analysis. Another minor limitation was the
difference in assessment of handedness: In healthy participants,
the standardized Oldfield Edinburgh Handedness Inventory
was used while in patients, handedness information was obtained
from the preoperative neurosurgical evaluation. Finally, patients
with both high- and low-grade gliomas were included in this
study. Neurovascular decoupling is a potential limitation of fMRI
in high-grade tumors. Our study population was too small to
allow a formal comparison or a distinction among these tumor
grades.

CONCLUSIONS

Cerebellar activation may provide an additional diagnostic fea-
ture to assess hemispheric language dominance, both in typical
and atypical language representations. This is particularly useful
in left-handed patients with brain tumor, in whom language rep-
resentation is commonly atypical, resulting in diagnostic uncer-
tainty, especially when there is potential interference of the tumor
with language activation. When cerebellar activation is found to
be lateralized, we can, as a rule of thumb, assume that there is
contralateral hemispheric language dominance. This crossed
cerebrocerebellar pattern of activation could be included as a di-
agnostic tool in future guidelines of clinical fMRI examinations,
which should further specify that a language task that is known to
involve the cerebellum is used.
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Conscious Sedation versus General Anesthesia during
Endovascular Acute Ischemic Stroke Treatment: A Systematic
Review and Meta-Analysis

W. Brinjikji, M.H. Murad, A.A. Rabinstein, H/J. Cloft, G. Lanzino, and D.F. Kallmes

S ®H

ABSTRACT

BACKGROUND AND PURPOSE: A number of studies have suggested that anesthesia type (conscious sedation versus general anesthesia)
during intra-arterial treatment for acute ischemic stroke has implications for patient outcomes. We performed a systematic review and
meta-analysis of studies comparing the clinical and angiographic outcomes of the 2 anesthesia types.

MATERIALS AND METHODS: In March 2014, we conducted a computerized search of MEDLINE and EMBASE for reports on anesthesia and
endovascular treatment of acute ischemic stroke. Using random-effects meta-analysis, we evaluated the following outcomes: recanali-
zation rate, good functional outcome (MRS = 2), asymptomatic and symptomatic intracranial hemorrhage, death, vascular complications,
respiratory complications, procedure time, time to groin, and time from symptom onset to recanalization.

RESULTS: Nine studies enrolling 1956 patients (814 with general anesthesia and 1142 with conscious sedation) were included. Compared
with patients treated by using conscious sedation during stroke intervention, patients undergoing general anesthesia had higher odds of
death (OR = 2.59; 95% Cl, 1.87-3.58) and respiratory complications (OR = 2.09; 95% Cl, 1.36-3.23) and lower odds of good functional
outcome (OR = 0.43;95% Cl, 0.35—0.53) and successful angiographic outcome (OR = 0.54; 95% Cl, 0.37—0.80). No difference in procedure
time (P = .28) was seen between the groups. Preintervention NIHSS scores were available from 6 studies; in those, patients receiving
general anesthesia had a higher average NIHSS score.

CONCLUSIONS: Patients with acute ischemic stroke undergoing intra-arterial therapy may have worse outcomes with general anesthesia
compared with conscious sedation. However, the difference in stroke severity at the onset may confound the comparison in the available
studies; thus, a randomized trial is necessary to confirm this association.

ABBREVIATION: ICH = intracranial hemorrhage

ntra-arterial recanalization for acute ischemic stroke is com- 2 most commonly used anesthesia techniques for patients with

monly used in patients with large-vessel occlusion.' Timely re-
canalization of the occluded vessel with either IV-tPA or intra-
arterial therapy is essential in preventing neuronal death and
improving patient outcome.”> A number of factors affect patient
outcomes following endovascular recanalization, possibly includ-
ing choice of anesthetic agent during the procedure. Moderate
conscious sedation and general anesthesia with intubation are the
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acute ischemic stroke undergoing endovascular recanalization.’
General anesthesia is often the preferred method due to the per-
ceptions of improved procedural safety and efficacy.> However,
conscious sedation and local anesthesia allow operators to moni-
tor neurologic status during the procedure and avoid delays in
procedure initiation.* Furthermore, conscious sedation may be
associated with improved hemodynamic stability compared with
general anesthesia. Due to the continuing debate regarding anes-
thesia choices during intra-arterial treatment of acute ischemic
stroke, we performed a meta-analysis of studies comparing out-
comes of patients with stroke receiving general anesthesia and
conscious sedation during the procedures.®

MATERIALS AND METHODS

Literature Search

To identify comparative studies on general anesthesia versus con-
scious sedation during endovascular treatment of acute ischemic
stroke, we searched 3 databases from 1990 to March 2014: Ovid

AJNR Am J Neuroradiol 36:525-29  Mar 2015  www.ajnr.org 525



MEDLINE, Ovid EMBASE, and the Web of Science. Ovid
MEDLINE and Ovid EMBASE use controlled vocabulary. The
Web of Science is text word—based but tends to be more current
and multidisciplinary. The initial search terms were conscious
sedation, general anesthesia, and intracranial embolism and
thrombosis or stroke. These were combined with treatment tech-
niques: endovascular, fibrinolytic agents, thromboembolism,
catheter, transcatheter, thrombolysis, fibrinolysis, recanalization,
embolectomy, or thrombectomy (subject heading available in
EMBASE, but not MEDLINE). We also searched references from
multiple articles to find any additional studies on anesthesia and
outcomes of endovascular treatment of acute ischemic stroke not
found in the initial literature search.

Identified studies from the literature search were then further
evaluated for inclusion in the meta-analysis. Inclusion criteria
were the following: 1) studies comparing outcomes of the 2
groups: general anesthesia and conscious sedation/local anesthe-
sia; 2) studies reporting separate angiographic and clinical out-
comes for the general anesthesia and conscious sedation/local an-
esthesia groups. Exclusion criteria were the following: 1) case
reports, 2) studies not separating outcomes by anesthesia type, 3)
noncomparative studies (ie, studies with only 1 group: general
anesthesia or conscious sedation). Two authors reviewed the ar-
ticles for inclusion. Following selection of the articles, the data
were abstracted by 1 author.

Quality Assessment

Quality assessment of the studies was performed by using the
Newcastle-Ottawa Scale. This tool is used for assessing the quality
of nonrandomized studies included in systematic reviews and/or
meta-analyses. Each study is judged on 8 items categorized into 3
groups: 1) selection of the study groups, 2) comparability of the
study groups, and 3) ascertainment of the outcome of interest.
One star is awarded for each quality item; 4 stars are the maxi-
mum for the selection of groups, 2 stars are the maximum for
comparability, and 3 stars are the maximum for ascertainment of
outcome. The highest quality studies are awarded up to 9 stars.”

Outcome Variables

Good functional outcome, defined as a modified Rankin Scale
score of =2 at 90 days following endovascular treatment, was the
primary end point of this study. Other studied outcomes in-
cluded mortality, successful recanalization/angiographic out-
come (Thrombolysis in Myocardial Infarction =2 or TICI 2b/3),
asymptomatic intracranial hemorrhage (ICH), symptomatic
ICH, other vascular complications including dissections and vessel
perforations, respiratory complications including respiratory failure
and pneumonia, procedure time, time from symptom onset to re-
vascularization, and time from arrival at the hospital to groin
puncture.

Statistics

From each study, we extracted a 2 X 2 table for binary outcomes,
the mean group sample size, and a measure of variability for con-
tinuous outcomes. Random-effects meta-analysis was used for
pooling across studies.® The I* statistic was used to express the
proportion of inconsistency that was not attributable to chance.”
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Meta-analysis results were expressed as odds ratio for binary out-
comes and weighted mean difference for continuous outcomes
with respective 95% confidence intervals. When assessing contin-
uous outcomes, some studies reported mean values with corre-
sponding SDs, while others reported median values with inter-
quartile ranges. If a median and interquartile range were reported,
these were converted to a mean and SD on the basis of the as-
sumption of a log-normal distribution of the original measure.
We planned to explore the impact of publication bias by con-
structing funnel plots and testing their symmetry if a sufficient
number of studies (>20) were available. Meta-analysis was con-
ducted by using Comprehensive Meta-Analysis, Version 2.2
(Comprehensive Meta-Analysis, Englewood, New Jersey).

Because the study subjects were not randomized by anesthesia
type, we were concerned about a lack of similarity between the 2
study groups (ie, patients with worse prognosis receiving 1 of the
2 interventions). Therefore, we planned to conduct metaregres-
sion, in which the dependent outcome was the effect size (log of
the OR of the primary outcome, the odds of good neurologic
outcome), and the explanatory variables (independent variables)
were initial stroke severity categorized by the baseline average
NIHSS score and the type of anesthesia (general anesthesia versus
conscious sedation). Studies were weighted in metaregression by
using their precision. The results of the metaregression were pre-
sented as an odds ratio adjusted for NTHSS score. Metaregression
was conducted by using STATA, Version 12.1 (StataCorp, College
Station, Texas). We also performed a sensitivity analysis examin-
ing the comparative outcomes, including only those studies that
reported baseline NIHSS scores.

RESULTS

Literature Search

One hundred twenty-three articles were found on the initial liter-
ature search. Of these, 102 (82.9%) were excluded after reading
the abstracts alone because they were not found to be relevant to
our study. Of the remaining 21 articles, 3 (2.4%) were excluded
because they mixed outcomes of endovascular stroke treatment
with other endovascular procedures (ie, stent placement, aneu-
rysm coiling, and so forth); 5 articles (4.1%) were excluded be-
cause they only included 1 treatment group; and 4 articles (3.3%)
were excluded because they were review articles. In total, 9 articles
(7.3%) with 1956 patients (814 with general anesthesia and 1142
with conscious sedation) were included in this study. No studies
randomized patients to general anesthesia or conscious seda-
tion. The largest study had 1079 patients (428 with general
anesthesia and 651 with conscious sedation), and the smallest
study had 66 patients (9 with general anesthesia and 57 with
conscious sedation). All studies had at least 7 stars on the New-
castle-Ottawa scale. A summary of included studies is provided
in Table 1.

Outcomes

General anesthesia was associated with a lower odds of favorable
functional outcome (ie, mRS = 2) compared with conscious se-
dation (OR = 0.43; 95% CI, 0.35—0.53; P < .01) (Figure). General
anesthesia was also associated with a lower odds of successful
recanalization (OR = 0.54; 95% CI, 0.37-0.80; P < .01). Patients



Table 1: Studies included in the meta-analysis

Authors, Year No. with GA  No. with CS Type of Endovascular Treatment Selection Comparability Outcome
Abou-Chebl et al, 201428 196 85 Solitaire stent? 1 e & o & 2 8.0 9
Davis et al, 2012 48 48 IA tPA and mechanical thrombectomy . 8. 0.0 ¢ * ). 8.8, ¢
Hassan et al, 2012% 53 83 Endovascular technique not specified Yk kK ook ok
Jumaa et al, 20107 53 73 IA tPA and mechanical thrombectomy F ke * 2 8.0 9
Langner et al, 20132 19 105 Mechanical thrombectomy 2.8, 8.8 * Kk
Li et al, 2014%° 35 74 Mechanical thrombectomy, IA tPA Sk dok * * Kk
Nichols et al, 2010%” 26 49 IA tPA, low-energy ultrasound S dkk * ok k
Sugg et al, 2010*° 9 57 Mechanical thrombectomy 2. 8.8, 8. * *kk
Abou-Chebl et al, 2010 428 651 IA tPA, mechanical thrombectomy, stent s %% * %k

Note:—GA indicates general anesthesia; CS, conscious sedation; IA, intra-arterial.
2 Covidien, Irvine, California.

® One star is awarded for each quality item; 4 stars are the maximum for selection of groups, 2 stars are the maximum for comparability, and 3 stars are the maximum for

ascertainment Of outcome.

FIG 1. Forest plot of meta-analysis results for good functional outcome (mRS = 2).

Table 2: Meta-analysis results: categoric outcomes

ORGAvsCS 95%Cl P Value
Death 2.59 1.87-358 <.01
Good functional outcome® 0.43 0.35-0.53  <.01
Successful recanalization 0.49 0.33-072 <.01
sICH 1.34 0.95-1.87 .09

alCH 124 0.94-1.62 12
Other vascular complications 122 0.68-2.18 5
Respiratory complications 2.09 136-323  <.01

Note:—alCH indicates asymptomatic intracranial hemorrhage; sICH, symptomatic
intracranial hemorrhage.
# Modified Rankin scale score of <2.

receiving general anesthesia had higher odds of mortality (OR =
2.59; 95% CI, 1.87-3.58; P < .01) and respiratory complications
(OR = 2.09; 95% CI, 1.36-3.23; P < .01). There was no signifi-
cant difference in the odds of asymptomatic ICH (OR = 1.24;
95% CI, 0.94-1.62; P = .12), symptomatic ICH (OR = 1.34; 95%
CI, 0.95-1.87; P = .09), or other vascular complications (OR =
1.22595% CI, 0.68-2.18; P = .50) between groups. These findings
are summarized in Table 2. Forest plots for other measures are
included in On-line Figs 1-6.

Mean time to groin was 136 minutes 20 seconds * 54 minutes for
general anesthesia compared with 117 minutes 20 seconds % 56 min-
utes 20 seconds for conscious sedation (P = .24). Mean procedure
time was 104 minutes 20 seconds for general anesthesia compared
with 89 minutes *+ 44 seconds for conscious sedation (P = .28).
Mean time from symptom onset to revascularization was 329 min-
utes 43 seconds = 173 minutes for general anesthesia compared with
354 minutes 51 seconds & 265 minutes for conscious sedation (P =
17).

Study Heterogeneity

I? values were <50% for the following
outcomes: asymptomatic ICH (I> =
41%), death (I = 0%), other vascular
complications (I> = 8%), recanalization
success (I> = 11%), respiratory compli-
cations (I> = 0%), and symptomatic
ICH (I = 0%). I? values were >50%
(indicating substantial heterogeneity)
for the following outcomes: mRS = 2
(I? = 55%), time to revascularization (I* =
60%), time to groin puncture (I = 83%),
and procedure time (I> = 91%).

Metaregression and Publication Bias
Adjusting for NTHSS score by using metaregression for the main
outcome (odds of having good functional outcomes) yielded an
odds ratio of 0.38; which was similar to the unadjusted estimate of
0.43; however, the 95% CI became statistically insignificant (0.12,
1.22). The number of included studies in this analysis (with an
available NTHSS score) was only 6; therefore, this adjustment is
not reliable and likely underpowered.

Evaluation of publication bias was not possible due to the
small number of included studies.

Sensitivity Analysis

Outcomes from our sensitivity analysis, including only those
studies that reported baseline NIHSS scores, are provided in Table
3. Similar to the results in the overall analysis, in the sensitivity
analysis, general anesthesia was associated with higher odds of
death (OR = 2.22; 95% CI, 1.54-3.20) and respiratory complica-
tions (OR = 2.03; 95% CI, 1.12-3.68). General anesthesia was
associated with lower odds of recanalization (OR = 0.48; 95%
CI, 0.30-0.76) and lower odds of good neurologic outcome
(OR = 0.38; 95% CI, 0.25-0.60). No differences in procedure
time (P = .69), time to groin (P = .77), or time to revasculariza-
tion (P = 1.00) were seen.

DISCUSSION

Our meta-analysis demonstrated that patients receiving con-
scious sedation had higher rates of good functional outcome and
recanalization and decreased rates of mortality and respiratory
complications compared with those receiving general anesthesia.
No difference in procedure times, time to recanalization, or time
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Table 3: Sensitivity analysis excluding studies without baseline
NIHSS data: categoric outcomes

No.of ORGA P

Studies  vsCS 95%Cl  Value I?
alCH 2 117 0.89-1.54 27 NA
Death 5 2.22 1.54-3.20 .00 0
mRS = 2 6 0.38 0.25-0.60 .00 56
Other vasc comp 3 166  0.56-4.93 36 37
Recan (TIMI = 2) 4 0.55 0.35-0.87 .01 0
Resp comp 3 2.03 112-3.68 .02 0
sICH 5 121 0.83-1.75 32 0

Note:—NA indicates not applicable; vasc comp, vascular complications; Recan, re-
canalization; Resp comp, respiratory complications; TIMI, Thrombolysis in Myocardial
Infarction; GA, general anesthesia; CS, conscious sedation; alCH, asymptomatic intra-
cranial hemorrhage; sICH, symptomatic intracranial hemorrhage.

to groin was seen between groups. Rates of ICH and vascular
complications were similar between the 2 groups as well. Follow-
ing adjustment for the baseline NIHSS score, general anesthesia
was associated with lower, but not statistically significant, odds of
good functional outcome. Because only 6 of the 9 studies in this
meta-analysis included information on the baseline NIHSS score,
the lack of significance of the association in the adjusted analysis
may have been related to the decreased statistical power. Given
the superior outcomes of patients receiving conscious sedation
compared with those receiving general anesthesia, these data sug-
gest that conscious sedation should generally be the anesthesia
technique of choice during endovascular recanalization for treat-
ment of acute ischemic stroke.

A number of factors likely contributed to the higher morbidity
and mortality rates seen in the general anesthesia group. Inhala-
tional anesthetic agents are associated with a higher risk of cere-
bral hypoperfusion and increased ischemic injury.'>'" Davis et
al'? found that patients with ischemic stroke receiving endovas-
cular recanalization had higher rates of intraprocedural hypoten-
sion with general anesthesia than with conscious sedation. Inha-
lational anesthetic agents, such as isoflurane, have been found to
steal flow from ischemic areas with poor autoregulation by induc-
ing cerebral vasodilation.'®'? Induction and recovery phases of
general anesthesia are often associated with significant hemody-
namic changes (hypotension and rapid blood pressure fluctua-
tions) that could exacerbate ischemic injury.'* It is possible that
the poor autoregulation and higher rates of intraprocedural hy-
potension with general anesthesia contribute to the markedly
lower recanalization rates compared with conscious sedation seen
in this meta-analysis.

General anesthesia remains widely used for intra-arterial
treatment of acute ischemic stroke. The main argument in favor
of general anesthesia is decreased intraprocedural patient
movement.® Patients who are awake during endovascular
treatment may move during endovascular therapy, which
could compromise the safety and efficacy of the intervention."”
Patient movement during the procedure can lead to wire perfo-
ration, resulting in intracranial hemorrhage or vascular injury in
the form of dissection. However, no studies have demonstrated
that conscious sedation is associated with higher rates of wire
perforation, dissection, or intracranial hemorrhage than general
anesthesia.'®'” Many practitioners cite perceived procedural
safety, specifically avoiding emergent endotracheal intubation, as
an advantage of general anesthesia over conscious sedation.’
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Emergent intubation is associated with various complications in-
cluding airway trauma, aspiration, and death.'®'? However,
many studies have suggested that the rate of emergent endotracheal
intubation among patients with conscious sedation receiving neu-
roendovascular therapies is very low.'”*°>* The findings of this
meta-analysis that conscious sedation was actually associated with
higher rates of recanalization and no increase in intraprocedural
complications should assuage concerns about the perceived disad-
vantages of conscious sedation for the interventionalist.

In contrast to general anesthesia, conscious sedation allows
intraprocedural monitoring of neurologic deficits, allowing oper-
ators to adjust the treatment strategy if needed.>” Dynamic cere-
bral autoregulation is preserved with midazolam sedation, result-
ing in decreased volatility in intraprocedural cerebral perfusion.**
While some studies have found that conscious sedation is associ-
ated with more rapid reperfusion, our study found no difference
in procedure time, time to groin, or time from symptom onset to
reperfusion between the general anesthesia and conscious seda-
tion groups.>>°

Most previously published studies have demonstrated supe-
rior outcomes for patients undergoing endovascular recanaliza-
tion therapy receiving conscious sedation relative to those receiv-
ing general anesthesia. General anesthesia is generally associated
with higher rates of poor neurologic outcome at 90 days and
higher mortality compared with conscious sedation.'>!'®!72>7
The use of general anesthesia was independently associated
with worse outcomes despite comparable rates of recanalization
among patients included in the North American SOLITAIRE
Acute Stent Retriever Registry.”® One recently published study
demonstrated that >80% of patients undergoing mechanical
thrombectomy could be safely treated while under conscious se-
dation, with high rates of good neurologic outcome.>” These stud-
ies, along with the findings from our study, suggest that conscious
sedation is safe and effective in the setting of mechanical throm-
bectomy for acute ischemic stroke and should be preferred when
deemed feasible.

Limitations
This study has several limitations. None of the available studies
were randomized by anesthesia type. In general, average baseline
NIHSS scores were higher for patients receiving general anesthe-
sia than for those receiving conscious sedation. Adjustment for
this variable was likely unreliable because of the small number of
available studies with this information. Worse initial stroke sever-
ity could contribute to the higher rates of posttreatment morbid-
ity and mortality seen in the general anesthesia group. However,
the odds ratios found in this meta-analysis were not marginal,
which strongly suggests that conscious sedation does lead to im-
proved outcomes. Still, the higher baseline NIHSS scores under-
score the possibility of selection bias because it is likely that patients
with more severe strokes received general anesthesia or were intu-
bated before the procedure due to an inability to preserve airway
patency. We did not stratify outcomes on the basis of stroke location
(anterior/posterior circulation) or initial ASPECTS.

The site of vascular occlusion is another determinant of out-
comes and a potential confounder in this analysis. For example,
carotid occlusions, carotid bifurcation occlusions, and basilar ar-



tery occlusions typically have worse outcomes. It is possible that
the lower recanalization rates with general anesthesia seen in this
meta-analysis were the result of a higher proportion of more chal-
lenging vascular occlusions in the general anesthesia group. Al-
though some of the studies included in our meta-analysis repre-
sented earlier experience with endovascular stroke therapy and
may have lower rates of recanalization and higher risk of compli-
cations than those in current practice, this caveat should apply
similarly to both anesthesia types. We were not able to evaluate
the presence of publication bias because our study incorporated 9
studies and measures of publication bias are only reliable if =10
studies are included in a meta-analysis.

CONCLUSIONS

This systematic review and meta-analysis demonstrates that pa-
tients with acute stroke receiving conscious sedation had signifi-
cantly lower rates of morbidity and mortality and higher recana-
lization rates compared with patients receiving general anesthesia.
However, these findings are based solely on studies that did not
randomize patients by anesthesia type; differences in baseline pa-
tient characteristics, such as stroke severity, may confound the
association. Therefore, a randomized controlled trial is needed to
confirm whether general anesthesia is associated with higher rates
of complications and impaired neurologic outcome in patients
receiving endovascular therapy for acute ischemic stroke. In the
meantime, when possible, it is reasonable to favor conscious se-
dation over general anesthesia during acute endovascular stroke
therapy on the basis of available collective evidence.
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The Computational Fluid Dynamics Rupture Challenge 2013—
Phase I: Prediction of Rupture Status in Intracranial Aneurysms

G. Janiga, P. Berg, S. Sugiyama, K. Kono, and D.A. Steinman
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ABSTRACT

BACKGROUND AND PURPOSE: Rupture risk assessment for intracranial aneurysms remains challenging, and risk factors, including wall
shear stress, are discussed controversially. The primary purpose of the presented challenge was to determine how consistently aneurysm
rupture status and rupture site could be identified on the basis of computational fluid dynamics.

MATERIALS AND METHODS: Two geometrically similar MCA aneurysms were selected, 1ruptured, 1 unruptured. Participating computa-
tional fluid dynamics groups were blinded as to which case was ruptured. Participants were provided with digitally segmented lumen
geometries and, for this phase of the challenge, were free to choose their own flow rates, blood rheologies, and so forth. Participants were
asked to report which case had ruptured and the likely site of rupture. In parallel, lumen geometries were provided to a group of
neurosurgeons for their predictions of rupture status and site.

RESULTS: Of 26 participating computational fluid dynamics groups, 21(81%) correctly identified the ruptured case. Although the known rupture
site was associated with low and oscillatory wall shear stress, most groups identified other sites, some of which also experienced low and
oscillatory shear. Of the 43 participating neurosurgeons, 39 (91%) identified the ruptured case. None correctly identified the rupture site.

CONCLUSIONS: Geometric or hemodynamic considerations favor identification of rupture status; however, retrospective identification
of the rupture site remains a challenge for both engineers and clinicians. A more precise understanding of the hemodynamic factors
involved in aneurysm wall pathology is likely required for computational fluid dynamics to add value to current clinical decision-making
regarding rupture risk.

ABBREVIATIONS: CFD = computational fluid dynamics; OSI = oscillatory shear index; Re = Reynolds; RRT = relative residence time; TAWSS = temporal-averaged
wall shear stress; WSS = wall shear stress

n case of a weakened cerebral vasculature, dilations of the vessel
walls may form. It has been estimated that such intracranial
aneurysms are present in approximately 2%—-5% of the Western
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population.? Slightly <1% of these aneurysms rupture annually,
but with mostly severe consequences.” The mortality rate is up to
40%, and even if treatment were available within hours, irrevers-
ible disabilities may remain afterward.*>

However, if aneurysms are detected incidentally, the attending
physician needs to suggest to the patient whether a treatment is
necessary or a repeated observation is the best choice. Especially in
complex case scenarios, the risk that treatment complications oc-
cur could be even higher than the potential risk of an aneurysm
rupture itself. Therefore, any reliable assistance that can support
the physician’s therapy planning can improve the outcome for the
patient.

During the past years, there has been success in using compu-
tational fluid dynamics (CFD) to predict intracranial aneurysm
rupture status on the basis of a nominal relationship between local
hemodynamics (notably wall shear stress, [WSS]) and aneurys-
mal wall remodeling and degradation.®”® However, the retrospec-
tive prediction of rupture status (and, by extension, the prospec-
tive prediction of rupture risk) in intracranial aneurysms is



controversially discussed in the literature. Xiang et al'® found that
rupture status correlated with significantly lower WSS and a
higher oscillatory shear index (OSI). In contrast, Cebral et al''
found that high maximum WSS and concentrated impingement
regions might be responsible for an aneurysm rupture. In both
studies, >100 intracranial aneurysms were investigated, and the
authors tried to find correlations between hemodynamic or mor-
phologic parameters and the known rupture status. Both studies
agreed that ruptured aneurysms present complex flow structures

and concentrated inflow. Recently, Meng et al'? 13

and Xiangeta
published a 2-part review summarizing the various criteria for
rupture status predictions and introducing a hypothesis that both
high and low WSS might lead to aneurysm rupture.

In the present study, we wanted to produce a snapshot of
whether engineering groups are able to predict the event of an
aneurysm rupture. Two of the authors (G.J. and D.A.S.) decided
to propose a new computational challenge addressing 2 main ques-
tions: First, can an aneurysm rupture be predicted by using CFD?
Second, along the lines of the previous American Society of Mechan-
ical Engineering aneurysm CFD challenge,"* how broad is the vari-
ability of the different solution strategies used for the computations?

In Phase I, the participants were asked to predict which of the
2 provided aneurysms was ruptured and where the rupture site
was located. The study was completely blinded; none of the CFD
participants had information about the cases, and the source of
the data was not communicated. For the second phase, partici-
pants were provided with prescribed viscosity and patient-specific
mean velocity boundary conditions and were asked to repeat the
simulations to separate solution variations from boundary condi-
tion variations. In the current work, only Phase I of this challenge
and the corresponding results are presented. The variability of the
CFD solutions is discussed in a complementary article."”

MATERIALS AND METHODS

Case Details

One of the major difficulties was to find unpublished appropriate
datasets in which the rupture site is known. One of the authors
(S.S.) was able to provide 2 cases: an unruptured aneurysm with
MRA examination every 6 months during 5 years and a ruptured
one with a documented site of rupture. They were chosen on the
basis of similar geometric characteristics of the MCA segments.
The 2 intracranial aneurysms that were part of this rupture chal-
lenge were both located at the left M1 segment. On-line Table 1
summarizes the characteristics of both cases, which were not pro-
vided to participating CFD groups.

Clinical Presentation of Case 1. A 77-year-old female patient un-
derwent a medical checkup of the brain, and MR angiography
revealed an unruptured aneurysm (approximately 10 mm) at the
bifurcation of the left middle cerebral artery. Thereafter, the pa-
tient was followed up by MR angiography at 6-month intervals.
Gradual growth of the aneurysm was observed during a 5-year
follow-ups; its form changed from spheric to irregular shape. Coil
embolization was performed, considering the risk of rupture.

Clinical Presentation of Case 2. The chief symptom of the case 2
patient was sudden headache. CT examination determined the
diagnosis of an SAH (Hunt and Kosnik grade II/World Federation

of Neurosurgical Societies grade I). During the neck clipping sur-
gery, the aneurysm was completely exposed except for the rup-
tured site, which was covered with a thick fibrin cap. The fibrin
cap was removed gradually with much caution, but acciden-
tally, intraoperative rupture occurred. Fig 1A shows an image
acquired during the intervention, with the rupture bleed
clearly visible. Fig 1B shows the reconstructed aneurysm model
in a lateral view to visualize the nominal rupture site.

Vascular Reconstruction

The image acquisition was performed by using 3D digital subtrac-
tion angiography. Digital segmentation was performed in Magde-
burg, Germany, to fix the computational geometry for all partic-

ipants.'®

A neuroradiologist reviewed the virtual geometries
afterward to check the plausibility of the reconstructed shapes.
The obtained surface geometries were provided to the partici-
pants as surface triangulation mesh files. On-line Fig 1 shows the

2 investigated cases.

Participating Groups

The first phase of the CFD Rupture Challenge 2013 started on July
1, and all groups that were willing to participate had the opportu-
nity to submit the requested data until August 23. The complete
announcement can be accessed on http://www.ovgu.de/isut/LSS/
CFD/CFD_Challenge.html. More than 30 groups from academia
and industry accepted the challenge and asked for the recon-
structed surface geometries. Ultimately, 26 submitted a short ab-
stract describing the details of their computations and their rup-
ture predictions. They were from 15 countries and 4 different
continents; therefore, the challenge indeed represented a world-
wide snapshot in computational hemodynamics of intracranial
aneurysms. The participating groups are listed in On-line Table 2.

CFD Methods

Often in CFD challenges, very strict conditions are provided (see,
eg, Steinman et al'*) to test the variability of the solution in the
absence of other sources of measurement variability. However,
because a variety of rupture-status-predicting approaches exist
throughout the literature, we decided in advance to provide the
surface models of the intracranial aneurysms exclusively. There-
fore, each group had the freedom to choose any desired volume
mesh with arbitrary types of elements and resolution, flow/veloc-
ity boundary conditions, solver methodology, blood rheology,
and so forth. With this flexibility, the participants were asked
solely to report which of the 2 cases had ruptured and where the
site of rupture was located.

Most the simulations (16/26) were performed by using com-
mercial CFD solvers, but open-source and in-house codes were
also applied. Ten groups decided to use steady-state computa-
tions; 14 groups used unsteady simulations for their predictions,
while 2 groups performed both. The unsteady computations were
performed by using various time-steps in the range of At = 1 X
10~ > seconds to 5 X 10~ 2 seconds (ie, 100,000 down to 200 time-
steps per cardiac cycle) with a median of 7.5 X 10~* seconds
(~1300 steps per cardiac cycle). The reported mesh sizes were in
the range 0f 283,000 to 17.97 million linear elements (median, 2.1
million). These figures included 3 groups that used quadratic tet-
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FIG1. A, Live image acquired during open surgery showing the rupture that occurred in case 2. The white arrow indicates the rupture site from
which blood is streaming. B, Reconstructed surface model of case 2 indicating the ruptured site. C, Temporal averaged wall shear stress. D,
Oscillatory shear index from 1representative group, in 2 opposite perspectives. The site of rupture is indicated by a white circle. A low shear and
elevated oscillating shear area are present. E, Sagittal view of the normalized wall shear stress distribution in the ruptured case 2 predicted by
22 groups with different simulation settings. Although most of the solutions qualitatively agree, considerable differences in the shear patterns

are visible, depending on the type of simulation.

rahedral elements, in which case their number of elements was
multiplied by 8 to indicate the effective number of linear ele-
ments. Mesh-dependency studies were reported by 5 groups.

As a preparation of the hemodynamic simulation, 7 groups
extruded the inlet. Sixteen groups imposed a uniform (plug) ve-
locity profile at the inlet of the computational domain, while 7
groups used Poiseuille (parabolic) velocity profiles and 3 groups
used Womersley profiles. Nineteen groups reported their chosen
flow rates, inlet velocities, or Reynolds (Re) numbers. Most applied
cycle-average flow rates ranging from 0.9 to 11.36 mL/s with a me-
dian of 3.5 mL/s. The corresponding inlet velocities were between
0.25and 1.51 m/s (median, 0.61 m/s) with the minimum/maximum/
median Re numbers of 134/815/326. Unrealistic values were also re-
ported (eg, Reynolds number, 1; inlet velocity, 10 m/s). The corre-
sponding patient-specific flow rates were provided in the second
phase of the CFD challenge. The cycle-averaged flow rates were 1.76
mL/s for case 1 and 2.5 mL/s for case 2, whereas the peak systolic flow
rates were 2.61 and 3.88 mL/s, respectively. See the Phase II study’®
for further details regarding the flow measurements.

Regarding the outlet boundary condition, nearly one-half
(n = 12) defined zero pressure at all outlets. Another 12 groups
applied an explicit flow splitting through the 2 outlets (eg, 50-50,
or based on Murray’s law). Only 2 groups implemented a 3-ele-
ment Windkessel model for the downstream microvasculature.
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Most of the participants (n = 18) assumed blood to be an incom-
pressible Newtonian fluid, with a dynamic viscosity ranging from
3.5t04.01 mPa-s(median,4 mPa-s). The other groups described
the shear dependency of blood with a Carreau-Yasuda, Cross, or
power law model. The survey of all abstracts revealed that a wide
variety of approaches was chosen; therefore, the field of CFD was
highly represented.

Prediction of Rupture Status and Rupture Site

Various criteria were selected for the rupture-status assessment
and, in consequence, the prediction of the rupture site. The
most common variable was temporal-averaged wall shear stress
(TAWSS) or just WSS in case of steady computations, but in some
predictions, uncommon criteria (eg, the maximum velocity at the
ostium) were selected. A few groups applied a single criterion for
their prediction, while most combined 2 or 3 criteria simultane-
ously. The parameters that were used to predict the explicit rup-
ture site are summarized in the Table. Redundant variables were
also selected (ie, high relative residence time [RRT] is a direct
consequence of low WSS [and high OSI])."”

Wall Shear Stress Computation
In addition to the rupture prediction, all participants were asked
to submit their solution of the 3D TAWSS distribution. There-



fore, the variability of the WSS computation could be assessed
directly. Another purpose was to ensure that the participating
groups had actually performed the simulations that informed
their prediction of rupture status and site. The submitted WSS
distributions have shown very different maximum values, possi-
bly due to the different near-wall resolutions but more likely
because of the very different flow rates applied at the inlet.
Because the results could not be compared dimensionally, each
dataset was cropped at a chosen location of the parent artery
and the calculated WSS field was normalized by the maximum
value in the sac, to compare the relative qualitative distribu-
tions of WSS.

Neurosurgeon Challenge

One of the authors (K.K.), who performs endovascular treat-
ments, open skull surgery, and CFD simulations on cerebral
aneurysms, thought that it would be interesting to know the
prediction of the ruptured aneurysm and the rupture site by neu-
rosurgeons versus computer simulations. A single-page question-
naire (On-line Fig 3) was created providing only 3D images of the
2 aneurysms in 4 different angles. The questionnaire included the
following: maximum size, neck size, height, diameters of the an-
eurysm in 3 axes, and size of the parent arteries. No other infor-
mation, including the patient data, risk factors, and treatments

Hemodynamic parameters that were used to predict the rupture
site after the ruptured case was selected
No. of No. of
Parameters Parameter Groups
1 Low (TA)WSS 6
High (TAJWSS
High pressure 1
Maximum velocity 1
2 Low (TA)WSS, high pressure 3
Low (TA)WSS, high OSI 3
High (TA)WSS, pressure gradient 2
1
1
1
1
1
1

Low TAWSS, complex flow
High TAWSS, complex flow
High TAWSS, direct impingement
3 Low TAWSS, high OSl, high RRT
TAWSS distribution, complex flow, flow diversion
Direct impingement, pressure gradient, high WSS

Note:—TAWSS indicates time-averaged WSS values; (TA)WSS, both steady-state as
well as time-dependent results.

presented in On-line Table 1, was available. As noted above, both
aneurysms had been carefully selected in advance to have compa-
rable dimensions. K.K. asked 43 neurosurgeons in Japan to pre-
dict the ruptured aneurysm and the rupture site using the ques-
tionnaire. Additionally, they were asked to report the years of
experience as a neurosurgeon and the reasons for the prediction
of the ruptured aneurysm and the rupture point. The question-
naire had been completed before the CFD simulations were per-
formed and the ruptured case identified. Thus, this questionnaire
was performed in a double-blinded fashion.

RESULTS

Prediction of Rupture Status and Rupture Site

Regarding the challenge in Phase I, 4 groups predicted rupture for
case 1, 21 groups chose case 2, and 1 group was unsure and there-
fore did not contribute any predictions. The ruptured aneurysm
was case 2 as described above, so most, 21 of 26 groups (81%),
predicted the ruptured aneurysm correctly. As illustrated in Fig 2,
the predictions of the site of rupture for case 1 concentrated on 2
locations. Three of the 4 groups decided that the impingement
zone had the highest probability of being the rupture site (B,
blue). High WSS and an elevated pressure gradient were associ-
ated with this area. Only 1 group suggested low WSS at the dome
of the first aneurysm to be responsible for the rupture (A, green).
A broader variability was present for (the ruptured) case 2. Here,
the majority (n = 10) derived from their computations that the
rupture occurred at the small bleb, which was located at the dome
of case 2 (C, blue) and exposed to low WSS and elevated pressure.
The second highest number of predictions picked the neck region
that was aligned with the entering flow jet (F, red). For all 4 of
those groups, the decision was based on high WSS, whereby 2
groups added the pressure gradient as a criterion for rupture.
Another 4 groups associated the site of rupture with areas between
the neck and dome of the aneurysm (E, green, and G, purple).
They made their choice on the basis of areas of low WSS and high
OSI, whereby multiple spots with high oscillatory shear were
identified (Fig 1D). Two more groups selected the impingement
zone where the entering flow jet is directed to the aneurysm wall
(D, cyan). Finally, 1 group chose the end of the parent artery

FIG 2. Sites of rupture predicted by the participating groups for case 1and case 2 (3 perspectives). From the 26 submissions, 4 chose case 1and
21 decided that case 2 was ruptured. One group was unsure and declined to provide a decision.
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because the highest velocities were present due to the smallest
vessel diameter (H, orange). However, after we reviewed the sub-
mitted abstract of this particular group, the results can be classi-
fied as unrealistic (peak velocity as rupture criterion; peak-systolic
inflow velocity of 10 m/s for both cases).

Throughout the complete challenge period, both the partici-
pants and the organizers were blinded regarding the rupture so-
lution to ensure objective conditions. Afterward, author S.S. re-
vealed the ruptured case.

The known site of rupture can now be compared with hemo-
dynamic parameters that are typically used to characterize aneu-
rysmal flow. We focused on TAWSS and OSI as major represen-
tatives of the predictions (Table). The results of wall shear stress
and the oscillatory shear index were taken from a group that im-
plemented inflow conditions that have been close to patient-spe-
cific. As indicated in Fig 1C, the ruptured site is located in an area
that experiences rather low TAWSS compared with the parent
artery with values well above 50 dyn/cm”. In the indicated region,
TAWSS ranges between 0.1 and 19 dyn/cm?. Furthermore, ele-
vated OSI is visible within the region of interest (Fig 1D). How-
ever, very low WSS (<5 dyn/cm?) and high oscillatory shear with
values up to 0.42 are present beside this area.

WSS Distributions

WSS distributions contributed by the participants are shown in
Fig 1E (for the ruptured case 2). The WSS distributions for the
unruptured case 1 are presented in On-line Fig 4. The WSS pat-
terns on the aneurysm surface are obtained from 22 participants
that used different assumptions to calculate the hemodynamic
parameters. The normalized values demonstrate qualitative sim-
ilarities, but differences regarding, for example, the size of differ-
ent regions can also be observed. These differences show the vari-
ability of CFD and might explain the variability of rupture site
prediction.

The different WSS predictions revealed the importance of re-
alistic boundary conditions such as patient-specific measure-
ments. This information was provided to all participants in a
second phase along with further simulation conditions. The
corresponding results, which represent the inherent variability of
the CFD solutions among all groups, are not discussed in this
article but are extensively described in the complementary
work."?

Neurosurgeon Predictions

The mean experience of neurosurgeons was 14.5 * 9.4 years.
Most of the neurosurgeons (39/43) correctly predicted that the
case 2 aneurysm was the ruptured one because of blebs (56%) or
irregular shape (44%). The predictions of the rupture site were
split (On-line Fig 2). The main reasons for prediction of the rup-
ture site in case 2 were impact zone (42%) or tip of the aneurysm
(58%) for point B (red) and the irregular and sharp bleb (75%) or
the flow stagnation area (15%) for point C (blue), respectively.
None predicted the rupture site correctly.

DISCUSSION
The results of the challenge were first presented in a plenary talk at
the IntraCranial Stent Meeting, which was held as a joint meeting
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with the World Federation of Interventional and Therapeutic
Neuroradiology Congress in November 2013 in Buenos Aires. At
the beginning of the talk, only the attending neurosurgeons and
neuroradiologists from the whole audience were polled to predict
the rupture status before seeing the results of the challenge. Five
selected case 1, while >20 chose case 2. The clinicians from the
audience were shown only the geometry of both cases and On-line
Table 1 (without the geometric information). That table was not
available for the participants during the challenge (engineers and
neurosurgeons). Case 1 is slightly larger, while for case 2, smoking
and hypertension should be mentioned. This information might
have influenced the ad hoc on-site poll. The ratio of the predic-
tions was very similar regarding both the engineering participants
from the CFD challenge and the clinicians at the conference and
from the independent neurosurgeon questionnaire.

One of the goals of CFD research is to make CFD simulations
clinically useful. However, CFD simulations still seem far from
clinical use. There are only a few reports in which CFD simula-
tions are used for designing treatment strategy.'® CFD simula-
tions would not become helpful if they predict a rupture in the
same aneurysms as clinicians already do. CFD simulations can be
useful only when they change neurosurgeons’ decisions or treat-
ment strategy or add helpful hemodynamic information that is
inaccessible to physicians. In the current CFD and neurosurgeon
challenge, which consists of 2 cases only, prediction by computers
and neurosurgeons was comparable. Prediction by CFD simula-
tions took hours, while prediction by neurosurgeons took <1
minute. Thus, in this particular situation at least, neurosurgeons
would not use CFD in the clinical field. One method to clarify
possible clinical applications of computer simulations is to exam-
ine in what situations computer simulations can exceed clini-
cians’ experience or decisions. In addition, clinicians should learn
possible clinical applications and limitations of computational
simulations, and engineers should provide this information.
Then, clinicians using CFD simulations may provide better treat-
ment to patients in selected situations.

Regarding the second task of the CFD challenge, the specific
predictions of the site of rupture were distributed throughout the
second aneurysm, with the groups defining 6 different locations.
One essential reason might be that only a few hemodynamic stud-
ies about rupture points are available.'>*° In general, ruptured-
versus-unruptured aneurysms are compared, but no information
regarding the real rupture site can be derived. In addition, hemo-
dynamic studies addressing thin walls and blebs do not necessarily
indicate actual rupture sites. Another reason can be seen in the
potential level of experience regarding hemodynamic simulations
in intracranial aneurysms. Although some groups were highly ex-
perienced in other fields of engineering, the survey of the abstracts
revealed that unrealistic inflow rates or velocities were applied.
For instance, one group defined an inflow velocity of 10 m/s,
whereas another group used a turbulence model that was devel-
oped for industrial flows and has not been well-tested on aneu-
rysm-type flows. Another concern is related to the spatial and
temporal resolution because some groups used coarse meshes
and/or large time-steps in their computations.*'

Proponents of both the low and the high WSS theory were able
to predict the ruptured case. It was found for the group with



boundary conditions close to the patient-specific that case 2 had
lower area-averaged WSS and higher maximum WSS than case 1
(averaged WSS1 = 32.1 dyn/cm” versus averaged WSS2 = 27.8
dyn/cm?; maximumWSS1 = 203.2 dyn/cm® versus maximum-
WSS2 = 2444 dyn/cmz). Therefore, the different results (low-
versus-high WSS) may not contradict each other. Although at the
ruptured site, relatively low WSS and partly elevated OSI were
detected, the groups who used these parameters to predict the
location did not necessarily succeed in choosing the correct rup-
ture site. Because multiple areas throughout the aneurysm sac
fulfilled these conditions, other, even stronger, spots were picked
by the corresponding groups (Fig 1C, -D).

Most interesting, RRT is prolonged on the rupture site and the
flow stagnation area on the opposite side. Live images acquired
during the intervention revealed the presence of atherosclerosis in
this stagnation area, which supports recent ﬁndings.17 However,
no thickening of the aneurysm wall was observed at the rupture
site. In that study,'” the thick wall had prolonged RRT, but pro-
longed regions with RRT did not necessarily show a thick wall.
Because the results of the second phase'® demonstrate that almost
all groups are capable of generating nearly identical flow fields
under the prescribed boundary conditions, the importance of a
realistic numeric setup and model parameters is emphasized once
again. Hence, if CFD is integrated in clinical routines some day,
guidelines that have evolved from years of experience (eg, spatial
and temporal discretization, flow rates, and so forth) should be
provided. Such guidelines for hemodynamic simulations in intra-
cranial aneurysms need to address the choice of inflow boundary
condition (eg, idealized versus patient-specific*®), flow splitting
through multiple outlet sections, wall treatment, blood modeling,
and the consideration of pulsatile flow (steady versus unsteady>?),
and so forth.

Overall, the following knowledge can be derived from this
CED challenge, which should be considered a snapshot of the
current state-of-the-art regarding hemodynamic simulations.
Twenty-one of the 26 participants could predict the correct aneu-
rysm and therefore demonstrated that the applied methods are
capable of differentiating between the provided cases. Because the
particular predictions of the rupture site were relatively diverse, it
is not possible to state that CFD can be used to detect the rupture
point with high probability currently. To reach this aim, investi-
gating the nature and magnitude of forces that give rise to aneu-
rysm wall remodeling and degradation is necessary. Additionally,
CFD should be considered as only 1 aspect besides, for example,
patient history or shape analyses within the treatment planning.
Asanumerical method, it just provides help and not a decision for
the attending clinician.

Limitations of the Study

Although precise predictions of the site of rupture in intracranial
aneurysms were performed, this study does not claim that a reli-
able virtual rupture prediction is possible now. Still, the numeric
models underlie too many assumptions, and it is unclear how
strongly they affect the real hemodynamics. First, this study in-
volved only 2 aneurysms. Because this study is the first of its kind,
participants focused on 2 aneurysms with similar geometric prop-
erties and were aware that one had ruptured. This number of cases

and prior knowledge are not representative and need to be im-
proved in the future to decide how reliably computational models
can predict rupture status. Selected cases from private or open
data bases should be considered.

A second limitation is related to the implemented outlet
boundary conditions. Some groups applied flow splitting through
the different outflows or used Windkessel and resistance models
to improve on the assumption of a constant pressure at the out-
lets. However, the lack of knowledge regarding the real temporal
pressure/flow variation at the outlet cross-section certainly leads
to inaccuracies of the blood flow simulations.

As a third aspect, rigid vessel walls were assumed for all simu-
lations performed within this study. Although Oubel et al** found
that the actual wall motion does not influence the hemodynamics
predicted by CED and the lack of elastin of aneurysms, which is
the essential component to enable flexibility, generally strong dif-
ferences regarding the wall thickness were observed.?” In conse-
quence, the resistance against the imposed flow structures is not
equally distributed over the complete aneurysm sac. Therefore, a
better understanding of the interaction between the flow and the
wall response is required. Vessel wall information such as thick-
ness and strength should be included in future studies if reliable
measurements by using, for example, optical coherence tomogra-
phy or intraoperative microscopy>® are possible.

The actual rupture was observed intraoperatively and was
thought to be a rerupture of the spontaneous rupture that oc-
curred before the intervention.

Finally, a broad range of skill and experience was detected
among the CFD participants, representing a possible state-of-the-
art of the current status in the field of computational hemody-
namics for intracranial aneurysms. The neurosurgeons who com-
pleted the questionnaire have years of experience and can be
considered experts. This heterogeneity among the biomedical en-
gineers might have an influence on the comparison of both
communities.

CONCLUSIONS

Many groups throughout the world apply numerical methods to
investigate cerebral hemodynamics. Challenging these groups by
asking them to predict the rupture status of an intracranial aneu-
rysm revealed that approximately 80% were able to choose the
correct aneurysm on the basis of their computations. In particu-
lar, low and oscillatory shear was associated with the site of rup-
ture correctly. However, the determination of the rupture site
remained challenging if CFD (or, indeed, geometry) was used
for the decision exclusively; the predictions were distributed
throughout the entire aneurysm sac. Reviewing the participating
groups and their submitted abstracts indicates that though great
experience concerning engineering problems exists, it might not
be sufficient for the investigation of aneurysmal hemodynamics.
Therefore, it is of enormous importance that groups have experi-
ence in simulating cerebrovascular flows before conclusions are
drawn from computational results.

Future challenges in the retrospective prediction of the rup-
ture status in intracranial aneurysms might include more biolog-
ical aspects. This step will be a necessary one toward the prospec-
tive rupture risk assessment. In particular, aneurysm wall
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information and the formation of blood clots or even thrombi
should be considered within the numerical modeling. However,
because reliable information is not available up to now, the rup-
ture-prediction challenge might be expanded to more cases to test
the consistency of the CFD groups.
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ORIGINAL RESEARCH
INTERVENTIONAL

Patency of the Anterior Choroidal Artery after Flow-Diversion
Treatment of Internal Carotid Artery Aneurysms

W. Brinjikji, D.F. Kallmes, HJ. Cloft, and G. Lanzino

ABSTRACT

BACKGROUND AND PURPOSE: Treatment of cerebral aneurysms with flow diverters often mandates placement of the device across the
ostia of major branches of the internal carotid artery. We determined the patency rates of the anterior choroidal artery after placement
of flow-diversion devices across its ostium.

MATERIALS AND METHODS: We analyzed a consecutive series of patients in whom a Pipeline Embolization Device was placed across the
ostium of an angiographically visible anterior choroidal artery while treating the target aneurysm. Patency of the anterior choroidal artery
after Pipeline Embolization Device placement was determined at immediate postoperative and follow-up angiography. Data on pretreat-
ment aneurysm rupture status, concomitant coiling, number of Pipeline Embolization Devices used, neurologic status at follow-up, and
follow-up MR imaging/CT findings were collected.

RESULTS: Fifteen patients with 15 treated aneurysms were included in this study. In the immediate postprocedural setting, the anterior
choroidal artery was patent on posttreatment angiography for all 15 patients. Of the 14 patients with follow-up angiography at least 6
months after Pipeline Embolization Device placement, 1(7%) had occlusion of the anterior choroidal artery and 14 had a patent anterior
choroidal artery (93%). No patients had new neurologic symptoms or stroke related to anterior choroidal artery occlusion at follow-up. Of
the 9 patients with follow-up CT or MR imaging, none had infarction in the vascular territory of the anterior choroidal artery.

CONCLUSIONS: In this small study, placement of a Pipeline Embolization Device across the anterior choroidal artery ostium resulted in
occlusion of the artery in only 1 patient. It was not associated with ischemic changes in the distribution of the anterior choroidal artery in

any patient.

ABBREVIATIONS: AchoA = anterior choroidal artery; PED = Pipeline Embolization Device

low-diverter devices such as the Pipeline Embolization Device

(PED; Covidien, Irvine, California) are increasingly being used
in the embolization of intracranial aneurysms as both alternatives
and adjuncts to endovascular coiling.'* Flow diverters limit an-
eurysmal blood flow but maintain blood flow into large vessels
and perforating vessels covered by the device.> Although many in
vitro and experimental models have demonstrated long-term pa-
tency rates of branch vessels covered by the PED, the long-term
patency of major branch vessels is not well-established.®® In this
study, we assessed the immediate and long-term patency rates of
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the anterior choroidal artery (AchoA) in patients following the
placement of a PED across the AchoA ostium.

MATERIALS AND METHODS

After institutional review board approval, we examined a consec-
utive series of patients undergoing treatment of intracranial an-
eurysms with the PED, in which the PED was placed across the
ostium of the anterior choroidal artery, from January 2010 to
December 2013. Current on-label use of PEDs is for aneurysms of
>10 mm in diameter with a neck of >4 mm in the ICA up to but
not including the posterior communicating artery. In this study,
we used the PED off-label for wide-neck aneurysms considered
likely to require stent coiling.

All patients undergoing treatment were premedicated with as-
pirin and clopidogrel, and full anticoagulation was maintained
during the procedure (target activated clotting time between 250
and 300 seconds). Following the procedure, patients were main-
tained on dual antiplatelet therapy for 3 months. After 3 months,
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Table 1: Patient characteristics

for categoric variables. All statistical anal-

Patient Prior Aneurysm yses were performed by using JMP 9.0
No. Presentation Side Aneurysm Location Coiling Size (mm) (SAS Institute, Cary, North Carolina).
1 VF deficit Left Carotid terminus Yes 25
2 Headache Left PcomA No 27
3 SAH Left ICA blister No 4 RES'ULTS
4 Asymptomatic Right PcomA No 3 Patient and Aneurysm
5 Prior SAH Left Paraclinoid Yes 3 Characteristics
6 Headache Left PcomA Yes 16 Fifteen patients (12 women and 3 men)
7 Prior SAH Left Carotid terminus Yes 20 with 15 PED-treated aneurysms were in-
8 Asymptomatic Left PcomA No 7 luded i . .
this study. M tient
9 Asymptomatic Left AchoA No 1 au e+1n 18 stucy. Mean patientage was
10 Symptomatic Left PcomA No 20 56.0 = 14.4 years (range, 34-75 years).
1 Prior SAH Right PcomA Yes 10 Aneurysm sizes ranged from 3 to 27 mm
12 Asymptomatic Left PcomA No il with a mean of 13.0 = 7.4 mm. Twelve
13 Asymptomatic Left Paraclinoid No 13 aneurysms were unruptured; 3 were pre-
14 Prior SAH Left Paraclinoid Yes 16 . .
. ) viously ruptured and were treated with
15 Asymptomatic Right PcomA No 4

Note:—VF indicates visual field; PcomA, posterior communicating artery.

clopidogrel was discontinued and aspirin was continued indefi-
nitely. This antiplatelet regimen was the same in all patients, and
no platelet responsiveness studies were used in these cases. All the
procedures were performed with the patient under general endo-
tracheal anesthesia. A bi- or triaxial access technique and, in all
cases, a Marksman microcatheter (Covidien) were used to obtain
distal access past the segment of the vessel harboring the target
aneurysm. Pipeline Embolization Devices were sized to match the
maximum diameter of the target vessel. One or multiple devices
were used at the discretion of the operators to maximize the
changes of complete aneurysm occlusion and/or to ensure ade-
quate coverage of the aneurysm neck and a segment of the parent
artery proximal and distal to it. Digital subtraction angiography
was performed at 2 frames per section before and following place-
ment of the PED.

Determination of AchoA patency by all authors was made for
each patient immediately after the original procedure and at the
follow-up angiography performed furthest from the initial proce-
dure. Note was also made of any subjectively determined change
in flow patterns (slowing of angiographic flow after PED deploy-
ment and/or at follow-up). All patients underwent a detailed clin-
ical examination before the procedure, immediately after the pro-
cedure, the following day, and at each corresponding follow-up
angiography. In addition to AchoA patency, patient age, sex, pre-
sentation, aneurysm size, previous coiling, neurologic status on
last follow-up, and follow-up MR imaging and CT results were
collected. Postoperative follow-up CT and MR imaging results
were divided into 2 time periods: 1) within 1 month of the proce-
dure, and 2) >1 month after the procedure. Infarction location in
the AchoA distribution was defined as infarctions localized to the
posterior limb of the internal capsule and thalamus as described
by Damasio.” All images were reviewed by 2 neuroradiologists.
Patient neurologic status on last follow-up was scored by using the
modified Rankin Scale and was assessed on follow-up with the
Neurosurgery Department.

Statistical Analysis
Summary statistics are presented for all data available by using
means * SDs for continuous variables and frequency tabulations
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coil embolization in the acute phase and
staged Pipeline placement after patients
had recovered from the acute SAH. Two
patients had their aneurysm treated after it was discovered during
treatment of a different, ruptured aneurysm. Three patients with
unruptured aneurysms had prior aneurysm coiling. One PED was
placed in 11 patients. These data are summarized in Table 1.

Clinical and Angiographic Follow-Up
Initial postoperative angiography demonstrated patency of the
AchoA in all 15 patients. One patient (patient 3) died 10 days after
PED placement from intraparenchymal hemorrhage but had a
follow-up angiography on postprocedural day 1, which demon-
strated a patent AchoA. Of the remaining 14 patients, angio-
graphic follow-up times ranged from 6 to 30 months, with a mean
follow-up of 12.0 = 7.2 months. Of these 14 patients, 13 had a
patent AchoA (93%) and 1 had occlusion of the AchoA (7%)
(Figure). There were no instances of slowing of flow in the AchoA.
The mean clinical follow-up time was 12 * 8.6 months, with a
minimum follow-up of 10 days and a maximum follow-up of 30
months. One patient (patient 3) presented with SAH resulting
from an ICA blister aneurysm and was treated in the acute phase
with a PED. One day following the procedure, this patient was
found to have multiple watershed infarcts in the bilateral anterior
cerebral artery/MCA distribution and a large frontal lobe intrapa-
renchymal hematoma ipsilateral to the treated aneurysm. This
patient died 10 days after the procedure because of the intraparen-
chymal hematoma. Of the remaining patients, the mRS scores at last
follow-up ranged from 0 to 2 (mean = 1 * 0.76). None of these
patients had neurologic complications related to the procedure. No
patients had clinical strokes in the perioperative period or during
long-term follow-up. The most common cause for an mRS of >0
was headache. The 1 patient with occlusion of the AchoA had an mRS
of zero at 6 months and experienced no symptoms related to AchoA
occlusion. These data are summarized in Table 2.

MR Imaging/CT Follow-Up

Eight patients had postoperative MR imaging or CT within 1
month of PED placement. Patient 3, described above, had an
intraparenchymal hemorrhage with multiple bilateral water-
shed infarcts on CT on postoperative day 1. Seven patients
underwent early postoperative MRI (1-5 days postopera-



FIGURE. Occlusion of anterior choroidal artery on follow-up angiography. A, Anteroposterior view of the anterior choroidal artery on pretreatment
angiography demonstrates a patent anterior choroidal artery (black arrows). B, Follow-up angiogram 7 months posttreatment demonstrates absence
of filling of the anterior choroidal artery. C, Lateral view of the anterior choroidal artery on pretreatment angiography demonstrates that it is patent (black
arrows). D, Follow-up angiogram 7 months posttreatment demonstrates absence of filling of the anterior choroidal artery.

Table 2: Angiographic results

Immediate
Patient No.of Postangiography Long-Term Angiographic Aneurysm Occlusion,
No. Devices AchoA Patency Patency  Follow-Up (mo) Last Follow-Up
1 3 Patent Patent 14 Occluded
2 2 Patent Patent 30 Residual aneurysm
3 1 Patent NA 1day NA
4 2 Patent Patent 25 Residual aneurysm
5 1 Patent Patient 13 Residual neck
6 1 Patent Patent 6 Residual neck
7 1 Patent Patent 9 Occluded
8 1 Patent Patent 12 Residual aneurysm
9 1 Patent Patent 12 Residual aneurysm
10 2 Patent Patent 12 Residual aneurysm
n 1 Patent Patent 6 Occluded
12 1 Patent Patent 6 Occluded
13 1 Patent Patent 12 Occluded
14 1 Patent Patent 6 Occluded
15 1 Patent Occluded 7 Occluded

Note:—NA indicates not available; patient died within 10 days of treatment.

tively). Seven patients demonstrated multiple small infarcts,
generally in the MCA distribution. No patients had infarcts in
the AchoA distribution. Eight patients underwent postopera-

tive MR imaging or CT at >1 month
after PED placement. No patients had
permanent neurologic deficits corre-
sponding to the infarct location. These
findings are summarized in Table 3.

DISCUSSION

Our study demonstrated that the ostium
of the AchoA can be covered with the PED
for aneurysm treatment without resulting
in neurologic complications related to
AchoA occlusion. Following flow-di-
verter placement across its ostium, the
AchoA was patentin 13 of 14 patients who
underwent follow-up angiography at least
6 months after the procedure. Of the pa-
tients who underwent postoperative CT
or MR imaging, none experienced infarc-

tions that were definitely in the territory of the AchoA. The rarity
of angiographic occlusion of the AchoA and lack of neurologic

sequelae following placement of the PED across its ostium are
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Table 3: Clinical and MRI/CT Results

Clinical
Patient mRS at Last Follow-Up Follow-Up MRI/CT Findings Follow-Up Imaging Findings
No. Follow-Up Reason for mRS Time (mo) at <1 Month at >1 Month
1 2 Headaches 27 MRI: tiny silent infarcts, none in AchoA MRI: no new infarcts
territory
2 1 Abdominal pain 30 NA CT: tiny infarcts, none in AchoA
territory
3 6 Death 0.3 CT: watershed infarcts, intraparenchymal
hemorrhage
0 - 25 NA NA
5 2 CN IV paresis, double 3 MRI: tiny silent infarcts, none in AchoA CT: no new infarcts
vision territory
6 0 = 6 MRI: tiny silent infarcts, none in AchoA MRI: no new infarcts
territory
7 1 Shoulder pain 9 MRI: tiny silent infarcts, none in AchoA MRI: no new infarcts
territory
8 0 12 NA NA
9 1 Headaches 12 NA NA
10 1 Headaches 12 MRI: tiny silent infarcts, none in AchoA MRI: no new infarcts
territory
1|l 0 — 6 NA NA
12 0 - 6 NA NA
3 0 - 12 NA CT: no new infarcts
14 0 - 6 MRI: tiny silent infarcts, none in AchoA NA
territory
15 0 - 7 MRI: tiny silent infarcts, none in AchoA MRI: no new infarcts

territory

Note:—NA indicates not available; CN, cranial nerve.

particularly important, given the large number of aneurysms in
the supraclinoid ICA that are amenable to flow-diverter
treatment.'”

Previous clinical, animal, and computational studies have ex-
amined the propensity for branch artery occlusion following
flow-diversion implantation.>®'"'* Kallmes et al'>'* found that
on occlusion of lumbar branch vessels in the rabbit aorta with
overlapping flow-diversion devices, these perforating vessels re-
mained patent on follow-up. While a device placed across the
origin of a perforating vessel (traditionally considered end vessels
with no distal collaterals) may maintain flow across the ostium
due to a pressure gradient across its ostium, the same is not true
when larger vessels like the ophthalmic artery and the posterior
communicating artery (which often have significant distal collat-
eral potential) are covered by these devices. In such cases, the
pressure gradient across the device struts is not enough to main-
tain patent flow due to the opposing effect of the distal collateral
flow, which creates a neutral gradient and angiographic occlusion.
Puffer et al'®
flow-diverter placement and found that nearly 25% of ophthal-

examined ophthalmic artery patency rates following

mic arteries were occluded on long-term follow-up with no clin-

ical sequelae. Brinjikji et al*®

demonstrated a long-term occlusion
rate of the posterior communicating artery of approximately
27%, with no patients experiencing focal neurologic deficits.

In the case of the anterior choroidal artery, prior studies have
demonstrated collateral flow in the setting of chronic ICA occlu-
sion from the lateral posterior choroidal artery, posterior cerebral
artery, and posterior communicating artery. Takahashi et al'” de-
scribed 7 cases of retrograde filling of the anterior choroidal artery
on vertebral angiography. In most cases, this retrograde filling was
demonstrated following thrombotic occlusion of the supraclinoid
ICA. The normal AchoA has anastomoses with the posterior com-

540 Brinjikji Mar 2015 www.ajnr.org

municating artery and the posterior cerebral artery. Anastomoses
with the posterior circulation occur at the level of the choroid
plexus, lateral geniculate body, or proximal portions of the pos-
terior cerebral artery.'®'?

All 6 patients who had MR imaging in the immediate postop-
erative period had small foci of restricted diffusion. These find-
ings are consistent with those of the coiling literature, in which up
to 75% of patients have high-signal lesions on DWI, most of
which are silent infarcts. In a series of 34 consecutive patients
undergoing elective coiling for unruptured aneurysms, Matsush-
ige et al*® reported that 76% of patients had high-signal spots on
DWI. Hahnemann et al*' found that nearly two-thirds of patients
undergoing stent-assisted coiling had postprocedural ischemic le-
sions on DWT in a series of 75 patients. Our study is considerably
smaller, and further studies reporting the incidence of DWI
changes following PED placement are necessary. In all cases, these
infarcts were clinically silent.

There was 1 death in our series. The patient had a small rup-
tured blister aneurysm and was treated in the acute phase with a
PED. One day following the procedure, this patient was found to
have multiple watershed infarcts in the bilateral anterior cerebral
artery/MCA distribution and a large frontal lobe intraparenchy-
mal hematoma ipsilateral to the treated aneurysm. Ruptured blis-
ter aneurysms have a very poor natural history and are generally
associated with poor clinical outcomes regardless of treatment
technique. However, the PED is emerging as a valid therapeutic
option for ruptured blister aneurysms of the ICA. Yoon et al*>
reported a series of 11 patients treated with the PED for ruptured
blister ICA aneurysms. In this series, 3 patients (27%) had major
perioperative ischemic complications and 1 patient died. Further
research is needed to determine the role of the PED in the treat-
ment of blister aneurysms.



Our study was limited by the relatively small number of
treated aneurysms. Given the rarity of angiographic occlusion of
the anterior choroidal artery in the patients included in our study,
we could not determine which variables were associated with an-
terior choroidal artery occlusion. Therefore, we did not perform
any statistical comparisons in our study. Lack of angiographic
opacification of a vessel may not indicate complete absence of
flow through the vessel. On follow-up angiography, most patients
did not have vertebral artery injections; thus, filling of the AchoA
from the posterior circulation could not be appreciated. Platelet
responsiveness, a potentially important factor in determining ar-
terial patency following PED placement, was not examined in this
study. A mean follow-up of approximately 12 months may not
have been enough time to determine the long-term patency of the
AchoA in these patients; however, the 1 case of angiographic
occlusion of the AchoA was demonstrated at the 6-month
follow-up.

Another important limitation is our lack of consistent imaging
follow-up. Only 9 patients underwent posttreatment imaging.
This small number makes it difficult to understand why no pa-
tients with a jailed AchoA had an infarct in the AchoA territory. As
discussed in an article by Hanley and Lippman-Hand,** a zero
numerator does not necessarily mean “no risk.” In this article,
Hanley and Lippman-Hand discuss the concept of “the rule of 3,”
essentially stating that the 95% confidence interval estimate of the
risk of an event occurring when the numerator is 0 is, at most, 3 in
n (n = denominator). Thus, with the rule of 3, the 95% confi-
dence interval for risk of AchoA territory infarction in our study
ranges from 0.0% (0/9) to 33.3% (3/9). These results suggest that
further larger studies with consistent imaging follow-up are
needed to determine the risk of AchoA territory infarct when the
artery is jailed by flow-diverter devices. Last, while none of the
silentinfarcts seen on MR imaging were in the traditional territory
of the AchoA, vascular territories are known to be inexact. How-
ever, all images were reviewed by 2 neuroradiologists, and in no
cases were there definite findings of AchoA-related infarct.

CONCLUSIONS

In this small study, placement of a Pipeline Embolization Device
across the AchoA ostium resulted in occlusion of the artery in only
1 patient. It was not associated with ischemic changes in the dis-
tribution of the AchoA in any patient.
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Silk Flow-Diverter Stent for the Treatment of Intracranial
Aneurysms: A Series of 58 Patients with Emphasis on
Long-Term Results

B. Lubicz, O. Van der Elst, L. Collignon, B. Mine, and F. Alghamdi

ABSTRACT

BACKGROUND AND PURPOSE: The Silk flow-diverter stent is increasingly used to treat complex intracranial aneurysms including
wide-neck, fusiform aneurysms. Sparse data are available concerning long-term results of this technique. We report our 5-year experience
with Silk stent treatment of intracranial aneurysms.

MATERIALS AND METHODS: A retrospective review of our prospectively maintained database identified all patients treated by the Silk
stent in 2 institutions. Clinical charts, procedural data, and angiographic results were reviewed.

RESULTS: Between July 2009 and May 2014, we identified 58 patients with 70 intracranial aneurysms. Endovascular treatment was
successful in 93% of patients with 32 treated with the first-generation Silk stent and 26 with the new Silk+ stent. Mean follow-up in
47 patients was 22 months. Despite an 11% delayed complication rate, overall permanent neurologic morbidity was 5.5%. All
complications were seen with the first-generation Silk stent. There was no procedure-related mortality. Long-term anatomic results
showed 73% with complete occlusion, 16% with neck remnants, and 11% with incomplete occlusion. No recanalization or retreatment
was performed. The midterm intrastent stenosis rate was 57%, of which 60% improved or disappeared, 28% were stable, and 12% led
to vessel occlusion. Seventy-four percent of stenosis and all vessel occlusions occurred with the first-generation Silk stent.

CONCLUSIONS: Endovascular treatment of complex intracranial aneurysms with the Silk stent is an effective therapeutic option. Despite
a high rate of delayed complications with the first-generation stents, the current Silk+ stent appears safer. This treatment achieves a high
rate of adequate and stable occlusion at long-term follow-up.

ABBREVIATIONS: CLARITY = Clinical and Anatomical Results in the Treatment of Ruptured Intracranial Aneurysms; PAO = parent artery occlusion

ndovascular treatment is now the first-intention treatment for

both ruptured and unruptured intracranial aneurysms.'™
However, endovascular treatment of complex intracranial an-
eurysms (wide-neck and fusiform) remains technically chal-
lenging. On the other hand, aneurysm coil recanalization is an
important issue in endovascular therapy, with approximately
20% of coiled aneurysms recanalized and 10% retreated.” As
previously shown, wide-neck aneurysms are highly prone to
recanalization.®

These relative limitations of standard coiling have contributed
to the development of new endovascular approaches, including
balloon-assisted coiling, stent-assisted coiling, flow diversion,
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and flow disruption. Flow-diverter stents have been developed,
and they offer the potential of aneurysm occlusion related to flow
disruption. Recently, several flow-diverter stents, such as the Silk
flow diverter (Balt Extrusion, Montmorency, France), have been
released, and short- and midterm results have been published.” ">
Notwithstanding the early promise of these devices, important
shortcomings have been reported. First, delayed complications,
either hemorrhagic or thromboembolic, are not uncommon;
second, the flow-diverter stent tolerance might be considered
poor because of the relatively high rates of intrastent stenosis
and parent artery occlusion (PAO) during follow-up.””'* To
the best of our knowledge, sparse data are available about the
long-term results of this technique, including stability of an-
eurysm occlusion and stent tolerance. These data are manda-
tory to define the place of flow-diverter stents in the therapeu-
tic armamentarium of intracranial aneurysms. Therefore, the
aim of our study was to report our 5-year experience with Silk
stent treatment of intracranial aneurysms with an emphasis on
long-term results.



MATERIALS AND METHODS

This retrospective study was approved by our institutional ethics
committee. Between July 2009 and May 2014, we retrospectively
identified in our prospectively maintained database all patients
treated with the Silk stent for 1 or multiple intracranial aneurysms
in 2 institutions. All patients underwent conventional angiogra-
phy of both internal carotid arteries and vertebral arteries. Then,
3D-rotational angiography was performed to depict the aneu-
rysm morphology. These aneurysms were classified as saccular or
fusiform and as small (<10 mm), large (between 10 and 24 mm),
or giant (=25 mm). For saccular aneurysms, the neck was classi-
fied as wide (neck width of >4 mm or dome-to-neck ratio of
<1.6) or small (neck width of =4 mm and dome-to-neck ratio of
=1.6).

In all patients, endovascular treatment was performed with the
patient under general anesthesia and systemic heparinization.
The adequacy of systemic anticoagulation was monitored by re-
peated measurements of the activated clotting time. A baseline
activated clotting time was obtained before the 5000-IU bolus
infusion of heparin and hourly thereafter. The bolus infusion was
followed by a continuous drip (1500-2500 IU/h) to double the
baseline activated clotting time. At the end of the procedure, sys-
temic heparinization was maintained for 24 hours in most pa-
tients. All procedures were performed by 2 senior interventional
neuroradiologists (B.L., B.M.). The aim of endovascular treat-
ment was to deliver only 1 Silk stent at the aneurysm site. In case
of misplacement, a second stent was used to fully cover the aneu-
rysm neck. In all patients, we used a telescopic access system: a
long IVA guiding introducer (Balt), a Fargo (Balt) or Neuron
(Penumbra, Alameda, California) access catheter, and the deliv-
ery Vasco catheter (Silk). From July 2009 to November 2011, the
first generation of the Silk stent was used. Then, only the second
generation of the stent named “Silk+” was used. In all cases, the
Silk stent was first half-deployed and an angiographic control was
performed to evaluate the stent tolerance within the parent vessel.
If the control was satisfactory, the Silk was fully delivered; if not,
the device was removed and other treatments were performed.
For planned procedures, a loading dose of 300 mg of clopidogrel
and 320 mg of aspirin was administered 1 day before and on the
day of endovascular treatment. When stent placement was de-
cided during the procedure, intravenous abciximab was adminis-
tered a few minutes before stent deployment with a bolus of 0.25
mg/kg followed by a continuous perfusion of 0.125 ug/kg/min for
12 hours. Additional coiling was performed according to the
treating physician’s judgment. In these cases, a coiling microcath-
eter was first placed within the aneurysmal sac and then jailed
following Silk stent delivery. After endovascular treatment, con-
trol DSA was performed, including working, frontal, and lateral
views. Patients were then transferred to the intensive care unit;
fluid balance, neurologic status, and blood pressure were carefully
monitored. In all patients, clopidogrel was maintained for 12
months (75 mg/day), whereas aspirin (160 mg/day) was admin-
istered forever. Our antiplatelet treatment remained the same
throughout the study.

Procedural and early postprocedural (within 48 hours) com-
plications were recorded. The clinical course was recorded, in-

cluding worsening of symptoms and death. Clinical outcome was
evaluated according to the modified Rankin Scale.'®

Patients were evaluated by angiography at the end of the pro-
cedure. Anatomic outcome was classified according to the Oxford
Grading Scale.'”

On the basis of clinical chart review, we recorded delayed com-
plications, retreatments, and aneurysm ruptures.

Our imaging follow-up protocol for flow-diverter stents in-
cludes DSA every 3 months until aneurysm occlusion. At 12
months (or later if the aneurysm is still not completely occluded),
a last DSA and a concurrent MR angiography, which serves as a
baseline comparative noninvasive technique, are performed.
Then, patients are followed up only by MRA every year (ruptured
aneurysms) or every 2 years (unruptured aneurysms). Both time-
of-flight and contrast-enhanced MRA are performed. Imaging
follow-up duration was defined as the delay between Silk stent
placement and the most recent DSA or MRA. We considered
follow-up to be short- to-midterm when the latest control exam-
ination was performed before 12 months. At =12 months, we
considered the patient to have undergone a long-term anatomic
follow-up.

Two senior neuroradiologists who did not participate in en-
dovascular treatment and 1 medical student (last year of training)
reviewed all imaging examinations. Anatomic outcome was clas-
sified as complete occlusion (no contrast filling the aneurysm),
neck remnant (residual contrast filling the aneurysmal neck), and
incomplete occlusion (residual contrast filling the aneurysmal
body). Intrastent stenosis was classified as nonsignificant if it was
<50% and significant or severe if it was >50%. Parent artery
occlusion was also noted. The readers reached a consensus regard-
ing aneurysm occlusion and stent tolerance. The latest available
imaging follow-up was compared with the immediate result after
endovascular treatment. The evolution of intrastent stenosis was
also evaluated and judged stable, improved, or worsened.

RESULTS

Fifty-eight patients with 70 intracranial aneurysms were identi-
fied. There were 40 women and 18 men with a mean age of 48.5
years (range, 14—82 years). Forty-one patients were asymptom-
atic, whereas 17 were symptomatic. Clinical presentation is de-
tailed in the Table.

Aneurysms were located in the anterior circulation in 59 cases
and in the posterior circulation in 11 cases. There were 52 small
aneurysms, 17 large aneurysms, and 1 giant aneurysm. Mean an-
eurysm diameter was 7 mm (range, 1-46 mm).

There were 51/70 saccular aneurysms, among which 46 had a
wide neck. The remaining aneurysms were fusiform (n = 11),
blood blister-like (1 = 6), and dissecting (1 = 2). Two aneurysms
were partially thrombosed.

Embolization was successfully performed in 54 patients with
66 aneurysms (93%), and failure occurred in 4 patients (7%). In
these 4 patients, the Silk stent could not be delivered because of
high friction within the delivery microcatheter in 2 cases or be-
cause the angiographic controls showed that the stent was not
tolerated (nonopacification of the parent artery) in 2 cases.
Among these failures, three-fourths occurred with the first-gen-
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Clinical presentation in 58 patients with 70 IAs

No. of Patients

Asymptomatic
Incidental
Previous SAH
Other IAs to be treated
Post-EVT recanalization
Postclipping remnant
Postclipping regrowth
Familial history
Recanalization
Symptomatic
SAH
WENS grade 1
WENS grade 2
WENS grade 3
WENS grade 4
TIA-stroke
Neurologic deficit
Decreased visual acuity
Ophthalmoplegia
Transient tetraparesis
Progressive tetraparesis

N
=
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Note:—IA indicates intracranial aneurysm; EVT, endovascular treatment; WFNS,
World Federation of Neurosurgical Societies.

eration Silk stent. Overall, 32 patients were treated with the Silk
stent and 26 with the Silk+ stent.

Among 54 treated patients, 48 had only Silk stent placement
and 6 had additional coil placement. These 6 patients presented
with SAH or alarge unruptured aneurysm. All Silk stents could be
fully deployed, and no balloon had to be used because no stenosis
was encountered. Only 1 technical complication occurred in a
patient in whom a cavernous ICA tear occurred due to the access
guiding catheter. Two Silk stents were finally placed to occlude the
tear, but it failed. Therefore, a test occlusion was performed dur-
ing endovascular treatment, showing a good tolerance of this ICA
occlusion. We stopped heparin, so the aneurysm and the ICA
both occluded without any clinical impact.

Clinical complications occurred in 8 patients (8/54, 15%). Five
patients developed a femoral, a retroperitoneal, or cervical hema-
toma; 1 of these patients experienced a stroke and a hemiparesis
due to severe hypotension. Among the 3 remaining patients, 1 had
a transient hemiparesis without a clear identifying cause, 1 had a
contralateral basal ganglia hematoma 24 hours after uneventful
endovascular treatment due to a known severe and uncontrolled
hypertension, and 1 had an SAH and a contralateral frontoparie-
tal hematoma a few hours after an uneventful procedure. Among
these latter 2 patients, 1 with the basal ganglia hematoma died
because of severe intracranial hypertension and the other had no
deficit.

Among 54 treated patients (38 asymptomatic, 16 symptom-
atic), 49 were unchanged, 1 had a severe hemiparesis (mRS = 4),
and 4 died. In these latter 4 patients, 3 died because of the initial
clinical presentation (2 severe SAHs and 1 case of severe pneumo-
nia in a patient who presented with progressive tetraparesis from
a giant compressive vertebrobasilar aneurysm) and 1 patient died
of intracranial hypertension due to a hypertensive contralateral
basal ganglia hematoma. The overall immediate neurologic mor-
bidity rate was thus 1.9% (1/54). There was no procedure-related
mortality.

544 Lubicz Mar 2015 www.ajnr.org

Among 54 treated patients with 66 aneurysms, immediate an-
eurysm occlusion was graded 0 in 53 cases (80.3%), 1 in 6 cases
(9.1%), 2 in 1 case (1.5%), 3 in 2 cases (3%), and 4 in 4 cases
(6.1%). There was 1 parent artery occlusion (1/54, 1.9%). The
aneurysms graded 3 and 4 were those treated by the Silk stent and
coils.

Among 50 treated patients, clinical and imaging follow-up
were available in 47, ranging from 3 to 56 months (mean = 22
months). Three patients were lost to follow-up. Thirty-six pa-
tients had a long-term follow-up, and 11, a short-to-midterm
follow-up.

Among 47 patients with follow-up, 5 (5/47, 10.6%) experi-
enced a delayed thromboembolic complication 11 days to 4
months after endovascular treatment. In 4 cases, the antiplatelet
medication was doubled for 12 months, and in 1 patient, an an-
gioplasty was performed to treat a significant intrastent stenosis.
Of these patients, 2 kept a slight neurologic deficit (1 with mRS =
1, and 1 with mRS = 2) and 3 were completely recovered at fol-
low-up. All of these 5 patients were treated with the first-genera-
tion Silk stent. No delayed complications occurred because we
used the Silk+ stent. There was no aneurysmal rupture.

Overall permanent neurologic morbidity was 5.5% (1 patient
at the immediate phase and 2 at follow-up, 3/54 patients). There
was no procedure-related mortality.

Among 47 patients with follow-up with 59 aneurysms, 3 pa-
tients with 4 aneurysms experienced an asymptomatic PAO (3/47,
6.4%). These 3 patients were treated with the first-generation Silk
stent and were excluded from the long-term aneurysm occlusion
evaluation.

At the latest available imaging examination in 55 aneurysms,
40 were completely occluded (73%), 9 had a neck remnant (16%),
and 6 were incompletely occluded (11%). Adequate occlusion
(complete + neck remnant) was thus 89%. No recanalization was
observed.

At short-to-midterm follow-up in 47 patients, there were 27
intrastent stenoses (57%). Only 5/27 (18.5%) stenoses were se-
vere. Twenty stenoses of 27 (74%) occurred in patients treated
with the Silk stent, whereas 7 (26%) occurred in patients treated
with the Silk+ stent. At long-term follow-up in 25 cases, 15 ste-
noses improved and/or completely resolved (60%), 7 were stable
(28%), and 3 asymptomatic PAOs (12%) occurred. These PAOs
were seen in patients treated with the first generation of the Silk
stent. In 1 patient with a basilar artery dissection, there was al-
ready a significant parent artery stenosis before endovascular
treatment. In 1 patient, there was a severe stenosis at short-term
follow-up. In the last patient, there was a nonsignificant stenosis
at short-term follow-up.

DISCUSSION
This study shows that endovascular treatment of complex intra-
cranial aneurysms with the Silk stent is an effective therapeutic
option. Despite a relatively high rate of delayed complications
(thromboembolic event, intrastent stenosis, PAO) with the first-
generation stents, the current Silk+ stent appears safer. More-
over, this endovascular approach achieved a high rate of adequate
and stable aneurysm occlusion at long-term follow-up.

This study included all consecutive patients treated in our in-



stitutions with the Silk stent since its release in 2009 in our coun-
try. Despite an obvious learning curve, the rate of successful em-
bolization was very high (93%). Moreover, 3 of 4 failures occurred
with the first-generation Silk stent, which is no longer available.
With the new Silk+ stent, only 1 failure occurred, suggesting a
better stent tolerance at the acute phase of endovascular treat-
ment. The recent introduction of intermediate access catheters
(Neuron, Fargo) also helps facilitate the endovascular procedure
by adding significant support, for easier and better stent delivery.
Our high rate of successful endovascular treatment is in concor-
dance with previous series.”” ">

It is now generally admitted, and even recommended by the
Balt company, that additional coiling be performed in very large
or giant unruptured intracranial aneurysms to prevent delayed
bleeding.'® Our results confirm these findings because we did not
observe any bleeding in the present series, with most of our pa-
tients having mid-to-long-term follow-up. In our daily practice,
we always add coils in ruptured aneurysms and in very large or
giant unruptured aneurysms.

The rate of immediate and delayed complications is a major
concern with the use of flow-diverter stents. With the first-gener-
ation Silk stent, we encountered a high rate of these complica-
tions. Since the release of the Silk+ stent, none of our patients
have experienced a clinical complication. Overall, the long-term
clinical follow-up showed a low rate (5.5%) of patients with per-
manent neurologic morbidity and no direct procedure-related
mortality. One of our patients died from a contralateral hyperten-
sive hematoma 24 hours after uneventful Silk treatment. We agree
that the size of the hematoma was probably increased by the an-
tiplatelet therapy that she had before endovascular treatment, but
the severe arterial hypertension was clearly responsible for this
complication and not the Silk stent itself. Our good clinical out-
come compares favorably with the recent meta-analysis from
Murthy et al.'* It might be partially explained by the fact that our
series included <25% of large/giant intracranial aneurysms,
whereas Murthy et al included almost two-thirds of these aneu-
rysms. Indeed, the rate of delayed complications is significantly
higher in larger intracranial aneurysms in which additional coil-
ing is now recommended.'®

Another reason might be related to the learning curve with a
new device. Indeed, all our permanent complications occurred in
our first 20 patients. It is obvious that this technique requires
being very familiar with intracranial stent placement. In our re-
ferral institutions, 250 intracranial aneurysms are treated by an
endovascular approach among which two-thirds are treated with
a stent. Therefore, the complete process from the premedication
to endovascular treatment and follow-up of patients in the inten-
sive care unit is our daily routine. Last but not least, the Silk stent
has been significantly improved with the release of the Silk+
stent, which has flared ends, a higher radial force, and a higher
radio-opacity. These features have clearly improved its behavior.
Indeed, since we started using the Silk+ stent, we have not expe-
rienced any clinical complications both during the periprocedural
phase and at follow-up.

The present series shows that in this group of complex intra-
cranial aneurysms, adequate occlusion was obtained in a high
percentage of cases in long-term results (89%). Moreover, the

treatment was stable with time, with no worsening of the occlu-
sion status. These findings are in concordance with the meta-
analysis reported by Murthy et al.'* It has been previously shown
that neck size is a critical factor for aneurysm recanalization and
mid-to-long-term anatomic results in intracranial aneurysms
treated with coils.

In the Clinical and Anatomical Results in the Treatment of
Ruptured Intracranial Aneurysms (CLARITY) study, aneurysm
neck size was identified as the single most important factor in the
quality of aneurysm occlusion at midterm follow-up after stan-
dard endovascular treatment.*® In this series, adequate occlusion
was obtained in the whole population (narrow and wide-neck
aneurysms) and in 80.4% at midterm follow-up after bare plati-
num coil treatment. In wide-neck aneurysms, the rate of adequate
occlusion was 68.2%, which is much lower than the 89% observed
in the present series. Also in the Ferns et al® review dealing with
narrow and wide-neck aneurysms, the rate of adequate occlusion
at follow-up was only 83.4%, lower than the percentage in the
present series. With Silk stent treatment, adequate aneurysm oc-
clusion was stable at long-term follow-up and compares favorably
with conventional endovascular coiling. Indeed, in CLARITY,
worsening of aneurysm occlusion was observed in 51.1% of an-
eurysms in the whole group and in 62.1% of wide-neck aneu-
rysms. Moreover, no retreatment was performed in the present
series, and that is a major advantage compared with what was
reported in CLARITY (6.2%) and in the Ferns et al review
(10.3%).*® These anatomic results are very satisfying because of
our selected population that included mostly wide-neck and fusi-
form intracranial aneurysms.

Stent tolerance is another major concern with flow-diverter
stents. Our series showed a very high rate (57%) of intrastent
stenosis at short- and midterm follow-ups. Most stenoses were
asymptomatic, but our rate is significantly superior compared
with that in previous series.” ' Indeed, the incidence of intrastent
stenosis was 7.8% in the Berge et al series,'® 6% in the Byrne et al
series,'® and 5% in the Murthy et al meta-analysis.'* Nevertheless,
the only series that is almost comparable with ours is that of Co-

hen et al,®

which was also focused on this precise evaluation. In
thislatter study, the rate of intrastent stenosis at the first follow-up
examination was 38%. A possible explanation is that we asked 2
neuroradiologists who were not involved in endovascular treat-
ment to evaluate our results to avoid any underestimation. Most
interesting, 76% of these stenoses were seen with the use of the
first-generation stents. These anatomic findings are well-corre-
lated to our clinical results, which are much better with the Silk+
stent. Even more important is that these stenoses improved or
disappeared in 60% of cases. This phenomenon has previously
been reported,10 but our series, with a large number of patients
having long-term follow-up until 56 months, brings additional
data to highlight the remarkable nature of these stenoses. This
particular behavior of improving/disappearing intrastent stenosis
should now be better understood by more fundamental research.
Nevertheless, this information is of great interest when physicians
are facing such problems. Last but not least, PAOs were also seen
in the present series, and all occurred with the first-generation
stents. Risk factors for PAO are not very well-identified, but pre-
existing stenosis seems to be one of them.””'* Larger series with
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long-term follow-up are needed to better define patients who are
at risk of such pejorative evolution.

Our study has several limitations. First, it was retrospective
with a small number of patients. However, all patients were con-
secutively included and analyzed. Second, imaging follow-up was
incompletely homogeneous because it included MRA and DSA.
Indeed, MRA has recently been reported to be reliable for the
follow-up of intracranial aneurysms treated with flow-diverter
stents, but it underestimates the luminal diameter of the recon-
structed artery compared with DSA.'” However, in our imaging
protocol, contemporaneous DSA and MRA are performed when
the aneurysm is completely occluded, and these examinations
serve as the baseline study for the follow-up. Therefore, the fol-
lowing MRA examinations are compared with the baseline study
to detect a decrease of the parent artery diameter.

CONCLUSIONS

This series shows that endovascular treatment of complex intra-
cranial aneurysms with the Silk stent is effective and is associated
with an acceptable neurologic morbidity. Despite a relatively high
rate of delayed complications (thromboembolic event, intrastent
stenosis, PAO) with the first-generation stents, the current Silk+
stent appears safer. Moreover, this endovascular approach
achieves a high rate of adequate and stable aneurysm occlusion at
long-term follow-up.

Disclosures: Boris Lubicz—UNRELATED: Consultancy: MicroVention, Codman, Co-
vidien, Sequent.
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Comparison of Modern Stroke Thrombectomy Approaches
Using an In Vitro Cerebrovascular Occlusion Model

M. Mokin, S.V. Setlur Nagesh, C.N. lonita, E.I. Levy, and A.H. Siddiqui
O=

ABSTRACT

BACKGROUND AND PURPOSE: A new in vitro cerebrovascular occlusion model of the intracranial circulation was developed recently for
testing thrombectomy devices. Using this model, we compared recanalization success associated with different modern endovascular
thrombectomy approaches.

MATERIALS AND METHODS: Model experiments were performed in 4 thrombectomy test groups: 1) primary or direct Stentriever
thrombectomy with a conventional guide catheter (control group), 2) primary Stentriever thrombectomy with a balloon-guide catheter,
3) combined Stentriever—continuous aspiration approach, and 4) direct aspiration alone. Successful recanalization was defined as a TICI
score of 2b or 3.

RESULTS: Seventy-one thrombectomy experiments were conducted. Similar rates of TICI 2b-3 scores were achieved with balloon-guide
and conventional guide catheters (P = .34). The combined Stentriever plus aspiration approach and the primary aspiration thrombectomy
resulted in significantly higher rates of TICI 2b or 3 than the conventional guide-catheter approach in the control group (P = .008 and P =
.0001, respectively). The primary Stentriever thrombectomy with the conventional guide catheter showed the highest rate of embolization
to new territories (53%).

CONCLUSIONS: Data from our in vitro model experiments show that the Stentriever thrombectomy under continuous aspiration and

primary aspiration thrombectomy approaches led to the highest degree of recanalization.

ABBREVIATIONS: ADAPT = direct aspiration first pass technique; EDT = embolization in distal territory; ENT = embolization in new territory; SWIFT = Solitaire

FR With the Intention for Thrombectomy; TREVO 2 = Thrombectomy REvascularization of large Vessel Occlusions in acute ischemic stroke

ince the publication of the Solitaire FR With the Intention for
Thrombectomy (SWIFT) and Thrombectomy REvascular-
ization of large Vessel Occlusions in acute ischemic stroke
(TREVO 2) randomized clinical trials, Stentrievers (Trevo;
Stryker, Kalamazoo, Michigan) have become widely used for
endovascular treatment of stroke."> Postmarketing experience
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indicates that in modern clinical practice, Stentrievers are of-
ten used in conjunction with another device such as an aspira-
tion thrombectomy catheter or a balloon-guide catheter.’”
Moreover, direct aspiration thrombectomy by using recently
developed large-bore aspiration catheters has shown promise
as an effective alternative approach for intra-arterial revascu-
larization.®” However, the recanalization effectiveness of these
types of thrombectomy devices has not been compared in a
randomized trial, to our knowledge.

A novel in vitro intracranial cerebrovascular occlusion model
for testing thrombectomy devices was developed recently.®® This
3D printed model is uniquely constructed on the basis of patient-
specific anatomies to mimic a typical intracranial circulation by
the presence of robust collaterals through both anterior and
posterior communicating arteries and the typical tortuosity en-
countered in the intracranial circulation. In addition, the modu-
lus of the model is closer to normal physiologic vessels than typ-
ical silicone models, allowing a feel and device deformation that
are similar to those in a real clinical situation.'®'" Here, we com-
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FIG 1. Combined Stentriever plus aspiration approach to thrombectomy. A, Baseline angiogram,
anteroposterior view, left ICA injection, demonstrating occlusion at the MCA origin (white ar-
row). ACA indicates anterior cerebral artery. B, Combined left ICA and microcatheter injection
shows the extent of the thrombus within the left MCA (dotted black lines). Black arrow points to
the tip of the microcatheter within an M2 branch of the MCA. C, Solitaire FR stent retriever is
deployed within the M1 MCA segment. Black arrow points to the distal tip of the 5SMAX ACE
reperfusion catheter. D, Final angiogram after successful thrombectomy shows robust filling of
the left MCA branches except for some distal superior trunk vessels. The final recanalization

grade is TICI 2b.

pare primary Stentriever thrombectomy with the aforementioned
other modern thrombectomy approaches by using this in vitro
model.

Ethics Statement. The collection of clinical data for the model
design was approved by the University at Buffalo institutional
review board.

MATERIALS AND METHODS

Model Description

The in vitro model of the intracranial cerebrovascular occlusion
has been described in detail previously.®® This model closely re-
sembles the human intracranial circulation and consists of 3
separate inflow channels mimicking the basilar artery and the 2
intracranial ICA branches. The design includes the MCA
branches (M1-M4 segments with the smallest vessels of 1 mm
in diameter), bilateral Al anterior cerebral artery segments
connected to a single anterior cerebral artery, and a single pos-
terior communicating artery (right side), allowing near-com-
plete circle of Willis circulation. The circulating fluid (40%
glycerol, 60% water) was maintained at 37°C. A pulsatile pump
(Masterflex; Cole-Parmer, Vernon Hills, Illinois) was used to
simulate cardiac output.

Fresh clots were prepared by mixing 4 mL of fresh swine blood
(no anticoagulant), 32 mg of fibrinogen from bovine plasma
(Sigma-Aldrich, St. Louis, Missouri; catalog No. F8630), and 1 U
of thrombin from bovine plasma (Sigma-Aldrich, catalog No.
T4648) in a 5-mL syringe for at least 3 minutes. The mixture was
placed into plastic tubing (4-mm-diameter) and incubated at
room temperature for at least 60 minutes. Clots were then cut
into 10-mm-length pieces and were introduced into the flow
loop through a 9F sheath. The clots were navigated into the M1
or M2 MCA segment with anterograde flow of the circulatory
fluid. Pressure measurements of the intracranial vessels by us-
ing the conventional guide catheter before and after clot intro-
duction were reported in our initial publication describing the
model.” Inflation of the balloon-guide catheter resulted in a
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3-mm Hg decrease in pressure imme-
diately proximal to the clot.

Thrombectomy Procedures

After placing the clot into the target ves-
sel (either the M1 or proximal M2 MCA
segment), we performed baseline an-
giography injections to confirm the oc-
clusion site. A single thrombectomy at-
tempt was allowed for each experiment
in the 4 groups described below.

The control group (group 1) con-
sisted of thrombectomy cases per-
formed by using a conventional guide
catheter. For these experiments, we used
a 6F Shuttle (Cook Medical, Bloom-
ington, Indiana), which was placed
into the segment corresponding to the
cervical ICA. A 0.021-inch microcath-
eter was delivered over a 0.014-inch wire
to cross the clot under fluoroscopy and road-mapping guidance.
A microinjection through the microcatheter was performed to
document the extent of occlusion distally. A Solitaire FR device
(Covidien, Irvine, California) or a Trevo ProVue Stentriever
(Stryker) was delivered by using the 0.021-inch microcatheter,
deployed at the occlusion site, left in place for 5 minutes, and then
retrieved.

For experiments testing the balloon-guide-catheter approach
(group 2), thrombectomy was performed with an 8F catheter (Con-
centric Medical, Mountain View, California) or an 8F Cello Balloon-
Guide Catheter (Covidien). The balloon was inflated before the Sten-
triever was withdrawn, and manual aspiration though the guide
catheter was applied by using a 20-mL syringe.

For experiments testing the combined Stentriever and aspiration
approach (group 3), an intermediate catheter (SMAX ACE Reperfu-
sion Catheter; Penumbra, Alameda, California) and the 6F Cook
Shuttle were used. The Stentriever was withdrawn into the reperfu-
sion catheter under continuous aspiration by using the Aspiration
Pump (Penumbra). Figure 1 shows an example of this experiment.

For experiments testing the primary aspiration approach, no
Stentriever was used (group 4). The 5SMAX ACE catheter was
delivered over the microcatheter (always attempting not to cross
the clot with the microcatheter-microwire construct) and ad-
vanced to the level of the thrombus, according to the previously
described direct aspiration first pass technique (ADAPT).® Aspi-
ration through the Penumbra Aspiration Pump was applied while
the aspiration catheter was gently pushed forward to ensure com-
plete contact with the clot. After 2 minutes of continuous aspira-
tion, if no clot was collected, the aspiration catheter was with-
drawn under continuous aspiration.

While performing thrombectomy, we continuously moni-
tored the clot and thrombectomy devices via gross observation
and high-definition video recording to document the location of
any clot breakdown. Primary outcomes included the degree of
recanalization (based on the TICI grading scale) and the occur-
rence of emboli. Successful recanalization was defined as a TICI
score of 2b or 3. Embolization in new territory (ENT) was defined



Radiographic outcomes of thrombectomy experiments

Conventional Guide +
Stentriever (n =19)

Direct
Aspiration (n =15)

Stentriever +
Aspiration (n = 17)

Balloon-Guide +
Stentriever (n = 20)

TICl score
0 (No)) (%) 7 (37%)
1(No.) (%) 2 (M%)
2a (No.) (%) 3(16%)
2b (No.) (%) 2 (%)
3 (No.) (%) 5(26%)
2b or 3 (No)) (%) 7 (37%)
Embolic events
Embolization of new territories (No.) (%) 10 (53%)
Embolization of distal territories (No.) (%) 3(16%)

8 (40%) 0(0%) 0(0%)
0(0%) 1(6%) 0(0%)
1(5%) 2 (12%) 0(0%)
3(15%) 3(18%) 2 (13%)
8 (40%) 11(65%) 13 (87%)
11(55%) 14 (82%) 15 (100%)
2(10%) 2 (12%) 0(0%)
3(15%) 4(24%) 2 (13%)

FIG 2. A, Rates of TICI 2b or 3 recanalization achieved with different thrombectomy approaches.
“Guide + Stentriever” represents the primary Stentriever approach by using a conventional guide
catheter. “BGC + Stentriever” represents the primary Stentriever approach by using a balloon-
guide catheter. “Stentriever + aspiration” represents the combined Stentriever plus continuous
aspiration approach. “Direct aspiration” represents thrombectomy performed by using the direct
aspiration approach without the use of a Stentriever. B, Rates of embolization of new territories
with different thrombectomy approaches. C, Rates of embolization of distal territories with

different thrombectomy approaches.

as emboli observed on postthrombectomy angiography within
previously unaffected territories. Embolization in distal territory
(EDT) was defined as emboli seen within the territory of the vessel
where the thrombus was originally placed. Final TICI scores and
postthrombectomy embolic events were analyzed blinded to the
type of thrombectomy approach.

Statistical Analysis
Analysis of variables was performed by using the Fisher exact test.
P < .05 was statistically significant.

RESULTS

We conducted 71 thrombectomy experiments: 19 primary Sten-
triever thrombectomies by using a conventional guide catheter,
20 primary Stentriever thrombectomies by using a balloon-guide
catheter, 17 combined Stentriever plus continuous aspiration
thrombectomies, and 15 primary aspiration thrombectomies.
The Table summarizes angiographic outcomes in each group.
There was no significant difference in achieving TICI 2b or 3 with
a balloon-guide catheter versus a conventional catheter for pri-
mary Stentriever thrombectomy (P = .34; Fig 2A). The combined
Stentriever plus continuous aspiration approach and primary as-
piration thrombectomy resulted in significantly higher rates of
TICI 2b or 3 than the primary Stentriever thrombectomy with the
conventional guide catheter (P = .008 and P = .0001, respec-
tively; Fig 2A).

The primary Stentriever thrombec-
tomy with the conventional guide cath-
eter showed the highest rate of ENT
(53%) (Table). The rate of ENT after
Stentriever thrombectomy was signifi-
cantly reduced with the balloon-guide
catheter or continuous direct aspiration,
compared with thrombectomy by using
the conventional guide catheter (P =
.0057 and P = .0014, respectively; Fig
2B). The most significant reduction in
ENT rates was seen in cases of primary
aspiration thrombectomy versus Sten-
triever thrombectomy with the conven-
tional guide catheter (P = .0007; Fig 2B).
There was no difference in the rate of
EDT events among the studied ap-
proaches (Fig 2C).

DISCUSSION

Our study showed that the highest degree of revascularization was
achieved with the use of the combined Stentriever—aspiration
thrombectomy or primary aspiration techniques. The use of the
balloon-guide catheter for Stentriever thrombectomy did not re-
sult in significant improvement in recanalization, though a trend
toward higher TICI scores was noted. Embolic events can occur in
up to 12% of cases of Stentriever thrombectomy and are associ-
ated with a 2-fold increase in mortality compared with cases with-
out embolic complications.'? In our experiments, we observed
the presence of substantial ENT with all approaches except for
direct aspiration; however, regarding EDT events, no technique
protects effectively from this occurrence.

113

Nguyen et al'” published their experience with the use of the
balloon-guide catheter in conjunction with Solitaire FR stent re-
triever thrombectomy. Although TICI 3 recanalization was seen
more often in cases in which the balloon-guide catheter was used
(54% with the balloon-guide catheter versus 33% without; P <
.001), overall rates of TICI 2b or 3 recanalization were similar
(76% with versus 71% without, P = .3). Occurrence of distal
emboli or emboli in new territories was also similar. Of impor-
tance, the discharge NIHSS score and 3-month favorable clinical
outcome were significantly higher in the balloon-guide catheter
group. It is possible that with a higher number of thrombectomy
experiments in our study, we could have achieved a significant
difference in obtaining higher recanalization results with the bal-
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loon-guide catheter because a trend toward higher TICI 2b-3 was
observed in this group.

Our in vitro results with direct aspiration or the combined
Stentriever-aspiration approach are different from those of the
real-world clinical experience. Direct aspiration alone resulted in
TICI 2b or 3 recanalization in 75%-78% of cases, whereas the
addition of Stentrievers improved the rate of successful recanali-
zation to 95%, according to the 2 recent studies of the direct-
aspiration approach to stroke thrombectomy.®” EDT prompting
additional aspiration was noted in 16% of cases in the initial ex-
perience with direct aspiration.® In the ADAPT FAST series, the
rate of EDT was also high (10%) but no cases of ENT were
observed.” In our model, the rate of TICI 2b or 3 recanalization
reached 100%, which is remarkably higher than that previously
reported in clinical data. However, the 13% EDT rate is similar
to rates reported in the ADAPT and ADAPT FAST studies.
Turk et al” compared radiographic outcomes from the real-
world experience in the ADAPT FAST, SWIFT, TREVO, and
North American Solitaire Stent-Retriever Acute Stroke studies,
which can further help readers when matching our model data
to the clinical results.

Our results should be interpreted with caution. First, this
model is likely representative of an embolic stroke-type of large-
vessel occlusion, in which aspiration thrombectomy could be
highly effective. The design of the model did not simulate intra-
cranial atherosclerosis, thrombotic plaque, or embolic debris
from a ruptured extracranial plaque, for which a Stentriever
rather than primary aspiration thrombectomy might be of
more benefit. Approximately one-third of large-vessel-occlusion
strokes are of noncardioembolic origin (eg, 31% in TREVO 2').
Another limitation is that intimal damage or occlusion of perfo-
rators, which can be evaluated in animal stroke models with the
use of different thrombectomy devices, cannot be tested in our in
vitro model."*

Second, only a single thrombectomy attempt was performed
in each experiment, whereas in clinical practice multiple throm-
bectomy attempts are often required to achieve recanalization. It
would also be interesting to study how the mode of aspiration
affects revascularization success in our model. Simon and Grey'®
demonstrated that manual aspiration with syringes can provide a
substantially higher dynamic pressure at the catheter tip than the
Penumbra aspiration system. We are planning to investigate this
finding in future experiments. Third, because the smallest MCA
M4 branches in the model were 0.5 mm in diameter, we did not
account for embolization that could have occurred with debris
under that size, which could further affect our final TICI score
interpretation.

CONCLUSIONS

Data from these experiments indicate that the Stentriever throm-
bectomy under continuous aspiration and primary aspiration
thrombectomy approaches lead to the highest degree of recanali-
zation. However, embolization in nonaffected territories and in
distal territories remains a major issue, which could affect even-
tual clinical outcomes. Such data might prove helpful in clinical
practice when estimating radiographic outcomes with different
endovascular treatment approaches.
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ORIGINAL RESEARCH
INTERVENTIONAL

Double Solitaire Mechanical Thrombectomy in Acute Stroke:
Effective Rescue Strategy for Refractory Artery Occlusions?

J. Klisch, V. Sychra, C. Strasilla, C.A. Taschner, M. Reinhard, H. Urbach, and “*’'S. Meckel

ABSTRACT

BACKGROUND AND PURPOSE: Mechanical thrombectomy by using a single stent retriever system has demonstrated high efficacy for
recanalization of large-artery occlusions in acute stroke. We aimed to evaluate the feasibility, safety, and efficacy of a novel double
Solitaire stent retriever technique as an escalating treatment for occlusions that are refractory to first-line single stent retriever mechanical
thrombectomy.

MATERIALS AND METHODS: All patients treated with the double stent retriever technique by using the Solitaire system were retro-
spectively selected from 2 large neurointerventional centers. Time to recanalization, angiographic (TICl) and clinical outcomes (mRS), and

complications were assessed.

RESULTS: Ten patients (median NIHSS score, 16; mean age, 70 years) with MCA Ml segment (n = 5) and terminal ICA (n = 5 including 2 ICA
tandem) occlusions were included. Prior single stent retriever mechanical thrombectomy had been performed in 9 patients (median
number of passes, 3). Median time to recanalization was 60 minutes (interquartile range, 45— 87 minutes). Procedure-related complications
occurred in 1patient; overall mortality was 20%. Recanalization of the target vessel (TICI 2b/3) was achieved in 80%. Good clinical outcome
(MRS 0-2) was 50%.

CONCLUSIONS: In this preliminary feasibility study, the double Solitaire stent retriever technique proved to be an effective method for

recanalization of anterior circulation large-artery occlusions refractory to standard stent retriever mechanical thrombectomy.

ABBREVIATIONS: DAC = distal-access catheter; ICAT = internal carotid artery terminus; MT = mechanical thrombectomy; SR = stent retriever

In acute ischemic stroke, recanalization of an occluded cerebral
artery is strongly linked with improved clinical outcome and re-
duced mortality." The potential of IV thrombolysis for achieving suc-
cessful vessel recanalization is significantly limited by the extent of
clot burden in proximal cerebral artery occlusions.” With the recent
introduction of stent retrievers (SR) for mechanical thrombectomy
(MT), fast, safe, and efficient large-artery recanalization treatment
can be achieved, and their superiority over older MT devices has been
demonstrated in randomized controlled trials.**

Despite considerable recanalization rates of 61%—86% (Throm-
bolysis in Myocardial Infarction/TICI scores of =2/2b),”>> up to
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33.3% of patients are still left without sufficient recanalization
after standard SR MT.° In these refractory cases, different rescue
treatments have been proposed with variable rates of suc-
cess.»>”"1% These include local intra-arterial fibrinolysis, MT
with the Penumbra device (Penumbra, Alameda, California),
mechanical thrombus disruption, thromboaspiration through a
distal-access catheter (DAC), balloon angioplasty, and/or stent
placement.

Here, we describe a novel escalating strategy for MT by using 2
Solitaire SR devices (Covidien, Irvine, California), hence termed
the “double Solitaire SR technique,” for proximal anterior circu-
lation occlusions that are refractory to first-line single SR MT. In
aretrospective series of patients from 2 large neurointerventional
centers, we assessed the feasibility, safety, and angiographic and
clinical outcomes of this technique.

MATERIALS AND METHODS

Patient Selection

In this retrospective study, a consecutive series of patients was
identified from in-hospital stroke databases that included patients
with acute stroke due to large cerebral artery occlusions undergo-


http://orcid.org/0000-0001-6468-4526

ing MT treatments. We collected all patients treated with the dou-
ble Solitaire SR technique between its introduction in December
2012 and May 2014 from 2 large tertiary neurointerventional cen-
ters. At both centers, a total of 234 MT treatments for anterior
circulation occlusions were performed. The eligibility criteria for
these MT treatments were the following: 1) NIHSS = 8; 2) con-
firmed proximal anterior circulation cerebral artery occlusion
(ICA including tandem lesions, eg, proximal ICA stenosis and
ICA terminus [ICAT] or the MCA M1 segment) with a TICI score
of 0 or 1; and 3) initiation of MT treatment within 6 hours of
symptom onset. In general, written consent is not obtained from
all patients undergoing MT treatments in the emergency setting of
an acute stroke at both involved centers. The choice of MT treat-
ment is made as an interdisciplinary decision between the on-call
attending neurointerventionalist and neurologist on an individ-
ual basis, considering relevant inclusion/exclusion criteria that
are documented in the patient’s file. Approval by the ethics com-
mittee was waived because the double Solitaire SR technique rep-
resented a rescue treatment in case of failure of the approved
standard MT technique using a single SR device, which was per-
formed at the individual operator’s decision (see below).

Baseline investigations included the assessment of NTHSS by
an experienced on-call stroke neurologist, independent of this
study. When no other contraindications were present, a bridging
IV thrombolysis treatment was started directly after cranial
imaging.

MT Procedures

All procedures were performed with the patient under general
anesthesia. Standard first-line MT with a single SR was performed
either by using a balloon-guide catheter or a DAC as described
previously."'""? The Solitaire device was used in all MT proce-
dures either as a single device or for the double SR technique. The
sizes of the Solitaire devices used included Solitaire AB, 3 X 20
mm, and Solitaire FR or Solitaire Two, 4 X 20 mm and 6 X 30
mm. In case of insufficient target-vessel recanalization (TICI
score, 0 and 1), the SR sequence was repeated on the basis of the
individual operator’s decision until the double Solitaire SR tech-
nique was initiated. This decision was influenced by several fac-
tors, including clot load/length of the occluded arterial segment,
size and composition of the already retrieved clot fragments, the
amount of clot extension into the bifurcation limbs, and the du-
ration of multiple single SR passages.

Double Solitaire SR Technique

With the use of an 8F balloon-guide catheter (Merci; Concentric
Medical, Mountain View, California; or Cello; Covidien), two
0.021-inch internal-diameter microcatheters (Prowler Select
Plus; Codman & Shurtleff, Raynham, Massachusetts; or Rebar-
18; Covidien) were navigated sequentially into the occluded ves-
sel. They were either placed parallel to each other with at least 1 tip
distal to the thrombus or in a Y-type configuration with both tips
beyond the thrombus, ending in separate bifurcation limbs (eg,
the superior and inferior MCA trunks). The parallel configuration
of the SRs may enable retrieval of large and/or long thrombi, with
both SR devices placed beside each other, also allowing distal de-
vice overlap. The latter may potentially increase the area of

thrombus catchment in long segmental occlusions extending
from the MCA bifurcation to the terminal ICA. Then, 2 Solitaire
devices of similar or different sizes (eg, 4 X 20 and 6 X 30 mm)
were delivered from each microcatheter in a sequential fashion to
cover the whole extent of the thrombus. A control angiography
was performed after unfolding the SRs to evaluate re-establish-
ment of flow. Both SRs were left deployed for 3—10 minutes de-
pending on the degree of flow in the target vessel at the individual
operator’s discretion. The detachment zones of both SR devices
were covered by the tips of the microcatheters to prevent inadver-
tent detachment during the retrieval maneuver. Then, both de-
vices were slowly recovered by simultaneously pulling them
together into the balloon-guide catheter under continuous aspi-
ration and fluoroscopic imaging control. After recovery, both
stent devices were found entangled in each other, in some cases
with the thrombus embedded between the struts; however, they
usually could be carefully released and cleaned of thrombus
fragments.

With the use of a DAC (Penumbra 54; Penumbra; or Navien
0.058; Covidien), parallel placement of 2 microcatheters is not
possible. Therefore, 1 microcatheter was first placed with its tip
distal enough within 1 arterial limb so that the proximal end of the
SR did not cover the bifurcation, to avoid an inadvertent place-
ment of the second SR through the struts of the first one. After
unfolding the first SR, we removed the microcatheter completely
from the DAC, leaving a bare Solitaire device inside the DAC.
Then, the second bifurcating limb was catheterized with a micro-
catheter, and the second SR device was unfolded in a standard
fashion. The detachment zone of the proximal SR was left covered
by the tip of the microcatheter so that in case of inadvertent de-
tachment of the more distally placed SR during retrieval, the prox-
imal one could still be recovered. Both SRs were subsequently
recovered as described above while aspiration was performed di-
rectly through the DAC. Thereby, the tip of the DAC was placed as
close as possible to the clot (eg, into the terminal ICA or orifice of
the M1 segment, depending on the length of the clot), to achieve
an optimal aspiration result without clot fragmentation during
the retrieval maneuver.

The time from symptom onset to the start of the MT proce-
dure (first angiographic image) and total recanalization time (first
angiographic image to the image demonstrating final recanaliza-
tion) were recorded.

Outcome Analysis and Follow-Up

The degree of target-vessel recanalization was assessed by using
the TICI score by 2 experienced interventional neuroradiologists
independently from the procedures. Functional outcome was as-
sessed by using the mRS score on discharge from the rehabilita-
tion center (usually at days 60—90 after stroke onset) from respec-
tive patient files, determined by experienced neurologists blinded
to the treatment details of the double Solitaire SR procedure.
Furthermore, we recorded the following procedural parameters:
use of a DAC or balloon-guide catheter, use of a bridging IVT, use
of carotid stent placement for treatment of proximal ICA stenosis/
occlusion, the number of unsuccessful single SR passes before appli-
cation of the double SR technique, additional escalating techniques,
and complications associated with MT procedures including proce-
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FIG 1. Double Solitaire SR maneuver in patient 1 with a left ICAT occlusion. Large M1 thrombus
(arrow in A, gradient recalled-echo image) and proximal ICA contrast media stasis (arrows in B)
are shown. Two Solitaire SRs are placed parallel (arrow in C, proximal markers) with 1extending
to the MCA bifurcation (black arrowhead, 6 X 30 mm) and 1into the mid-M1 segment (white
arrowhead, 4 X 20 mm). Three consecutive fluoroscopic images (D—F) depict simultaneous
retrieval of both SRs; during this maneuver, the distal tip markers of the longer SR device (black
arrowheads) follow the shorter one (white arrowheads), with retrieval of a large thrombus
inside the tip of the inflated balloon-guide catheter (arrows). After double Solitaire SR MT,

complete recanalization is demonstrated (G).

dural complications and postprocedural hemorrhage of any cause
associated with a poor clinical outcome (mRS >2).

RESULTS
We included 10 consecutive patients (7 men, 3 women; mean age,
70 years; range, 51— 88 years). These included 5 patients treated
for MCA M1 occlusion; 3, for ICAT occlusion; and 2, for ICA
tandem occlusion, which overall represented 4.3% of all patients
undergoing anterior circulation MT procedures during the ana-
lyzed time (see above). The median baseline NTHSS score was 16
(interquartile range, 13-19), and the median time from symptom
onset to the start of the MT procedure was 168 minutes (inter-
quartile range, 150—179 minutes). For both ICA tandem occlu-
sions, proximal ICA stent placement was performed before MT.
Nine patients were treated by a single SR MT before the double
Solitaire SR technique, with a median number of 3 (range, 1-4)
unsuccessful passes. In 1 patient (patient 9), the double Soli-
taire SR technique was performed as a primary MT treatment
to avoid thrombus fragmentation during retrieval because su-
perselective microcatheter injection had demonstrated excep-
tionally long thrombi extending from the ICAT via M1 to both
the superior and inferior M2 trunks. The details of all patients
including therapy, complications, and outcome are summa-
rized in the On-line Table.

With the double Solitaire SR technique, both SRs were placed
in a parallel configuration from M1 into the terminal ICA in 1
patient (Fig 1). In the remaining 9 patients, a Y-type SR configu-
ration was used (Fig 2). Of these, both SRs extended into 2 MCA

554 Klisch  Mar 2015  www.ajnr.org

divisions in 8 patients and into the M1
and Al segments in 1 patient (patient 8).
Before retrieval of both SRs, control an-
giograms disclosed variable degrees of re-
established target-vessel flow in all pa-
tients. In 8 patients, a single pass with
both SRs was performed. In 2 patients
(patients 7 and 9), the double Solitaire SR
technique was applied twice. In 2 patients,
we performed additional escalating ther-
apies: In patient 4, a residual M2 trunk
occlusion was treated with an intravenous
bolus of eptifibatide (glycoprotein IIb/
IITa antagonist) and another pass with
a single SR. In patient 8, a refractory
ICAT occlusion due to an underlying
terminal ICA stenosis was finally treated
with unsuccessful balloon angioplasty
(a noncompliant balloon was used be-
cause wall-adherent thrombus and par-
tially thrombosed atherosclerotic stenosis
could initially not be discerned), and stent
placement could not be performed due to
difficult vascular access.

The median total recanalization time
was 60 minutes (interquartile range,
45-87 minutes), including all additional
procedures such as ICA stent placement.
Overall complete recanalization (TICI
2b/3) was achieved in 8 patients (80%),
and good clinical outcome (mRS =2) was observed in 5 patients
(50%). There were 2 fatalities (20%): One was a related malignant
infarct following failed recanalization of an ICAT occlusion (pa-
tient 8, see above). The other (patient 6) had successful recanali-
zation of an ICAT occlusion with initial neurologic improvement
and then secondary deterioration 3 weeks later, with aphasia and
hemiparesis due to presumed re-infarction (it was not further
investigated due to the patient’s documented provision, which
only became apparent after the initial treatment).

We observed 1 procedural complication: Patient 4 had a resid-
ual proximal M2 occlusion after 2 unsuccessful single SR passes
and 1 double SR pass. Contrast extravasation from the M2 seg-
ment was observed after further therapy escalation with IV epti-
fibatide and another single SR pass (see above). The ruptured
segment was temporarily occluded with a single coil until active
bleeding had stopped angiographically. Following decompressive
craniectomy due to a malignant MCA infarct the next day, the
outcome was poor (mRS 4). Inadvertent SR detachment during
retrieval of both devices was not observed.

Mild vasospasm after the double Solitaire SR maneuver was
encountered in 7 patients (70%). No severe vasospasm or arterial
dissection was encountered.

DISCUSSION

Our experience with this new off-label simultaneous use of 2 Solitaire
SRs has been encouraging due to its ease of use and ability to achieve
effective recanalization in refractory cases (TICI 2b/3 in 60% and



FIG 2. Double Solitaire SR maneuver with SRs in a Y-type configuration
in patient 2 with MCA M1 occlusion. Following 3 single SR passes, there is
refractory M1 occlusion (A). Simultaneous injection of 2 microcatheters
being placed in the superior (white arrowhead) and inferior (black ar-
rowhead) MCA divisions is shown in B. C, ICA injection after unfolding of
2 Solitaire devices (4 X 20 mm), which extend from both M2 segments
(distal markers in the superior and inferior divisions, white and black ar-
rowheads, respectively) to the terminal ICA (attachment zones, white
arrow), demonstrates re-establishment of flow within both MCA trunks.
D, After simultaneous retrieval of both SRs by using proximal occlusion
and aspiration through a balloon-guide catheter, both MCA trunks are
recanalized. Mild vasospasm of ICA and MCA vessels is depicted.

80% after 1 and 2 passes with the double Solitaire SR technique,
respectively). The median total recanalization times of 60 minutes
(interquartile range, 45—87 minutes) were increased compared with
those reported in standard MT procedures with a single SR (range,
20—48 minutes).>>?'! However, given that these procedural times
also included a median number of 3 unsuccessful single SR passes,
the extra procedural time appears tolerable. The overall good clinical
outcome (50%) was comparable with the results of larger series/trials
with the standard single SR MT technique (40%-58%).>~> The Y-
type configuration of the 2 SRs appears particularly useful for retriev-
ing riding emboli at arterial bifurcations such as M1 emboli that
extend into both M2 trunks. This technique may also be applied to
refractory basilar artery occlusions due to emboli extending into both
posterior cerebral arteries. Likewise, Clarengon et al'* reported a case
of an acute basilar artery occlusion that was treated successfully with
double Merci retriever devices in a Y-type configuration via a bilat-
eral vertebral artery approach.

In previous studies, other rescue therapies were usually ap-
plied in patients in whom adequate recanalization (TICI =2b)
could not be achieved following several passes with a single SR
(usually 35 passes at the individual operator’s discretion).”>*!*
However, the success rates of various rescue treatments including
intra-arterial pharmacologic thrombolysis, other MT devices,
thromboaspiration (Penumbra), balloon angioplasty, or intracra-
nial stent placement remain limited.>*"'! For example, patients
who received a rescue therapy in the Solitaire FR Thrombectomy

for Acute Revascularization (STAR) study showed a significantly
lower rate of favorable outcome compared with those who did not
(33.3% versus 60.3%).” Likewise, Kurre et al'® recently reported a
significantly lower rate of adequate recanalization in patients who
had rescue treatments compared with those with a maximum of 3
passes with a single SR device.

Cervical or intracranial vessel trauma remains a potentially
serious procedure-related adverse event, which occurs at a low
incidence with the use of the standard single SR MT tech-
nique.>>'®'>'¢ In the Solitaire FR With the Intention For
Thrombectomy trial, the reported incidences of arterial dissec-
tion, symptomatic cerebral hemorrhage, and SAH were 4.5%,
1.1%, and 1.1%, respectively.'® The use of 2 parallel SRs within
the MCA or ICA vessel lumen may potentially increase the force
on the endothelium during the retrieval maneuver. We observed
only 1 vessel trauma occurring after several single SR passes, 1
double SR pass, and further escalating therapy (see above).
Within the limited experience of this feasibility study, therapeutic
escalation beyond the double Solitaire SR technique should thus
be made with caution.

In our series, we included a single case in which the double
Solitaire SR technique was performed as a primary treatment for
MT of an ICAT occlusion due to exceptionally long thrombi.
However, on the basis of these preliminary results, this technique
should be reserved only as a rescue treatment for cases refractory
to standard single SR MT until further data on the safety and
outcome are available. In general, the decision to extend the pro-
cedure after several unsuccessful retrieval attempts with a single
SR device should only be made after careful consideration of in-
dividual factors defining the likelihood of a clinical success. Such
factors may include the time from stroke onset, the extent of base-
line infarct core, or the presence of underlying intracranial artery
stenosis. The application of this technique with a second SR de-
vice will potentially add a significant increase in hospital costs to
an already expensive acute stroke treatment. On the other hand,
this may be considered worthwhile in light of high costs for care in
cases of futile recanalization therapy resulting in a poor clinical
outcome. However, the analysis of cost effectiveness was far be-
yond the scope of this feasibility study.

The limitations of the study relate to its small sample size and
retrospective nature, which was designed to provide evidence of the
feasibility and safety of this novel rescue technique for MT. The an-
giographic and clinical outcome data are promising but require fur-
ther confirmation in larger prospective studies to demonstrate a pos-
sible improvement in clinical outcome related to the application of
this MT escalating strategy compared with standard single SR MT
only. Until the risk/benefit ratio has been further determined in such
studies, practitioners are advised to proceed with extreme caution
when applying this technique.

CONCLUSIONS

In this preliminary feasibility study, the double Solitaire SR technique
for MT therapy proved to be an effective rescue method for rapid
recanalization of refractory anterior circulation occlusions. The tech-
nique showed alow complication rate and a high rate of target-vessel
recanalization with 50% favorable clinical outcome. Further pro-
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spective studies are required to demonstrate the clinical benefit for

the subgroup of patients with refractory cerebral artery occlusion.
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CLINICAL REPORT
INTERVENTIONAL

Small Pipes: Preliminary Experience with 3-mm or Smaller
Pipeline Flow-Diverting Stents for Aneurysm Repair prior to

ABSTRACT

Regulatory Approval

AR Martin, J.P. Cruz, C. O'Kelly, M. Kelly, J. Spears, and T.R. Marotta

SUMMARY: Flow diversion has become an established treatment option for challenging intracranial aneurysms. The use of small devices of

=3-mm diameter remains unapproved by major regulatory bodies. A retrospective review of patients treated with Pipeline Embolization Devices

of =3-mm diameter at 3 Canadian institutions was conducted. Clinical and radiologic follow-up data were collected and reported. Twelve cases

were treated with =1Pipeline Embolization Device of =3-mm diameter, including 2 with adjunctive coiling, with a median follow-up of 18 months

(range, 4—42 months). One patient experienced a posttreatment minor complication (8%) due to an embolic infarct. No posttreatment hemor-

rhage or delayed complications such as in-stent stenosis/thrombosis were observed. Radiologic occlusion was seen in 9/12 cases (75%) and

near-occlusion in 2/12 cases (17%). Intracranial aneurysm treatment with small-diameter flow-diverting stents provided safe and effective aneu-

rysm closure in this small selected sample. These devices should be further studied and considered for regulatory approval.

ABBREVIATIONS: PED = Pipeline Embolization Device; PICA = posterior inferior cerebellar artery

ndovascular flow diversion by using devices such as the Pipe-

line Embolic Device (PED; Covidien, Irvine, California) has
gained acceptance as a viable option for endovascular treatment
of intracranial aneurysms not amenable to more conventional
therapies. This technique has been established mainly in the treat-
ment of proximal unruptured aneurysms in relatively large parent
vessels, with a paucity of data describing the use of small devices."
Health Canada has only approved PED use in parent vessels of
=3.25 mm in diameter,” perhaps due to concern that smaller
devices might be prone to complications such as access difficul-
ties, kinking, or in-stent thrombosis. The US FDA did not specify
a size constraint in its approval letter but specified that the PED
was only approved for ICA aneurysms from the petrous segment
to the superior hypophyseal segment.” This limited approval also
effectively restricts PED use to larger devices because it is ex-
tremely rare for the ICA to measure <3 mm. Furthermore, distal-
vessel aneurysms frequently have wide-neck or fusiform mor-
phology, making them difficult to treat with conventional
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techniques such as coiling and potentially good candidates for
flow diversion. Therefore, it is imperative that the safety profile of
small flow-diversion devices be well-studied so that challenging
aneurysms in small-diameter parent vessels can be properly eval-
uated for potential use of this emerging treatment option.

MATERIALS AND METHODS

We conducted a retrospective review at 3 institutions of all endo-
vascular cases using PEDs between June 2008 and July 2013. Pa-
tients that were treated with one or more small stents (=3.00 mm
in diameter) were included in our analysis. Data including demo-
graphics; aneurysm type, size, and location; procedural details;
clinical presentation; subsequent imaging; and clinical outcome,
including the most recent follow-ups, were collected. Our results
are expressed in medians and interquartile ranges, given the small
sample size (non-normal distribution).

The decision to treat was made for each case by a multidisci-
plinary team, including vascular neurosurgeons and interven-
tional neuroradiologists, and Health Canada approval was indi-
vidually obtained under an appeal for compassionate use.
Informed consent was obtained from patients or substitute deci-
sion-makers. Pretreatment antiplatelet therapy included both
acetylsalicylic acid (325 mg) and a total dose of 600 mg of clopi-
dogrel before the procedure (initiated 5 days prior for unruptured
aneurysms or within 24 hours for ruptured aneurysms). Testing
of in vitro platelet function for clopidogrel response was not per-
formed (not approved by Health Canada). In cases presenting
with SAH, extraventricular drains were placed before initiation of
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FIG 1. Representative images for case 6. A, Noncontrast CT demonstrates an acute SAH centered in the interhemispheric fissure. B and C,
Anteroposterior and lateral projections, right ICA injections, pretreatment, show a right A2 fusiform aneurysm. D, Oblique projection, right ICA
injection, immediately postdeployment, shows the flow effect and position of the stent. E and F, Anteroposterior and lateral projections, right
ICA injections, at 2 months posttreatment show complete aneurysm occlusion.

dual antiplatelet therapy if indicated. Intraprocedural heparin
was administered to achieve a targeted activated clotting time of
250-300 seconds.

All procedures were performed with the patient under general
anesthesia in a biplane angiography suite. Standard transfemoral
access was obtained, and a triaxial approach was used for all an-
terior circulation aneurysms and for those posterior circulation
aneurysms in which the dominant vertebral artery was of suffi-
cient size to allow these devices. A 0.027-inch microcatheter
(Marksman; Covidien) was used to gain a distal position across
the neck of the aneurysm. In cases in which adjuvant coiling was
planned, a 0.014- or 0.018-inch microcatheter was placed into the
aneurysm lumen before stent deployment, by using a 5F guide
catheter via contralateral femoral access. PED sizes were selected
on the basis of the proximal and distal diameters of the parent
vessel. One or more PEDs were then deployed to reconstruct the
parent artery, depending on the degree of inflow reduction. In
coiling cases, loose-packed coils would be placed until the pri-
mary operator was satisfied with the result.

All patients were monitored postprocedure in a dedicated
neurosurgical intensive care unit. Patients typically underwent
postprocedural MRA within 48 hours. After discharge, clinical
and imaging follow-up varied on the basis of the treating physi-
cian’s discretion and the patient’s wishes. Radiologic follow-up
consisted of DSA or noninvasive imaging (MRA or CTA) and was
usually performed at 4—6 months. Dual antiplatelet therapy was
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strictly continued for a minimum of 6 months. After this, discon-
tinuation of clopidogrel was based on imaging findings and the
discretion of the treating physician, and the patient was main-
tained on aspirin only.

RESULTS

The results are summarized in the On-line Table, with represen-
tative images displayed in Figs 1 and 2. The median diameter was
18 mm (range, 2-38 mm). Among the aneurysms treated, 6/12
(50%) were located in the anterior circulation, and 6/12, (50%) in
posterior circulation (Table). Three patients were treated in the
acute phase of SAH; 1 patient, in the subacute phase; and 1, with
remote SAH. Five patients had previous treatment with coiling or
a standalone stent and experienced subsequent recanalization be-
fore their treatment with flow diversion. Two patients (17%) were
treated with both coiling and flow diversion.

One patient (8%) experienced technical complications with
access and required prestenting angioplasty of the parent vessel so
that the device could cross the aneurysm. One patient (8%) expe-
rienced a clinically significant procedure-related complication,
with a distal posterior inferior cerebellar artery (PICA) stroke,
which was detected in the immediate postprocedure period with
mild dysmetria and limb ataxia, which improved to a minimal
deficit during several days. This stroke was seen on postprocedure
MR imaging, and the mechanism appeared to be embolic on the
basis of its distal territory, most likely occurring during catheter



FIG 2. Representative images for case 7. A and B, Anteroposterior projections, left vertebral artery injections, pretreatment and immediately
post-PED deployment, respectively, show persistent filling with a minor flow effect. C, 3D reconstruction of CTA at 4 months postprocedure
shows placement of the stent entirely in the PICA. D and E, Axial T1 MR imaging with gadolinium, postoperative day 1and at 1-year follow-up,
respectively, shows delayed aneurysm occlusion. F, 3D reconstruction of the MRA at 1-year follow-up shows patency of the parent vessel.

Summary of aneurysm characteristics by size/location

Location <7mm 7-2mm 13-24mm >24mm
Anterior (ICA/MCA/ACA) 2 1 2 1
Posterior (vertebrobasilar, 1 2 2 1

PcomA, PCA)

Note:—PcomA indicates posterior communicating artery; PCA, posterior cerebral
artery; ACA, anterior cerebral artery.

navigation, because the aneurysm was located at the superior cer-
ebellar artery takeoff. One additional patient (8%) had clinically
asymptomatic infarcts seen on postprocedural MR imaging (day
1), not requiring any specific treatment or rehabilitation. This
patient was further assessed by early DSA, and it was found that
the frontopolar artery, which was covered by the PED, was now
occluded, whereas it was patent in the immediate postdeployment
angiogram. No patients had a periprocedural decrease in the Glas-
gow Outcome Score. No delayed complications were seen at a
median follow-up of 1.5 years (range, 6 months to 3.5 years),
including no cases of in-stent stenosis/thrombosis or rerupture.
The results at latest follow-up included a complete occlusion
rate of 9/12 (75%), a near-occlusion rate of 2/12 (17%), and a
residual filling rate of 1/12 (8%). The timing of follow-up imaging
and the choice of technique were variable, with 5/12 (42%) under-
going only noninvasive imaging postprocedure. Among the cases
that showed complete occlusion, the median time for first documen-
tation of occlusion was 6 months (range, 1 day to 8 months). The 2
cases of near-occlusion were both first documented at 6 months. The

case that had residual filling was documented on MRA at 1 day, and
this was persistently seen on several follow-up studies including DSA
at 1.5 years and MRA at 2.5 years.

DISCUSSION

The use of =3-mm diameter flow-diversion devices is not cur-
rently approved in North America, and there is a paucity of pub-
lished literature that describes their use. Pistocchi et al” reported a
series of 26 patients, most of whom were treated with flow-diver-
sion devices of =3 mm, with good outcomes including an occlu-
sion rate of 83% and a neurologic complication rate of 4% with no
hemorrhage. Yavuz et al* recently reported 25 cases of MCA an-
eurysms located at the bifurcation or more distally, with an occlu-
sion rate of 84% and only 1 case of long-term neurologic impair-
ment, which was mild (mRS 1). Presumably, many of the cases in
this series involved small-diameter parent vessels and PEDs, but
these specific data were not reported. Most larger flow-diversion
series either did not report any cases of devices of =<3 mm, or they
did not include documentation of the parent vessel or device
size.*®® Our current series of 12 patients demonstrated that the
use of these small devices is technically feasible and safe, with
excellent clinical and radiologic outcomes at a median latest fol-
low-up of 1.5 years. The rates of occlusion (75%) and near- or
complete occlusion (92%) are similar to overall data published for
flow-diversion treatment (76% complete occlusion at 1 year),”
and our current series comprises 50% posterior circulation aneu-
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rysms, which are known to carry higher rates of complications.
The early morbidity rate of 8% is similar to the established

5%—7% seen in overall data,”'®

and no aneurysm ruptures or
delayed complications were observed among these data, whereas
published data suggest a late morbidity of 3% and mortality of
1%.'° Therefore, the overall safety profile of this small series ap-
pears grossly in line with the results of Pistocchi et al' and the
overall published flow-diversion data.*"*

The timing of follow-up imaging and the choice of imaging
technique varied greatly among the cases in this series, on the basis
of the discretion of the treating clinician. It was thought that per-
forming follow-up DSA was unnecessary in cases with good clin-
ical status and a satisfactory noninvasive radiologic result. In cases
without any coils present, it was thought that CTA was the supe-
rior noninvasive technique in assessing in-stent stenosis, but
MRA was generally acceptable for assessing patency. For cases
with any concerning features such as suspected stenosis, DSA re-
mains the optimal technique for detailed assessment.

The use of flow diversion in small and/or distal vessels has
unique technical challenges that may increase the risk of ischemic
or hemorrhagic complications during both access and deploy-
ment. Access in small and/or distal vessels is likely to be more
difficult in comparison with that in larger and/or proximal flow di-
version because the device is delivered in a large and relatively stiff
microcatheter and tortuosity or sharp corners can pose serious road-
blocks. Establishing a distal position with a microwire sometimes
requires using a larger microwire (0.018 inch) or a buddy wire tech-
nique (0.008/0.010 and 0.014 inch). The distal landing zone may be
of particularly small caliber, increasing the risk of dissection or per-
foration by the wire or the microcatheter. Smaller vessels also pose a
risk of clot formation or distal spasm because the microcatheter may
slow or occlude flow. These risks are also of concern during deploy-
ment when the pusher wire may appear in small distal branches.
However, our early experience did not demonstrate an increased risk
of vessel dissection, perforation, or spasm.

Another technical challenge is deploying the device with a
smaller margin of error on the proximal and distal landing zones,
because the surrounding vessels are likely to have nearby
branches. Proper sizing becomes a critical factor in smaller vessels
to maximize coverage across the aneurysm but avoid too much
coverage over branches/perforators because fully expanded de-
vices provide higher surface area coverage in small vessels. In ad-
dition, we found that it was sometimes more difficult to unscrew
the release coil while maintaining the intended delivery position
in these smaller devices than in their larger counterparts, because
the proximal vascular loops decrease the torque of the delivery
system. However, all of these issues were found to be manageable,
and difficulties diminished as greater experience deploying small
PEDs was acquired.

Animportant topic in flow diversion is the covering, or jailing,
of sidewall or branch arteries by the flow-diverting stent. This
topic has been widely discussed in the flow-diversion literature,
with the consensus suggesting that branch occlusions are not un-
common but are often clinically silent.>'"'? It remains unclear
whether small-diameter flow diverters have a greater propensity
to cause occlusion or symptomatic flow reduction to covered ar-
terial branches, but the series by Yavuz et al* showed relatively
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high rates of branch occlusion (3/21, 14%) and a reduced caliber
of the covered branch (6/21, 29%) among 21 MCA bifurcation
aneurysms treated.'> Our series demonstrated 1 case (8%) of a
jailed branch artery occlusion (frontopolar artery) with an asso-
ciated area of diffusion restriction on MR imaging (postproce-
dure day 1) suggestive of infarct, but this was clinically silent.
There was no radiologic evidence in our series of other infarcts or
significant branch occlusions on MR imaging or DSA that were
attributable to jailed branches, but in the retrospective review of
our cases, it was difficult to accurately determine the patency of
smaller jailed branches and perforators. Future study of flow di-
version in small vessels would likely benefit from a careful analysis
of all jailed vessels, such as a comparison among predeployment,
immediate postdeployment, and delayed follow-up by using 3D
DSA or 2D images with precisely matched projections.

In-stent stenosis and thrombosis have been cited as important
concerns with flow-diversion devices, which occur in 5%-10% of
cases,” and these may be even more of a concern with small de-
vices because there is less room available for stenosis to occur before
complete thrombosis occurs.'® Pistocchi et al' reported 1 case of
in-stent thrombosis (4%) in their series, which was treated with an-
gioplasty in a subsequent procedure that restored flow, but the pa-
tient still had a clinical infarct. Delayed ischemia due to intimal hy-
perplasia is also a possibility, and if this occurs so that a vessel
diameter is reduced by 1-2 mm, it could theoretically lead to a critical
flow effect in stents of <3 mm. Furthermore, in-stent stenosis may be
more difficult to detect in small-caliber stents due to a lack of imaging
resolution and the presence of metal artifacts. In our series, we did
not observe any cases of significant in-stent stenosis and there were
no cases of thrombosis, but further data are needed to know whether
these small devices pose a greater risk of this complication.

The use of intravascular metal stents requires dual antiplatelet
therapy, which is commonly recommended for at least 6 months
before reduction to a single antiplatelet agent, though variations
in practice exist.® The preprocedural regimen and postprocedural
duration remain controversial, especially in the setting of SAH.
Our series included 3 cases that were treated in the acute phase of
SAH with none of these experiencing early rerupture, similar to
previous results.'*'> The optimal timing likely depends on the
degree of epithelialization of the metal device, which, in turn,
depends on various factors such as flow characteristics, aneurysm
occlusion, length, and the presence of endoleaks.'"'® All of these
variables may be even more important in small-sized vessels. One
possibility is that higher resolution imaging such as vessel wall
MRA will eventually be able to provide evidence of epithelializa-
tion, but until then, controversy will likely continue.

CONCLUSIONS

Flow diversion with small-diameter devices (=3 mm) remains
unapproved by Health Canada, and the US FDA effectively im-
poses a similar constraint. Our current results document the safe
and effective use of small-diameter flow diverters in a small se-
lected sample, without evidence of higher-than-published com-
plication rates such as in-stent stenosis/thrombosis, dissection, or
rerupture. As such, this treatment option should be further stud-
ied and potentially considered for broader regulatory approval.
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Attenuation of Blood Flow Pulsatility along the Atlas Slope:
A Physiologic Property of the Distal Vertebral Artery?

T. Schubert, M. Pansini, O. Bieri, C. Stippich, S. Wetzel, S. Schaedelin, A. von Hessling, and F. Santini

ABSTRACT

BACKGROUND AND PURPOSE: Physiologic and pathologic arterial tortuosity may attenuate blood flow pulsatility. The aim of this
prospective study was to assess a potential effect of the curved V3 segment (Atlas slope) of the vertebral artery on arterial flow
pulsatility. The pulsatility index and resistance index were used to assess blood flow pulsatility.

MATERIALS AND METHODS: Twenty-one healthy volunteers (17 men, 4 women; mean age, 32 years) were examined with a 3T MR imaging
system. Blood velocities were measured at 2 locations below (I and Il) and at 1location above the V3 segment (Ill) of the vertebral artery
by using a high-resolution 2D-phase-contrast sequence with multidirectional velocity-encoding.

RESULTS: Pulsatility and resistance indices decreased along all measurement locations from proximal to distal. The pulsatility index
decreased significantly from location Il to Ill and from | to Il. However, the decrease was more pronounced along the Atlas slope than in
the straight-vessel section below. The decrease of the resistance index was highly significant along the Atlas slope (location Il to Ill). The
decrease from location | to Il was small and not significant.

CONCLUSIONS: The pronounced decrease in pulsatility and resistance indices along the interindividually uniformly bent V3 segment
compared with a straight segment of the vertebral artery indicates a physiologic attenuating effect of the Atlas slope on arterial flow
pulsatility. A similar effect has been described for the carotid siphon. A physiologic reduction of pulsatility in brain-supplying arteries
would be in accordance with several recent publications reporting a correlation of increased arterial flow pulsatility with leukoencepha-
lopathy and lacunar stroke.

ABBREVIATIONS: PC = phase-contrast; PI = pulsatility index; Rl = resistance index; Vmax = maximum blood velocity; Vmean = mean blood velocity; Vmin =

minimum blood velocity

he flow waveform in an arterial vessel is affected by many

factors. Main influencing parameters are inflow determinants
(cardiac function), outflow determinants (downstream tissue),
and resistance presented by the vessel wall.'™*

Due to the different functions of large and small arteries, arte-
rial flow waveforms undergo changes along the vascular tree. The
large conduit arteries have an elastic wall to minimize longitudi-
nal impedance.’ In contrast, the distal arteries that regulate the
demand for blood of the downstream tissue have a more muscular

wall to effectively change lumen size.
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The elasticity of the large arteries has a buffering function,
which decreases pressure and flow pulsatility by taking up energy
during systole and releasing it during diastole (Windkessel effect),
thus delivering blood in a more continuous stream to peripheral
vascular beds.® Due to increased wall stiffness, waveform changes
occur with normal aging but also in pathologies that affect vascu-
lar compliance.” Recent studies with large patient cohorts indicate
that the brain is vulnerable to increased arterial pulsatility, re-
flected by a higher number of white matter hyperintensities and a
greater incidence of lacunar strokes.>'°

The most important techniques for noninvasive flow mea-
surements and therefore flow wave characterization are Doppler
sonography and phase-contrast (PC) MR imaging. Both tech-
niques are important clinical tools. Doppler sonography has
the advantage of a widely available method with very high spa-
tial and temporal resolution; however, it is user-dependent and
restricted to sonography-accessible vessel locations.'' Phase-
contrast MR imaging, in turn, has the advantage of providing
blood flow measurements independent of the user without an-



atomic restrictions, however, with lower spatial and temporal
resolution.'*"

Regarding PC-MR imaging, a 2D-PC sequence with unidirec-
tional velocity-encoding is routinely applied. This sequence is fast
and robust; however, due to its unidirectional vessel encoding, it
may underestimate flow velocities due to placement errors.'>
Newer techniques such as 4D-PC-MR imaging and 2D-PC-MR
imaging with multidirectional velocity-encoding have been
shown superior to 2D-PC-MR imaging with unidirectional veloc-
ity-encoding in curved vessel sections.'®*?

The aim of the present study was to evaluate blood flow
characteristics along the curved vessel section of the distal ver-
tebral artery, extending from the transverse foramen C2 to the
dura mater cranial to the Atlas vertebra (Atlas slope), to eval-
uate the effect of a tortuous vessel geometry on blood flow

pulsatility. For blood flow and velocity measurements, a

FIG 1. Measurement locations along the vertebral artery (I-IIl) de-
picted on a contrast-enhanced MRA (left) and on a schematic image in
relation to the bony anatomy (right).

FIG 2. Depiction of a flow-velocity waveform with the calculated mean velocity indicated.

X-axis: centimeters per second; Y-axis: cardiac phases.

2D-PC sequence with multidirectional velocity-encoding has
been applied.

MATERIALS AND METHODS

Study Population

Forty-two vertebral arteries of 21 healthy volunteers without pre-
existing conditions (17 male; mean age, 32 = 5.2 years; range,
23—40 years) were prospectively investigated.

For each vessel, time-resolved measurements of blood veloci-
ties and flow volume were acquired at 2 locations below (location
L, level of the cervical vertebral body 6; location II, level of the
upper cervical vertebral body 3 immediately below the Atlas
slope) and at 1 location above the V3 segment (location III, intra-
dural V4 segment) of the vertebral artery (Fig 1). The study was
approved by the local ethics review committee, and written in-
formed consent was obtained from all subjects.

MR Imaging Measurements
Data were acquired on a 3T MR imaging system (Magnetom
Verio; Siemens, Erlangen, Germany). After localizer measure-
ments, a time-of-flight angiography was used to identify the ver-
tebral artery segments and to plan the subsequent velocity-en-
coded acquisitions. The velocity-encoded MR imaging consisted
of k-space segmented 2D radiofrequency-spoiled gradient-echo
sequences with prospective electrocardiography gating and inter-
leaved 3-directional velocity-encoding. The applied 2D-PC ac-
quisition with 3D-velocity-encoding used a 187 X 151 mm” rect-
angular FOV and a spatial resolution of 0.5 X 0.5 X 5 mm”. Data
acquisition resulted in a series of datasets representing the com-
ponents of the velocity vector in consecutive timeframes within
the cardiac cycle with a temporal resolution of 68 ms. The total
acquisition times were approximately 90 seconds with variability
depending on the patient’s individual heart rate (10—16 acquired
cardiac cycles). Velocity-encoding sensitivity was 80 cm/s along
all 3 encoding directions. Further imaging parameters were the
following: TR/TE, 8.5/5.7 ms; flip angle,
30° bandwidth, 460 Hz/pixel. The ve-
locity distributions for each voxel and
time point within the cardiac cycle were
reconstructed from data acquired over
numerous cardiac cycles throughout the
total acquisition period.

Postprocessing

Semiautomated postprocessing of the da-
tasets was performed by using an in-house
software tool developed with Matlab
(MathWorks, Natick, Massachusetts) for
the definition of ROIs based on manual
region selection and signal thresholding

of the magnitude images.”*>

Outcome Measures

Minimum and maximum velocities
were extracted from individual flow-ve-
locity curves (Fig 2). Mean velocity was
calculated by dividing the sum of veloc-
ities by the time points.
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Table 1: Measured velocities at locations I-lll

Variable Mean Median Minimum  Maximum SD
Vmin | 133 12.7 84 21.6 3.0
Vmax | 393 40 27.8 525 6.7
Vmean | 23 224 15.7 30.8 4]
Vmin |l 12.6 124 5.6 212 3.5
Vmax Il 36.3 36.5 18.5 55 6.7
Vmean Il 239 243 10.2 34.2 5

Vmin Il 17.4 16.9 8.9 329 4.8
Vmax Il 41 37.8 19.4 72.6 10.4
Vmean llI 297 289 14 529 7.2

Table 2: Descriptive characterization of the parameters Pl and RI

Variable Mean SD
Pl 115 0.22
P 1.01 0.18
PIIN 0.79 0.13
RI 0.66 0.06
RII 0.65 0.07
RIII 0.57 0.07

For quantification of pulsatility, the pulsatility index (PI) and

resistance index (RI) were applied.

The pulsatility index and resistance index were calculated ac-

cording to the following formulas by using blood velocities*>**:

. Vmax — Vmin
Pulsatility Index: P = ——————
Vmean

Vmax — Venddiastolic

Resistance Index: RI =
Vmax

Statistical Analysis

Both end points, PI (primary end point) and RI, were calculated
for the left and right vertebral arteries at the 3 locations (I, II, and
III) as described above for 21 healthy volunteers:

For the end points PT and RI and for minimum blood veloc-
ity (Vmin), maximum blood velocity (Vmax), and mean blood
velocity (Vmean), a linear mixed-effects model was fit with
segment location as mixed-effect, and volunteer and side
(nested within volunteer), as random effects for which sepa-
rate intercepts were fit. The significance of mixed-effects was
calculated by using a t test with Satterthwaite approximation

for df.

RESULTS
Pulsatility and Resistance Indices

Calculation of Indices. Vmin was invariably found before the
systolic upslope of the flow curve; therefore, Vmin conformed to

blood velocity at end of diastole in our measurements, which was
then used to calculate the resistance index.

In general, the mean values for PI and RI decreased from prox-
imal to distal. Both PI and RI showed a pronounced decrease
between the segments IT and III (Tables 1 and 2).

Table 3 shows the descriptive statistics for the parameters
PI and RI. Boxplots of the indices are given in Figs 3
and 4.
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Table 3: Estimates and confidence interval for the mixed-effect
“location” and the end point pulsatility index®

Estimate SD 95% CI T P
(Intercept) 1.01 0.03 (0.9-1.07) 33.8 <.001
| 0.14 0.03 (0.08-0.2) 467 <.001
11} —-0.22 0.03 (—0.27-016) —7.42 <.001

2 Location Il is taken as base. This means that the estimate of the decrease from
I (respectively Ill) to Il is calculated by comparing the pulsatility index at segment
| (respectively Ill) with the pulsatility index at segment Il (Intercept), which ex-
plains the negative sign for the estimate in sections Il to Ill. The estimated vari-
ances between volunteers and those between left and right side measurements
are negligible.

FIG 3. Boxplots of pulsatility indices per location on both sides.

FIG 4. Boxplots of resistance indices per location on both sides.

Table 4: Estimates and confidence interval for the mixed-effect
“location” and the end point resistance index®

Estimate  SD 95% Cl T P
(Intercept) 0.65 0.01 (0.63-0.67) 59.16 <0.001
| 0.007 0.012 (—0.02-0.03) 0.61 0.54
1] —0.08 0.012 (—0.1to —0.05) —6.54 <0.001

Location Il is taken as base. This means that the estimate of the decrease from |
(respectively 1ll) to Il is calculated by comparing the pulsatility index at segment |
(respectively 1) with the pulsatility index at segment Il (Intercept), which explains the
negative sign for the estimate in sections Il to Ill. The estimated variances between
volunteers and those between left and right side measurements are negligible.

Pulsatility Index

The pulsatility index median was lower at the distal segment III
than at the proximal segments I and IT (Fig 3). According to the
results of the mixed-effects models (Table 3), the decrease of PI
was highly significant from II to IIT and from I to II, but the effect
size was much higher in the section between II and III (average
decrease of 0.22) than in the section between I and II (average
decrease of 0.14).



The estimated variances between volunteers and left and right
side measurements were negligible.

Resistance Index: Model

The resistance index median was lower at distal segment IIT than
at proximal segments I and II (Fig 4). According to the results of
the mixed-effects models (Table 4), the decrease of RI was highly
significant from segments II to III (average decrease of 0.08). The

Table 5: Estimates and confidence interval for the fixed-effect
“location” and the end point minimal blood velocity®

Estimate SD 95% Cl T P
(Intercept) 12.6067 0.59 (1.44-13.78) 2124  <0.001
| 0.81 0.57 (—0.32-1.94) 14 0.16
1] 475 0.56 (3.64-5.86) 84 <0.001

2 Location Il is taken as base. This means that the estimate of the increase/decrease
from | (respectively Ill) to Il is calculated by comparing the blood velocity at segment
I (respectively Ill) with the blood velocity at segment Il (Intercept).

Table 6: Estimates and confidence interval for the fixed-effect
“location” and the end point mean velocity®

Estimate SD 95% ClI T P
(Intercept) 2385  0.86 (2215-25.55)  27.47  <0.001
I —0.67 080 (—226-0.9) —0.84 04
1]l 5.87 0.79 (4.32-7.43) 741  <0.001

2 Location Il is taken as base. This means that the estimate of the increase/decrease
from | (respectively Ill) to Il is calculated by comparing the mean velocity at segment
| (respectively Ill) with the mean velocity at segment Il (Intercept).

Table 7: Estimates and confidence interval for the fixed-effect
“location” and the end point maximum velocity®

Estimate SD 95% Cl T P
(Intercept) 36.32 126 (33.84-38.8) 2868  <0.001
| 3.31 13 (0.76-5.86) 2.55 0.013
1] 4.69 127 (2.19-7.2) 3.67  <0.001

2 Location Il is taken as base. This means that the estimate of the increase/decrease
from | (respectively Ill) to Il is calculated by comparing the maximum velocity at
segment | (respectively IIl) with the maximum velocity at segment Il (Intercept).

FIG 5. Boxplots of blood velocities per location on both sides.

decrease from segments I to IT was small and not significant (P =
<.001).

The estimated variances between volunteers and left- and
right-side measurements were negligible.

Peak Velocities: Model

Minimum Velocity. According to the mixed-effects model re-
sults in Table 5, the increase in minimal velocity was highly
significant from segments II to III. A decrease was found be-
tween segments I and II. Due to small effect size, this decrease
was not significant.

Mean Velocity. According to the mixed-effects model results in
Table 6, the increase in mean velocity is highly significant from
segments II to III. A small increase was found between segments I
and II. Due to small effect size, this increase was not significant.

Maximum Velocity. According to the mixed-effects model results
in Table 7, the increase in minimal blood velocity is highly signif-
icant from segments II to III. A significant decrease was found
between segments I and II.

Blood velocities per location are summarized in Table 1; box-
plots are shown in Fig 5.

DISCUSSION

The main finding of the present study is a highly significant re-
duction of arterial flow pulsatility along the upper part of the
vertebral artery, the Atlas slope.

The measured blood velocities (Vmin, Vmax, and Vmean) and
indices (PI, RI) showed a nonlinear behavior along the 3 measure-
ment locations (Fig 5). From segments I to II, only Vmax showed
a significant change (decrease), reflected by the decrease in RI.
From segments II to III, all velocities increased significantly.
However, Vmin and Vmean increased relatively more strongly

compared with Vmax.

How the velocities changed along the
vessel course was reflected by a clearly
higher decrease of PI from locations II to
I than from I to II. R, in turn, stayed
almost constant from locations I to II
and showed a strong decrease from loca-
tions II to III, which indicates a greater
effect on flow pulsatility of the Atlas
slope compared with the straight-vessel
section below.

The pulsatility index and resistance
index are mainly used to describe the ar-
terial resistance of a downstream capil-
lary bed®® and upstream vessel steno-
ses.>® However, it is known that vascular
compliance can also affect these indi-
ces.”® In our study, we measured blood
velocities under the same circumstances
of the downstream capillary bed at rela-
tively close locations along the vertebral
artery. Therefore, changes in PI and RI
were most likely induced by the local
vessel properties.
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The distinct reduction in flow pulsatility appeared along a geo-
metrically complex, tortuous vessel section with high interindi-
vidual uniformity. The main function of this physiologic elonga-
tion of the vertebral artery is to provide the high range of motion
of the upper cervical spine. However, the characteristic shape of
the Atlas slope may be an explanation of the pronounced attenu-
ation of blood flow pulsatility. The results are underlined by the
theoretic consideration that in contrast to a straight vessel, a fluid
running through a curved vessel generates a centrifugal force,””
leading to an energy transfer from the current to the vessel wall.
With regard to a physiologic pulsatile current, energy transfer
from the current to the vessel wall takes place at peak systolic
velocity and vice versa in the diastolic phase. The elastic vessel wall
can react on the applied force with a distension during systole and
a retraction during diastole, laminarizing downstream pulsatile
flow appropriate to a Windkessel reservoir.'®*®

The results of the present study are plausible because the ac-
quired values are consistent with low intersubject variability. The
acquired values of blood velocity, PI, and RI are in good accor-
dance with Doppler sonography measurements reported in the
literature.> In the present study, a 2D-PC sequence with multi-
directional velocity-encoding and high spatial resolution was
chosen to accurately capture blood flow of both vertebral arteries
within a single measurement. A lower temporal resolution was
taken into account to achieve this.

Physiologically, the measured decrease in arterial pulsatility
along the carotid siphon may be meaningful for the cerebral cir-
culation. The brain has a low-resistance capillary bed without
protective precapillary sphincters.” Moreover, a physiologic
dampening of arterial flow pulsatility has already been described
in the anterior cerebral circulation. Here, a marked attenuation of
blood flow pulsatility occurs along a short-but-curved vessel sec-
tion with comparable uniformity to the Atlas slope, the carotid
siphon.'®

During recent years, there has been increasing evidence about
the negative impact of increased arterial flow pulsatility on the
brain.

Recent large collective longitudinal studies have shown that
increased PI and RI correlate significantly with cerebral white
matter hyperintensities.® In this context, PI correlated strongest
with white matter hyperintensities as radiologic correlates of mi-
crovascular disease of the evaluated parameters.” Another recent
study of patients with ischemic stroke showed significantly higher
PIand RIin patients with lacunar stroke based on cerebral micro-
vascular disease compared with other stroke subtypes.'® These
new data are in accordance with previous studies of patients with
type 2 diabetes mellitus in whom increased arterial pulsatility
correlated with a higher degree of cerebral microangio-
pathy.>>>! Bateman et al’> have also shown that early vascular
dementia is associated with increased blood flow pulsation.

A shortcoming of the present study is the absence of patient
data. However, our intention was primarily to evaluate a potential
physiologic function of the Atlas slope and to establish baseline
values in terms of pulsatility changes. Shortcomings of the applied
MR imaging sequence are a lower temporal resolution and slightly
increased scanning time due to multidirectional velocity-encod-
ing compared with a standard unidirectionally encoded 2D-PC
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sequence. In contrast, 4D-PC-MR imaging shows even less un-
derestimation of flow velocities compared with a 2D-PC acquisi-
tion with 3D velocity-encoding. However, a 4D-PC sequence with
the necessary spatial resolution would have resulted in extensive
scanning time. Nevertheless, we think that the applied technique
is advantageous, if the paired cervical arteries are measured within
1 planar sequence. This advantage is underlined by the accor-
dance of the measured values with sonography data.*”

CONCLUSIONS

On the basis of the observation that increased arterial pulsatility
appears to harm the brain parenchyma, the measured attenuation
of pulsatility along the Atlas slope seems plausible. How arterial
stiffness affects the demonstrated pulsatility attenuation along the
Atlas slope and whether there is a difference between healthy el-
derly and individuals with white matter hyperintensities are inter-
esting questions for future study. In this context, the pulsatility
attenuation may also be evaluated as a surrogate marker for white
matter hyperintensities.
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CLINICAL REPORT
HEAD & NECK

Early Postoperative Imaging and Image-Guided Procedures on

Patients with Face Transplants

T.C. Lee, T. Chansakul, RY. Huang, G.L. Wrubel, S. Mukundan, DJ. Annino, JJ. Pribaz, and B. Pomahac

ABSTRACT

O=

SUMMARY: Face transplantation is being performed with increasing frequency. Facial edema, fluid collections, and lymphadenopathy are

common postoperative findings and may be due to various etiologies, some of which are particular to face transplantation. The purpose

of this study was to demonstrate how postoperative imaging and image-guided minimally invasive procedures can assist in diagnosing and

treating complications arising from face transplantation. Retrospective evaluation of 6 consecutive cases of face transplantation per-

formed at Brigham and Women’s Hospital between April 2009 and March 2014 was performed with assessment of postoperative imaging

and image-guided procedures, including aspiration of postoperative fluid collection, lymph node biopsy, and treatment of salivary gland

leak. Through these cases, we demonstrate that early postoperative imaging and image-guided procedures are key components for the

management of complications following face transplantation.

S ince the first face transplantation in 2005, 31 cases have been
performed worldwide,"* including the most recent case per-
formed at our institution. Face transplantation provides func-
tional and aesthetic restoration to severely disfigured patients
with reported outcomes that surpass those achieved with conven-
tional reconstructions.>® This revolutionary operation replaces
damaged or missing facial units such as forehead, eyelids, nose,
lips, chin, and cheeks with functional and aesthetically equivalent
allografts.”® Face transplantation is a complex surgical procedure
because patients typically have extremely complex anatomy sec-
ondary to severe injury or prior reconstructive attempts. A mul-
tidisciplinary team and extensive preoperative planning are re-
quired, for which imaging plays a vital role. As previously
described in theliterature, preoperative imaging aids in determin-
ing the facial defects and planning of arterial and venous anasto-
moses.” ! Postoperative imaging has been useful in identifying
and diagnosing postsurgical complications.

Following face transplantation, facial swelling, fluid collec-
tions, and lymphadenopathy are common. Differential diagnoses
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for these findings are broad. Major differential considerations for
postoperative fluid collection include seroma, hematoma, lym-
phocele, abscess, and salivary gland leak. Differential consider-
ations for postoperative lymphadenopathy include rejection, in-
flammation, posttransplantation lymphoproliferative disease,
and infection. Image-guided aspiration has readily triaged these
patients with face transplants.

CASE SERIES

Patient Population

We reviewed medical records, pre- and posttransplantation imaging
studies, posttransplantation image-guided procedures, and microbi-
ology, chemistry, and pathology results for 6 consecutive face trans-
plantations performed at the Brigham and Women’s Hospital be-
tween April 2009 and March 2014. This sample comprises the first
partial face transplantation, the next 4 full-face transplantations, and
the sixth face transplantation, which was partial. The investigation
was approved by our institutional review board and is Health Insur-
ance Portability and Accountability Act—compliant. Written in-
formed consent was obtained from each patient.

Image-Guided Procedures

The procedures, including fluid aspiration, lymph node biopsy,
and botulinum toxin injection were performed with sonography,
CT, or MR imaging guidance. The choice of imaging technique
was based on which one best demonstrated the target and adja-
cent structures. For instance, sonography was chosen for aspira-
tion of a superficial fluid collection, CT was chosen if a target was
deep or behind a bony structure, and MR imaging was chosen in
cases in which precise soft-tissue characterization was required



FIG 1. A, Preoperative 3D volume-rendered CT image shows posttraumatic and postreconstruction changes including absent nasal bones,
anterior walls of the maxillary antra, and most of the hard palate. B, Postoperative 3D volume-rendered image shows fixations of the nasion and
bilateral zygoma (red lines). C and D, Postoperative CT shows soft-tissue swelling of the left masseter, sternocleidomastoid muscle, parotid
gland, and left lateral pharyngeal wall (arrows). The degree of swelling is more prominent in recipient native tissues than in the allograft. These

findings resolved with antibiotic treatment.

(eg, evaluation of a potentially displaced native salivary gland and
point of salivary leak). All diagnostic study interpretations and
interventional procedures shown were performed by a board-cer-
tified neuroradiologist (T.C.L.).

Image-guided aspiration and lymph node biopsy were per-
formed with standard image-guided techniques following admin-
istration of local anesthesia. Aspiration was performed with 25-,
22-, and 20-ga needles and was sent for microbiology and chem-
istry testing. Lymph node biopsy was performed with an 18-ga
core-needle-biopsy device and was submitted to pathology. In
cases of salivary gland leak, 0.4 mL (40 U) of botulinum toxin
followed by 0.1 mL of saline was administered in each salivary
gland at the suspected point of leakage. After all needles were
removed, postbiopsy imaging was performed with the same tech-
nique, to evaluate immediate postoperative complications.

Patient 1

Patient 1 underwent the first face transplantation in the Northeast
or East Coast in the United States in April 2009 after sustaining
massive third- and fourth-degree facial burns secondary to a high-
voltage subway rail injury (Fig 1A, -B). There was significant facial
swelling and erythema in the immediate postoperative period

without fever. A skin-punch biopsy was performed, showing
patchy perivascular chronic inflammation with foci of lympho-
cytic vasculopathy, consistent with early grade I acute rejection.
The patient had 2 more episodes of acute rejection, both of which
presented clinically with facial swelling and erythema. All bouts of
rejection were responsive to pulse steroids and immunosuppres-
sive therapy.

Five months following the transplantation, the patient pre-
sented with left orbital and nasal bridge pain and increased left-
face swelling in the setting of low-grade fever preceded by a viral
upper respiratory infection. CT performed at this time revealed
extensive soft-tissue edema throughout the left periorbital region
and left face (Fig 1C, -D), extending caudally to the level of the
thyroid gland. There was no soft-tissue gas or drainable collec-
tion. The patient was placed on broad-spectrum antibiotics with
rapid improvement of symptoms, favoring cellulitis or parotitis as
the underlying diagnosis.

Patient 2

Patient 2 sustained a high-voltage injury to the face and left hip in
November 2008 with fourth-degree facial burns and bilateral
blindness (Fig 2A). Full-face transplantation was performed in
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FIG 2. A, Preoperative 3D volume-rendered CT image demonstrates posttraumatic changes from a severe electrical burn. B, Postoperative 3D
volume-rendered CT image shows facial swelling. C, Postoperative CT image demonstrates a submental fluid collection (orange arrow).
Sonography-guided needle aspiration of this fluid collection yielded high amylase and low pH, consistent with salivary collection from donor
submandibular glands. The fluid collection was subsequently treated with botulinum toxin injection.

FIG 3. A, Preoperative 3D volume-rendered CT scan demonstrates a severely disfigured face. Note a detachable prosthetic nose. B, Postoper-
ative 3D volume-rendered MR imaging performed 3 weeks following the transplantation demonstrates facial swelling. C, Postoperative T2-
weighted MR imaging shows a small left submandibular fluid collection, presumed seroma (circle with dotted line), and an enlarged left
submandibular lymph node (circle with solid line). A skin-punch biopsy was consistent with grade I/l rejection. The patient’s symptoms resolved

with pulse steroid therapy.

March 2011. The immediate postoperative period was unevent-
ful. On postoperative day 8, the patient developed leukocytosis,
facial swelling, and focal fullness along the left lower margin of the
facial allograft (Fig 2B). CT performed at this time demonstrated
alarge submental fluid collection, a preparotid fluid collection, and
multiple enlarged submandibular and submental lymph nodes. A
stitch along the left lower margin of the allograft was removed, and
the fluid obtained was sent for culture, which later grew Candida
albicans and Pseudomonas aeruginosa. The patient was subsequently
treated with cefepime and micafungin. A repeat CT performed 2
weeks following the operation showed that the submental collection
was more conspicuous (Fig 2C), prompting sonography-guided as-
piration, which yielded 25 mL of sanguineous fluid with a high am-
ylase level and low pH, compatible with salivary gland leak. Culture
grew C albicans, and the antibiotic was switched to fluconazole. Fi-
nally, both submandibular glands were injected with botulinum
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toxin under CT guidance (not shown), which successfully treated the
salivary gland leak.

Patient 3

Patient 3 sustained high-voltage facial injury in a motor vehicle
collision from a fallen telephone pole (Fig 3A). The patient did
well in the immediate postoperative period but presented 3 weeks
following the transplant with low-grade fever, facial swelling, and
facial erythema (Fig 3B). MR imaging was performed and re-
vealed a small left-sided submandibular fluid collection with 2
adjacent enlarged lymph nodes (Fig 3C). On physical examina-
tion, facial edema and erythema were not localized to this left sub-
mandibular fluid collection, and there was no focal tenderness at this
site. Aspiration of this fluid collection was, therefore, not performed,
because this was thought to represent postoperative seroma rather
than infection. As with all patients post—face transplantation pre-



FIG 4. A, Preoperative 3D volume-rendered CT image of the patient whose face was mauled by a chimpanzee. B, Postoperative 3D volume-
rendered CT image obtained for persistent fever and facial swelling 4 weeks following the surgery demonstrates facial swelling. C, Postoperative
CT scan shows a necrotic-appearing right submandibular lymph node (arrow). CT-guided biopsy of this lymph node showed inflammation
without evidence of infection or rejection. D, Postoperative CT also demonstrates a small fluid collection adjacent to the native right zygoma
(circle), which was aspirated under CT guidance. Culture grew Enterococcus species.

senting with facial edema, a skin-punch biopsy was performed,
which, in this case, demonstrated grade I/II rejection. The pa-
tient’s symptoms subsequently resolved with pulse steroid
therapy.

Patient 4

Patient 4 was attacked by a chimpanzee, sustaining severe facial
injuries (Fig 4A). Full-face transplantation was performed in May
2011. Four weeks following the transplantation, the patient pre-
sented with facial swelling and erythema (Fig 4B). CT revealed a
4-cm conglomerate nodal mass with low-attenuation necrosis
in the right submandibular region (Fig 4C). There was also a
1.8-cm fluid collection deep to the right zygoma with sur-
rounding stranding and a 1.5-cm rim-enhancing fluid collec-
tion within the left submandibular region. CT-guided biopsy
of the necrotic right submandibular mass was obtained, yield-
ing inflammation without evidence of pus, rejection, or infec-

tion. CT-guided aspiration of the fluid collection deep to the
native right zygoma was also performed (Fig 4D). Cultures
grew Enterococcus species. The patient was placed on amoxicil-
lin/clavulanic acid.

Patient 5

Patient 5 was a female with extensive burn injuries in 2007 after an
assault with industrial lye (Fig 5A). Full-face transplantation was
performed in February 2013. Two weeks following the surgery,
the patient presented with facial swelling (Fig 5B). CT showed
soft-tissue edema, lymphadenopathy, but no drainable fluid col-
lection (Fig 5C, -D). Skin biopsy was consistent with grade I/1I
rejection, which was treated with plasma exchange.

Patient 6
Patient 6 had a remote gunshot injury to the face (Fig 6A). Partial
face transplantation was performed in March 2014. In the first
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FIG 5. A, Preoperative 3D volume-rendered CT image demonstrates facial deformity due to a severe lye burn. B, Postoperative 3D volume-
rendered CT image shows mild facial swelling. C and D, Postoperative axial CT images show edema without a fluid collection. Note the
normal-sized recipient submandibular glands (red arrows) and, more caudally, the symmetrically swollen bilateral donor submandibular glands
(green arrows), which had been injected with botulinum toxin at the time of transplantation.

week following face transplantation, the patient developed in-
creasing swelling of the right neck (Fig 6B). An enhanced CT scan
of the head and neck revealed no rim-enhancing collection to
suggest abscess; however, there was a large ill-defined fluid collec-
tion around the possibly posteriorly displaced native right sub-
mandibular gland extending to the right parotid gland (Fig 6C).
Because the suspected right submandibular gland was altered in
both shape and position, a differential consideration at the time
included an enlarged lymph node. Review of the preoperative
imaging, however, confirmed that the right submandibular
gland was still present, while the left was absent, presumably
due to the injury. There was no significant fluid around the 2
donor submandibular glands, which were treated with botuli-
num toxin injection at the time of transplantation. MR imag-
ing—guided aspiration yielded fluid with a high amylase level,
in keeping with a salivary leak (Fig 6D). MR imaging—guided
botulinum toxin injection was performed at the right parotid
gland and the suspected posteriorly displaced native right sub-
mandibular gland (Fig 6E, -F). Right-neck swelling subse-
quently resolved.
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DISCUSSION
Prior literature on face transplant imaging has focused on preop-
erative imaging for planning of vascular anastomoses. In this ar-
ticle, we describe how early post—face transplantation imaging
plays a vital role in identifying potential postoperative complica-
tions, particularly facial edema, fluid collections, and lymphade-
nopathy. Early postoperative imaging demonstrated facial edema
and lymphadenopathy in all 6 cases and fluid collection in 4 cases.
Postoperative facial edema can be explained by a variety of
etiologies, including lack of postsurgical lymphatic drainage,
inflammation, infection, salivary gland leak, and rejection. Cor-
relation with clinical examination and skin biopsy is helpful in
making the diagnosis. At our institution, skin biopsy is obtained
post—face transplantation on all patients who develop facial swell-
ing, to evaluate rejection. Imaging with either sonography, CT, or
MR imaging should be performed to evaluate the presence of a
loculated fluid collection, which would favor an infectious pro-
cess or salivary leak, in which case, the patient will likely benefit
from image-guided aspiration for a definitive diagnosis.
Image-guided aspiration of a fluid collection was performed in



FIG 6. A, Preoperative 3D volume-rendered CT demonstrates facial deformity from a gunshot injury. B, Frontal photograph of the patient at 1
week following partial face transplantation shows right lower face and neck swelling. C, Posttransplantation CT demonstrates bilateral donor
submandibular glands (white arrows), which had been injected with botulinum toxin at the time of transplantation. CT also shows a possible
posteriorly displaced native right submandibular gland (green arrow), surrounded by fluid. Because the gland is altered in both shape and
position, a differential consideration at this point includes an enlarged lymph node. D, Axial T2-weighted image obtained during MR imaging—
guided aspiration of the fluid collection (red arrow). Aspirated fluid had a high amylase level, in keeping with salivary leak. E and F, Axial
T2-weighted images obtained as the needles (yellow arrows) were advanced for botulinum toxin injection in the superficial right parotid gland
at the site of suspected leak, determined by a tapered narrowing of the fluid collection toward the lateral aspect of the gland (E), and in the
suspected posteriorly displaced native right submandibular gland (F). Injection of the native right submandibular gland was targeted at its

anterior portion, closest to the adjacent fluid collection.

3 patients, yielding definitive diagnoses in all cases, demonstrat-
ing either infection and/or salivary gland leak. In 2 patients in
whom infection was identified, broad-spectrum antibiotics or an-
tifungal agents could subsequently be tailored to the isolated
organism.

Lymph node enlargement was observed in all patients with
face transplants. Lymphadenopathy may be related to graft-
versus-host reaction, infection, inflammation, or lymphatic sta-
sis. While lymphoproliferative disorders have not been observed
in our patient population, Epstein Barr virus—related lymphoma
has previously been reported in the literature.'* Both lymph node
enlargement and facial swelling were noted to resolve in all pa-
tients 6 weeks to 2 months following surgery. In the absence of
rejection and infection, this resolution in lymphadenopathy is
likely secondary to restoration of postsurgical lymphatic
channels.

Salivary gland leak is a surgical complication particularly re-

lated to face transplantation. Patient 2, the first patient with a full
transplant, was found to have a salivary gland leak, which was
treated successfully with bilateral submandibular gland botuli-
num toxin injection. This injection has previously been used in
the setting of sialorrhea secondary to Parkinson disease, stroke,
head and neck cancer, and neurodegenerative disease."” Given
our success in this treatment with post—face transplantation sali-
vary leak, all subsequent full-face transplantations performed at
our institution had intraoperative submandibular gland botuli-
num toxin injection without image guidance as a preventive ther-
apy. None of the subsequent cases of face transplantation experi-
enced salivary leak except patient 6, in whom the salivary leak may
have been related to particularly difficult intraparotid facial nerve
dissection and/or suspected remnants of a native right subman-
dibular gland posteriorly displaced by the allograft. Botulinum
toxin injection is directed at the site of leaking if this can be iden-
tified at imaging by the relationship of the fluid collection to the
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gland. For instance, in patient 6, there appeared to be a tapered
narrowing of the fluid collection toward the lateral aspect of the
right superficial parotid gland, and botulinum toxin injection was
targeted at this site.

CONCLUSIONS

Face transplantation is a complex procedure, which is being per-
formed with increasing frequency. Early postoperative face trans-
plantation complications are varied, including rejection, infec-
tion, abscess, lymphocele, hematoma, and salivary gland leak.
Postoperative sonography, CT, or MR imaging can easily identify
discrete fluid collections in the setting of postoperative facial
swelling. Once a fluid collection is identified, image-guided
aspiration is a minimally invasive technique, which provides a
rapid definitive diagnosis that guides therapeutic manage-
ment. Image-guided botulinum toxin injection has been effec-
tive as a preventive and therapeutic procedure for salivary leak.

Disclosures: T.C. Lee—UNRELATED: Payment for Development of Educational Pre-
sentations: Elsevier, Comments: Atlas coauthor. Srinivasan Mukundun—RELATED:
Grant: Department of Defense,* Comments: sponsors portions of face transplant
program; UNRELATED: Grants/Grants Pending: National Institutes of Health,* Com-
ments: received shared instrument grant to buy a preclinical 7T MRI scanner; Pay-
ment for Development of Educational Presentations: Elsevier, Comments: Atlas
textbook coauthor; Stock/Stock Options: consultant, Comments: Alzeca, MKT, and
Marval. | received stock options for consultant work. These are separate startup
companies without a clinical product. D.J. Annino—RELATED: Grant: Department of
Defense,* Comments: partial salary support from research contract, #W911QY-09-
C-0216. ). Pribaz—RELATED: Grant: Department of Defense,* Comments: partial
salary support from research contract, #W911QY-09-C-0216. B. Pomahac—RELATED:
Grant: Department of Defense,* Comments: partial salary support from research
contract, #W911QY-09-C-0216. *Money paid to the institution.

574 Lee Mar 2015 www.ajnr.org

REFERENCES

1.

10.

11.

12.

13.

Altman LK. An about-face on a risky transplant. New York Times.
April 29, 2014:D1

. Khalifian S, Brazio PS, Mohan R, et al. Facial transplantation: the

first 9 years. Lancet 2014;384:2153—63

. Lantieri L, Meningaud JP, Grimbert P, et al. Repair of the lower and

middle parts of the face by composite tissue allotransplantationin a
patient with massive plexiform neurofibroma: a 1-year follow-up
study. Lancet 2008;372:639—45

. Petruzzo P, Testelin S, Kanitakis J, et al. First human face

transplantation: 5 years outcomes. Transplantation 2012;93:236—40

. Pomahac B, Pribaz J, Eriksson E, et al. Restoration of facial form and

function after severe disfigurement from burn injury by a compos-
ite facial allograft. Am ] Transplant 2011;11:386-93

. Pomahac B, Pribaz J, Eriksson E, et al. Three patients with full facial

transplantation. N Engl ] Med 2012;366:715-22

. Barret JP, Gavalda J, Bueno J, et al. Full face transplant: the first case

report. Ann Surg 2011;254:252-56

. Jeung IS, Lee S, Kim HS, et al. Effect of botulinum toxin a injection

into the salivary glands for sialorrhea in children with neurologic
disorders. Ann Rehabil Med 2012;36:340—46

. Sisk GC, Kumamaru KK, Schultz K, et al. Cine computed tomogra-

phy angiography evaluation of blood flow for full face transplant
surgical planning. Eplasty 2012;12:e57

Soga S, Pomahac B, Wake N, et al. CT angiography for surgical plan-
ning in face transplantation candidates. AJNR Am ] Neuroradiol
2013;34:1873-81

Soga S, Wake N, Bueno EM, et al. Noninvasive vascular images for
face transplant surgical planning. Eplasty 2011;11:e51

Siemionow M, Ozturk C. Face transplantation: outcomes,
concerns, controversies, and future directions. ] Craniofac Surg
2012;23:254-59

Lengelé BG. Current concepts and future challenges in facial trans-
plantation. Clin Plas Surg 2009;36:507-21



ORIGINAL RESEARCH
PEDIATRICS

Physiologic Pineal Region, Choroid Plexus, and Dural
Calcifications in the First Decade of Life

M.T. Whitehead, C. Oh, A. Raju, and ““’AF. Choudhri

ABSTRACT

BACKGROUND AND PURPOSE: Calcifications of the pineal, habenula, choroid plexus, and dura are often physiologic. In the modern CT
era with thin-section images and multiplanar reformats, intracranial calcifications have become more conspicuous. We aimed to discover
the CT prevalence of pineal region, choroid plexus, and dural calcifications in the first decade of life.

MATERIALS AND METHODS: Five hundred head CTs from different patients (age range, 0—9 years) encountered during a consecutive
6-month period at a single academic children’s hospital were reviewed retrospectively after excluding examinations with artifacts and
pineal region masses/hemorrhage. All studies were performed on a 320-detector CT, with 0.5-mm collimation and a 512 X 512 matrix.
Five-millimeter reformatted axial, sagittal, and coronal images were analyzed for location and extent of intracranial calcifications.

RESULTS: The meanage was 3.5 = 5.7 years (range, 0-9 years). There were 285 males (57%) and 215 females (43%). Pineal calcifications were
present in 5% (n = 25; age range, 3.2—8.9 years; median, 7 years). Habenular calcifications were found in 10% (n = 50; age range, 2.8—8.8
years; median, 7 years). Twelve percent (n = 58) had choroid plexus calcifications, (age range, 0.1-8.8 years). Dural calcifications were rare,
present in 1% (n = 6; age range, 2.9—-8.7 years).

CONCLUSIONS: Physiologic intracranial calcifications may be found in the first decade, principally in children older than 5 years. Most
epithalamic calcifications are habenular. Pineal and habenular calcifications were never present in children younger than 3 and 2 years,

respectively. Choroid plexus calcifications may be present in the very young. Dural calcifications are rare.

hysiologic intracranial calcifications become increasingly

prevalent with advancing age but can be found in children and
adults. Pineal region calcification is known to be present histolog-
ically from fetal life to adulthood." Benign calcifications in the
pineal gland, habenula, choroid plexus, and dura should not be
mistaken for hemorrhage or pathologic tumoral or metabolic
mineralization. Thus, it is important to know where physiologic
intracranial calcification is expected, and the age when it becomes
detectable on imaging.

The widely held dictum that pineal region calcifications found
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in those younger than 6 years of age are always pathologic no
longer holds true in the modern CT era.” Previous imaging studies
that generated the currently established age thresholds examined
intracranial calcifications on more primitive CT scanners with
smaller matrices and thicker sections. Furthermore, sparse litera-
ture exists regarding the prevalence of dural and choroid plexus
calcifications on head CTs in children. We sought to discover the
prevalence of intracranial calcifications in the pineal gland, habe-
nula, choroid plexus, and dura in the first decade of life by using
contemporary CT technology.

MATERIALS AND METHODS

This Health Insurance Portability and Accountability Act—com-
pliant retrospective study was performed after institutional re-
view board approval. The imaging database at a single academic
children’s hospital was searched for all noncontrast head CTs
from separate patients younger than 10 years of age obtained dur-
ing a consecutive 6-month period. The search yielded 507 exam-
inations. Patients with entities known to be associated with calci-
fications were excluded. Examinations with excessive motion
artifacts, pineal region masses, or evaluation-limiting hemor-
rhage were also excluded. All examinations were performed on a
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FIG 1. Chart depicting the percentage of patients with calcifications (y-axis) in various regions

by year of life (x-axis).

Location of specific intracranial calcifications

Location of

Calcification No. of Patients Age Range (yr)
Pineal gland 25/500 (5%) 3.2-8.9 (median, 6.7)
Habenula 50/500 (10%) 2.8-8.8 (median, 6.5)
Pineal region 63/500 (13%) 2.8-8.9 (median, 6.5)
Choroid plexus 58/500 (12%) 0.1-8.8 (median, 6.3)
Dural 6/500 (1%) 2.9-8.7 (median, 4.5)

320-detector CT scanner (Aquilion ONE; Toshiba Medical Sys-
tems, Tokyo, Japan) with 0.5-mm collimation and a 512 X 512
matrix. The epithalamus, choroid plexus, and dura were analyzed
for calcifications on 5-mm axial, coronal, and sagittal reformatted
images in each case. Epithalamic calcifications included either
pineal, habenular, or both. Epithalamic calcifications were also sub-
divided into pineal or habenular on the basis of their distinct loca-
tion; focal pineal parenchymal or pineal wall calcifications were clas-
sified as “pineal,” while pineal adjacent calcifications were considered
“habenular.” The latter are generally localizable anterolateral to the
pineal gland along the medial thalamic margins.

Calcification positivity was defined as hyperattenating mate-
rial respective to gray matter. In addition to group analysis, we
evaluated patient subsets on the basis of age. We recorded the total
number of patients in each year of life and calculated the percent-
ages of pineal, habenular, choroid plexus, and dural calcifications
in patients of each age (range, 0-9 years). Pineal calcifications
were classified as punctate and/or single or larger and/or numer-
ous (>1). All encountered pineal cysts were recorded and manu-
ally measured by calipers on a PACS in the maximal diameter;
mean pineal cyst sizes were then calculated. Dural and choroid
plexus calcifications were grouped by location. Choroid plexus
calcifications were classified as either punctate and/or few or large
and/or multiple. The potential relationship between choroid
plexus and pineal calcifications was explored.

Images were retrospectively reviewed in a blinded manner by 2
fellowship-trained neuroradiologists with American Board of Ra-
diology subspecialty certificates in neuroradiology (M.T.W. and
A.F.C.). Both readers had >3 years of clinical experience after
board certification. A consensus reading was reached in all cases.
Each patient’s electronic medical record was researched for pre-
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senting symptomatology, demographic
information, and pertinent physical ex-
amination findings.

Five hundred patients met the inclu-
sion criteria, with a mean age of 3.5 £ 5.7
years (median, 2.5 years; range, 0.0-9
years). The percentages of patients with
intracranial calcifications in each age
group are shown in Fig 1. There were 285
males (57%) and 215 females (43%). The
most common clinical indications for the
examinations were trauma (n = 209), sei-
zures (n = 66), shunt (n = 57), and head-
ache (n = 41). None of the patients had
undergone prior therapeutic radiation,
and no histories of metabolic disorders,
endocrinopathies, or renal diseases could
cause calcium-phosphate imbalance and
premature or excessive intracranial calcification. One patient had
a history of tuberous sclerosis but had no intracranial calcifica-
tion. None of the patients had documented histories of TORCH
infection or neurofibromatosis type 1, entities known to be asso-
ciated with calcifications in or around the choroid plexus.’

Data Collection and Statistics

Data were stored and analyzed in a spreadsheet (Excel 2011; Mi-
crosoft, Redmond, Washington) and in SPSS (Version 20.0; IBM,
Armonk, New York). Discrete variables were evaluated by using
the x* or Fisher exact test, as appropriate. Continuous variables
were analyzed for significance by using the Kruskal-Wallis test
with a nonparametric posttest. Correlations were made by using
the Pearson product-moment correlation coefficient. P values <
.05 were considered significant.

RESULTS

Age and intracranial calcification presence were positively corre-
lated (P < .0001) (Fig 1). Most (97%) intracranial calcifications
were found in patients older than 5 years. There was no significant
difference in sex (P = .41) or race (P = .28) of patients with and
without calcifications. A summary of location-specific intracra-
nial calcifications is provided in the Table.

Epithalamus
Epithalamus (pineal and/or habenular) calcifications were pres-
ent in 13% (63/500). Pineal and habenular calcifications were
positively correlated (P < .0001). Pineal calcifications were pres-
entin 5% (n = 25; age range, 3.2— 8.9 years; median, 7 years). One
percent (6/500) of patients were younger than 6 years of age (Fig
2). Pineal calcifications were single and/or punctate in 71% (17/24)
and larger and/or more numerous in 29% (7/24; range, 7-9 years).
Pineal cysts were found in 3% (n = 15; age range, 0.7-7.5
years; median. 2.6 years). These ranged from 4 to 15 mm (median,
5 mm). Four of these 15 patients had epithalamic calcifications
involving the habenula (n = 4) and/or pineal gland (n = 1).
Habenular calcifications were found in 10% (n = 50; age
range, 2.8—8.8 years; median, 7 years; Fig 2).



FIG 2. A, Midline sagittal head CT image from an 8-year-old child
obtained for headache, demonstrating calcifications in both the pi-
neal gland (large arrow) and habenular complex (small arrow). Habe-
nular calcifications are centered anterosuperior and lateral to the
pineal base. B, Axial head CT image through the epithalamus from an
8-year-old child performed for headache, showing pineal gland (large
arrow) and habenular (small arrow) calcifications. Habenular calcifi-
cations are centered anterolateral to the pineal base.

Choroid Plexus

Twelve percent of subjects (n = 58) had choroid plexus calcifica-
tions (age range, 0.1— 8.8 years; median, 6 years; Fig 3). All choroid
plexus calcifications were localized to the lateral ventricular glo-
mus. Most choroid plexus calcifications were punctate and/or few
(n = 54). The 4 remaining patients with large and/or numerous
choroid plexus calcifications were 8 (n = 3) and 3 (n = 1) years of
age. There was a significant association between patients with
choroid plexus and pineal calcifications (P = .003).

Dura

Dural calcifications were rare, present in only 1% (n = 6; age
range, 2.9—8.7 years; median, 6 years; Fig 4). The tentorium was
the most common dural site to calcify (n = 4) followed by the falx

cerebri (n = 2).

DISCUSSION

Epithalamus

The epithalamus comprises the pineal gland and habenular com-
plex. We chose to examine the prevalence of epithalamic, pineal,

FIG 3. Axial head CT image from an 8-year-old child obtained for
seizure, at the level of the lateral ventricular atria, depicting choroid
plexus glomus calcifications (arrows).

FIG 4. Midline sagittal head CT image from an 8-year-old child ob-
tained for headache, demonstrating dural calcifications along the an-
terior margin of the cerebellar tentorium (arrow).

and habenular calcifications separately for several reasons. First,
we think pineal and habenular calcifications can be accurately
distinguished in most circumstances with modern CT technology
and thin-section images. Second, we suspect that in the past,
many habenular calcifications were misclassified as being pineal.
Because these structures are functionally unique, we think that
they deserve to be analyzed separately.

Pineal Gland
The pineal gland is a conical organ situated in the quadrigeminal
cistern between the posterior and habenular commissures. Pi-
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nocytes, glial cells, neurons, and perivascular phagocytes consti-
tute the bulk of its internal structure.* After a period of initial
growth, the size of the pineal gland has been shown to remain
stable beyond the first 1-2 years of life.>”” Knowledge of normal
pineal gland size/volume is relevant in the evaluation of pineal
region pathology. Pineal calcifications that would be considered
benign in isolation are suspicious for neoplasia if there is concur-
rent glandular enlargement.

Why does the pineal gland calcify, and where is the calcium
localized? Calcified concretions called “corpora arenacea” or
“brain sand” found within the pineal gland primarily comprise
calcium and magnesium salts.® Exophytic membrane debris, a
by-product of pineal neuronal and glial polypeptide exocytosis,
forms the skeleton of the corpora arenacea around which calcifi-
cations are laid.” Early calcifications found in younger patients are
globular and localize near pinealocytes; whereas in older patients,
calcifications tend to be more concentric and are associated with
glial cells.'® In a study of older adults (age range, 62—80 years),
Kim et al'' found multiple concentrically calcified areas distrib-
uted throughout the pineal gland with centrally concentrated
larger aggregates. Perivascular, tryptase-secreting mast cells have
been found in areas where intrapineal calcium deposits originate,
implicating these mast cells in the calcification process." Calcium
also tends to localize along cell membranes.® The outer pineal
gland membrane may calcify, generally in a laminated man-
ner.>'® The laminated pineal calcifications that are found in older
individuals may be related to circannual calcium level changes.®
However, the underlying cause of pineal calcium deposition re-
mains elusive. It could represent a physiologic, maturational, or
degenerative process.

In 1982, Zimmerman and Bilaniuk® studied a large series of
725 patients (age range, 0—20 years) to define the incidence of
pineal calcifications in the first 2 decades of life. In that study, the
incidence of physiologic pineal calcifications was 11%; 13% of
these were found in the first decade, with the youngest patient
being 6.5 years. Because the study used CT parameters that would
be considered primitive by today’s standards, including a rela-
tively small matrix (160 X 160 or 320 X 320) and large section
thickness (8 mm), the incidence of pineal calcifications was likely
underestimated. Other literature contradicts the low range of 6.5
years. One study indicated a 3% frequency of pineal calcifications
in the first 12 months.'> A more recent study by Doyle and An-
derson'? demonstrated pineal calcifications in 8% of patients
0-10 years of age by using CT with a 512 X 512 matrix and 8-mm
section thickness in nearly all cases. The youngest patient with
pineal calcification was 3 years of age, and 1% of patients younger
than 6 years had pineal calcifications, identical to our study re-
sults. Early pineal glandular calcium deposition has also been
shown in the histopathology literature, where microscopic calci-
fications in the human pineal gland have been documented even
before birth.'

We found pineal calcifications in 5%. While most of these
patients were older than 5 years, a few were younger (youngest, 3
years). The apparent decrease in the percentage of patients with
pineal region calcifications between 7 and 9 years of age is likely
attributable to fewer patients in older patient subsets (Fig 1). The
mantra that no pineal gland calcification should be visible in pa-
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tients younger than 6 years is no longer relevant in the modern CT
age.” However, pineal calcifications were single and punctate in all
of our patients younger than 7 years of age. Occasional cases of
larger and more numerous pineal calcifications were seen only in
patients older than 7 years. Therefore, we advise cautious scrutiny
in those patients younger than 7 years manifesting large and/or
excessive pineal calcifications. Suspicious calcifications (prema-
ture, large, or excessive) should prompt a glandular volume anal-
ysis.>” A detailed clinical and biochemical assessment should be
undertaken. Follow-up imaging should also be considered to ex-
clude early presentation of a pineal tumor.

Habenula
The habenula is a small, bilaterally paired nuclear complex lo-
cated along the inferior dorsomedial thalami. It is structurally
connected to many deep brain structures, including the pineal
gland, hypothalamus, midbrain, basal ganglia, and septal area, to
name a few. Thus, it has a multitude of functions, mainly serving
as a relay and processing center between the limbic system and
midbrain through the stria medullaris thalami (afferent) and ha-
benulointerpeduncular tract (efferent), ultimately influencing
dopamine and serotonin elaboration.'* The habenular complex
also participates in the sleep-wake cycle. The retinohypothalamic
reflex is the process by which light-induced retinal activation rec-
ognized in the hypothalamus signals the pineal gland to decrease
melatonin production by way of the sympathetic chain. One func-
tion of melatonin is to inhibit the habenular complex. In the ab-
sence of melatonin-induced habenular inhibition, dopamine in-
hibition, normally mediated by the habenula, is eliminated, and
dopamine excretion increases.'*'* Because the pineal gland and
habenula are in proximity and share at least 1 common function,
itis understandable that they may calcify at similar times, whether
degenerative, physiologic, or otherwise. The substance of these
calcifications is similar in makeup to that found in the pineal
gland; the calcifications contain both calcium and magnesium
salts.®

To our knowledge, the potential association between sleep
dysfunction and habenular calcification has not been systemati-
cally examined. However, there may be a link between habenular
calcification and pathophysiology, ultimately disrupting the aver-
sion/reward process. For instance, pineal and habenular calcifica-
tions have been noted as frequent findings in patients with schizo-
phrenia.'®'” Because patients with schizophrenia often have
difficulty learning from errors, habenular dysfunction has been
implicated."® Habenular calcifications were the most common
epithalamic calcification in our cohort, present in 10% and in
none younger than 2 years of age.

Choroid Plexus

The choroid plexus is an intraventricular organ comprising
cuboidal epithelial cells, vasculature, and connective tissue. It has
multifaceted functionality, chiefly serving in CSF volume modu-
lation with productive, absorptive, and filtering capability. Its
bulk resides in the lateral ventricular atria, called the glomus. Dur-
ing the human life span, the choroid plexus tends to accumulate
physiologic calcifications. Because most choroid plexus is con-
centrated in the ventricular atria, it is here that calcifications are



most frequently evident. Pathologic processes such as prior
intraventricular infection, inflammation, and hemorrhage and
chronic calcium and phosphate imbalance can cause premature
or excessive choroid plexus mineralization. Therefore, knowledge
of a normally expected calcification time range would be helpful
in distinguishing physiology from pathology.

The prevalence of choroid plexus calcification increases with
age."”?° However, few studies have examined choroid plexus cal-
cifications in children. In a large retrospective CT study from
18,000 consecutive children (0—15 years of age) performed with
early CT technology (EMI 1010 CT) by Kendall and Cavanagh,*®
choroid calcifications were found in 2% of patients younger than
8 years of age. Another CT study that examined scans obtained
with 8-mm section thickness and a 256 X 256 matrix demon-
strated the prevalence of choroid plexus calcification in the first
decade to be 0.5%.> More recently, Doyle and Anderson' found
choroid plexus calcifications to be more prevalent, present in 16%
of their patients. Indeed, choroid plexus psammoma bodies have
been described in children histopathologically.>' Dystrophic cal-
cification associated with the arachnoid cells and collagen fibers is
thought to be causative.”?

We discovered choroid plexus calcifications in 12% of patients
in our cohort. In accordance with findings described by Doyle and
Anderson,"? we found a significant positive association of choroid
plexus and pineal calcifications. Choroid calcifications were visi-
ble in patients across all age ranges, from younger than 1 month to
10 years. A variety of clinical scenarios brought these patients to
imaging, mainly trauma and headache. In all cases, the choroid
plexus glomus was calcified in isolation, either unilaterally or bi-
laterally. Typically, calcifications were punctate and few. There-
fore, choroid plexus calcifications occurring outside the glomus
or in excess should be viewed with suspicion for underlying pa-
thology in patients younger than 9 years of age. Minimal choroid
plexus calcium deposition is probably physiologic at any age, in-
cluding early childhood.

Dura
Thick connective tissue composing the dura envelops the central
nervous system deep to the skeleton. Dura partitions the intracra-
nial compartment into various subsections, forms the walls of the
major dural venous sinuses, and serves as a conduit for neurovas-
cular connections.

Although extremely rare, the CT prevalence of childhood du-
ral calcifications remains a subject without strong support in the

1> found

literature. In a series of 970 trauma patients, Ratcliffe eta
dural calcifications in >20% of men older than 30 years and
women older than 50 years on skull radiography; attenuated cal-
cifications were present in less than 2% of those younger than 40
years. Kendall and Cavanagh®° found dural calcifications in 0.8%
of patients 0—15 years of age. Dural calcifications were rare in our
study, occurring in 1%. Posttraumatic dural calcifications rarely
occur but are not unexpected after a calvarial breach from pene-
trating trauma and surgical intervention. Indeed, most of our
patients with dural calcifications had previous craniotomies (4/6).
The other 2 presented with headache (9 years of age) and head
trauma (4 years of age). The tentorium was the most common
area to calcify. Extensive dural calcifications in young patients

should raise suspicion for pathologic conditions, including basal cell
nevus syndrome, meningiomas, sequelae of prior subdural or epidu-
ral hemorrhage, and calcium/phosphate imbalance.**

This study has several limitations. Calcium detection is inher-
ently limited by CT section thickness; therefore, intracranial cal-
cifications may have been underestimated. However, we believe
this underestimation to be of little clinical importance because
thinner section soft-tissue algorithm images are not currently part
of most practices. Despite their distinctive locations, pineal and
habenular calcifications can sometimes be difficult to separate
visually; this problem could have resulted in misclassification in
some instances (Fig 2). Pineal cysts are common in the age group
in our study and can distort regional anatomy.” We found pineal
cysts in 3% of our patient cohort, ranging from 4 to 15 mm;
however, only 4 of these patients had epithalamic calcifications.

CONCLUSIONS

Physiologic intracranial calcifications may be found in the first
decade, principally in children older than 5 years. Most epitha-
lamic calcifications are habenular in location. Pineal and habenu-
lar calcifications were never present in children younger than 3
and 2 years, respectively. Dural calcifications are rare; they are not
present in those younger than 2 years of age. Choroid plexus cal-
cifications may be present in the very young (younger than 1
year).
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ORIGINAL RESEARCH
PEDIATRICS

Comparing 3T TI-Weighted Sequences in Identifying
Hyperintense Punctate Lesions in Preterm Neonates

D. Tortora, V. Panara, P.A. Mattei, A. Tartaro, R. Salomone, S. Domizio, A.R. Cotroneo, and M. Caulo

ABSTRACT

BACKGROUND AND PURPOSE: The loss of contrast on TI-weighted MR images at 3T may affect the detection of hyperintense punctate
lesions indicative of periventricular leukomalacia in preterm neonates. The aim of the present study was to determine which 3T TI-
weighted sequence identified the highest number of hyperintense punctate lesions and to explore the relationship between the number
of hyperintense punctate lesions and clinical outcome.

MATERIALS AND METHODS: The presence of hyperintense punctate lesions was retrospectively evaluated in 200 consecutive preterm
neonates on 4 axial TI-weighted sequences: 3-mm inversion recovery and spin-echo and 1- and 3-mm reformatted 3D-fast-field echo.
Statistically significant differences in the number of hyperintense punctate lesions were evaluated by using a linear mixed-model analysis.
Logistic regression analysis was used to assess the relation between the number of hyperintense punctate lesions and neuromotor
outcome at 3 months.

RESULTS: Thirty-one neonates had at least 1 hyperintense punctate lesion indicative of periventricular leukomalacia in at least 1 of the 4
sequences. The I-mm axial reformatted 3D-fast-field echo sequence identified the greatest number of hyperintense punctate lesions (P <
.001). No statistically significant differences were found among the 3-mm Tl-weighted sequences. The greater number of hyperintense
punctate lesions detected by the 1-mm reformatted T1 3D-fast-field echo sequence in the central region of the brain was associated with

a worse clinical outcome.

CONCLUSIONS: At 3T, the 1-mm axial reformatted T1 3D-fast-field echo sequence identified the greatest number of hyperintense
punctate lesions in the central region of preterm neonate brains, and this number was associated with neuromotor outcome.

ABBREVIATIONS: FFE = fast-field echo; IR = inversion recovery; HPL = hyperintense punctate lesion; ICC = intraclass correlation coefficient; PN = preterm

neonate; PVL = periventricular leukomalacia; SE = spin-echo

eriventricular white matter injury is a major form of brain

damage and the leading cause of chronic neurologic disability
in survivors of preterm births."? Periventricular white matter in-
jury includes a spectrum of cerebral damage that ranges from
focal necrotic lesions (periventricular leukomalacia [PVL]) to dif-
fuse myelination disturbances (diffuse periventricular white
matter injury).”®> PVL is pathologically characterized by foci of
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coagulation necrosis in the periventricular white matter, which
results in degeneration of cellular elements and, in particular,
the premyelinating oligodendrocytes. The physiopathologic
mechanism underlying PVL remains an important unresolved
question.®

Classic MR imaging signs of PVL are hyperintense punctate
lesions (HPLs) on T1-weighted sequences, which infrequently
may also appear hypointense on T2-weighted images.” More se-
vere presentations of PVL are either cavitation (cystic PVL) or
glial scars and may be accompanied by a conspicuous reduction in
white matter volume and ventricular enlargement.® The causes
determining the shortening of T1 and T2 signals in punctate PVL
have not been completely established. Some authors hypothesized
that signal shortening was determined by the presence of focal
hemorrhages. Other studies hypothesized that the characteristic
hyperintense signal on T1-weighted sequences was due to the
contemporary presence of hemosiderin deposition, lipids from
myelin breakdown, and dystrophic calcifications.”
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Table 1: MRI sequence parameters

Sequence Section Thickness (mm) Intersection (mm) TR (ms) TE (ms) TI (ms) FA SAR (W/Kg) dB
Axial T1SE 3 0.5 663 1l — - <0.2 —6.5
Axial TTIR 3 0.5 4938 15 400 — <0.1 7.2
T13D-FFE land3 0 9.2 43 — 10° 0.0 54
Axial T2-TSE 3 0.5 3000 80 - - <0.2 6.5
Axial DWI 4 1 2380 65 - - <0.1 9.5

Note:—SAR indicates specific absorption rate; FA, flip angle.

Preterm children with PVL present a high incidence of neuro-
developmental disabilities such as cerebral palsy; mental retarda-
tion; and psychologic, developmental, behavioral, and emotional
disorders.® Currently, an accurate method of identifying all pre-
term neonates (PNs) at risk of poor developmental outcome is
not available, to our knowledge. Clinical risk factors, cranial
sonography, and electroencephalography are used to study PNs
around birth but are not optimal predictors of long-term out-
come.”'® MR imaging can provide prognostic information con-
cerning neuropsychological development. For example, PNs with
a greater number of HPLs at MR imaging subsequently presented
a worse motor and neurocognitive outcome. More specifically,
the presence of HPLs in white matter regions traversed by the
motor pathway was shown to be a useful predictor of motor out-
come.'"'> However, the use of MR imaging to screen PNs has
been relatively limited because of the availability of the MR imag-
ing systems, the complex management of neonates, and, above all,
the low prognostic accuracy when no lesions are identified.'>'*

To date, most MR imaging studies on PVL were performed by
using MR imaging systems operating at 1.5T or lower field
strengths. Liauw et al'®> concluded that the spin-echo (SE) T1-
weighted sequence scored best for detecting the presence of HPLs.

Recently, the benefits from the improved signal-to-noise ratio
and higher spatial resolution of MR imaging systems operating at
3T indicated the potential of this high magnetic field system for
studying the neonatal brain, though the elongation of the T1 re-
laxation time at higher magnetic field strengths'® may bias the use
of 3T scanners in preterm neonates due to the potential reduction
of the sensitivity of T1 images for identifying HPLs.

The aim of the present study was to determine which 3T T1-
weighted sequence identified the highest number of HPLs in PNs
studied at term-corrected age and to explore the relationship be-
tween the number/location of HPLs and the clinical outcome.

MATERIALS AND METHODS

Patients

The institutional review board approved our retrospective study
and waived informed consent. The brain MR imaging acquisi-
tions of 200 consecutive PNs acquired from January 2010 to De-
cember 2012 within 5 days of term-corrected age as part of an
ongoing screening of premature neonates (study approved by the
Ethics Committee of “G. D’Annunzio” University of Chieti and
Azienda Sanitaria Locale n.2 of Lanciano-Vasto-Chieti) were in-
cluded in this study. Parents or legal guardians of the neonates
always gave written informed consent to the MR imaging study.

Neuromotor Outcome
Neurologic examinations of the PNs were routinely performed at 3
months of corrected age by a pediatric neurologist who assigned the
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infant to 1 of the 3 following groups, according to the classification of
development by the World Health Organization: 1) “normal” (nor-
mal neurologic examination findings); 2) “mildly abnormal” (mild
hypertonia, hypotonia, and/or asymmetry); and 3) “definitely ab-
normal” (cerebral palsy).'” Results were obtained from patient
records.

MR Imaging

MR imaging was performed by using a 3T whole-body system
(Achieva 3.0T X-Series; Philips Healthcare, Best, the Netherlands)
with a dedicated 8-channel head coil. Neonates were fed and se-
dated with 10-mg oral chloral hydrate per kilogram of body
weight. During the scan, the neonates were laid in a supine posi-
tion and swaddled in blankets. Molded foam was placed around
the body of the neonate to minimize head movement. Ear protec-
tion was always used and consisted of commercially available neo-
natal earmuffs (MiniMuffs; Natus Medical, San Carlos, Califor-
nia) and adapted ear-canal plugs. Heart rate and oxygen
saturation were monitored during the MR imaging study by an
experienced intensive care neonatologist. All neonates underwent
the same MR imaging protocol. Details of the MR imaging se-
quences are reported in Table 1.

MR Image Analysis

Phase 1. Two neuroradiologists, with 15 and 5 years of experience
in neonatal neuroimaging, reviewed, in consensus, the MR imag-
ing studies of the 200 neonates. They performed a preliminary
image-quality assessment of the acquired sequences by using a
3-point scale (0, nondiagnostic images; 1, diagnostic image with
limitations; and 2, fully diagnostic). Assessed parameters included
general visual image quality, image noise, and the presence of
artifacts. Only MR imaging sequences with scores of at least 2 were
included in subsequent analyses.

Phase 2. Four weeks later, the same 2 neuroradiologists indepen-
dently reviewed the MR imaging studies selected in phase 1. They
focused on the presence of HPLs on the 4 T1-weighted sequences
(3-mm axial SE, 3-mm axial inversion recovery [IR], and 3- and
1-mm axial reformatted 3D-fast-field echo [FFE]). An HPL was
defined as a hyperintense punctate lesion on T1 with a diameter of
<5 mm that did not necessarily present a corresponding de-
creased signal intensity on T2-weighted images.

A standardized system of visual assessment was used. The 2
readers, blinded to neonate identity, clinical history, and gesta-
tional age at birth, used a workstation equipped with a profes-
sional DICOM viewer (OsiriX Imaging Software; http://www.
osirix-viewer.com). They evaluated the T1-weighted sequences
for the following characteristics: 1) number of HPLs, 2) location:
anterior to the frontal horn of the lateral ventricles (anterior re-



gion), posterior to the trigon (posterior region), or in the centrum
semiovale and/or corona radiata (central region traversed by the
motor pathway).” The sequences of all neonates were randomly
presented.

Phase 3. Four weeks later the same 2 neuroradiologists jointly
reviewed all the MR imaging studies in which at least 1 HPL was
detected during phase 2. They were asked to reach a consensus on
a global HPL evaluation (number and location). This consensus
reading was considered the reference standard for statistical
analysis.

Statistical Analysis

Statistical analysis was performed by using SPSS Statistics for
Mac, Version 21.0 (IBM, Armonk, New York). The level of signif-
icance was set at P < .05.

Linear mixed-model analysis was performed to evaluate the
presence of significant differences between the overall number of
HPLs identified in each T1-weighted sequence and the number
of HPLs identified in each location (anterior, posterior, and
central/motor).

The presence of a relationship between the neuromotor out-
come at 3 months and the number of HPLs was tested by using
logistic regression with a backward stepwise conditional method.

Intraclass correlation coefficients (ICCs) were used to study
the agreement between the 2 readers in visualizing the number of
HPLs with each T1 sequence. An ICC of <0.40 indicated a poor
agreement; 0.40—0.75, fair-to-good (moderate); and 0.76-1.00,
excellent agreement.'® To analyze the performance of each MR
imaging sequence in showing the presence of HPLs, we calculated
the ICC between the individual assessments and the reference
standard.

RESULTS

Patients

The MR imaging studies of 184/200 (92%) PNs were scored as at
least 2 at the preliminary image-quality analysis and therefore
were included in the analysis. Thirty-one of 184 (16.8%) PNs (12
females; average gestational age, 32.5 * 2.5 weeks; range, 28 -36
weeks) presented with at least 1 HPL on at least 1 T1-weighted
sequence and were included in subsequent statistical analysis. In 4
of these neonates, T1 SE images were not obtained due to patient
awakening. In 1 neonate, both SE and T1 IR images were not
obtained.

Neuromotor Outcome

At 3 months, 20/31 (64.5%) preterm infants presented with a
mildly abnormal motor development (spasticity), 9/31 (29.0%)
presented with a normal motor development, none of the patients
presented with cerebral palsy, and 2/31 (6.5%) PNs were lost to
follow-up.

Number of HPLs

In consensus reading, the 1-mm reformatted 3D-FFE sequence
detected the greatest overall number of HPLs (n = 386 lesions);
3-mm reformatted 3D-FFE, T1 IR, and T1 SE sequences identified
218, 152, and 151 HPLs, respectively. In 7 PN, the presence of

Table 2: HPLs identified in consensus reading

Overall
3-mm 1-mm 3-mm 3-mm
Patient  Sex Outcome TIFFE TIFFE TIIR T1SE
1 F 1 4 7 0 NA
2 F 0 3 7 0 NA
3 F 1 12 20 6 NA
4 F 0 3 8 6 NA
5 M 1 8 12 5 4
6 F 1 16 35 8 16
7 M 0 9 12 6 7
8 M 1 17 19 10 1l
9 M 1 12 25 9 9
10 F 1 9 n n 10
n M 0 3 5 2 4
12 F NA 5 14 7 4
13 M 1 6 9 1l n
14 M 1 21 30 9 9
15 M 1 15 29 17 15
16 M 1 6 13 8 14
17 M NA 4 9 NA NA
18 F 0 8 1 0 0
19 M 0 6 9 1 2
20 F 1 6 12 5 6
21 M 0 4 9 0 0
22 M 1 4 8 3 4
23 M 1 2 4 2 2
24 F 1 4 10 3 1
25 M 1 1 7 5 2
26 M 1 15 15 9 13
27 M 0 5 10 3 3
28 M 0 2 5 0 0
29 M 1 2 8 0 0
30 F 1 1 5 0 0
31 F 1 5 8 6 4
Total 218 386 152 151

Note:—NA indicates not available.

HPLs was identified exclusively on the reformatted 3D-FFE se-
quences and not on SE and IR. Results are summarized in Table 2.

The consensus reading of the location-related number of HPLs
indicated that in the central/motor location, 1- and 3-mm reformat-
ted 3D-FFE sequences detected 227 and 115 HPLs. The T1 IRand T1
SE sequences identified 67 and 71 HPLs, respectively. In the anterior
location, 1- and 3-mm reformatted 3D-FFE sequences detected 26
and 18 HPLs. The IR and SE sequences identified 18 and 12 HPLs,
respectively. In the posterior location, 1- and 3-mm reformatted 3D-
FFE sequences detected 133 and 85 HPLs. The IR and SE sequences
identified 67 and 68 HPLs, respectively.

The linear mixed-model analysis showed a statistical differ-
ence among the overall number of lesions detected by the 4 T1-
weighted sequences (P < .01). Comparison of the means indi-
cated that the 1-mm reformatted T1 3D-FFE sequence identified
a significantly greater overall number of HPLs than 3-mm refor-
matted T1 3D-FFE, SE, and IR sequences. No statistical differ-
ences were observed among the overall number of lesions de-
tected by 3-mm sequences (P > .05) (Fig 1).

Linear mixed-model analysis showed a statistical difference
among the number of HPLs detected by the 4 T1-weighted se-
quences in the central/motor location (P < .01). Comparison of
the means indicated that the 1-mm reformatted T1 3D-FFE se-
quence identified a significantly greater number of HPLs than the
SE and IR sequences (P < .01), whereas no differences were ob-
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sequence was included in the primary
logistic regression analysis, and 3-mm re-
formatted T1 3D-FFE, IR, and SE se-
quences were removed from the back-
ward stepwise model. The number of
HPLs detected by the 1-mm T1 3D-FFE
sequence was an independent predictive
factor for neuromotor outcome (odds ra-
tio = 1.690; 95% CI, 1.017-2.807; P =
.04).

Interreader Agreement Analysis
A moderate-to-excellent interreader
agreement was observed for all the se-
quences. The greatest agreement was
reached by using the 1-mm axial refor-
matted T1 3D-FFE sequence (ICC =
0.986). Results of the interreader agree-
ment analysis are summarized in Table 3.
The ICCs of each Tl-weighted se-
quence in relation to the reference stan-
dard indicated that the 1-mm axial refor-
matted T1 3D-FFE sequence yielded the
best results (excellent agreement) for
both readers. The agreement between the
3-mm TI-weighted sequences and the
criterion standard yielded a higher ICC
for the 3D-FFE (excellent agreement)
than for the SE and IR sequences (moder-
ate agreement) for both readers (Table 3).

DISCUSSION

Despite the recent availability of an ever-
increasing number of 3T scanners, spe-
cific indications for the identification of
HPLs in PN are still lacking. Therefore,
in this 3T study, we evaluated the contri-
bution of different T1-weighted se-
quences for the identification and local-
ization of HPLs in a group of PNs. The
results indicated that axial reformatted T1
3D-FFE scored better than T1 IR and T1

FIG 1. Schematic representation of a typical neonatal brain. Only the central (motor) location

on the 1-mm reformatted T1 3D-FFE sequence scored a significantly greater number of HPLs
compared with IR and SE sequences. The 1-mm axial reformatted T13D-FFE sequence identified
a significant overall greater number of HPLs than other 3-mm sequences (P < .01).

served with the 3-mm reformatted 3D-FFE sequence (P > .05).
Statistically significant differences were not observed among the
number of HPLs identified by the 4 T1-weighted sequences in
anterior and posterior locations (Fig 1).

Relationship between Neuromotor Outcome and the
Number of HPLs

To test the clinical implication of the only significant difference in
the detection score of the HPLs by the 4 different T1-weighted
sequences, we tested the relationship between the number of
HPLs in the central region and the neuromotor outcome at 3
months. The number of HPLs detected by each T1-weighted
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SE sequences for detecting HPLs, though
only the 1-mm sequence differed signifi-
cantly from the others. These findings can
be explained by the combination of thin-
ner section thickness and the intrinsically higher sensitivity of
T1-weighted FFE sequences for hyperintense lesions compared with
SE. Wintersperger et al'> demonstrated that T1 3D-FFE sequences
showed a higher signal-to-noise ratio compared with T1 SE se-
quences at both 1.5T and 3T. Edelman et al*® recently reinforced this
finding by demonstrating that at 3T the T1 3D-FFE presented a sig-
nificantly higher quality compared with the 2D T1-SE images, pro-
viding a higher contrast-to-noise ratio for discriminating gray and
white matter structures, reducing artifacts, and improving imaging
efficiency with reformatted images in orthogonal orientations. In the
present study, the same reasons can be given to explain the difference
in scoring HPLs observed between the T1 3D-FFE and T1 IR se-



quences—that is, the T1 IR sequence had the same spin magnetiza-
tion refocusing of the T1 SE. This aspect was also confirmed by the
lack of a significant difference in HPL detection between the T1 SE
and T1 IR sequences.

In addition to the intrinsically higher SNR of FFE compared
with SE sequences, the section thickness and the possibility of
obtaining an isotropic voxel are important in increasing the sen-
sitivity of FFE sequences.

The T1 3D-FFE sequence with a section thickness of 1 mm
scored better in identifying HPLs than the other 3-mm T1-
weighted sequences (P < .01). In particular, the difference be-
tween 1- and 3-mm axial reformatted T1 3D-FFE sequences (P <
.01) demonstrated that decreasing the section thickness can sig-
nificantly increase the detection rate of punctate lesions. This out-
come is because the use of thinner sections allowed the separation
of contiguous lesions that were seen as confluent with thicker
sections (ie, cluster-organized HPLs could be identified as multi-
ple lesions at 1 mm, while they appeared as a single lesion at
3 mm) (Fig 2).

The importance of using a 3D-FFE sequences was reinforced
by the overall greater number of appropriately identified PVLs by
using both the 1- and 3-mm reformatted images compared with
SE and IR sequences.

Table 3: Interreader agreement and pulse sequence
performances®

Agreement of  Agreement of

Reader 1and Reader 2 and
Pulse Reference Reference Interreader
Sequences Standard Standard Agreement
3-mm T1 FFE 0.893 0.822 0.844
1-mm T1 FFE 0.988 0.992 0.986
3-mm T1IR 0.776 0.631 0.653
3-mm T1 SE 0.793 0.797 0.820

2 Data are intraclass correlation coefficients.

FIG 2. Three-millimeter (A) and 1-mm (B) axial reformatted T13D-FFE sequences of PNs affected
by PVL. The thinner sections (B) separated lesions that were seen as confluent with the thicker

sections (A).

As asecond step, we classified HPLs according to their location
(posterior, central, and anterior).'? We observed that the 1-mm
reformatted 3D-FFE sequence scored a statistically significantly
greater number of HPLs compared with the IR and SE sequences
only in the central (motor) location. This finding may be attrib-
uted to the intrinsically higher contrast-to-noise ratio of T1 3D-
FFE sequences that discriminated HPLs from the relatively higher
T1 signal intensity of the myelinated cortical spinal tract of neo-
nates. On the other hand, the absence of statistically significant
differences in the anterior and posterior locations among the dif-
ferent T1-weighted sequences may be attributed to the lower T1-
signal intensity of the unmyelinated white matter, which in-
creased the contrast with HPLs.

On the basis of the findings reported by Nanba et al,'* subse-
quent analysis focused on the central (motor) location. We eval-
uated the relationship between the number of HPLs detected by
each sequence and the neuromotor outcome at 3 months. The
greater number of HPLs detected by the 1-mm reformatted T1
3D-FFE sequence positively correlated to a worse clinical out-
come, thus suggesting that this sequence should be used in rou-
tine clinical use for PNs.

The ICCs of interreader agreement in the detection of HPLs
were moderate to excellent for all the T1-weighted sequences ex-
cept for IR, which had the lowest score performance (ICC = 0.63)
and interobserver agreement (ICC = 0.66). These results seem to

1,! which evaluated

contradicta previous 3T study by Stehling et al
differences in contrast-to-noise ratio, artifacts, gray-white differ-
entiation, image noise, and overall diagnostic quality among FFE,
IR, and SE sequences. They demonstrated a higher contrast-to-
noise ratio and a better gray-white matter differentiation with a
higher overall diagnostic quality of both FFE and IR compared
with SE sequences. We hypothesize that this discrepancy was re-
lated to the lower negative influence of the inhomogeneous my-
elination of the white matter of PNs on the FFE sequences.?*!

The highest interreader agreement
was obtained with the 1-mm reformatted
T1 3D-FFE sequence. This result could be
related to the higher HPL conspicuity on
this sequence, due to the higher intrinsic
SNR and thinner section thickness. In ad-
dition, the higher interreader agreement
obtained with T1 3D-FFE compared with
T1IR and T1 SE sequences demonstrated
that the detection of HPLs by using the T1
3D-FFE sequence was less influenced by
reader experience.

Another important advantage of 3D-
FFE sequences is their intrinsic lower spe-
cific absorption rate compared with SE.
The specific absorption rate level in-
creases with field strength and is higher in
T1 SE sequences due to the refocusing
pulses and in T1 IR sequences because of
their intense radiofrequency pulse.”' The
possibility of using lower specific absorp-
tion rate levels is particularly important in
neonates due to their immature thermo-
regulatory abilities.
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The main limitation of this study was the lack of a direct com-
parison between 1.5 and 3T sequences. For ethical reasons, we
decided not to repeat the MR imaging studies at different mag-
netic field intensities.

An additional limit of this study was its retrospective design.
The only clinical outcome that was consistently available from
patient records for the study group was the neuromotor one at 3
months. In addition, our study population lacked cases with the
most unfavorable neuromotor outcome (cerebral palsy). These
points should be addressed in future studies. In addition, 4 neo-
nates had incomplete MR imaging studies because they did not
undergo axial T1-SE and one did not undergo T1 IR.

All nonisometric sequences were acquired on the axial plane;
thus, a comparison with sagittal and coronal reformatted 3D-FFE
sequences was not possible.'? The patient population imposed a
rigid limit to the duration of the acquisition, thus excluding the
possibility of also acquiring all sequences in the coronal plane.
Nonetheless, an evaluation of the effect of the acquisition plane
was beyond the scope of this study.

CONCLUSIONS

This study demonstrated that with 3T scanners, the 1-mm axial
reformatted T1 3D-FFE sequence identified the greatest number
of HPLs in the central region of PN brains, and this number was
predictive of neuromotor outcome at 3 months.

REFERENCES

1. Volpe JJ. Neurology of the Newborn. Philadelphia: W.B. Saunders;
2000

2. Ferriero DM. Neontal brain injury. N Engl ] Med 2004;351:1985-95

3. Volpe JJ. Neurobiology of periventricular leukomalacia in the pre-
mature infant. Pediatr Res 2001;50:553—62

4. Rezaie P, Dean A. Periventricular leukomalacia, inflammation and
white matter lesions within the developing nervous system. Neuro-
pathology 2002;22:106—-32

5. Back SA, Riddle A, McClure MM. Maturation-dependent vulnera-
bility of perinatal white matter in premature birth. Stroke 2007;
38(2 suppl):724-30

6. Distefano G, Praticd AD. Actualities on molecular pathogenesis and
repairing processes of cerebral damage in perinatal hypoxic-isch-
emic encephalopathy. Ital | Pediatr 2010;16:36:63

586 Tortora Mar 2015 www.ajnr.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Cornette LG, Tanner SF, Ramenghi LA, et al. Magnetic resonance

imaging of the infant brain: anatomical characteristics and clinical
significance of punctate lesions. Arch Dis Child Fetal Neonatal Ed
2002;86:F171-77

. Olsén P, Paakkii E, Vainionpaa L, et al. Magnetic resonance imaging

of periventricular leukomalacia and its clinical correlation in chil-
dren. Ann Neurol 1997;41:754—61

. Ment LR, Hirtz D, Huppi PS. Imaging biomarkers of outcome in the

developing preterm brain. Lancet Neurol 2009;8:1042—55

Leijser LM, de Bruine FT, van der Grond J, et al. Is sequential cranial
ultrasound reliable for detection of white matter injury in very pre-
term infants? Neuroradiology 2010;52:397—406

Hintz SR, O’Shea M. Neuroimaging and neurodevelopmental out-
comes in preterm infants. Semin Perinatol 2008;32:11-19

Nanba Y, Matsui K, Aida N, et al. Magnetic resonance imaging re-
gional T1 abnormalities at term accurately predict motor outcome
in preterm infants. Pediatrics 2007;120:e10-19

Bax M, Tydeman C, Flodmark O. Clinical and MRI correlates of
cerebral palsy: the European Cerebral Palsy Study. JAMA 2006;
296:1602—-08

Back SA, Miller SP. Brain injury in premature neonates: a primary
cerebral dysmaturation disorder? Ann Neurol 2014;75:469—86
Liauw L, van der Grond J, van den Berg-Huysmans AA, et al. Hyp-
oxic-ischemic encephalopathy: diagnostic value of conventional
MR imaging pulse sequences in term-born neonates. Radiology
2008;247:204—-12

Williams LA, Gelman N, Picot PA, et al. Neonatal brain: regional
variability of in vivo MR imaging relaxation rates at 3.0T—initial
experience. Radiology 2005;235:595—603

Rosenbaum P, Stewart D. The World Health Organization interna-
tional classification of functioning, disability and health: a model
to guide clinical thinking, practice and research in the field of cere-
bral palsy. Semin Pediatr Neurol 2004;11:5-10

Fleiss JL. Statistical Methods for Rates and Proportion. 2nd ed. New
York: John Wiley; 1981

Wintersperger BJ, Runge VM, Biswas J, et al. Brain tumor enhance-
ment in MR imaging at 3 Tesla: comparison of SNR and CNR gain
using TSE and GRE techniques. Invest Radiol 2007;42:558—63
Edelman RR, Dunkle E, Koktzoglou I, et al. Rapid whole-brain mag-
netic resonance imaging with isotropic resolution at 3 Tesla. Invest
Radiol 2009;44:54-59

Stehling C, Niederstadt T, Krimer S. Comparison of a T1-
weighted inversion-recovery-, gradient-echo- and spin-echo se-
quence for imaging of the brain at 3.0 Tesla [in German]. Rofo
2005;177:536—-42



ORIGINAL RESEARCH
SPINE

Intramedullary Spinal Cord Metastases: Prognostic Value of
MRI and Clinical Features from a 13-Year Institutional

Case Series

F.E. Diehn, ).B. Rykken, J.T. Wald, C.P. Wood, LJ. Eckel, C.H. Hunt, KM. Schwartz, RK. Lingineni, R.E. Carter, and TJ. Kaufmann

ABSTRACT

BACKGROUND AND PURPOSE: In patients with intramedullary spinal cord metastases, the impact of MR imaging and clinical character-
istics on survival has not been elucidated. Our aim was to identify MR imaging and clinical features with prognostic value among patients
with intramedullary spinal cord metastases from a large retrospective series.

MATERIALS AND METHODS: The relevant MR imaging examination and baseline clinical data for each patient from a consecutive group
of patients with intramedullary spinal cord metastases had previously been reviewed by 2 neuroradiologists. Additional relevant clinical
data were extracted. The influence of clinical and imaging characteristics on survival was assessed by Kaplan-Meier survival curves and
log-rank tests for categoric characteristics.

RESULTS: Forty-nine patients had 70 intramedullary spinal cord metastases; 10 (20%) of these patients had multiple metastases. From the
date of diagnosis, median survival for all patients was 104 days (95% Cl, 48156 days). One clinical feature was associated with decreased
median survival: lung or breast primary malignancy (57 days) compared with all other malignancy types (308 days; P < .001). Three MR
imaging features were associated with decreased median survival: multiple intramedullary spinal cord metastases (53 versus 121 days, P =
.022), greater longitudinal extent of cord T2 hyperintensity (if =3 segments, 111 days; if =2, 184 days; P = .018), and ancillary visualization of
the primary tumor and/or non-CNS metastases (96 versus 316 days, P = .012).

CONCLUSIONS: Spinal cord edema spanning multiple segments, the presence of multifocal intramedullary spinal cord metastases, and
ancillary evidence for non-CNS metastases and/or the primary tumor are MR imaging features associated with decreased survival and
should be specifically sought. Patients with either a lung or breast primary malignancy are expected to have decreased survival compared

with other primary tumor types.

ABBREVIATION: ISCM = intramedullary spinal cord metastasis

Recent studies have elucidated the imaging features of in-
tramedullary spinal cord metastases (ISCMs). MR imaging
findings specific to these secondary compared with primary tu-
mors of the spinal cord have been described.' Moreover, multiple
MR imaging characteristics have been characterized in detail® and
correlated with findings on physiologic imaging with PET.” How-
ever, the prognostic value of MR imaging and clinical findings has
not been assessed, to our knowledge. A recent literature review of
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301 patients noted that there are no evidence-based treatment
guidelines for ISCMs and that the various therapeutic options do
not generally considerably affect survival.* Thus, identification of
pretreatment factors that may affect outcomes is relevant. The
purpose of this retrospective study was to identify MR imaging
and clinical features with prognostic value among patients with
ISCMs from a large retrospective series.

MATERIALS AND METHODS

Institutional review board approval with waived consent was ob-
tained for this Health Insurance Portability and Accountability
Act—compliant retrospective research study.

Subjects

As detailed in a prior study,” the pathologic, surgical, clinical, and
radiologic data bases at our single institution were queried to
identify a group of consecutive patients with ISCMs (n = 58,
1999-2011). Exclusion criteria were patients in whom ISCM was
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never formally clinically diagnosed, patients in whom alternative
diagnoses were suspected clinically, and patients without avail-
able pretreatment digital MR images. This group of patients with
ISCMs is from the same 58 patients in whom we recently de-
scribed 2 specific enhancement features of ISCM on postgado-
linium MR imaging that may help to differentiate it from primary
cord masses." Five (9%) of these 58 patients were again excluded
due to alack of available pretreatment MR imaging examinations.
Additional details of the study population were as reported in the
prior studies"?; specifically, 4 (8%) of the remaining 53 patients
“were excluded because alternative diagnoses were being consid-
ered clinically and ISCM was never formally diagnosed.”" Thus,
only patients with a clinical diagnosis of ISCM were included on
the basis of review of available clinical, pathologic, and imaging
data. The resultant final ISCM study population was 49 with 70
ISCMs, with solitary ISCMs in 39 and multiple in 10. In 5 (10%)
of these 49 patients, the diagnosis of ISCM was confirmed by cord
mass biopsy/resection. In 44 (90%) of the 49 patients with ISCM,
“pathologic proof of the systemic malignancy had been obtained
from the primary site or a metastatic site outside of the spinal
cord.”"?

MR Imaging Review
Two radiologists had previously reviewed all MR imaging exam-
inations in consensus at an electronic workstation (one [F.E.D.],a
staff neuroradiologist with American Board of Radiology certifi-
cation and a Certificate of Added Qualification in neuroradiol-
ogy, and the other [J.B.R.], a neuroradiology fellow with Ameri-
can Board of Radiology certification).” The MR imaging
examinations were predominantly from our institution, but some
were from outside facilities. Given this range of institutions and
the >10-year timeframe of this retrospective study, no single,
consistent MR imaging platform or protocol was used. At our
institution, a typical MR imaging protocol for a patient suspected
of having a spinal cord neoplasm during the timeframe of the
study consisted of the following sequences, at 1.5T field strength:
precontrast sagittal TIWI, T2WI, and optional STIR optimized
for spinal cord signal abnormality (TT ~ 110 ms); axial T2WI;
optional axial gradient recalled-echo and axial TIWI; and post-
contrast sagittal and axial TIWL

The results of this detailed radiologic review have been pub-
lished in a separate study.” Previously analyzed radiologic features
that are relevant for the present study are the following: number of
ISCMs per patient, and for each ISCM: 1) maximal size of the
enhancing lesion in millimeters (measured anteroposterior,
transverse [axial images required], and superoinferior), 2) maxi-
mal longitudinal extent of the enhancing lesion in a number of
vertebral segments, 3) maximal longitudinal extent of spinal cord
T2 hyperintensity in a number of vertebral segments (sagittal T2
images required), 4) position within the cord on axial images
(central, eccentric, exophytic), 5) cord expansion (absent versus
present), 6) T2 signal intensity (hyper-, hypo-, or isointense to
spinal cord), 7) T1 signal intensity (hyper-, hypo-, or isointense to
spinal cord), 8) convincing evidence of cystic change (absence or
presence of nonenhancing fluid signal on T1- and T2-weighted
images), 9) convincing evidence of intratumoral hemorrhage (ab-
sence or presence of nonenhancing T1 hyperintensity and/or
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marked T1 hypointensity and corresponding T2 hypointensity
and/or “blooming” magnetic susceptibility artifacts on gradient
recalled-echo sequences, if available), and 10) gadolinium en-
hancement pattern (absent, or if present, homogeneous versus
heterogeneous versus ring).” Presence or absence of postgado-
linium features highly specific for ISCM (“rim” and “flame”
signs) was also based on previously obtained data.! As per that
prior report, the definitions of these signs are the following: rim
sign, “a complete or partial thin peripheral rim of gadolinium
enhancement more intense than the central enhancement of a
noncystic/necrotic lesion”; flame sign, “an ill-defined flame-
shaped region of gadolinium enhancement at the superior and/or
inferior margin of an otherwise well-defined lesion”; and “both
the rim and flame signs can be present in the same lesion.”" The
ratio of the length of spinal cord T2 hyperintensity to the length of
the ISCM was calculated for each lesion.

For each patient, the reference spinal MR imaging had previ-
ously been reviewed for ancillary evidence of the primary tumor
and/or extraspinal, non-CNS metastases and any other spinal col-
umn and/or CNS metastases not involving the spinal column (in-
cluding vertebral column, leptomeninges, and visualized intra-
cranial contents).” When available, follow-up spinal MR imaging
examinations had also been reviewed for the development of ad-
ditional ISCMs.” A previous study had categorized the presence or
absence of uptake of these ISCMs on PET, when this was available,
within 60 days prior or 14 days after the correlative pretreatment
diagnostic MR imaging.’

Note that a previously published analysis® of the 70 ISCMs in
the current study demonstrated that most of the lesions had a
convincing appearance of being intramedullary rather than lepto-
meningeal in origin. Specifically, only 4 of the lesions were exophytic
on MR imaging, and in all 4 of these cases, the interpreting radiologist
had described an intramedullary mass extending exophytically,
rather than a leptomeningeal mass invading the parenchyma. Only 3
lesions (4% of 70 ISCMs) appeared to be potentially leptomeningeal
in origin, with 2 occurring in the same patient.”

Clinical Review

The electronic medical records of each patient with ISCM were
reviewed. The primary tumor type and the dates of the primary tu-
mor diagnosis, ISCM clinical presentation, and ISCM diagnosis had
previously been noted.” The date of death (if applicable) was identi-
fied for each patient. We calculated 2 relevant intervals: survival from
ISCM clinical presentation and survival from ISCM diagnosis.

Statistical Analysis

The statistical evaluation consisted of performing analyses on all
subjects (having either solitary or multiple ISCMs) and on sub-
jects with only solitary ISCMs. Median survival (days, [95% CI])
from the date of the ISCM diagnosis was calculated for each of the
following variables by using the Kaplan-Meier product limit esti-
mator for the following: 1) clinical variables: age, primary malig-
nancy type, lung/breast versus nonlung/nonbreast primary ma-
lignancy, melanoma versus nonmelanoma primary malignancy,
CNS versus non-CNS primary malignancy, and ISCM diagnosis
preceding primary malignancy diagnosis; and 2) MR imaging
variables: solitary versus multifocal ISCMs, non-spinal cord CNS



Table 1: Survival analysis of clinical features for all patients with ISCM (N = 49)

compared with others was that the 10

Median Survival

Hazard Ratio

cases of multiple ISCMs in this patient

Variable (days®) (95% CI) (95% <) PValue®  population occurred only with these 2
Age at diagr?osis (yr) (N = 49) 108 (48-156) 1.02(0.99-1.04) 091 malignancies.” In addition, this group-
Pr':f:g’ (r:aﬁgzn‘f)ncy 58 (31-120) 005 ing o.f lung ar?d breast primary m.alig—
Breast (n = 7) 48 (21-456) nancies was driven by both the relatively
Melanoma (n = 5) 87 (15-734) small number of patients with breast
CNS (n = 4) 763 (19-1261) primary malignancy (n = 7), and the ap-
Renal (n = 3) 299 (231-643) parent clustering of the shorter survival
Cierfn = 6) ) 503 (24-884) curves for these 2 primary malignancies
Lung/breast primary malignancy <.001 . .
Nonlung/nonbreast [ = 18) 308 (87-689) and clustering of longer survival curves
Lung/breast (n = 3) 57 (33-117) of the other primary malignancies at ini-
Melanoma 635 tial statistical analysis. The rationale for
Nonmelanoma (n = 44) 115 (40-166) analyzing melanoma primary malig-
Mela.noma (n = 5) 87 (15-734) nancy compared with others was that
CNS primary malignancy .018

Non-CNS (n = 45)
CNS (n = 4)
ISCM diagnosis precedes primary
malignancy diagnosis

104 (42-127)
763 (19-126))

prior studies have suggested improved
survival in patients with melanoma.>®
361 The rationale for using the date of ISCM
diagnosis rather than the date of ISCM
presentation was the following: 1) The
former was deemed the more relevant

No (n = 44) 104 (42-184)
Yes (n = 5) 127 (21-187)
Note:— — indicates not applicable.

2 From the date of ISCM diagnosis.

® P values are for log-rank tests for categoric variables and Wald tests for continuous variables.

FIG 1. Kaplan-Meier plot. Decreased survival for patients with lung or breast primary malignancy
compared with all other types of primary malignancy. The median survival for patients with lung
or breast primaries was 57 days and for patients with nonlung/nonbreast primaries was 308 days

(P < .001, log-rank test; N = 49 patients).

and/or spinal metastases, leptomeningeal metastases, primary tu-
mor and/or non-CNS metastases, longitudinal extent of spinal
cord T2 hyperintensity (treated both as continuous and categoric
[=2 and =3 segments] variables), ISCM enhancement size (mil-
limeters, superoinferior), ISCM enhancement longitudinal extent
(number of segments), ratio of the extent of longitudinal cord T2
hyperintensity to longitudinal ISCM enhancement, and presence/
absence of rim and flame signs (alone or in combination).

The rationale for analyzing lung/breast primary malignancy

time index from a patient care perspec-
tive and has been used in other studies
such as the recent comprehensive litera-
ture review by Sung et al*; 2) there was a
median survival difference of only 4 days
by using these 2 different time indices;
and 3) although the granular data are
not included herein, the results were
comparable between the 2 dates. Log-
rank tests and large sample tests of the
hazard ratios (Wald tests) were used, re-
spectively, to compare the potential ef-
fect on survival of each of these categoric
and continuous variables. The hazard
ratios were estimated from a Cox model.
For the T2 signal abnormality and ISCM
enhancement characteristics in patients
with multiple ISCMs, the length of the
longest lesion was used, and the rim and
flame signs were considered to be posi-
tive if present in any 1 of the multiple
ISCMs. Patients who were still alive or
lost to follow-up were censored at the
last known date alive for the analysis.

Statistical analyses were conducted
by using SAS, Version 9.3 (SAS Institute,
Cary, North Carolina). Statistical signif-
icance was defined by P < .05.

RESULTS

Survival

The date of death was known in 96% (47/49) of patients; 4% of
patients (2/49) were either still alive (n = 1) or lost to follow-up
(n = 1) by the end of the analysis period. From the dates of ISCM
diagnosis and presentation, median survival for all patients was
104 days (3.5 months; 95% CI, 48-156 days) and 108 days (3.6
months; 95% CI, 77-166 days), respectively.
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Table 2: Survival analysis of MRI features for patients with solitary ISCMs (n = 39)

lung (1.9 months, n = 24), breast (1.6

Median Survival Hazard Ratio

Variable (days?) (95% CI)

month, n = 7), melanoma (2.9 months,

No. of ISCMs
Solitary (n = 39)
Multiple (n = 10)
Noncord CNS/spinal metastases

121(42-187)
53 (12-88)

No (n =19) 166 (87-334)

Yes (n = 20) 79 (26-184)
Leptomeningeal metastases

No (n = 27) 127 (38-231)

Yes (n = 12) 113 (24-790)
Primary tumor/non-CNS metastases

No (n =15) 316 (38-790)

Yes (n = 24) 96 (32-166)
Cord T2 hyperintensity =2 segments©

No (n = 10) 184 (24-884)

Yes (n = 28) 11(38-166)
Cord T2 hyperintensity =3 segments®

No (n = 12) 184 (24-790)

Yes (n = 26) 11(38-166)

Cord T2 hyperintensity (No. of segments) (n = 38)

ISCM enhancement, superoinferior size (mm)< (n = 35)

ISCM enhancement, extent (No. of vertebral segments)
(n = 35)

Ratio, longitudinal extent of cord T2 hyperintensity to
enhancement® (n = 34)

121(42-187)
120 (42-187)
120 (42-187)

119 (40-187)

Rim sign®
No (n = 18) 79 (26-643)
Yes (n =17) 127 (40-299)
Flame sign©
No (n =19) 127 (42-734)
Yes (n = 16) 96 (26-299)

Rim/flame signs©
Neither (n = 13)
Rim sign only (n = 6)
Flame sign only (n = 5)
Both signs (n = 11)

121(32-884)
147 (21-790)
26 (15-643)
120 (38-316)

(95%Cl) P Value® n =5), all nonmelanoma primaries (3.8
B 022 months, n = 44), CNS (25.4 months,
_ n = 4), renal (10.0 months, n = 3), and
879 other (16.8 months, n = 6). The median
- survival of patients with ISCMs with
- 574 non-CNS primary malignancies (3.5
- months) was shorter than that of pa-
- tients with CNS primary malignancy
on (25.4 months) (P = .018), though the
_ sample size of CNS primaries was
037 small. None of the following features
- significantly correlated with survival:
- o8 age at ISCM diagnosis (mean and me-
_ dian, 58 years), melanoma-versus-non-
- melanoma primary malignancy, and
102(0.96-1.09) 541 ISCM diagnosis preceding primary ma-
1.01(0.99-1.02) 138 lignancy diagnosis.
108(0.85-138) 524 gnancy diag
1.03(0.94-113) 477 Prognostic Value of MR Imaging
&1 Features
_ Patients with multiple ISCMs experi-
- enced shorter median survivals from the
068 date of ISCM diagnosis than those with
B solitary ISCMs (1.8 versus 4.0 months,
- 3 respectively; P = .022) (Table 2 and Fig

- 2). Table 2 also demonstrates the impact
of various additional categoric and con-
tinuous MR imaging findings on patient

Note:— — indicates not applicable.
@ From date of ISCM diagnosis.

© P values are for log-rank tests for categoric variables and Wald tests for continuous variables.
€ Missing patients (n < 39) due to MRI not having sagittal T2- or gadolinium-enhanced sagittal T1-weighted images.

Prognostic Value of Clinical Features

Table 1 demonstrates the impact of various clinical features on
survival from the date of ISCM diagnosis, considering all 49 pa-
tients. The median survival of patients with ISCMs with lung or
breast primary malignancies (1.9 months) was shorter than that
of patients with all other types of primary malignancy (10.3
months) (P < .001). This association was maintained when the
analysis was performed on only the 39 patients with solitary
ISCMs (P = .002, with respective median survival of 3.5 months
for lung/breast primaries [# = 21] and 10.3 months for nonlung,
nonbreast primaries [n = 18]). A Kaplan-Meier plot for all pa-
tients with ISCMs demonstrates the shorter survival period for
patients with lung/breast primary malignancies (Fig 1). When
analyzed by each primary malignancy individually, the different
distribution, with both lung and breast each having shorter sur-
vival, maintained statistical significance, though most of the indi-
vidual primary types had a small sample size (Table 1, P = .005).
This statistical significance was also maintained when the analysis
was performed on only the 39 patients with solitary ISCMs (P =
.017, with respective median survival of 3.9 months for lung pri-
maries [n = 17] and 1.3 months for breast primaries [n = 4]).
Additional median survivals based on primary malignancy con-
sidering both solitary and multiple ISCMs were the following:
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survival, considering only the 39 pa-
tients with solitary ISCMs. Two other
MR imaging features were associated
with statistically significant shorter sur-
vival periods: 1) greater longitudinal ex-
tent of T2 signal abnormality (P = .037 if at least 2 segments, P =
.018 if at least 3 segments) (Fig 3); and 2) ancillary presence of the
primary tumor and/or non-CNS metastases on the reference MR
imaging (P = .012) (Fig 4). The correlation between these 2 MR
imaging features and a shorter survival period was maintained
when the analysis was performed on all 49 patients with either
solitary or multiple ISCMs (respective P values for T2 signal ab-
normality on at least 2 segments, .042; T2 signal abnormality on at
least 3 segments, .022; and primary tumor/non-CNS metastases,
.012). Regarding the longitudinal extent of the T2 signal abnor-
mality, patients with at least 3 segments of spinal cord T2 hyper-
intensity associated with the solitary ISCM had median and mean
survival durations of 111 days (3.7 months) and 157 days (5.2
months), compared with 184 days (6.1 months) and 436 days
(14.5 months), respectively, in patients with =<2 segments of cord
T2 hyperintensity. A Kaplan-Meier plot for all patients with soli-
tary ISCMs demonstrated the shorter survival associated with =3
segments of cord T2 hyperintensity (Fig 5). When treated as a
continuous rather than categoric variable, the number of seg-
ments of T2 signal abnormality did not significantly correlate
with survival (hazard ratio, 1.02; 95% CI, 0.96-1.09; P = .541).
In patients with solitary ISCMs, the presence of a flame sign on



FIG 2. The presence of multiple ISCMs was a poor prognostic indicator. A 76-year-old man with
metastatic non-small cell lung cancer. Lung or breast carcinoma was a poor prognostic feature
compared with all other primary malignancy types. MR images of the cervical and lumbar spine
with postcontrast fat-saturated sagittal (A, D, and E) and axial (B) TI-weighted and axial T2-
weighted (C) images are shown. ISCMs are present at C2 (arrows, A and B) and L1 (arrows, C and D).
Compared with solitary ISCMs, multiple ISCMs were associated with decreased survival. This
patient survived 59 days from the diagnosis of ISCMs. The median survival of patients with
multiple ISCMs was 53 days, compared with 121 days for those with a solitary ISCM. The conus
lesion demonstrates the flame sign' inferiorly (arrowhead, D); the presence of this sign was
associated with a non-statistically significant trend toward shorter survival. Note that multiple
enhancing noncord CNS and spinal (osseous) metastases are present, including in the cerebellum
(E); their presence did not correlate with a shorter survival.

FIG 3. The presence of extensive edema was a poor prognostic indicator. A 55-year-old man with
metastatic cerebral glioblastoma. MR images of the thoracic spine with sagittal T2- (A) and
postcontrast TI-weighted sagittal (B) and axial (C) images are shown. An ISCM is present at T4
(arrows, A—C). Extensive edema for lesion size spans 5 vertebral segments, from the TI-T2 to
T6-T7 levels (arrowheads, A). Spinal cord edema spanning multiple segments was associated
with decreased survival in this series. This patient survived 19 days from the diagnosis of ISCMs.
The median survival of patients with cord edema spanning =3 segments was 111 days, compared
with 184 days for patients in whom it spanned =2 (note that the T7 vertebral body lesion is an
incidental hemangioma).

enhancement (P = .477), or the rim sign
(P = .621)." Several additional imaging
features not shown in Table 2 did not
correlate with survival, when consider-
ing the 39 patients with solitary ISCMs:
position within the cord (P = .854),
cord expansion (P = .169), T2 signal in-
tensity (P = .090), T1 signal intensity
(P = .467), cystic change (P = .583), in-
tratumoral hemorrhage (P = .601), and
gadolinium enhancement pattern (P =
.326). In the small group of patients with
solitary ISCMs who had available PET
examinations (n = 9), uptake on PET
(n = 6) did not correlate with survival
(P =.702).

The visualization of additional ISCMs
on follow-up MR imaging occurred in 11
of 49 (22%) patients, 10 of whom initially
had solitary ISCMs. When we considered
all 49 patients, this feature was associated
with longer survival: P = .001, with re-
spective median survival of 21.2 months
for patients in whom this did occur (n =
11) and 1.9 months for patients in whom it
did not (n = 38). This association was
maintained when the analysis was per-
formed on only the 39 patients with soli-
tary ISCMs (P = .007, with respective me-
dian survival of 21.2 months [# = 10] and
3.5 months [n = 29]).

DISCUSSION
The current study highlights that in a
large series of patients, several clinical
and MRI features of ISCMs have prognos-
tic value. Patients with lung or breast pri-
mary tumor type have decreased survival
compared with patients with all other pri-
mary malignancies, a finding that was evi-
dent when these primary malignancies
were analyzed both as grouped and indi-
vidual variables. On reference MR imag-
ing, features associated with decreased
survival are the following: 1) multiple
ISCM, 2) longitudinally extensive spinal
cord T2 hyperintensity, and 3) ancillary
presence of the primary tumor and/or
non-CNS metastases.

Familiarity with these prognostically
relevant clinical and imaging features of

postgadolinium T1-weighted imaging' may be associated with
shorter survival; this possible association approached but did not
reach statistical significance (P = .068). The following MR imag-
ing findings were not predictive of survival: noncord CNS and/or
spinal metastases (P = .879), the presence of leptomeningeal me-
tastases (P = .274), size or extent of ISCM enhancement (P =
.138; P = .524), ratio of cord T2 hyperintensity to

ISCMs is relevant to both radiologists and the referring clinicians.
For any spinal cord mass, but particularly when ISCM is strongly
considered, MR imaging should be scrutinized for the ancillary
presence of the primary tumor/non-CNS metastases to assist with
the differential diagnosis and evaluate evidence of widely meta-
static disease. The visualized lungs should be specifically carefully
evaluated on MR imaging because lung cancer is the most com-
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FIG 4. The ancillary presence of primary malignancy and/or non-CNS metastases on reference
MR imaging was a poor prognostic indicator. A 39-year-old man with metastatic non-small cell
lung cancer. MR images of the cervical, thoracic, and lumbar spine with sagittal T2- (A), postcon-
trast Tl-weighted (B), fat-saturated Tl-weighted (C), and axial T2-weighted (D) images, and an axial
postcontrast chest CT image (E) are shown. An ISCM is present at C3 (arrows, A and B). The
primary lung carcinoma is visualized in the right upper lobe (arrowheads, D and E), as are several
presumed pulmonary metastases (eg, arrows, D and E). The presence of the primary malignancy
and/or non-CNS metastases was associated with decreased survival in this series. This patient
survived 24 days from the diagnosis of ISCM. The median survival of patients with visible primary
malignancy/non-CNS metastases was 96 days, compared with 316 days for patients in whom
these were not visible. Note that leptomeningeal metastases are present (block arrows, B and C);

their presence did not correlate with a shorter survival.

FIG 5. Kaplan-Meier plot. Decreased survival of patients with ISCM-related cord T2 hyperinten-
sity extending =3 spinal segments. The median survival for T2 hyperintensity of =3 segments was
M days and for <3 segments was 184 days (P = .018, log-rank test; n = 38 patients with solitary

ISCMs with available sagittal T2WI).

mon primary malignancy and imparts a worse prognosis com-
pared with other nonlung/nonbreast malignancies. The presence
of both extensive spinal cord T2 hyperintensity and additional
ISCMs should be specifically sought. Evaluating these MR imag-
ing features not only assists with the differential diagnosis but also
offers prognostic value, because patients whose MR imaging ex-
aminations have these features have decreased survival.
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The decreased survival of those pa-
tients with MR imaging evidence of
multiple ISCMs and those with the an-
cillary presence of the primary tumor
and/or non-CNS metastases on the ref-
erence MR imaging, while intuitive, has
not, to our knowledge, been reported in
the literature. Although not specifically
evaluated in our study, presumed causes
for the decreased survival are that these
findings represent a particularly aggres-
sive type of advanced (stage IV) meta-
static disease, recalcitrance of the disease
(either the primary and or the metasta-
ses) to therapy, and/or in select cases, the
tendency for clinicians and their pa-
tients to choose palliative therapy.
Likely a complex interplay of factors
such as inherent disease aggressiveness,
responsiveness to treatment, patient co-
morbidities, and patient immune system
status underlies a patient’s ability to have
prolonged survival, but the current
study, by its very design, cannot shed
discriminatory light on these features. It
would be interesting to explore these in
future studies. The decreased survival
associated with greater spinal cord
edema extent has also, to our knowl-
edge, not been described, and precise con-
clusions cannot be drawn about the rea-
son for this association. Presumably such a
finding either directly impairs the ability
of the patient to survive (eg, perhaps spinal
cord functional impairment, possibly due
to a more locally infiltrative phenotype)
and/or it serves as a marker for a more ag-
gressive disease state (eg, perhaps disease
less likely to respond to therapy and/or ag-
gressive metastatic disease to sites outside
the spinal cord).

We cautiously interpret the appar-
ent decreased survival of patients with
non-CNS versus CNS primary neo-
plasms as merely an observed possible
association, given the very small (n = 4)
number of patients in the CNS primary
neoplasm group and the several CNS
histologies that are represented (as pre-
viously reported,' 2 medulloblastomas,
1 esthesioneuroblastoma, and 1 cerebral
glioblastoma). Similarly, the apparent association of visualization
of subsequent ISCMs with improved survival must be carefully
interpreted. At least in part, this should simply reflect the longer
survival of these patients who are being imaged again, allowing
documentation of additional ISCM development. Potentially,
having imaging of the initial ISCM at an earlier disease state could
also contribute to this presumed statistical artifact. Most interest-



ing, the presence of leptomeningeal disease on MR imaging was
not associated with shorter survival. While speculative, a potential
explanation is that perhaps such metastatic disease might not im-
pair vital functions as much as a metastasis elsewhere, such as in
the spinal cord parenchyma or in other vital organs. The lack of
correlation of ISCM diagnosis preceding primary malignancy di-
agnosis with shorter survival is also interesting. However, even if
such a statistical association were present, it would likely be diffi-
cult to ascribe significance because of the very small sample size of
5 patients.

The lack of a convincing association of the recently described
rim and flame signs' with survival in the current study has yet to
be reported. Likewise, the decreased survival of patients with
ISCMs with lung or breast primary tumors has not been specifi-
cally described. Note that 2 studies previously reported that pa-
tients with melanoma had significantly longer survival compared
to patients with nonmelanoma histology,”® a finding not corrob-
orated by our present data, which included 5 patients with mela-
noma. The latter of the 2 studies based this assertion on the com-
bination of a single patient with melanoma combined with 4
others from the literature, while the former included 2 patients
with melanoma. Similarly, the reported longer survival of patients
with breast cancer compared with those with lung cancer de-
scribed in a prior study of 12 patients with ISCMs’ was not con-
firmed in the present study. A similarity between our series and
the recent comprehensive literature review by Sung et al* is the
short survival of patients with ISCMs (median, 3.5 months versus
4 months in that review).

Limitations include the retrospective nature of our study. De-
spite this group being the largest published single institution se-
ries of patients with ISCM to our knowledge, the 49-patient sam-
ple size is, nonetheless, a limitation. Similarly, the lack of a
standard MR imaging technique, given that the examinations
were performed during more than a decade and at >1 institution,
is a weakness. Admittedly, visualization of the primary tumor on
spinal MR imaging is not possible in all cases of ISCM due to the
area of interest being either not well-included or not being in-
cluded at all. Multiple possible confounding variables could in-
fluence the survival analyses and were not considered, such as
extent of metastatic disease clinically at the time of reference MR
imaging, comorbidities, and treatment. Because the purpose was
to assess the prognostic value of baseline clinical and MR imaging

findings irrespective of subsequent therapies, this study did not
assess the impact on survival of the various treatment modalities
for ISCM or how treatment may or may not have been affected by
clinicians’ knowledge of the existence of ISCMs. Interested read-
ers are referred to the aforementioned recent comprehensive lit-
erature review by Sung et al*; note that even in that review, median
survival between surgically and conservatively treated patients
was not considerably different (6 versus 5 months, respectively,
with solitary-versus-multiple ISCM status not provided).

CONCLUSIONS

We describe the prognostic value of pertinent clinical and MR
imaging features in a large series of patients with ISCMs. Spinal
cord edema spanning multiple segments, the presence of multi-
focal ISCMs, and ancillary evidence for non-CNS metastases
and/or the primary tumor should be specifically sought because
these MR imaging features are associated with decreased survival.
Patients with either a lung or breast primary malignancy have
decreased survival compared with other primary tumor types.

Disclosures: Timothy J. Kaufmann—UNRELATED: Consultancy: SpineThera, Com-
ments: medical advisory board; | have received no fees to date but will.

REFERENCES

1. Rykken JB, Diehn FE, Hunt CH, et al. Rim and flame signs: postg-
adolinium MRI findings specific for non-CNS intramedullary spi-
nal cord metastases. AJNR Am ] Neuroradiol 2013;34:908 -15

2. Rykken JB, Diehn FE, Hunt CH, et al. Intramedullary spinal cord
metastases: MRI and relevant clinical features from a 13-year insti-
tutional case series. AJNR Am ] Neuroradiol 2013;34:2043—49

3. Mostardi PM, Diehn FE, Rykken JB, et al. Intramedullary spinal cord
metastases: visibility on PET and correlation with MRI features.
AJNR Am ] Neuroradiol 2014;35:196-201

4. Sung WS, Sung MJ, Chan JH, et al. Intramedullary spinal cord
metastases: a 20-year institutional experience with a comprehen-
sive literature review. World Neurosurg 2013;79:576—84

5. Wilson DA, Fusco DJ, Uschold TD, et al. Survival and functional
outcome after surgical resection of intramedullary spinal cord me-
tastases. World Neurosurg 2012;77:370—74

6. Connolly ES Jr, Winfree CJ, McCormick PC, et al. Intramedullary spinal
cord metastasis: report of three cases and review of the literature. Surg
Neurol 1996;46:329-37; discussion 337-38

7. Lee SS, Kim MK, Sym §J, et al. Intramedullary spinal cord
metastases: a single-institution experience. | Neurooncol 2007;84:
85-89

AJNR Am J Neuroradiol 36:587-93  Mar 2015  www.ajnr.org 593



ORIGINAL RESEARCH
SPINE

Correlation of the Patient Reported Outcomes Measurement
Information System with Legacy Outcomes Measures in
Assessment of Response to Lumbar Transforaminal

Epidural Steroid Injections

L. Shahgholi, KJ. Yost, R.E. Carter, J.R. Geske, C.E. Hagen, K.K. Amrami, F.E. Diehn, T.J. Kaufmann, J.M. Morris, N.S. Murthy, J.T. Wald,
K.R. Thielen, D.F. Kallmes, and T.P. Maus

=
ABSTRACT

BACKGROUND AND PURPOSE: The Patient Reported Outcomes Measurement Information System is a newly developed outcomes
measure promulgated by the National Institutes of Health. This study compares changes in pain and physical function—related measures
of this system with changes on the Numeric Rating Pain Scale, Roland Morris Disability Index, and the European Quality of Life scale 5D
questionnaire in patients undergoing transformational epidural steroid injections for radicular pain.

MATERIALS AND METHODS: One hundred ninety-nine patients undergoing transforaminal epidural steroid injections for radicular pain
were enrolled in the study. Before the procedure, they rated the intensity of their pain by using the 0—10 Numeric Rating Pain Scale, Roland
Morris Disability Index, and European Quality of Life scale 5D questionnaire. Patients completed the Patient Reported Outcomes Mea-
surement Information System Physical Function, Pain Behavior, and Pain Interference short forms before transforaminal epidural steroid
injections and at 3 and 6 months. Seventy and 43 subjects replied at 3- and 6-month follow-up. Spearman rank correlations were used to
assess the correlation between the instruments. The minimally important differences were calculated for each measurement tool as an
indicator of meaningful change.

RESULTS: Allinstruments were responsive in detecting changes at 3- and 6-month follow-up (P < .0001). There was significant correlation
between changes in Patient Reported Outcomes Measurement Information System scores and legacy questionnaires from baseline to 3
months (P < .05). There were, however, no significant correlations in changes from 3 to 6 months with any of the instruments.

CONCLUSIONS: The studied Patient Reported Outcomes Measurement Information System domains offered responsive and correlative
psychometric properties compared with legacy instruments in a population of patients undergoing transforaminal epidural steroid
injections for radicular pain.

ABBREVIATIONS: EQ-5D = European Quality of Life scale 5D questionnaire; NRS = Numeric Rating Pain Scale; PROMIS = Patient Reported Outcomes Measure-
ment Information System; RMDI = Roland-Morris Disability Index; TFESI = transforaminal epidural steroid injection

Spinal pain is one of the most common types of chronic pain
worldwide." The epidemiology of low back pain has been in-
vestigated comprehensively in adults. A recent epidemiologic re-
view noted lifetime prevalence estimates ranging from 12.2% to
43%; annual prevalence estimates were 2.2% to 349%.2 When there
is both compression and inflammation of neural elements, low
back pain may be accompanied by radicular pain. Patients with
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radicular pain tend to have poorer outcomes, consume more
health care resources, and have greater disability than patients
with back pain alone. Transforaminal epidural steroid injections
(TFESI) have become a common intervention in the treatment of
radicular pain; the procedure has shown efficacy in explanatory
trials® and clinical effectiveness in large retrospective series.* A
recent systematic literature review demonstrated a consensus of
support for TFESIs, but historically, there have been conflicting
reports regarding their efficacy.” Systematic literature reviews are
made more challenging and their interpretation is confounded by
the use of a host of different measurement tools including the
Numeric Rating Pain Scale (NRS), Roland-Morris Disability In-
dex (RMDI), Oswestry Disability Index, European Quality of Life
scale 5D questionnaire (EQ-5D), finger-to-floor distance, and the
Oswestry and Nottingham Health Profile Verbal Rating Scale.®
Although the NRS is a familiar mechanism for measuring pain
for most patients, it cannot assess the more complex construct of



a patient’s functional disability and overall quality of life. The
RMDI as a measure of functional disability has 23 questions with
dichotomized choices. The EQ-5D is a measure of quality of life
and addresses 5 different domains of mobility, self-care, usual
work, and pain, though its 3-choice format may seem insufficient
to quantitate the complicated effects of pain on a patient’s life.”
The need for a multiplicity of questionnaires and the variety of
options leads to both excessive patient burden in assessment and
challenges in comparison among studies when different measure-
ment tools have been chosen.

To overcome these shortcomings, which apply across many
different fields of medicine, a new Patient Reported Outcomes
Measurement Information System (PROMIS) has been devel-
oped. The PROMIS initiative is the National Institutes of Health—
funded effort to produce widely applicable standardized measure-
ment tools, covering a variety of domains, which can be used
across many disciplines while minimizing the patient burden. The
PROMIS study group has developed short-form measures of mul-
tiple domains, which should perform well in a TFESI procedural
population. The PROMIS measures currently require clinical
testing to compare them with established measures in a variety of
clinical populations with different characteristics (including type

Table 1: Demographic characteristic of patients at baseline, 3 months, and 6 months

of pain). They need to be compared with established measures (ie,
“legacy” measures) with respect to responsiveness, reliability, and
validity. Currently, the NRS, 23-point RMDI, and EQ-5D are per-
formed in our practice before TFESI and at 3-, 6-, 9-, and 12-
month follow-up as standard quality assurance measures. The
follow-up measurements occur by machine-read forms; these are
given to the patient at dismissal from the procedure area with
instructions to complete them at the indicated times and return
them via the postage-paid envelope provided. If the question-
naires are not returned, an attempt is made to reach patients via
telephone to give them the option of sending back the completed
forms or completing the data via a telephone interview. The
PROMIS tools are designed to measure pain and functional
and quality-of-life domains with less patient burden. The goal of
this study was to compare the reliability and responsiveness of
PROMIS short forms with the NRS, 23-point RMD, and EQ-5D
after lumbar transforaminal epidural steroid injections.

MATERIALS AND METHODS

Our institutional review board approved this prospective Health
Insurance Portability and Accountability Act—compliant study,
and written consent of all study participants was obtained. Be-
tween May 2010 and June 2012, 200 pa-
tients were enrolled who had been eval-

Baseline (n =199) 3 Months (n =71) 6 Months (n = 43)

uated by the Mayo multidisciplinary

Age at injection (yr)

Spine Center and referred to the radiol-

Mean (SD) 63.1(14.7) 66.5(14.8) 68.3(12.4) ogy pain-management practice for
Median 65 70 71 lumbar transforaminal epidural steroid
Q. Q3 >50,740 62,75 620,77.0 injections for radicular pain with or with-
Range 25.0-90.0 25-90 37.0-90.0 . . .
S out radiculopathy. Patients were consid-
Female 101(50.8%) 43 (60.6%) 30 (69.8%) ered for enrollment in the study if they
Male 98 (49.2%) 28 (39.4%) 13 (30.2%) had lumbar radicular pain unresponsive
Race to conservative therapy and were able to
American Indian/Alaskan Native 1(0.5%) 0(0%) 0(0%) answer the questions in Enelish. We ex-
African American 4(2.0%) 0(0%) 0(0%) . 4 SHSh-
White 188 (94.5%) 71(100%) 43(100%) cluded patients who were unable to con-
Other 3(1.5%) 0(0%) 0(0%) sent or cooperate, had myelopathy or
Asian 1(0.5%) 0(0%) 0(0%) progressive neurologic deficits, were us-
Unknown 2(1.0%) 0(0%) 0(0%) ing anticoagulant medication, had a sys-
2y temic infection or local skin infection in
Mexican 1(0.5%) 0(0%) 0(0%) .
Not Hispanic or Latino 182 (915%) 68 (95.8%) 39(90.7%) the lumbar region, or were pregnant.
Unknown 14 (7.0%) 3(4.2%) 4(9.3%) In the first evaluation, following the
Chose not to disclose 2(1.0%) 0(0%) 0(0%) physician’s procedural explanation and
Marital status consent process and after the study coor-
Divorced 21(10.6%) 7(9.9%) 5 (11.6%) dinator’ .

] inator’s explanation of how to answer
Married 143 (71.9%) 49 (69.0%) 29 (67.4%) N ) ; | N
Life partnership 1(0.5%) 0(0%) 0(0%) the questions, patients completed the
Single 16 (8.0%) 5(7.0%) 3(7.0%) PROMIS short forms measuring 3 differ-
Unknown 1(0.5%) 1(1.4%) 1(2.3%) ent domains relevant to their radicular
Widowed 17 (8.5%) 9 (12.7%) 5 (1.6%) pain, including Physical Function, Pain

Note:—Ql indicates first quartile; Q3, third quartile.

Table 2: Continuous outcomes data

Baseline (Mean) (Range) 95% Cl 3 Months (Mean) (Range) 95% Cl 6 Months (Mean) (Range) 95% Cl

RMDI 1237 = 571(1-23) 1.56-13.17 9.92 + 587 (1-22) 8.72-11.13 9.61 £ 573 (1-21) 8.27-10.94
EQ-5D 0.60 = 0.19 (0.26-0.83) 0.57-0.63 0.69 = 0.19 (1-23) 0.65-0.73 0.70 £ 0.17 (0.31-1) 0.66-0.74
NRS 5.85 = 2.4 (0-10) 5.5-6.19 441+ 2.53(0-10) 3.89-4.93 434 = 2,50 (0-10) 376-4.92
PF 36.71 £ 5.78 (22.4-55.3) 35.9-37.52 37.99 * 6.92 (26.2-61.7) 36.38-39.6 38.06 * 6.41(26.2-50.8) 36.18-39.93
Pl 64.55 * 539 (48.5-74.4) 63.79—65.32 61.17 £ 6.39 (41-78.3) 59.69-62.65 60.34 *+ 6.41(41-74.4) 58.22-62.47
PB 60.01 =338 (521-721)  59.53-60.48  58.44 = 438 (36.7-66.6)  57.43-59.45  57.80 = 614 (367-759)  55.98-59.61

Note:—PB indicates PROMIS Pain Behavior Scale; PF, PROMIS Physical Function Scale; PI, Pain Interference.
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FIG1. Spearman correlation coefficients between PROMIS scores and RMDI on the first day and

at 3- and 6-month evaluations in the TFESI group.

FIG 2. Spearman correlation coefficients between PROMIS scores and EQ-5D on the first day

and from 3- and 6-month evaluations in the TFESI group.

Behavior, and Pain Interference. Patients who were able to com-
plete the forms themselves did so; the study coordinator was avail-
able to assist if necessary. Two more sets of questionnaires were
given to the patient at dismissal from the procedure area with
instructions to complete them at 3 and 6 months and return them
in prepaid, preaddressed envelopes.

The PROMIS forms included the 10-question Physical Function
Short Form, which is focused on the ability to perform various daily
activities from self-care (bathing and dressing) to vigorous physical
activities (running, strenuous sports) (On-line Appendix, Fig A).
The 6-question Pain Interference Short Form is focused on pain in-
terference with mental, physical, and social aspects of daily living
(On-line Appendix, Fig B). The 7-question Pain Behaviors Short
Form focuses on verbal, facial, and bodily expressions of pain (On-
line Appendix, Fig C). Completing each questionnaire takes approx-
imately 2.5 minutes. Responses to PROMIS questions on a given
short form were summed for raw scores; responses entered into the
on-line PROMIS data base provided t-scores. The t-score scale
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has a mean score of 50 and an SD of 10 in
the US general population.® For example,
a person who has a PROMIS pain inter-
ference score of 70 is reporting adverse
pain interference 2 SDs worse than the
general population mean. Higher #-scores
indicate greater levels of the construct be-
ing measured. Thus, for pain behavior
and pain interference, higher scores re-
flect worse pain, whereas for physical
function, higher scores indicate better
functioning. Participants also rated the
intensity of their pain in the past 24 hours
by using a pain NRS from 0 to 10, with
zero indicating no pain and 10 indicating
the worst imaginable pain. The 23-item
modified RMDI and 5-item EQ-5D, 2
widely used functional outcome scales,
were also administered. The EQ-5D sur-
vey assesses 5 dimensions with the possi-
ble score range for each of the dimensions
of 1-3, in which 1 = no problems, 2 =
moderate problems, and 3 = extreme
problems. Each unique health state de-
scribed by the instrument has an associ-
ated 5-digit descriptor ranging from
11111 for perfect health to 33333 for the
worst possible state. The resulting de-
scriptive system defines 243 (3°) health
states.’

Power, Sample Size, and Statistical
Analysis
The study was a prospective registry, and
the sample size was justified before the
start of the study on the basis of the esti-
mated precision for the agreement of the
PROMIS and legacy scales. These calcula-
tions supported a range of sample sizes
and incorporated up to a 50% attrition
rate during follow-up (the assumed survey nonresponse rate).
Briefly, agreement between the 2 approaches of measuring pain
was estimated to be >0.8. We wanted to rule out agreement <0.6.
For sample-size planning purposes, 55% of the patients were as-
sumed to have a decrease in disability as measured by the RMDI at
3 months. Furthermore, it was assumed that 50% (40%) of the
patients would have a decrease (increase) on both the RMDI and
the PROMIS scales. The remaining 10% were assumed discordant
cases (response on either RMDI or PROMIS but not both). On the
basis of these estimates, k was estimated to be 0.80; and provided
100 completed assessments were available, the 95% CI for «
would span 0.682—0.918. This would provide sufficient precision
to rule out the null value of 0.6. To account for drop-out, we
administratively selected a sample size of 200 to be sufficient to
describe the primary aim.

Statistical tests on secondary aims were performed on an ex-

ploratory basis. Categoric data are presented as counts and per-



FIG 3. Spearman correlation coefficients between PROMIS scores and NRS on the first day and

from 3- and 6-month evaluations in the TFESI group.

FIG 4. Spearman correlation coefficients between changes in PROMIS scores and those in RMDI
on the first day and from 3- and 6-month evaluations in the TFESI group.

centages. Continuous data are presented by using mean, median,
SD, and range as appropriate. The minimally important differ-
ences were calculated as reliable change index X 1.96 for the
multi-item measurement tools by using baseline data. Reliable
change index is calculated as \/2 X standard error of measure-
ment.>'® The standard error of measurement is calculated as
SDA\/(1-r), where SD is the standard deviation of the sample and
r is reliability.'® Instrument reliability used in standard error of
measurement calculations was estimated with Cronbach « mea-
sured at baseline. Changes exceeding 2 points on the pain NRS
were considered clinically meaningful.”

The minimally important difference served as another means
of comparing instruments. Specifically, we assessed whether the
proportion of individuals identified as having experienced mean-
ingful change (defined as a change greater than or equal to the
minimally important difference) was similar across measures. All
correlations presented are Spearman rank correlation coeffi-
cients; associated significant P values indicate nonzero correla-

tion. Criteria for an adequate cross-sec-
tional and longitudinal Spearman corre-
lation were set at >0.5 and >0.3, respec-
tively.'" P values = .05 were statistically
significant. Statistical comparisons of the
model-based estimates were configured
to test changes from baseline to 3 months,
baseline to 6 months, and 3—6 months
postprocedure. SAS 9.3 (SAS Institute,
Cary, North Carolina) was used in all data
analyses.

RESULTS

Study Participants

Two hundred patients met the enroll-
ment criteria and underwent TFESIs. One
patient canceled the research authoriza-
tion after 1 day, leaving the cohort with
199 research-authorized patients. All pa-
tients were able to complete the forms
without assistance. Demographic charac-
teristics are presented in Table 1. The
sample consisted of 98 (49.2%) men and
101 (50.8%) women. Subject ages ranged
from 25 to 90 years (mean, 63.1 * 14.7
years). One hundred twenty-nine patients
were lost to follow-up at the 3-month
time point; and from the remaining 70
patients, 43 subjects replied at 6-month
follow-up. At the 3- and 6-month time
points, 7 and 10 patients completed the
forms with a telephone interview versus
63 and 33 that were self-administered, re-
spectively. This process left a cohort of 70/
199 (35%) at 3 months following injec-
tion and 43/199 (22%) at 6 months
following the procedure. Although our
standard clinical quality assurance fol-
low-up continued through 9 and 12
months, there was a continued decline in
the rate of return of the outcomes forms, so that evaluation at
these data points was not considered useful.

Numeric Rating Pain Scale, PROMIS T-Score,

RMDI, and EQ-5D

Table 2 presents baseline and 3- and 6-month scores. All instru-
ments were responsive to detect changes at 3- and 6-month fol-
low-up (P < .0001). Mean scores for all domains demonstrated
improvement at 3 and 6 months (eg, less pain, better physical
function). Correlations between RMDI, EQ-5D, or NRS and
PROMIS scores were significant in all cross-sectional measure-
ments (P < .0001, P < .005, and P < .05 respectively; Figs 1-3).
Correlations between changes with time in PROMIS scores and
changes with time both in EQ-5D and RMDI scores were signifi-
cant at 3 and 6 months (P < .05; Figs 4—6). Although there was
significant correlation between changes in the PROMIS scores
and the pain NRS from baseline to 3 months (P < .05), the
changes from 3 to 6 months were not significantly correlated.
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FIG 5. Spearman correlation coefficients between changes in PROMIS scores and those in
EQ-5D from baseline to 3 months, baseline to 6 months, and 3—6 months in the TFESI group.

FIG 6. Spearman correlation coefficients between changes in PROMIS scores and those in NRS
on the first day and from 3- and 6-month evaluations in the TFESI group.

There were no significant correlations in changes from 3 to 6
months with any of instruments.

On the basis of the minimally important difference calculation
(1.96 X reliable change index), patients who had changes of 5.2
points for the RMDI, 0.3 points for EQ-5D, 6.2 points for Physical
Function, 4.5 points for Pain Interference, and 4.4 points for Pain
Behavior were considered to have experienced meaningful im-
provement. At 3 and 6 months, the proportion of patients achiev-
ing improvement in the 3 PROMIS domains and EQ-5D and
RMDI were, respectively, 1%—10% and 2%-5%. The improve-
ments were much higher in pain NRS either at 3 (42%) or 6 (41%)
months. The direction of change (decline versus improvement) at
3-month follow-up of RMDI and PROMIS Physical Function,
Pain Interference, Pain Behavior, and EQ-5D was the same in 65
(93%), 32 (46%), 63 (91%), 69 (98.5%), and 58(83%) patients, re-
spectively. At 6-month follow-up, proportionately more patients ex-
hibited a decline in RMDI (25%) compared with those showing
a decline in the PROMIS Physical Function (9%) or Pain
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Behavior (9%) domains. A similar propor-
tion (27%) showed a decline in the
PROMIS Pain Interference domain (Table 3).

DISCUSSION

Using a cohort of patients who underwent
TFESI, we found moderate-to-high de-
grees of correlation among PROMIS
Physical Function, Pain Interference, and
Pain Behavior domains and legacy instru-
ments. All PROMIS domains were mod-
erately-to-highly responsive to change
and correlated with the RMDI, EQ-5D,
and NRS, which have been validated in
patients with low back pain and lower
extremity radicular pain. Correlation
between PROMIS domains and RMDI
was high at any cross-sectional or longitu-
dinal measurement and was highest for
PROMIS Physical Function. There was
not a strong correlation between the
EQ-5D and the PROMIS Physical Func-
tion domain, which was expected because
the RMDI focuses on physical activity,
while the EQ-5D simultaneously assesses
mood and physical function. In assessing
post-TFESI improvement with legacy in-
struments, we saw the greatest improve-
ment in the NRS (42% had meaningful
improvement), while there were few pa-
tients showing meaningful improvement
in either legacy or PROMIS functional
scales. This finding could reflect the ad-
vanced age of this study population or
could be an artifact of the small sample
size. That the measurements of the
PROMIS domains remained concordant
with the legacy instruments in no way un-
dermines the primary study result.

Other recent studies have evaluated
the PROMIS scales in focused clinical populations. Shahgholi et
al” studied 50 patients undergoing vertebroplasty following os-
teoporotic compression fractures and showed a strong correla-
tion between PROMIS physical function and RMDI. Fries et al'?
studied 451 patients with chronic rheumatoid arthritis and
showed a strong correlation between PROMIS physical function
and the Health Assessment Questionnaire or the Health Assess-
ment Questionnaire Disability Index in patients with chronic
rheumatoid arthritis. In our current study, correlations between
RMDI and PROMIS scales were stronger than those of Shahgholi
etal” and Fries et al.'"> We also observed good longitudinal corre-
lation of change in scores.

This study thus provides additional, incremental validation of
the PROMIS outcome measures in a clinical population of sub-
jects undergoing a therapeutic intervention. As such validation
studies accumulate, PROMIS methodology may achieve the goal
of the National Institutes of Health of widespread use, enhancing
comparability of studies within and across multiple fields of med-



Table 3: Minimally important differences at 3- and 6-month follow-up

Patients Experiencing

Patients Experiencing Patients Experiencing

Reliability Criterion for Meaningful Improvement No Change Meaningful Decline
(Cronbach ) Meaningful Change (No.) (%) (No.) (%) (No.) (%)

RMDI

3mo 0.88 5.2 4 (4%) 67 (74%) 19 (21%)

6 mo 2(2%) 50 (71%) 18 (25%)
EQ-5D

3mo 0.56 03 1(1%) 74 (85%) 12 (13%)

6 mo 2(2%) 57 (82%) 10 (14%)
NRS

3mo N/A 20 38 (42%) 41(45%) 11(12%)

6 mo 29 (41%) 34 (48%) 7 (10%)
PF

3mo 0.88 62 6(8%) 56 (82%) 6(8%)

6 mo 4(9%) 35 (81%) 4(9%)
Pl

3mo 091 45 7 (10%) 41(59%) 21(30%)

6 mo 5 (11%) 26 (60%) 12 (27%)
PB

3mo 079 44 3(4%) 61(85%) 7(9%)

6 mo 2 (4%) 37 (86%) 4(9%)

Note:—PB indicates PROMIS Pain Behavior Scale; PF, PROMIS Physical Function Scale; P, Pain Interference.

icine. The PROMIS instruments have also been formulated for
computer adaptive testing; this change could further reduce the
testing burden.

The study has limitations, the primary one being the number
of subjects lost to follow-up. This is a product of the study design,
relying on subjects to return materials distant in time from the
intervention; supplying the surveys at the time of the procedure
may have also diminished the rate of return. No useful data could
be obtained at 9- and 12-month follow-up due to the failure of
participants to return the study materials. Because the object of
the study was correlation of measurement instruments, not as-
sessment of outcomes, this lack of feedback reduces our precision,
but does not confound the results. The lost-to-follow-up data
may have introduced bias into the correlation summary. The re-
sults of this study will provide data for power analysis of future,
more robust correlative studies as PROMIS scales are applied to
additional therapeutic interventions.

CONCLUSIONS

The PROMIS domains used in this study offered responsive and
comparable psychometric properties to legacy instruments in a
population of patients undergoing TFESI for radicular pain. The
advantages of using PROMIS instruments are their ability to com-
pare the results in a study cohort with the general US population,
the ease of scoring, lesser patient burden while maintaining
responsiveness and precision, and lack of licensure costs. As
PROMIS instruments become more widely used, there will be the
opportunity to compare the impact of disease burden and thera-
peutic interventions across medical specialties.
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ABSTRACT

BACKGROUND AND PURPOSE: Chemonucleolysis represents a minimally invasive percutaneous technique characterized by an intradis-
kal injection of materials under fluoroscopic or CT guidance. Recently, a substance based on radiopaque gelified ethanol has been
introduced. The purpose of this study was to describe the indications, procedure, safety, and efficacy of radiopaque gelified ethanol in the
percutaneous treatment of cervical and lumbar disk herniations.

MATERIALS AND METHODS: Between September 2010 and August 2013, 80 patients (32 women and 48 men; age range, 1875 years) were
treated for 107 lumbar disk herniations (L2-L3, n = 1; L3-L4, n = 15; L4 L5, n = 53; and L5-S1,n = 38) and 9 cervical disk herniations (C4—C5,
n = 2, C5-C6, n =
fluoroscopic guidance. Thirty-six patients underwent a simultaneous treatment of 2 disk herniations. Patient symptoms were resistant to

2, C6-C7, n = 3; and C7-D1, n = 2) by percutaneous intradiskal injection of radiopaque gelified ethanol under

conservative therapy, with little or no pain relief after 4—6 weeks of physical therapy and drugs. All patients were evaluated by the Visual
Analog Scale and the Oswestry Disability Index.

RESULTS: Sixty-two of 73 (85%) patients with lumbar disk herniations and 6/7 (83%) patients with cervical disk herniations obtained significant
symptom improvement, with a Visual Analog Scale reduction of at least 4 points and an Oswestry Disability Index reduction of at least 40%.
Leakage of radiopaque gelified ethanol in the surrounding tissues occurred in 19 patients, however without any clinical side effects.

CONCLUSIONS: In our experience, percutaneous intradiskal injection of radiopaque gelified ethanol is safe and effective in reducing the
period of recovery from disabling symptoms.

ABBREVIATIONS: CDH = cervical disk herniation; LDH = lumbar disk herniation; ODI = Oswestry Disability Index; RGE = radiopaque gelified ethanol; VAS = Visual

Analog Scale

ervical disk herniation (CHD) and lumbar disk herniation

(LDH) generally have a favorable natural history, often with
long-term resolution of symptoms."*> However, pain can be de-
bilitating, resulting in long absences from work or daily activities.
Treatment is targeted at reducing both symptoms and the pa-
tient’s recovery time. The first therapeutic approach is usually
pharmacologic and physical; however, the clinical condition may
not improve within a reasonable time."'
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Chemonucleolysis is a minimally invasive percutaneous tech-
nique allowing intradiskal injection of various materials under
fluoroscopic or CT guidance, to “digest” or dehydrate diskal por-
tions. Materials include chymopapain,® now abandoned because
of frequent allergic reactions,* and oxygen-ozone,” whose results
have still not been completely demonstrated. Recently, a newly de-
veloped substance, radiopaque gelified ethanol (RGE), has been in-
troduced into clinical practice.® '° RGE is a viscous solution contain-
ing ethyl alcohol and cellulose derivative products associated with a
contrast agent (tungsten). Clinical outcomes seem to be encourag-
ing, with a high reduction of possible collateral effects.* The purpose
of this article is to describe the results of our study in percutaneous
intradiskal injection of RGE for CDH and LDH.

MATERIALS AND METHODS

Population

Between September 2010 and August 2013, 80 patients (32
women and 48 men; age range, 18—75 years) were treated for 107
LDHs (L2-L3, n = 1; L3-1L4, n = 15; L4-L5, n = 53; and L5-S1,
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n = 38),and 9, for CDH (C4—-C5, n = 2; C5-C6, n = 2; C6—C7,
n = 3;and C7-D1, n = 2) by percutaneous intradiskal injection of
RGE. This retrospective evaluation of clinical and neuroradio-
logic data was in accordance with the rules of local institutional
review boards.

Indications

Treatment was reserved for patients with recurrent drug-resistant
neck or low back pain with brachialgia or sciatica (also incom-
plete) and no or minimal pain reduction after 4—6 weeks of
physical therapy including resistive capacitive energy transfer,
clinical neurodynamics, manual therapy, and global postural re-
education. Clinical evaluation included Laségue, Slump, and
Wassermann tests.

Sixty-seven patients underwent MR imaging; 13 patients un-
derwent CT due to contraindications or claustrophobia. All pa-
tients with LDH showed at least 1 disk herniation at a metameric
level consistent with symptoms. All patients with CDH and 18
with LDH underwent electromyography because of multiple disk
herniations and uncertainty of the disk to be treated.

Inclusion criteria were disk herniations contained, without
complete annulus tear, and not contained, with posterior longi-
tudinal ligament integrity and no free fragments assessed with MR
imaging'' or CT. Because of the risk of adherences or epidural
fibrosis, treatment was not performed in patients who had already
undergone surgery at a clinical symptom level, with the exception
of 1 patient with a recurrent LDH in whom gadolinium-enhanced
MR imaging ruled out fibrous scar tissue.

Exclusion criteria were high disk degeneration (ie, the so-
called “black disk” or a disk height loss of more than two-thirds),
free isolated disk herniation fragments, stenosis of the interverte-
bral foramina or spinal canal, asymptomatic disk bulging, pri-
mary tumor or metastatic disease involving the level to be treated,
active local or systemic infections, pregnancy, hemorrhagic dia-
thesis, and anticoagulant therapy if not stopped before surgery.

CDHs were treated after neck color Doppler sonography, to
rule out any anatomic variations or abnormalities of vessels, tra-
chea, or esophagus.

All patients provided informed consent on the day before the
procedure.

Procedure
Treatment was performed with the patient under local anesthesia,
in “day-surgery” (71 patients) or short hospitalization (9 pa-
tients) regimens. If the patient was under antiplatelet or antico-
agulant therapy, this was stopped 6 days before the procedure and
converted to subcutaneous low-molecular-weight heparin.
Intravenous injection of short-term broad-spectrum antibi-
otic therapy including 2 g of amoxicillin/clavulanic acid (Aug-
mentin) or 1 g of ceftriaxone disodium (Sirtap) was performed
immediately before the procedure. Local anesthesia was by sub-
cutaneous lidocaine 2% (SELF SpA). Fluoroscopic guidance was
by a digital biplanar rotational angiography (Innova 31311Q; GE
Healthcare, Milwaukee, Wisconsin). Under a sterile surgical reg-
imen, a percutaneous approach was performed by using a spinal-
type 20-ga needle (Spinocan; B. Braun Melsungen, Melsungen,
Germany) for CDH and a Chiba 18-ga needle included in the RGE

kit (DiscoGel; Gelscom SAS, Caen, France) for LDH. Needle in-
sertion was monitored by fluoroscopic anteroposterior and lateral
projections.

Patients with CDH were placed in a supine position, with a
hyperextended neck. A right paravertebral approach was pre-
ferred due to a greater risk of esophageal lesions by a left approach.
Lidocaine 2% (1-2 mL) was injected in the superficial subcutane-
ous tissue. Medial to the right sternocleidomastoid muscle, the
operator exerted sufficient pressure with the index and middle
fingers of the left hand on the neck for lateral displacement of the
common carotid artery and internal jugular vein, pushing the skin
as close as possible to the intervertebral space, thus minimizing
the needle tract and making the needle entry site “safe.” Once
penetrating the annulus, the needle was advanced until it reached
the central portion of the disk.

Patients with LDH were placed in a prone position, usually by
positioning an air-inflated cushion under the abdomen, to reduce
the lumbar lordosis. Lidocaine 2% (5-10 mL) was injected sub-
cutaneously. The approach to the disks between L1 and L5 was
posterior paravertebral, ipsilateral to the symptomatic side. Ana-
tomic landmarks were identified by a 45° lateral oblique projec-
tion, following the “scotty dog” technique. A Chiba needle was
introduced at a paramedian entry point, 8—10 cm from the mid-
line; it was directed parallel to the intervertebral space and ante-
rior to the superior articular process (ie, “scotty dog” ear), to
avoid puncturing the nerve root. The approach to the L5-S1 disk
was technically more complex and partially limited by the iliac
wing. At 45°, the needle was positioned with a high cranial C-arm
inclination, tilted obliquely toward a narrow triangular area real-
ized by the radiologic overlap of some skeletal structures, includ-
ing the iliac wing, sacral wing, and corresponding superior artic-
ular process.

Intradiskal advancement of the needle was monitored by an-
teroposterior and lateral projections, because the tip has to reach
the central portion of the nucleus pulposus. Crossing the annulus
may resultin a mild, hard elastic resistance, with possible patient’s
pain sensation, because it represents the only innervated zone. In
all the LDHs, a mixture of triamcinolone acetonide (Triamvirgi)
and ropivacaine HCI (Naropin) was injected near the nerve root,
as a pharmacologic blockade, just before needle entrance in the
disk.

Preparation and Injection of RGE

Inside its container, RGE is an attenuated liquid, which must be
accurately shaken before being injected. The RGE solution should
be injected slowly under continuous fluoroscopic guidance to
check for extradiskal leakage (Fig. 1). The recommended dose is
0.8 mL for lumbar disks and 0.2 mL for cervical disks.

CT targeted to the treatment site was performed after the pro-
cedure in all the patients, with the exception of a young woman
for radioprotection; this procedure was to verify the RGE distri-
bution and rule out extradiskal leakage.

Clinical Monitoring

All patients were given the Visual Analog Scale (VAS) preopera-
tively and immediately after the treatment and 3 months later and
a questionnaire concerning the quality of life based on the Os-
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FIG 1. Progressive intervertebral disk filling of RGE. Real-time fluoroscopic images showing RGE
inside the nucleus pulposus and in the herniated disk (arrows). Tungsten allows proper visualiza-

tion of the material, including monitoring of possible leakage.

FIG 2. VAS scores recorded before and after percutaneous intradiskal injection of RGE. The left
panel displays the boxplot of the data. Before treatment, the VAS scores were mostly concen-
trated on the upper values of the scale (median = 7; 25th percentile = 7; 75th percentile = 8);
therefore, this distribution was negatively skewed (skewness = —0.29). The distribution of the
VAS scores in the posttreatment survey (median = 3; 25th percentile = 2; 75th percentile = 4)
became positively skewed (skewness = 0.91). No outliers were identified. The reduction of 4
points in the median of the VAS scores between pre- and posttreatment was significant for the
nonparametric Wilcoxon matched-pairs signed rank test (W = —3076; P < .0001). The barplots in
the right panel show the means and SDs of the data. The decrease of the means of the VAS scores
from 7.16 = 0.79 to 3.61 = 1.72 was significant under the paired t test with 78 df (t = 17.61; P <

.0001).

westry Disability Index (ODI)'? before treatment and 3 months
later.

Statistical Analysis

Analysis was performed on the VAS and ODI score values collected
from all patients before treatment and at the 3-month follow-up.
Their descriptive statistics such as mean, SD, median, and interquar-
tile range are shown in Figs 2 and 3. To detect statistically signif-
icant change of the VAS and ODI in the posttreatment period
compared with the pretreatment one, we used a paired ¢ test and
Wilcoxon matched-pairs signed rank test. The null hypothesis of
no difference between observed values before and after the treat-
ment was then assumed for each series of scores. The series of ODI
scores were labeled according to the canonical standing'? and
then cross-tabulated to represent the pre- to postrank transi-

602 Bellini  Mar 2015  www.ajnr.org

tion. In correspondence to each rank de-
tected before RGE injection and the per-
centage of the patients who have recov-
ered after the treatment, the best rank
(ie, minimal disability with the ODI
score not >20%) was calculated.

Statistical analysis was assessed by
commercial software (GraphPad Prism;
GraphPad Software, San Diego, Califor-
nia; and Matlab; MathWorks, Natick,
Massachusetts).

RESULTS

Thirty-four patients with LDH and 2
with CDH underwent simultaneous
treatment of 2 disks. Seven patients with
large LDHs either not contained or mi-
grated were selected for RGE (Fig. 4).

Treatment was technically successful
in all patients for all the 116 disk herni-
ations (Figs 4 and 5). The procedure for
a single disk required no more than
10-12 minutes from anesthesia to the
end of the RGE injection. No relevant
complications related to treatment oc-
curred in any patient. There were no al-
lergic reactions to RGE or other drugs.
There were no cases of local or systemic
iatrogenic infection.

Eight patients with LDH presented
with temporary pain during treatment,
locally or at the lower limb ipsilateral to
the treated level, caused by passage of the
needle close to a nerve root or during
penetration of the annulus. In all these
cases, symptoms resolved spontane-
ously a few minutes after treatment.

Postoperative CT showed a subtle
extradiskal leakage of RGE in 14 patients
with LDH (epidural, n = 2; periradicu-
lar space, n = 4; and posterior muscle
tissues, n = 10). None reported any
symptoms. In 62 (85%) of the 73 pa-
tients treated for LDH and in 6 (83%) of the 7 patients treated for
CDH, there was relevant pain reduction, usually within the first
month after the procedure.

Statistical analysis indicated a significant difference in the
scores between pre- and posttreatment conditions (Figs 2 and 3).

The mean decrease of the VAS index was —3.557 with a 95%
confidence interval, 3.959 to —3.155. The mean decrease of the
ODI score was 30.38 with a 95% confidence interval, 33.79 to
—26.96.

The percentage of success was >75% in the class of severe
disability. Even 2 subjects in the sample with crippling back pain
regained the minimal disability class. A reduction of at least 4
points in the VAS scale (P < .0001) and at least 40% in the ODI
score (P < .0001) (Fig 2) occurred in the first 2 months after



FIG 3. ODI scores recorded before and after percutaneous intradiskal injection of RGE. The
index is expressed in percentage points and ranges from 0% to 100%. The lower limit corre-
sponds to the absence of disability; the upper limit, to the maximum degree of disability
(patients are bed-bound). The left panel displays the boxplot of the data. Before treatment,
the distribution of ODI scores (median = 48%; 25th percentile = 42%; 75th percentile = 58%)
was slightly negatively skewed (skewness = —0.05), and it became positively skewed (skew-
ness = 1.21) in the posttreatment survey (median = 14%; 25th percentile = 10%; 75th percen-
tile = 18%). No outliers were identified. Between the pre- and posttreatment periods, the
medians of the VAS scores dropped by 34 percentage points. This decline was significant for
the nonparametric Wilcoxon matched-pairs signed rank test (W = —3076; P < .0001). The
barplots in the right panel show the means and SDs of the data. The decrease of the mean of
the ODI scores from 47.85 = 9.05 to 17.47 = 14.41 was significant with the paired t test with
78 df (t = 17.71, P < .0001).

treatment in 64 (80%) patients and by
the third month for the remaining 4
(5%) patients who presented with large
disk herniations, extruded or migrated
(Fig 4). The patients reporting improve-
ment resumed their normal activities
within 1-3 months after treatment.

Twelve patients did not obtain rele-
vant pain reduction within 6 months
following treatment. Four underwent
surgical diskectomy; the remaining 8
underwent other percutaneous treat-
ments (n = 6) or tried other conserva-
tive therapy (n = 2), including anesthe-
siologist pain management.

DISCUSSION

DiscoGel (RGE) is a chemonucleolytic
agent introduced for the first time in
2007 by Theron et al,’ containing ethyl
alcohol, a cellulose derivative product,
added to a radiopaque element (tung-
sten), causing dehydration of the nu-

FIG 4. Treatment of a very large extruded LDH in a 58-year-old woman with left sciatica (VAS = 8). A, In a preoperative MR imaging study,
sagittal and axial T2 sequences show a large uncontained and partially migrated disk herniation at L5-S1 (median left posterolateral), with
considerable root involvement (white arrow). B, CT control shows the optimal distribution of RGE in a disk herniation without leakage (black
arrow). The patient did not have significant symptoms (VAS = 3). C, MR imaging study obtained 6 months later shows complete dehydration and

retraction of disk herniation. The patient was completely asymptomatic (VAS = 0).
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cleus pulposus and resulting in disk herniation retraction. In
LDH, Volpentesta et al'® reported excellent and good results in
80.4% of 72 patients, despite complications in 5.45%. Theron
et al® reported a success rate of 91.4% in a group of 221 patients
and a complication rate of <0.5%, while Stagni et al® achieved a
therapeutic success in 24 of 32 treated patients (75%) without
complications. In CDHs, Theron et al” reported a success rate of
89.5% in 57 patients without complications.

Our experience has the following considerations.

Percutaneous intradiskal injection of RGE was simple and
rapid, due to a biplanar digital rotational angiographic suite,
which allowed an easier needle insertion, especially for CDH. The
procedure can also be executed by CT or CT fluoroscopy; how-
ever, the advantages of fluoroscopic guidance are known and in-
clude rapidity, real-time evaluation of RGE distribution and pos-
sible leakage, and dose reduction.

In both LDH and CDH, we had no complications. Discomfort
was minimal for most patients. They were questioned at the end of
treatment and reported tolerating the procedure well. Even patients
treated for CDH did not experience perceptible discomfort during
the procedure, despite the lower amount of local anesthetic injected
only at skin surface. Pain was greater in subjects with osteophytes or
with a greatly reduced intervertebral space, making the needle inser-
tion more complex, especially at the L5-S1 level.

We did not treat free fragments or highly degenerated disks.
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FIG5. Treatment of a CDH in a45-year-old woman
with left brachialgia (VAS = 7). A, T2-weighted sag-
ittal and T2*-weighted axial MR images show a
C4-C5 left posterolateral disk herniation. Note
also other asymptomatic disk bulging at the C3-C4,
C5-C6, and C6—C7 levels. Anteroposterior radio-
graph (B) and CT axial image (C) obtained at the end
of the procedure confirm the proper distribution
of RGE in the treated disk, especially in the herni-
ated portion (arrows).

Free fragments were separated from the disk and could not be
reached by RGE injection. Highly degenerated disks, or “black
disk” according to grade V of the Pfirrmann classification, are
collapsed, without distinction between the nucleus and annulus,
and are associated with reduced positive prognosis due to severe
morphostructural changes.'> Moreover, RGE may result in fur-
ther diskal thinning due to its chemonucleolytic effects. Addition-
ally, we think that the gelling effect is reduced in highly degener-
ated disks because this process is directly correlated to the
presence of water in the nucleus pulposus. In “black disks,” radic-
ular pain may also be related to marked reduction of the foram-
inal space in association with disk calcification and/or bulging or
osteophytes. Thus, we usually prefer to perform a periradicular
and intradiskal steroid and anesthetic injection and/or to propose
an interspinous spacer implant.

We did not perform pretreatment diskography because an io-
dinated contrast agent may limit proper visualization of RGE, and
RGE contacting fluids immediately gels, with the risk of occluding
the needle or inducing a rapid premature gelling effect in the disk.
Diskography has been performed before pure ethanol injection
because of the relative difficulty in the control of its diffusion and
leakage. RGE, instead, makes the alcohol solution much easier to
handle and reduces the need for diskography.® Notably, even in
the largest herniations that are potentially “surgical,” we did not
consider the annulus integrity necessary, because RGE can spread



to the more isolated disk compartments, leading to good results.
In this subset of patients, the results have been encouraging, with
convincing symptom improvement. Instead, verifying the annu-
lus integrity is a critical factor in other percutaneous techniques,
including mechanical or thermal decompression: These tech-
niques are based on the principle of obtaining an annulus elastic
return, especially at the herniated portion. This is possible only for
contained disk herniations without an annulus tear.

The recommended dose of RGE is 0.8 mL for LDH and 0.2 mL
for CDH. In CDH, the maximum recommended dose was always
injected without leakage. In LDH, the amount ranged from 0.5
mL to 0.8 mL, depending on the disk space amplitude and relative
disk capacity to accommodate the RGE and to avoid important
leakages. We always stopped injection at the observation of initial
epidural or foraminal space leakage. It is also important to avoid
any possible irritative effect on soft paravertebral tissues, though it
is well-demonstrated that no morphostructural changes were
caused by intradiskal, intraforaminal, and epidural RGE."*

Technically, >2 levels could be treated in the same session, in
the absence of specific recommendations by the manufacturer.
Three treated levels in a patient but in 2 separate sessions have
been recently reported.'® Currently, the literature does not report
a case of 4 disks treated. The main reasons are that most patients
would not tolerate a simultaneous multilevel treatment in the
same procedure, and an increased number of treated levels would
heighten the risk of complications and exposure to x-rays for both
patient and operator. Additionally, preliminary clinical and neu-
roradiologic evaluation in most cases established the levels to be
treated. Finally, we agree with those authors'® who propose treat-
ing >2 levels in different sessions, to verify whether the first treat-
ment was the most appropriate.

RGE leakage occurred in extradiskal tissues, in the epidural
space, or in the periradicular space, after LDH treatment; this was
caused by reflux through the trajectory of the needle. It has been
asymptomatic and reported by other authors.'* In daily clinical
practice, we agree to propose follow-up CT only in patients with
unchanged or worsening symptoms, to better understand the
RGE distribution.

In most patients, clinical improvement occurred during the
first month after treatment. Improvement occurred earlier in
CDH than in LDH, despite the lower amount of drugs. In LDH,
patients with a faster reduction in symptoms were those with a
single herniation and treated at the L4 —L5 or L5-S1 levels without
other associated factors (ie, canal or foramina stenosis). Only in
cases of larger and extruded herniated disks and in recurring her-
niation did improvement take longer (approximately 3 months).

Clinical benefits could be partially due to the gelling effect of RGE
that, spontaneously engaging the herniation breach, should prevent a
greater diskal excursion under axial loading. This hypothesis might
be demonstrated by pre- and postoperative orthostatic spinal MR
imaging.'” Possible, but not proved, is the potential effect of ethanol
on the reduction oflocal inflammatory mechanisms generated by the
herniation itself (ie, mediated by the release of cytokines and other
endogenous substances). This may affect, in part, the favorable de-
velopment of such treatment clinically.'

In Europe, the cost of RGE is higher than that of other chemo-
nucleolytic agents, like oxygen-ozone; however, it is similar to

that of nucleoplasty or decompressive treatment. In our hospital,
the cost is less than a third of that of a single-level surgical diske-
ctomy. Additionally, compared with surgery, percutaneous RGE
may take only 1 day of hospitalization.

CONCLUSIONS

In our experience, percutaneous RGE for the treatment of CDH
and LDH was safe and reduced morbidity, with good clinical re-
sults (in some cases even in the very early stages after the treat-
ment). Due to its minimally invasive nature, this technique re-
duced the recovery period from the disabling symptoms typical of
disk herniations.
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ORIGINAL RESEARCH
SPINE

Tl1p and T2 Mapping of the Intervertebral Disk: Comparison of
Different Methods of Segmentation

R. Menezes-Reis, C.E.G. Salmon, C.S. Carvalho, G.P. Bonugli, C.B. Chung, and M.H. Nogueira-Barbosa
O=

ABSTRACT

BACKGROUND AND PURPOSE: Intervertebral disk biochemical composition could be accessed in vivo by Tlp and T2 relaxometry. We found
no studies in the literature comparing different segmentation methods for data extraction using these techniques. Our aim was to compare
different manual segmentation methods used to extract Tlp and T2 relaxation times of intervertebral disks from MR imaging. Seven different
methods of partial-disk segmentation techniques were compared with whole-disk segmentation as the reference standard.

MATERIALS AND METHODS: Sagittal Tlp and T2 maps were generated by using a1.5T MR imaging scanner in 57 asymptomatic volunteers
20-40 years of age. Two hundred eighty-five lumbar disks were separated into 2 groups: nondegenerated disk (Pfirrmann | and Il) and
degenerated disk (Pfirrmann Ill and 1V). In whole-disk segmentation, the disk was segmented in its entirety on all sections. Partial-disk
segmentation methods included segmentation of the disk into 6, 5, 4, 3, and 1 sagittal sections. Circular ROls positioned in the nucleus
pulposus and annulus fibrosus were also used to extract Tlp and T2, and data were compared with whole-disk segmentation

RESULTS: In the nondegenerated group, segmentation of =5 sagittal sections showed no statistical difference with whole-disk segmen-
tation. All the remaining partial-disk segmentation methods and circular ROIs showed different results from whole-disk segmentation (P <
.001). In the degenerated disk group, all methods were statistically similar to whole-disk segmentation. All partial-segmentation methods,
including circular ROIs, showed strong linear correlation with whole-disk segmentation in both the degenerated and nondegenerated disk
groups.

CONCLUSIONS: Manual segmentation showed strong reproducibility for Tlp and T2 and strong linear correlation between partial- and
whole-disk segmentation. Absolute Tlp and T2 values extracted from different segmentation techniques were statistically different in
disks with Pfirrmann grades I and II.

ABBREVIATIONS: AAF = anterior annulus fibrosus; AF = annulus fibrosus; CROI = circular ROIs; ICC = intraclass correlation coefficient; NP = nucleus pulposus;
PAF = posterior annulus fibrosus; PDS = partial-disk segmentation; WDS = whole-disk segmentation

R imaging is considered the best noninvasive method to

study intervertebral disks. MR imaging allows the visualiza-
tion of clearly different anatomic disk subregions, including the
nucleus pulposus (NP) and the annulus fibrosus (AF)."* How-
ever, routine clinical images provide a qualitative or semiquanti-
tative assessment made by an expert.” The need for a better un-
derstanding of physiologic and pathologic processes in the disk
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led to the application of quantitative techniques in MR imaging
such as T1p and T2 mapping.”*

For the extraction of quantitative data from a given region of
interest, it is necessary to perform segmentation procedures that
involve selecting the region to be analyzed.” This segmentation
can be manual, semiautomatic, or automatic. In studies assessing
the lumbar intervertebral disk composition, different authors
used different methods to perform disk segmentation with subse-
quent data extraction. The most common method in the litera-
ture with regard to T1lp and T2 is to acquire small regions of
interest that are anatomically based.®® Authors have used stan-
dard ROIs, delineating subregions within the intervertebral disk
to extract quantitative data specifically from the NP and AF.®”
Additional intermediate ROIs on boundaries between the nucleus
and annulus have also been used.®® In the latter, intermediate
ROIs were implemented to compensate for the increased steps for
segmentation in each image. These studies analyzed a limited



number of MR imaging sections. The segmentation using a few
MR imaging sections and regional ROIs allows the extraction of
data more quickly than segmenting the whole intervertebral disk.
Other authors chose to perform the segmentation of the disk as a
whole, with the region of interest covering the NP and AF simul-
taneously.'”'" The use of segmentation of only the central MR
imaging sagittal section to extract quantitative data from the in-
tervertebral disk is also very common in the literature.'>!?

The intervertebral disk structure is nonuniform with differ-
ences in hydration and collagen content between NP and AF.
Therefore, the extraction of different T1p and T2 relaxation times
may be expected depending on the segmentation method
used.'®'* Despite the potential importance of using different seg-
mentation methods in the evaluation of the intervertebral disk
composition, we have not found studies comparing the accuracy,
reliability, and reproducibility of the results generated by different
segmentation methods. Our hypothesis is that partial segmenta-
tion of intervertebral disks, especially through standard geometric
regional ROIs, will result in the extraction of different T1p and T2
relaxation times compared with full segmentation.

MATERIALS AND METHODS

Population Sample

This study was approved by the institutional review board. The
volunteers were recruited through institutional review board—ap-
proved local advertisement and were selected on the basis of the
inclusion criteria. We recruited 57 asymptomatic adults (25 men
and 32 women), with a mean age of 26.54 = 5.0 years (range,
20-40 years); mean height, 1.69 = 0.08 m (1.53-1.90 m); mean
weight, 67.52 * 13.85 kg (range, 46.5-105 kg); and mean body
mass index, 23.5 * 3.4 kg/m”® (range, 15.9-30.3 kg/m?). The in-
clusion criteria for the volunteers were the following: 20—40 years
of age with an Oswestry Dysfunction Index score <10. Volunteers
with persistent low back pain for at least 6 months; an Oswestry
Dysfunction Index score >10; or previous spinal pathology, sig-
nificant scoliosis, or surgery were excluded from the study.

AlL5 lumbar disks of the 57 volunteers were studied; therefore,
we evaluated 285 disks. The intervertebral disks were graded ac-
cording to the Pfirrmann et al classification.'* After classification
by the Pfirrmann grading system, we divided the intervertebral
disks into 2 subgroups: nondegenerated (grades I and IT) = 224
disks and degenerated (grades III and IV) = 61 disks. In our
sample, we found no grade V intervertebral disks according to the
Pfirrmann et al classification.

MR Imaging

All MR imaging examinations were performed by using a 1.5T
scanner (Achieva; Philips Healthcare, Best, the Netherlands). We
used a 16-channel spine coil (SENSE-SPINE; Philips). Volunteers
were kept still in a supine position with the lower limbs extended
and relaxed. The study protocol included a 2D fast spin-echo
sequence with the following characteristics: orientation = sagit-
tal, FOV = 22 X 22 cm, thickness = 4 mm, number of sections =
16, matrix = 256 X 256 and no intersection gap. For the segmen-
tation process, we acquired a T2-weighted sagittal sequence, with
TE = 120 ms and TR = 3900 ms. Spin-echo sequences were ac-
quired to generate quantitative T1p and T2 maps. We used the

following parameters—T2 multiecho sequence: TE = 20/40/60/
80/100/120/140/160 ms and TR = 3000 ms; T1p multilocker
times sequence: TE = 20 ms, TR = 2000 ms, Tlock = 2/10/20/
40/60 ms. The total MR imaging acquisition time was 13 minutes.

Image Evaluation

The Display software (McConell Brain Imaging Center, Mon-
treal, Quebec, Canada) was used for image analysis and segmen-
tation. The segmentation process was performed on the sagittal
plane according to the illustrations in Figs 1 and 2. The segmen-
tation of 285 disks was performed by 2 independent and blinded
observers, taking care not to include regions of subchondral bone.
They were previously trained for 2 months in manual spinal MR
imaging segmentation and were supervised by a senior radiologist
with 15 years’ experience in musculoskeletal radiology and spine
MR imaging. First, full manual segmentation of the whole inter-
vertebral disk, encompassing NP and AF, for each disk in all 12
sections was performed for all lumbar disks of each volunteer
(whole-disk segmentation [WDS]). Partial-disk segmentation
(PDS) methods were performed by using 6 different techniques
according to the illustration in Fig 1 by using the following: 6
sections (PDS-6), 5 sections (PDS-5A and PDS-5B), 4 sections
(PDS-4), 3 sections (PDS-3), and only 1 central section (PDS-1).
Extraction of T1p and T2 relaxation times was also performed by
using 3 circular ROIs (CROI) placed on the NP, anterior annulus
fibrosus (AAF), and posterior annulus fibrosus (PAF) by using 3
distinct sagittal sections as shown in Fig 2. The most central region
of the NP was marked by using a region of interest with an area of
26.77 mm?. This region was labeled regardless of the presence or
absence of a nuclear cleft. ROIs with 12.75 mm? each were used in
the regions of AAF and PAF. We placed ROIs on the most anterior
and posterior regions of the annulus, avoiding selecting the tran-
sition regions between the AF and NP.

The main researcher was the first observer, responsible for the
segmentation of all 285 lumbar disks. One hundred disks were
randomly selected for intra- and interobserver reproducibility
analysis, 50 from the degenerated group and 50 from the nonde-
generated group. These disks were segmented a second time by
the first and second observer with an interval of 2 months after the
first segmentation.

Statistical Analysis

The analysis of intra- and interobserver variability was performed
by the intraclass correlation coefficient (ICC) with 99% confi-
dence intervals for all lumbar levels.

To analyze the distribution of T2 and T1p relaxation times, the
Shapiro-Wilk test (99% significance level) was used for each seg-
mentation method. The WDS was chosen as the reference stan-
dard with which all PDS methods and CROI were compared.
Repeated-measures ANOVA with the Dunnett posttest was used
for parametric samples. For the nonparametric samples, we used
the Friedman test with the Dunn posttest. P values < .05 were
statistically significant. We also performed a linear regression and
correlation to verify that the relaxation times of partial segmenta-
tion methods showed a linear relationship to the WDS values. For
statistical analysis and for the creation of graphs and tables, we
used GraphPad Prism software, Version 5 (GraphPad Software,
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FIG 1. On the left is a sagittal T2-weighted image representing the segmented region of the intervertebral disk. On the right is the number of
sections used in partial segmentation methods. A, Whole-disk segmentation. B, Partial-disk segmentation using 6 sections (PDS-6). C, Partial-disk
segmentations using 5 sections, method A (PDS-5A). D, Partial disk segmentation using 5 sections, method B (PDS-5B). E, Partial-disk segmenta-
tion using 4 sections (PDS-4). F, Partial disk segmentation using 3 sections (PDS-3). G, Partial-disk segmentation using 1 central section (PDS-1).

generated and degenerated groups. The
ICC was higher for T1p and T2 in the NP
and whole disk than for AAF and PAF.
These results of intraobserver and inter-
observer reproducibility were similar be-
tween degenerated and nondegenerated
disk groups.

The ANOVA test for T2 relaxometry
and the Friedman test for T1p relaxom-
etry were used to evaluate whether the re-
laxation times obtained by different seg-
mentation methods were similar. Our
results showed statistically significant
differences between the results of differ-

FIG 2. A, The CROI subregions are indicated in a T2-weighted image in the sagittal plane of a

volunteer: blue for the nucleus pulposus, red for the anterior annulus fibrosus, and yellow for
the posterior annulus fibrosus. B, Axial image in which the CROI method was used.

San Diego, California). To calculate the ICC, we used SPSS, Ver-
sion 20 (IBM, Armonk, New York).

RESULTS
The values of T2 and T1p relaxation times of the regions of the
disk are shown in Table 1. In the nondegenerated group, in both
T2 and T1p mapping, the methods PDS-6 and PDS-5B showed
the average nearest to WDS, also with a lower SD. In the segmen-
tation techniques with fewer sections, the average relaxation times
extracted were more distanced from the results obtained with
WDS and had a larger SD. In the degenerated disk subgroup, on
the other hand, the values obtained from both T2 and T1p map-
pings were similar and did not differ statistically between the
WDS, PDS, and CROI.

In Tables 2 and 3 are the results of intraclass correlation coef-
ficients and confidence intervals for each technique in the nonde-
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ent segmentation techniques of nonde-
generated cases (T2: P < .0001, F =
74.33; Tlp: P < .0001, Friedman =
299.2). The exception occurred for the PDS-6 and PDS-5B
methods, in which relaxation times extracted for both T2 and
for the T1p were not statistically different from those of WDS.
The degenerated group showed a different behavior, in which
there was no statistical difference among WDS, PDS, and
CROI for both T2 (P = .45, F = 0.97) and T1p mapping (P =
.14, Friedman = 64.41).

Table 4 presents the correlations between the partial-segmen-
tation methods and WDS. The R values were higher in the meth-
ods that used more sections. Comparing T1p and T2 mapping,
one could see that the values of T2 relaxation times were discretely
more scattered compared with those of T1p relaxation times. In
both mappings, the number of sections used decreased and the
confidence intervals were larger. All methods also showed a sig-
nificant positive correlation with WDS (Table 4) (P <.0001). The



values were much higher in NP compared with AF in the nonde-
generated group for the both T1p and T2 relaxometry. In the
degenerated disk group, the relaxation times of NP and AF had a
more similar behavior in relation to the whole disk. This result
was more evident for T1p mapping.

DISCUSSION

In this research, we studied different techniques of extraction of
T2 and T1p relaxation times from the lumbar intervertebral disks
and compared various PDS methods with the WDS. Our results
suggest that the choice of the segmentation method can influence

Table 1: Values of the T2 and Tlp relaxation times (ms) expressed as average and SD for

each experimental method (n = 285 disks)

the absolute results obtained. For practical reasons, most previous
studies have used small geometric ROIs for degenerative disk dis-
ease.”!”> We did not find any previous study in vivo that explored
the segmentation of the intervertebral disk to its full extent.

Our results (Tables 2 and 3) showed a high intra- and interob-
server reproducibility for T2 and T1p, both for the nondegener-
ated and degenerated groups. The intra- and interobserver ICCs
were stronger for NP and WDS. AF ICC values were moderate
because the placement of ROIs in AF tends to be a bit more diffi-
cult. This is especially true in cases of severely degenerated disks,
when the border zone between the NP and AF becomes indistinct
with progressive incorporation of nucleus
pulposus material into the interior of the

T2 Mapping Tip Mapping annular lamellae.'®'®

Method Nondegenerated Degenerated Nondegenerated Degenerated PDS-6 and. PPS-SB .res.ults for T2 and
WDS 1183 + 1330 1043 + 14.95 49.04 * 6.82 2848 + 936 L1p were statistically similar to those of
NP 129.7 + 22.55 99.07 + 25.53 52.06 *10.39 4610 = 1205 WDSin the nondegenerated group. Our
PAF 103 =+ 28.42 9670 + 72 4270+95 4656 +1501  results suggest that about 50% of the
AAF 104.2 * 22.63 99.98 * 21.87 47.60 =10.04 4174 1384  disk structure needs to be segmented so
CROI 114.6 + 1678 101.8 + 17.58 49.00 + 7.0 47774858  that the results would be comparable
PDS-6 181 = 13.62 105.3 +14.30 4970 +7.23 4859 = 918 with those extracted via WDS on inter-
PDS-5A 121.8 = 17.31 103.6 = 2275 4872 +7.07 48.67 = 9.05 ) .

PDS-5B 116.0 = 14.50 105.7 + 15.06 49.81 = 7.20 4916+ 940  vertebral disks with Pfirrmann grades I
PDS-4 123.0 =141 107.5 = 14.76 4957 =714 4881 +875  and Il As previously described in the
PDS-3 1216 + 15.89 108.5 = 16.36 457 1191 49.80 =942 literature,”'"'? if the extraction of T2
PDS-1 128.6 = 17.60 105.6 = 15.76 4892 =721 4926 1441  and Tlp emphasizes the central sec-

Table 2: ICCs and 99% Cls for intra-and interobserver analysis of quantitative techniques (n = 50) used in the nondegenerated group

T2 Mapping Tlp Mapping
Intraobserver Interobserver Intraobserver Interobserver
ICC cl ICC Cl ICC Cl ICC Cl
NP 0.97 0.96-0.99 0.97 0.94-0.99 0.96 0.96-0.99 0.97 0.96-0.98
AAF 0.80 0.75-0.87 0.77 0.72-0.90 0.91 0.64-0.97 0.83 0.70-0.93
PAF 0.85 0.72-0.91 0.78 0.64-0.86 0.79 0.64-0.87 0.80 0.79-0.93
Whole disk 0.92 0.87-0.95 0.92 0.85-0.95 0.98 0.96-0.99 0.93 0.72-0.96

Table 3: ICCs and 99% Cls for intra- and interobserver analysis of quantitative techniques (n = 50) used in the degenerated group

T2 Mapping Tip Mapping
Intraobserver Interobserver Intraobserver Interobserver
ICC cl ICC cl ICC Cl ICC (d]
NP 0.94 0.90-0.96 0.96 0.94-0.97 0.98 0.93-0.99 0.98 0.93-0.99
AAF 0.87 0.39-0.73 0.81 0.70-0.88 0.83 0.64-0.95 0.82 0.41-0.93
PAF 0.79 0.46-0.77 0.66 0.48-0.79 0.79 0.56-0.86 0.80 0.47-0.90
Whole disk 0.92 0.87-0.95 0.86 0.77-0.91 0.98 0.96-0.99 0.93 0.65-0.99

Table 4: Correlation between whole-disk and partial-disk segmentation methods®

Nondegenerated Group

Degenerated Group

T2 Mapping Tlp Mapping T2 Mapping Tlp Mapping
R Cl99% R Cl 99% R Cl 99% R Cl 99%
WDS X PDS-6 0.96 0.95-0.97 0.97 0.96-0.97 0.97 0.95-0.98 0.97 0.95-0.98
WDS XPDS-5A 0.75 0.69-0.81 0.96 0.95-0.97 0.69 0.53-0.80 0.96 0.94-0.98
WDS X PDS-5B 0.91 0.88-0.93 0.95 0.93-0.96 0.94 0.90-0.96 0.93 0.89-0.96
WDS X PDS-4 0.90 0.88-0.93 0.95 0.94-0.96 0.94 0.91-0.96 0.95 0.92-0.97
WDS X PDS-3 0.83 0.78-0.86 0.90 0.87-0.92 0.89 0.82-0.93 0.89 0.82-0.93
WDS X PDS-1 0.73 0.67-0.79 0.80 0.75-0.84 0.74 0.61-0.84 0.78 0.66-0.86
WDS X CROI 0.74 0.67-0.79 0.88 0.85-0.91 0.82 0.71-0.88 0.83 0.72-0.89
WDS X NP 0.72 0.65-0.72 0.80 0.74-0.84 0.77 0.63-0.85 0.76 0.63-0.85
WDS X PAF 0.42 0.30-0.52 0.59 0.49-0.67 0.48 0.25-0.66 0.65 0.47-0.77
WDS X AAF 0.40 0.28-0.51 0.58 0.48-0.66 0.50 0.27-0.67 0.54 0.33-0.70

#The result of the correlation is expressed by R confidence intervals of 99%.
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tions, it may overestimate the glycosaminoglycan content of
the disk.

In the degenerated disk group, partial segmentation methods
and CROI showed results similar to those of the full segmenta-
tion. This outcome may have occurred by the accentuated loss of
proteoglycans and water and replacement by type I collagen in
NP.?° Thus, in degenerated disks, the relaxation time of NP be-
came very close to that of AF because the disk composition be-
comes more homogeneous.'*?!

In cases of severe scoliosis, disk degeneration may occur un-
evenly in different regions of the disk.>*>* The presence of volun-
teers with scoliosis could potentially affect our results of compar-
ison between different segmentation techniques, but it did not
occur because we had no case of scoliosis. Panoramic radiographs
were available for each case due to another research project in
progress from our group. The presence of osteophytes should also
be considered carefully so that the segmentation does not encom-
pass these regions.*> Other accentuated postural changes, verte-
bral fractures, listhesis, or extruded disk herniation could also
result in uneven disk degeneration,*? so that using only central
sagittal sections for data extraction could result in a different com-
position assessment of the disk. Our sample had no volunteer
with deformities, fractures, or disk herniation.

Our results support the use of partial segmentation methods in
the study of intervertebral disk composition because PDS and
CROI methods showed, in general, excellent correlation to the
WDS method (Table 4). However, the comparison among results
of different studies that used different segmentation methods
should be done with caution.'>*” Our results demonstrate that
the use of different segmentation techniques may result in mea-
surement of different values of intervertebral disk relaxation
times.

Regarding the comparison of our results with the literature,
the NP T2 relaxation times were very close to those reported in
previous studies.”***° For the AF T2, our results were similar to
those of Stelzeneder et al*® and Welsch et al,>® and slightly higher
than those of Trattnig et al.” With respect to the T1p relaxation
times, the values encountered for the NP and AF in our study were
lower than those found in the literature.'>°>*> We hypothesize
that at least in part, this difference may be due to different mag-
netic field strengths, because most of the previous studies used 3T
MR imaging."'*?"** In common with authors of other studies, we
found that a greater degree of degeneration implies lower T2 and
T1p relaxation times.

When we compared the individual relaxation times of NP,
AAF, and PAF, all 3 regions showed statistical correlation with the
WDS values. In the nondegenerated group, the NP values had a
stronger correlation with WDS, suggesting that their influence on
the relaxation time of the whole disk is larger than that from AF, as
has already been described in the literature.'®*° The annulus fi-
brosus also follows the uniform changes of the whole disk, but less
than the nucleus.>® However, in the degenerated group, the relax-
ation times of NP and AF showed a more similar behavior in
relation to the whole disk. Antoniou et al*' used MR imaging
quantitative techniques and also a mechanical test to study the
intervertebral disks and found similarities in the NP and AF be-
havior over the degenerative processes. This finding shows that
both regions are affected evenly, especially at the beginning of
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the degeneration. This phenomenon was more evident in T1p
mapping because this method has proved more affinity with
loss of proteoglycan content, which has been suggested as a
major trigger of the degenerative process, resulting in a low
relaxation time.'>"?

Most studies in the literature preferred segmentation of NP
and AF individually.*®*?* In intervertebral disks with Pfirrmann
grades I and II, segmenting these structures separately usually
makes it possible to distinguish them better. If the degeneration
increases to grades III and IV, this distinction becomes more
difficult."* Thus, a relative advantage of performing segmentation
of the whole area or the whole volume of the disk is to enable a
more secure comparison among disks with different degrees of
degeneration.

A relative limitation of our study is that we included only
young and asymptomatic volunteers; therefore, the results may
not be extended to the symptomatic population. We also did not
have Pfirrmann grade V intervertebral disks. This probably is not
an important practical limitation in the research field because
composition studies from quantitative MR imaging are less likely
to be applied to severely degenerated disks.

Numerous researchers have used quantitative MR imaging to
improve the understanding of intervertebral disk degeneration.
During the past 10 years, the use of quantitative MR imaging
techniques, especially T2 and T1p relaxometry, have allowed the
evaluation of the intervertebral disk composition in vivo. How-
ever, the lack of standardization for data collection may impair
the comparison of results from different studies. Despite the
growing importance of relaxometry for in vivo evaluation of in-
tervertebral disk biochemical composition and disk degeneration,
we did not find studies concerned with the comparison of differ-
ent segmentation techniques. When one envisions future research
about the etiology and risk factors for disk degeneration, the stan-
dardization of T2 and Tlp mapping may assume a great
importance.

CONCLUSIONS

Manual segmentation showed strong reproducibility for degen-
erated and nondegenerated disks. The segmentation methods we
compared showed excellent linear correlation with each other.
Absolute T1p and T2 values extracted from different segmenta-
tion techniques were statistically different in intervertebral disks
with Pfirrmann grades I and II.
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