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Smooth and stable.

Target Detachable Coils deliver consistently smooth deployment
and exceptional microcatheter stability. Designed to work
seamlessly together for framing, filling and finishing.

Target Coils deliver the high performance you demand.

For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.

Target®

DETACHABLE COILS

Copyright © 2016 Stryker
NV00018669.AA



CALL FOR AJNR EDITORIAL
FELLOWSHIP CANDIDATES

ASNR and AJNR are pleased
once again to join efforts
with other imaging-related
journals that have training
programs on editorial
aspects of publishing for
trainees or junior staff
(3-5 years after training),
including Radiology
(Olmsted fellowship),

AJR (Figley and Rogers
fellowships), JACR (Bruce ).
Hillman fellowship), and
Radiologia.

2017 Candidate Information and Requirements

GOALS

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

» Increase understanding and participation in the AJNR review process.

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

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

* Increase the relationship between “new” generation of neuroradiologists and more established individuals.

* Increase visibility of AJNR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP

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

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

e Learn how electronic manuscript review systems work.

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

* Participate in all monthly Senior Editor telephone conference calls.

* Participate in all meetings of the Editors and Publications Committee during the annual meetings of ASNR
and RSNA as per candidate’s availability. The Foundation of the ASNR will provide $2000 funding for
this activity.

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

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

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

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

* Participate in Web improvement projects.

« Serve as Guest Editor for an issue of AJNR's News Digest with a timely topic.

QUALIFICATIONS

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

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

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

APPLICATION

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

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

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

* Applications should be received by March 1, 2017 and sent to Ms. Karen Halm, AJNR Managing Editor,
electronically at khalm@asnr.org.
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The Foundation of the
ASNR Symposium 2017:
Discovery and Didactics 2017

April 22-23, 2017 ASNR
ASNR 55" Annual Meeting: o’
Diagnosis and Delivery
April 24-27, 2017

ASFNR ASHNR ASPNR ASSR SNIS

THE FOUNDATION OF THE ASNR *

Come to the beach! Please join us in Long
Beach, California, April 22-27, 2017, for the
55% Annual Meeting of the ASNR. Known
for its 5.5 miles of Pacific Ocean waterfront,
this southern California beach resort boasts
a blend of city sophistication and seaside

Long Beach Convention & Entertainment Center serenity. ASNR is delighted to provide a
© Long Beach Convention & Visitors Bureau ”4D" fOCUS for th|S meeting, as depicted
by our meeting logo: Discovery and

Jacqueline A. Bello, MD, FACR Didactics for The Foundation of the ASNR
ASNR 2017 Program Chair/President-Elect Symposium 2017: Diagnosis and Delivery
Programming developed in cooperation with and for the ensuing Annual Meeting Program.
appreciation of the...
American Society of Functional Neuroradiology (ASFNR) Centered on Discovery and Didactics, the
Kirk M. Welker, MD symposium will feature sessions on “What's
American Society of Head and Neck Radiology (ASHNR) New?”in the role neuroimaging plays
Rebecca S. Cornelius, MD, FACR defining CNS disease mechanisms and how
American Society of Pediatric Neuroradiology (ASPNR) to best prepare for “What's Next?” for our
Susan Palasis, MD subspecialty in terms of training, teaching,
American Society of Spine Radiology (ASSR) and leading the process of lifelong learning.

Joshua A. Hirsch, MD, FACR, FSIR

Society of Neurolnterventional Surgery (SNIS)
Blaise W. Baxter, MD

American Society of Neuroradiology (ASNR)
Health Policy Committee

The annual meeting programming will
address best practices in Diagnosis and
Delivery, as we strive to provide value,
promote quality in better health and care

Robert M. Barr, MD, FACR and consider cost. Our discussions will
Computer Sciences & Informatics (CSI) Committee consider how to navigate the changing
John L. Go, MD, FACR landscape of healthcare reform and
Research Scientist Committee reimbursement as subspecialists in a field
Dikoma C. Shungu, PhD and Timothy, PL. Roberts, PhD thatis changing atan equa"y”fast

The International Hydrocephalus Imaging Working Group forward” pace!

(IHIWG)/CSF Flow Group
William G. Bradley, Jr., MD, PhD, Harold L. Rekate, MD
and Bryn A. Martin, PhD

Abstract Deadline: Friday, December 9, 2016

Please visit 2017.asnr.org for more information

E. E ASNR 55" Annual Meeting
- c/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205 « Oak Brook, lllinois 60523-4216

E Phone: 630-574-0220 - Fax: 630 574-0661 « 2017.asnr.org Hyatt Regency Long Beach  Westin Long Beach
© Hyatt Regency Long Beach ©The Westin Long Beach




The evidence is so clear.

DynaMed Plus”is a member benefit for AMA individual members and
JAMA Network individual registered users

The American Medical Association and DynaMed Plus are joining forces. Now, AMA individual members
and JAMA Network individual registered users get complimentary access to the most current clinical
evidence available with DynaMed Plus, the next-generation clinical information resource. Sign up tod ay at

DynaMedPlusAMAOffer.com

DynaMed Plus

EBSCO Health

‘ @ The JAMA Network’




Trevo® XP ProVue Retrievers

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

INDICATIONS FOR USE

symptom onset.

N

. The Trevo Retriever is indicated for use to restore blood flow in the
neurovasculature by removing thrombus for the treatment of acute
ischemic stroke to reduce disability in patients with a persistent, proximal
anterior circulation, large vessel occlusion, and smaller core infarcts who
have first received intravenous tissue plasminogen activator (IV t-PA).
Endovascular therapy with the device should start within 6 hours of

The Trevo Retriever is intended to restore blood flow in the
neurovasculature by removing thrombus in patients experiencing ischemic
stroke within 8 hours of symptom onset. Patients who are ineligible for

SPECIFIC WARNINGS FOR INDICATION 1

* The safety and effectiveness of the Trevo Retrievers in reducing disability
has not been established in patients with large core infarcts (i.e., ASPECTS
<7). There may be increased risks, such as intracerebral hemorrhage, in these

patients.

the anterior circulation.

hours of stroke symptom onset).

Nonpyrogenic.

intravenous tissue plasminogen activator (IV t-PA) or who fail IV t-PA

therapy are candidates for treatment.

COMPLICATIONS

Procedures requiring percutaneous catheter introduction should not be attempted by

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

of deployment.

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

Retriever devices.

physicians unfamiliar with possible complications which may occur during or after the

procedure. Possible complications include, but are not limited to, the following: air
embolism; hematoma or hemorrhage at puncture site; infection; distal embolization;
pain/headache; vessel spasm, thrombosis, dissection, or perforation; emboli; acute
occlusion; ischemia; intracranial hemorrhage; false aneurysm formation; neurological

deficits including stroke; and death.
COMPATIBILITY

3x20mm retrievers are compatible with Trevo® Pro 14 Microcatheters (REF

Microcatheter.

withdrawal.

The safety and effectiveness of the Trevo Retrievers in reducing disability has
not been established or evaluated in patients with occlusions in the posterior
circulation (e.g., basilar or vertebral arteries) or for more distal occlusions in

WARNINGS APPLIED TO BOTH INDICATIONS
© Administration of IV t-PA should be within the FDA-approved window (within 3

 Contents supplied STERILE, using an ethylene oxide (EO) process.

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

— Maintain Retriever position in vessel when removing or exchanging

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

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

90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20mm retrievers are
compatible with Trevo® Pro 18 Microcatheters (REF 90238). 4x30mm retrievers
are compatible with Excelsior® XT-27¢ Microcatheters (150cm x 6cm straight REF
275081) and Trevo® Pro 18 Microcatheters (REF 90238). 6x25mm Retrievers are
compatible with Excelsior® XT-27¢ Microcatheters (150cm x 6cm straight REF
275081). Compatibility of the Retriever with other microcatheters has not been
established. Performance of the Retriever device may be impacted if a different
microcatheter is used.

Balloon Guide Catheters (such as Merci® Balloon Guide Catheter and FlowGate®
Balloon Guide Catheter) are recommended for use during thrombus removal
procedures.

Retrievers are compatible with the Abbott Vascular DOC® Guide Wire Extension

— Do not rotate or torque Retriever.

— Use caution when passing Retriever through stented arteries.

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

(REF 22260).

Retrievers are compatible with Boston Scientific RHV (Ref 421242).

Copyright © 2016 Stryker
NV00018973.AB

Target® Detachable Coil

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

INTENDED USE / INDICATIONS FOR USE

Target Detachable Coils are intended to endovascularly

obstruct or occlude blood flow in vascular abnormalities of

the neurovascular and peripheral vessels.

Target Detachable Coils are indicated for endovascular

embolization of:

* |ntracranial aneurysms

o (ther neurovascular abnormalities such as arteriovenous
malformations and arteriovenous fistulae

 Arterial and venous embolizations in the peripheral
vasculature

CONTRAINDICATIONS

None known.

POTENTIAL ADVERSE EVENTS

Potential complications include, but are not limited to:
allergic reaction, aneurysm perforation and rupture,
arrhythmia, death, edema, embolus, headache, hemorrhage,
infection, ischemia, neurological/intracranial sequelae, post-
embolization syndrome (fever, increased white blood cell
count, discomfort), TIA/stroke, vasospasm, vessel occlusion
or closure, vessel perforation, dissection, trauma or damage,
vessel rupture, vessel thrombosis. Other procedural
complications including but not limited to: anesthetic and
contrast media risks, hypotension, hypertension, access site
complications.

WARNINGS

o Contents supplied STERILE using an ethylene oxide (EQ)
process. Do not use if sterile barrier is damaged. If damage
is found, call your Stryker Neurovascular representative.

* For single use only. Do not reuse, reprocess or resterilize.

Reuse, reprocessing or resterilization may compromise

the structural integrity of the device and/or lead to device

failure which, in turn, may result in patient injury, illness
or death. Reuse, reprocessing or resterilization may also
create a risk of contamination of the device and/or cause
patient infection or cross-infection, including, but not
limited to, the transmission of infectious disease(s) from
one patient to another. Contamination of the device may
lead to injury, illness or death of the patient.

After use, dispose of product and packaging in

accordance with hospital, administrative and/or local

government policy.

Copyright © 2016 Stryker
NV00018669.AB

o This device should only be used by physicians
who have received appropriate training in
inter ional neuroradiology or inter i
diology and preclinical training on the
use of this device as established by Stryker
Neurovascular.
Patients with hypersensitivity to 316LVM stainless steel
may suffer an allergic reaction to this implant.
MR temperature testing was not conducted in peripheral
vasculature, arteriovenous malformations or fistulae
models.
The safety and performance characteristics of the Target
Detachable Coil System (Target Detachable Coils, InZone
Detachment Systems, delivery systems and accessories)
have not been demonstrated with other manufacturer’s
devices (whether coils, coil delivery devices, coil
detachment systems, catheters, guidewires, and/or
other accessories). Due to the potential incompatibility
of non Stryker Neurovascular devices with the Target
Detachable Coil System, the use of other manufacturer's
device(s) with the Target Detachable Coil System is not
recommended.
To reduce risk of coil migration, the diameter of the first
and second coil should never be less than the width of
the ostium.
In order to achieve optimal performance of the Target
Detachable Coil System and to reduce the risk of
thromboembolic complications, it is critical that a
continuous infusion of appropriate flush solution be
maintained between a) the femoral sheath and guiding
catheter, b) the 2-tip microcatheter and guiding catheters,
and c) the 2-tip microcatheter and Stryker Neurovascular
guidewire and delivery wire. Continuous flush also
reduces the potential for thrombus formation on, and
crystallization of infusate around, the detachment zone of
the Target Detachable Coil.
Do not use the product after the “Use By" date specified
on the package.
Reuse of the flush port/dispenser coil or use with any coil
other than the original coil may result in contamination of,
or damage to, the coil.
Utilization of damaged coils may affect coil delivery to,
and stability inside, the vessel or aneurysm, possibly
resulting in coil migration and/or stretching.
The fluoro-saver marker is designed for use with a Rotating
Hemostatic Valve (RHV). If used without an RHV, the distal
end of the coil may be beyond the alignment marker when
the fluoro-saver marker reaches the microcatheter hub.
e |f the fluoro-saver marker is not visible, do not advance
the coil without fluoroscopy.
* Do not rotate delivery wire during or after delivery of the

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

Do not advance or withdraw Retriever against resistance or significant
vasospasm. Moving or torquing device against resistance or significant
vasospasm may result in damage to vessel or device. Assess cause of
resistance using fluoroscopy and if needed resheath the device to withdraw.
If Retriever is difficult to withdraw from the vessel, do not torque Retriever.

Advance Microcatheter distally, gently pull Retriever back into Microcatheter,

and remove Retriever and Microcatheter as a unit. If undue resistance is met
when withdrawing the Retriever into the Microcatheter, consider extending

the Retriever using the Abbott Vascular DOC guidewire extension (REF 22260)

so that the Microcatheter can be exchanged for a larger diameter catheter

such as a DAC® catheter. Gently withdraw the Retriever into the larger

diameter catheter.

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

PRECAUTIONS

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

 Store in cool, dry, dark place.

0

Do not use open or damaged packages.
Use by “Use By" date.

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

Do not expose Retriever to solvents.
Use Retriever in conjunction with fluoroscopic visualization and proper anti-

coagulation agents.

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

Do not attach a torque device to the shaped proximal end of DOC® Compatible

Retriever. Damage may occur, preventing ability to attach DOC® Guide Wire

Extension.

l

Concentric Medical
301 East Evelyn Avenue

Mountain View, CA 94041

coil. Rotating the Target Detachable Coil delivery wire
may result in a stretched coil or premature detachment
of the coil from the delivery wire, which could result in
coil migration.

o Verify there is no coil loop protrusion into the parent
vessel after coil placement and prior to coil detachment.
Coil loop protrusion after coil placement may result in
thromboembolic events if the coil is detached.

o Verify there is no movement of the coil after coil
placement and prior to coil detachment. Movement of the
coil after coil placement may indicate that the coil could
migrate once it is detached.

o Failure to properly close the RHV compression fitting

over the delivery wire before attaching the InZone®

Detachment System could result in coil movement,

aneurysm rupture or vessel perforation.

Verify repeatedly that the distal shaft of the catheter is

not under stress before detaching the Target Detachable

Coil. Axial compression or tension forces could be stored

in the 2-tip microcatheter causing the tip to move during

coil delivery. Microcatheter tip movement could cause the
aneurysm or vessel to rupture.

o Advancing the delivery wire beyond the microcatheter tip
once the coil has been detached involves risk of aneurysm
or vessel perforation.

 The long term effect of this product on extravascular
tissues has not been established so care should be taken
1o retain this device in the intravascular space.

Damaged delivery wires may cause detachment failures,
vessel injury or unpredictable distal tip response during
coil deployment. If a delivery wire is damaged at any
point during the procedure, do not attempt to straighten
or otherwise repair it. Do not proceed with deployment
or detachment. Remove the entire coil and replace with
undamaged product.

o After use, dispose of product and packaging in
accordance with hospital, administrative and/or local
government policy.

CAUTIONS / PRECAUTIONS

o Federal Law (USA) restricts this device to sale by or on
the order of a physician.

 Besides the number of InZone Detachment System units
needed to complete the case, there must be an extra
InZone Detachment System unit as back up.

* Removing the delivery wire without grasping the
introducer sheath and delivery wire together may result in
the detachable coil sliding out of the introducer sheath.

o Failure to remove the introducer sheath after inserting
the delivery wire into the RHV of the microcatheter will

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com
Date of Release: SEP/2016
EX_EN_US

interrupt normal infusion of flush solution and allow back
flow of blood into the microcatheter.

o Some low level overhead light near or adjacent to the
patient is required to visualize the fluoro-saver marker;
monitor light alone will not allow sufficient visualization
of the fluoro-saver marker.

o Advance and retract the Target Detachable Coil carefully

and smoothly without excessive force. If unusual friction

is noticed, slowly withdraw the Target Detachable Coil
and examine for damage. If damage is present, remove
and use a new Target Detachable Coil. If friction or
resistance is still noted, carefully remove the Target

Detachable Coil and microcatheter and examine the

microcatheter for damage.

If it is necessary to reposition the Target Detachable

Coil, verify under fluoroscopy that the coil moves with a

one-to-one motion. If the coil does not move with a one-

to-one motion or movement is difficult, the coil may have
stretched and could possibly migrate or break. Gently
remove both the coil and microcatheter and replace with
new devices.

Increased detachment times may occur when:

— Other embolic agents are present.

— Delivery wire and microcatheter markers are not
properly aligned.

— Thrombus is present on the coil detachment zone.

Do not use detachment systems other than the InZone

Detachment System.

Increased detachment times may occur when delivery

wire and microcatheter markers are not properly aligned.

* Do not use detachment systems other than the InZone
Detachment System.

o]

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com
Date of Release: MAR/2016
EX_EN_US
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INndication for
Trevo® Retrievers

A New Standard of Care in
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stroke in 20 years.

Trevo XP

PROVUE RETRIEVER

Success accelerated.

*The Trevo Retriever is indicated for use to restore blood flow in the neurovasculature
by removing thrombus for the treatment of acute ischemic stroke to reduce disability in
patients with a persistent, proximal anterior circulation, large vessel occlusion, and smaller
core infarcts who have first received intravenous tissue plasminogen activator (IV t-PA). Copyright © 2016 Stryker
Endovascular therapy with the device should start within 6 hours of symptom onset. NV00018973.AB
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With the acquisition of the CareFusion vertebral
compression fracture (VCF') portfolio from BD
(Becton, Dickinson and Company), Si'ryker

has the most comprehensive and least
‘nvasive portfolio of VCF treatment options

Celebrating two years
of excellence

Average volume of lesions

An elegant, cost effective approach to large lesions.
The Venom Cannula and Electrode combination
celebrates two years of excellence in helping you
achieve larger RF lesions' to treat your patients
suffering from chronic pain.

W Standard RF Cannula
M Venom RF Cannula

Volume (mm?)
N
o
o

20-Gauge 18-Gauge

Stryker Corporation or its divisions or other corporate affiliated entities own, use or have applied for the following trademark: Venom.
All other trademarks are trademarks of their respective owners or holders.

The information presented in this overview is intended to demonstrate the breadth of Stryker product offerings. Always refer
to the package insert, product label and/or user instructions before using any Stryker product. Products may not be available in

all markets. Product availability is subject to the regulatory or medical practices that govern individual markets. Please contact s'ry ke r Ivs Y c o m

your Stryker representative if you have questions about the availability of Stryker products in your area.

1 Effect of the Stryker Venom Cannula and Venom Electrode combination on Lesion Size and Anesthesia Delivery
During Radiofrequency Ablation Stryker Instruments, 4100 East Milham Avenue, Kalamazoo, Michigan 49001. 1000-025-340 Rev C
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OCTOBER 2016 Publication Preview at www.ajnr.org features articles released in advance of print.
VOLUME 37 Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
NUMBER 10 and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
WWW.AJNR.ORG latest research in neuroimaging.

1763  PERSPECTIVES S. Mukherjee

EDITORIAL
1764 Neuroimaging Findings in Congenital Zika Syndrome A Poretti, et al.

REVIEW ARTICLE
O= £ 1766 Brain Perfusion Imaging in Neonates: An Overview M. Proisy, et dl. PEDIATRICS

PATIENT SAFETY

§ o= & 1774 Cerebral CTA with Low Tube Voltage and Low Contrast Material ADULT BRAIN
- Volume for Detection of Intracranial Aneurysms Q.Q. Ni etal.

GENERAL CONTENTS
O= 1781 Effect of CTA Tube Current on Spot Sign Detection and Accuracy for ADULT BRAIN
Prediction of Intracerebral Hemorrhage Expansion A Morotti, et al.
O+ =] 1787 Discordant Observation of Brain Injury by MRI and Malignant ADULT BRAIN

Electroencephalography Patterns in Comatose Survivors of Cardiac
Arrest following Therapeutic Hypothermia M. Mettenburg, et al.

x Ka 1794 Magnetic Susceptibility from Quantitative Susceptibility Mapping Can ADULT BRAIN
- Differentiate New Enhancing from Nonenhancing Multiple Sclerosis
Lesions without Gadolinium Injection Y. Zhang, et al.

O+ 1800 Regional Frontal Perfusion Deficits in Relapsing-Remitting Multiple ADULT BRAIN
Sclerosis with Cognitive Decline R Vitorino, et al.

O= 1808 In Vivo 7T MR Quantitative Susceptibility Mapping Reveals Opposite ADULT BRAIN
Susceptibility Contrast between Cortical and White Matter Lesions in
Multiple Sclerosis  W. Bian, et al.

1816 Improved Automatic Detection of New T2 Lesions in Multiple Sclerosis ~ ADULT BRAIN
Using Deformation Fields M. Cabezas, et al.

o~ = @) 1824 White Matter Hyperintensity Volume and Cerebral Perfusion in ADULT BRAIN
Older Individuals with Hypertension Using Arterial Spin-Labeling
J.W. van Dalen, et al.

o3 1831 High-Convexity Tightness Predicts the Shunt Response in Idiopathic ADULT BRAIN
- Normal Pressure Hydrocephalus  W. Narita, et al.
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Dynamic Susceptibility Contrast-Enhanced MR Perfusion Imaging
in Assessing Recurrent Glioblastoma Response to Superselective
Intra-Arterial Bevacizumab Therapy R Singh, et al.

Differentiating Hemangioblastomas from Brain Metastases Using
Diffusion-Weighted Imaging and Dynamic Susceptibility Contrast-
Enhanced Perfusion-Weighted MR Imaging D. She, et al.

Shear Stiffness of 4 Common Intracranial Tumors Measured Using MR
Elastography: Comparison with Intraoperative Consistency Grading
N. Sakai, et al.

A Direct Aspiration, First Pass Technique (ADAPT) versus Stent
Retrievers for Acute Stroke Therapy: An Observational Comparative
Study B. Lapergue, et al.

Flow Diversion for Ophthalmic Artery Aneurysms AM. Burrows, et al.

Ocular Signs Caused by Dural Arteriovenous Fistula without
Involvement of the Cavernous Sinus: A Case Series with Review of the
Literature T. Robert, et al.

Computational Modeling of Venous Sinus Stenosis in Idiopathic
Intracranial Hypertension MR Levitt, et al.
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Neuroimaging Findings in Congenital
Zika Syndrome

A. Poretti and ““'T.A.G.M. Huisman

Since the early 2015 outbreak of the Zika virus, an arbovirus
originally identified in Africa and Asia-Pacific and transmit-
ted by Aedes aegypti mosquitoes, the virus has spread rapidly from
Pernambuco State throughout Brazil and the Americas. In Brazil,
more than 30,000 clinical cases have been reported so far.' While
the total number of infected individuals is unknown, it is expected
to reach more than 1 million in the next year.2 In addition, the
virus has been disseminated outside Brazil, and cases of Zika virus
infection have been reported in 25 countries in the Americas,
Africa, and Asia. The outbreak of Zika virus infection in Brazil was
associated with an increase in congenital microcephaly by a factor
of 20.> The suspected causal relationship between prenatal Zika
virus infection and microcephaly has now been confirmed.” This
confirmation was evidenced by several observations, including
the following: 1) Zika virus infection during prenatal develop-
ment at times that were consistent with the defects observed; 2) a
specific, rare phenotype involving microcephaly and associated
brain anomalies in fetuses or infants with presumed or confirmed
congenital Zika virus infection, and 3) data that strongly support
the biologic plausibility, including the identification of Zika virus
in the brain tissue of affected fetuses and infants.>” In addition,
Zika virus infection has been associated with approximately 50
cases of Guillain-Barré syndrome,” suggesting that the disease is
less benign than initially thought, making Zika a “public health
emergency of international concern.” In 2016, more than 700
scientific articles have been published on the Zika virus. Rarely
before have scientists tackled a new research topic with such a
sense of urgency. Finally, the major global impact of Zika virus has
been shown by various discussions about the need to delay or
relocate the 2016 Rio de Janeiro Olympic Games because of public
health concerns over the risk of Zika virus infection for the Olym-
pic community.

For neuroradiologists, a detailed knowledge of the potential
neuroimaging findings in children with congenital Zika syn-
drome is needed to accurately make the diagnosis. Head CT stud-
ies have revealed intracranial calcifications in most patients with
microcephaly.®® Calcifications are typically located at the corti-
comedullary junction and involve mostly the frontal and parietal
lobes. In about half of patients, calcifications may be seen in the
basal ganglia and/or thalami, while calcifications within the
periventricular white matter are less common. Calcifications
within the cerebellum, brain stem, and spinal cord have been
reported in only a few patients.”” The calcifications are typically
punctuate, but in some patients, they may be linear or bandlike
(particularly at the corticomedullary junction) or coarse (espe-
cially within the basal ganglia and thalami). In addition, head CT
studies showed cortical hypogyration in all patients.”® Cortical

http://dx.doi.org/10.3174/ajnr.A4924
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hypogyration is typically severe (with only the Sylvian fissure ob-
viously present) and can be better delineated with MR imaging. In
children who underwent MR imaging, the main cortical abnor-
mality included a simplified gyral pattern (normal cortical thick-
ness) associated with areas of polymicrogyria or pachygyria (thick
cortex) predominantly located in the frontal lobes.® In a few chil-
dren, hemimegalencephaly and periventricular heterotopia have
been reported.® Ventriculomegaly is an additional consistent
finding seen on head CT and brain MR imaging studies.®® Ven-
triculomegaly is usually moderate or severe, may involve the
whole ventricular system or only the lateral ventricles with pre-
dominant enlargement of the trigones and posterior horns, and is
most likely secondary to the thin cortical mantle and decreased
white matter volume. An enlargement of the subarachnoid spaces
is seen in most patients.”® On head CT, diffusely abnormal hy-
podensity of the white matter is seen in most infants.” MR imag-
ing studies revealed that the white matter hypodensity seen on CT
represents, most likely, areas of dysmyelination or delayed myeli-
nation with secondary thinning of the corpus callosum.®® Poste-
rior fossa involvement may include global or unilateral cerebellar
hypoplasia, brain stem hypoplasia, and mega-cisterna magna in
some patients.’® Finally, enlargement of the choroid plexus and
intraventricular septations have also been reported in select pa-
tients.® Most of these findings (particularly intracranial calcifica-
tions and ventriculomegaly) may be detected prenatally by fetal
sonography from 19 weeks of gestation.*”'° Fetal MR imaging
may provide additional information about cortical abnormalities
and posterior fossa involvement.'°

Abnormal cortical development and global cerebellar hyp-
oplasia suggest an underlying disruptive pathomechanism caused
by congenital Zika virus infection. Recently, experimental studies
have shed more light on the neuropathogenesis of the congenital
Zika virus syndrome and support a disruptive pathogenesis. In
experimental models, Zika virus was shown to target human brain
cells, reducing their viability and growth.''""* These results sug-
gest that Zika virus abrogates neurogenesis during human brain
development. In addition, Zika virus infection causes a down-
regulation of genes involved in cell cycle pathways, dysregulation
of cell proliferation, and upregulation of genes involved in apo-
ptotic pathways, resulting in cell death.'>

In congenital Zika syndrome, the skull is also affected and has
a pointed occiput with overriding bones mainly in the frontal and
occipital regions.®'* The skull deformity seems to be secondary to
the extensive brain abnormalities, but a primary involvement of
the skull bones is not excluded. Ongoing studies should solve this
hypothesis.

Many questions about Zika virus infection and congenital
Zika syndrome need to be answered. For some of these open ques-
tions (eg, the most susceptible period of the fetus to the Zika virus
infection, the risk and incidence of fetal microcephaly when the
mother is infected with Zika virus, and the risk of developing
motor and intellectual disabilities from brain abnormalities due
to Zika virus infection), neuroimaging may be of great help in
providing the answers and in better understanding the congenital
Zika syndrome.


http://orcid.org/0000-0002-9594-3858
http://orcid.org/0000-0003-2302-6724

REFERENCES

1.

Faria NR, Azevedo Rdo S, Kraemer MU, et al. Zika virus in the
Americas: early epidemiological and genetic findings. Science 2016;
352:345—49 CrossRef Medline

. Araujo AQ, Silva MT, Araujo AP. Zika virus-associated neurological

disorders: a review. Brain 2016 Jun 29. [Epub ahead of print]
Medline

. Rasmussen SA, Jamieson DJ, Honein MA, et al. Zika virus and birth

defects: reviewing the evidence for causality. N Engl ] Med 2016;374:
1981-87 CrossRef Medline

. Mlakar J, Korva M, Tul N, et al. Zika virus associated with micro-

cephaly. N Engl ] Med 2016;374:951-58 CrossRef Medline

. Calvet G, Aguiar RS, Melo AS, et al. Detection and sequencing of

Zika virus from amniotic fluid of fetuses with microcephaly in
Brazil: a case study. Lancet Infect Dis 2016;16:653—60 CrossRef
Medline

. de Fatima Vasco Aragao M, van der Linden V, Brainer-Lima AM, et al.

Clinical features and neuroimaging (CT and MRI) findings in pre-
sumed Zika virus related congenital infection and microcephaly:
retrospective case series study. BMJ 2016;353:11901 CrossRef
Medline

. Hazin AN, Poretti A, Turchi Martelli CM, et al. Computed tomo-

graphic findings in microcephaly associated with Zika virus. N Engl
] Med 2016;374:2193-95 CrossRef Medline

10.

11.

12.

13.

AJNR Am J Neuroradiol 37:1764—-65 Oct 2016 www.ajnr.org

. Cavalheiro S, Lopez A, Serra S, et al. Microcephaly and Zika virus:

neonatal neuroradiological aspects. Childs Nerv Syst 2016;32:
1057-60 CrossRef Medline

. Oliveira Melo AS, Malinger G, Ximenes R, et al. Zika virus intrauter-

ine infection causes fetal brain abnormality and microcephaly: tip
of the iceberg? Ultrasound Obstet Gynecol 2016;47:6—7 CrossRef
Medline

Driggers RW, Ho CY, Korhonen EM, et al. Zika virus infection with
prolonged maternal viremia and fetal brain abnormalities. N Engl
J Med 2016;374:2142-51 CrossRef Medline

Garcez PP, Loiola EC, Madeiro da Costa R, et al. Zika virus impairs
growth in human neurospheres and brain organoids. Science 2016;
352:816—18 CrossRef Medline

Tang H, Hammack C, Ogden SC, et al. Zika virus infects human
cortical neural progenitors and attenuates their growth. Cell Stem
Cell 2016;18:587-90 CrossRef Medline

Qian X, Nguyen HN, Song MM, et al. Brain-region-specific or-
ganoids using mini-bioreactors for modeling ZIKV exposure. Cell
2016;165:1238-54 CrossRef Medline

. Dain Gandelman Horovitz D, da Silva Pone MV, Moura Pone S,

et al. Cranial bone collapse in microcephalic infants prenatally
exposed to Zika virus infection. Neurology 2016;87:118-19
CrossRef Medline

1765


http://dx.doi.org/10.1126/science.aaf5036
http://www.ncbi.nlm.nih.gov/pubmed/27013429
http://www.ncbi.nlm.nih.gov/pubmed/27357348
http://dx.doi.org/10.1056/NEJMsr1604338
http://www.ncbi.nlm.nih.gov/pubmed/27074377
http://dx.doi.org/10.1056/NEJMoa1600651
http://www.ncbi.nlm.nih.gov/pubmed/26862926
http://dx.doi.org/10.1016/S1473-3099(16)00095-5
http://www.ncbi.nlm.nih.gov/pubmed/26897108
http://dx.doi.org/10.1136/bmj.i3182
http://www.ncbi.nlm.nih.gov/pubmed/27269900
http://dx.doi.org/10.1056/NEJMc1603617
http://www.ncbi.nlm.nih.gov/pubmed/27050112
http://dx.doi.org/10.1007/s00381-016-3074-6
http://www.ncbi.nlm.nih.gov/pubmed/27080092
http://dx.doi.org/10.1002/uog.15831
http://www.ncbi.nlm.nih.gov/pubmed/26731034
http://dx.doi.org/10.1056/NEJMoa1601824
http://www.ncbi.nlm.nih.gov/pubmed/27028667
http://dx.doi.org/10.1126/science.aaf6116
http://www.ncbi.nlm.nih.gov/pubmed/27064148
http://dx.doi.org/10.1016/j.stem.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26952870
http://dx.doi.org/10.1016/j.cell.2016.04.032
http://www.ncbi.nlm.nih.gov/pubmed/27118425
http://dx.doi.org/10.1212/WNL.0000000000002814
http://www.ncbi.nlm.nih.gov/pubmed/27378805

REVIEW ARTICLE

Brain Perfusion Imaging in Neonates: An Overview

M. Proisy, S. Mitra,

ABSTRACT

C. Uria-Avellana,

M. Sokolska, ““N.J. Robertson, J.-C. Ferré

o=

F. Le Jeune, and

SUMMARY: The development of cognitive function in children has been related to a regional metabolic increase and an increase in

regional brain perfusion. Moreover, brain perfusion plays an important role in the pathogenesis of brain damage in high-risk neonates, both

preterm and full-term asphyxiated infants. In this article, we will review and discuss several existing imaging techniques for assessing

neonatal brain perfusion.

ABBREVIATIONS: ASL = arterial spin-labeling; HIE = hypoxic-ischemic encephalopathy; NIRS = near-infrared spectroscopy

B rain perfusion can be assessed by a number of imaging tech-
niques that have been developed in recent decades. These in-
clude PET, SPECT, perfusion CT, diffuse optical spectroscopy,
DSC-MR imaging, arterial spin-labeling (ASL), and sonography.
The physiology of perfusion can be characterized by many param-
eters such as CBF (whole-brain or regional CBF to =1 anatomic
region), CBV, and MTT. Some of these parameters may be ob-
tained depending on the perfusion technique and type of tracer
used." The results of brain perfusion imaging techniques are usu-
ally expressed as CBF. Most of these techniques rely on the use of
endogenous or exogenous tracers and involve different technical
requirements and mathematic models.>* Wintermark et al® pub-
lished a literature review of brain perfusion imaging techniques in
adults and addressed the feasibility of applying the techniques to
children. However, in view of the features of neonatal physiology
and pathology, the advantages and disadvantages may differ be-
tween adults and children. For example, bedside techniques are an
advantage for high-risk neonates. Noninvasive and nonradiating
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methods that have been recently developed owing to advances in
medical imaging techniques are highly suitable for neonates.®”
However, given the smaller head size and lower physiologic brain
perfusion compared with older children and adults, noninvasive
MR perfusion imaging is still challenging.

Neonatal encephalopathy secondary to hypoxic-ischemic in-
jury around birth is an important problem worldwide. Diagnosis
is based on clinical, electroencephalographic, and MR imaging
findings. Hypoxic-ischemic encephalopathy (HIE) is a major
cause of perinatal mortality and morbidity.® For a few years, in-
duced hypothermia has been used as neuroprotective treatment
for neonatal HIE, reducing the extent of neurologic damage and
improving outcome.”'® However, a considerable number of in-
fants still have an abnormal outcome. Several preclinical research
studies are also being conducted on drugs that may act synergis-
tically or additively with hypothermia.'"'* Transfontanellar ul-
trasound and MR imaging provide invaluable information about
neonates with HIE for determining positive findings and differ-
ential diagnoses, predicting neuromotor outcome, and helping to
counsel parents about long-term outcome.'* Moreover, MRI is an
effective biomarker for treatment response.'* In addition to con-
ventional MR imaging scoring,'” some quantitative biomarkers
could provide more objective information, such as DWI with

16

regional ADC measurements,'® "H-MR spectroscopy, and *'P-
MR spectroscopy.'”

Brain perfusion plays an important role in the pathogenesis of
brain damage in high-risk neonates, both preterm and full-term
asphyxiated neonates.'®'? Hypoxic-ischemic injury leads to re-
duced blood flow to the brain followed by restoration of blood
flow and the initiation of a cascade of pathways. The neurotoxic
biochemical cascade of lesions after reperfusion, known as “rep-

erfusion injury,” is the primary target for neuroprotective inter-
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ventions.'>'? In preterm infants, white matter injury is a major
cause of cerebral palsy, which is also assumed to be mainly due to
a lack of blood flow and oxygen delivery.*

It is critical to understand the development of early changes in
the injured neonatal brain. A better understanding of the pattern
of perfusion and the relationship with other therapeutic and out-
come biomarkers would serve as a decision aid to improve sup-
port for high-risk neonates.

In this article, we will review and discuss several existing im-
aging techniques for assessing neonatal brain perfusion (On-line
Table).

Practical Aspects of Data Acquisition in Neonates

There is no consensus regarding the practical aspects of data ac-
quisition, and each institution may have its own practice. Often,
infants younger than 3 months of age are imaged without sedation
unless they are receiving sedative medication for clinical indica-
tions. We use the “feed and bundle” method to perform nonse-
dated neonatal MR imaging. Ventilated infants in the intensive
care unit are usually sedated with morphine. Moreover, depend-
ing on the clinical condition, additional drugs may be given, an-
tiepileptic drugs or vasopressors. In infants older than 3-5
months of age, sedation may be required. Sedation status remains
an important consideration in pediatric imaging. Indeed, seda-
tion may have an impact on cerebral perfusion. There are few data
in the literature about how sedation or general anesthesia may
alter perfusion.?’**

Without sedation, a rigid head stabilization (head lightly
fixed) is required to perform most imaging (MR imaging, PET,
SPECT, CTP). The longer the examination, the longer the im-
mobilization is required. Near-infrared spectroscopy (NIRS)
does not require rigid head stabilization because the optical
fibers are embedded in a “cap” attached to the infant’s head.

Brain Perfusion Measurements by Using Nuclear Medicine
Methods

Nuclear medicine methods were the first ones used to assess
CBF in adults and neonates.>*** Correlation with structural
information (CT or MR imaging) is highly desirable for accu-
rate interpretation.

Positron-Emission Tomography. The PET technique measures
radiopharmaceuticals labeled with positron emitters using a PET
scanner. PET is used to assess regional CBF by using injected H,O
or inhaled CO, labeled with the isotope oxygen 15 (*°O). PET
with '°O water provides an accurate and reproducible quantita-
tive measurement of CBF and is considered the criterion standard
method. However, '>O-PET uses ionizing radiation, and the tech-
nique is not widely available (there is a need for close proximity to
a cyclotron) because the tracer has an extremely short half-life.
Moreover, PET is not available at the bedside or for emergencies.
Data processing to obtain maps is automatically generated by the
workstation; then the results can be visually interpreted on a com-
puter screen. The underlying mathematic model for data postpro-
cessing is the Kety-Schmidt model.”

In 1983, Volpe et al*” conducted the first study demonstrating
the use of PET for determining regional CBF in neonates. Altman
et al”® measured mean CBF in 16 preterm infants (CBF = 4.9-23

mL/100 g/min) and 14 term infants (CBF = 9.0-73 mL/100

118

g/min). Volpe et al'® studied regional CBF in 17 asphyxiated term
infants during the acute stage of their illness and showed a sym-
metric decrease in CBF to the parasagittal regions, more marked
posteriorly than anteriorly. Those findings explain the ischemic
lesions related to impaired cerebral perfusion in the watershed
regions.

PET by using '®F-fluorodeoxyglucose evaluates the regional
cerebral metabolic rate (Fig 1). In neonates, the highest cerebral
metabolic rates for glucose are located in the primary sensorimo-
tor cortex, thalamus, brain stem, and cerebellar vermis. The cin-
gulate cortex, basal ganglia, and hippocampal regions may also
have a relatively high glucose metabolism compared with most of

the cerebral cortex.”®

A recent study conducted on 60 infants,
including 24 infants with HIE,”” showed that cerebral glucose
metabolism increased with gestational age and that the standard-
ized uptake values were lower in infants with HIE than in healthy
term infants, especially in the subcortical white matter, thalamus,
and basal ganglia areas, and correlated with the degree of severity

of HIE, except for the basal ganglia. Batista et al*®

suggested that
there is a transient increase in glucose metabolism in the basal
ganglia after perinatal hypoxia and that it may be associated with
excess glutamatergic activity in the basal ganglia, leading to severe

damage.

Single-Photon Emission CT. SPECT provides tomographic im-
ages of radiopharmaceutical distribution. It involves the inha-
lation or intravenous injection of xenon 133 ('**Xe), with
technetium Tc99m hexamethylpropyleneamine oxime (°*™Tc-
HMPAO) or iodine 123 N-isopropyl-p-iodoamphetamine
("*’I-IMP). Due to neonatal brain physiology and biodistribu-
tion, HMPAO is a more reliable tracer of CBF distribution in
neonates compared with adults.*”

SPECT is a suitable bedside method that is cheaper and more
widely available than PET imaging. HMPAO and IMP only show
distribution and do not provide quantitative results, unlike xe-
non. The greatest disadvantage in using the SPECT technique in
children is the ionizing radiation. The technique also yields poor
resolution and requires a long examination time (20—25 min-
utes). Data processing to obtain maps takes about 5 minutes. The
underlying mathematic model for data postprocessing is the
Kety-Schmidt model for the '**Xe and '*’I-IMP or the micro-
sphere principle for the Tc99m tracers. Because the uptake of
22T HMPAO is not linearly related to CBF, the maps obtained
are not quantitative in the current standardized settings and re-
quire special correction. The relative CBF maps can be statistically
evaluated compared with the healthy control to depict the regions
with abnormal perfusion.’

Xenon clearance, by using inhaled xenon gas, is another tech-
nique that is closely related to SPECT and has been extensively
used in adults and neonates.”” Patient motion is a serious limita-
tion of the technique, which, moreover, does not cover the whole
brain. The mean CBF with the xenon technique has been esti-
mated at around 50 mL/100 g/min in 7 healthy neonates” and
9.5-11.7 mL/100 g/min in 22 preterm infants during the first 3
days of life.”* Changes in '**I-IMP uptake in neonates reflecting
relative CBF during the first month of life have been shown to be
related to myelination development.” In term neonates, up-
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FIG1. Coronal (A)and axial (B) cerebral '®F-FDG PET images of a 9-month-old infant with tuberous sclerosis show multiple hypometabolic areas
in the frontal and temporal cortex. Courtesy of Prof. Eric Guedj, CHU Timone, Marseille, France.

take was predominantly located in the thalami, brain stem, and
central cerebellum, with relatively less cortical activity, except
in the perirolandic cortex. Moreover, Pryds and Greisen?
showed that an intraindividual variation in CBF was positively
related to changes in partial pressure of carbon dioxide in ar-
terial blood and inversely related to changes in hemoglobin

concentration.

Brain Perfusion Measurements by Using Perfusion CT
Perfusion CT has been widely used in adults and can be per-
formed easily and rapidly. This technique provides a reliable
quantitative estimation of CBF, CBV, and MTT by using a
first-pass tracer methodology after intravenous injection of a
bolus of iodinated contrast material. It involves very rapid data
acquisition that is feasible in emergency situations.”*”> How-
ever, due to its invasive nature and radiation dose, very few
studies have included neonates. Data processing requires per-
fusion CT software using either rate-of-upslope estimation of
CBF or deconvolution analysis.5 Images of CBF, CBV, and
MTT maps are interpreted on a workstation with visual assess-
ment and quantitative analysis with ROIs. Wintermark et al’®
assessed age-related variations in quantitative brain perfusion
CT in children from 7 days to 18 years of age without brain
abnormality, including 10 patients younger than 12 months
of age. The rCBF findings were consistent with other tech-
niques and showed age-specific variations with a peak at 2—4
years of age. The variation in CBF estimates was due to more
pronounced age-related changes in MTT than in CBV.
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Brain Perfusion Measurements by Using

Near-Infrared Spectroscopy

Near-infrared spectroscopy, described first by Jobsis in 1977,
can be used as a continuous noninvasive real-time monitoring
tool for assessment of cerebral oxygenation and hemodynamics.
The principles of NIRS are based on the relative transparency of
biologic tissues to light in the near-infrared spectrum (700—1000
nm) and different absorption of light by different chromophores
in this spectrum (eg, hemoglobin and cytochrome C oxidase).
NIRS measures the concentration changes of oxy- and deoxyhe-
moglobin, which can be used to derive changes in total hemoglo-
bin (an indicator of cerebral blood volume) and hemoglobin
difference (indicates cerebral oxygenation).’® Using spatially
resolved spectroscopy, NIRS measures regional oxygenation sat-
uration and reflects the balance of tissue oxygen supply and de-
mand. In comparison with other techniques, application of NIRS
is relatively easier. Improved NIRS probes are now available in
different sizes to cover premature infants to term neonates. Al-
though NIRS monitors have been used in adult neurointensive
care units and theaters for some time now, the introduction of
these monitors into neonatal intensive care has been slow. In re-
cent years, several NICUs have started using this as part of the
routine decision-making process, particularly for the preterm
population.

Edwards et al’” first described the measurement of cerebral
blood flow, and Meek et al*® showed that low CBF on the first
day of life is a risk factor for severe intraventricular hemor-
rhage. Diffuse correlation spectroscopy is a newer NIRS tech-



FIG 2. Reconstructed images showing the changes in cerebral blood volume (AHbT) in the
dorsal and left and right lateral views during a seizure in a neonate with hypoxic-ischemic
encephalopathy. The upper axes show the changes in hemoglobin concentration spatially
averaged across the gray matter surface. Seven distinct time points are identified. All data are
changes relative to a baseline, defined as the mean of the period between 60 and 30 seconds
before the electrographic seizure onset. Reproduced from Singh et al.*®

nique that offers a direct and continuous monitoring of micro-
vascular cerebral blood flow.*" Using hemoglobin difference as

an indicator of CBF, Tsuji el al*?

described a high coherence
between CBF and mean arterial blood pressure and a strong
association of the loss of cerebral autoregulation with an in-
creased incidence of severe germinal matrix—intraventricular
hemorrhage or periventricular leukomalacia. The loss of auto-
regulation in the very preterm population was strongly related
to mortality.*’

Following perinatal hypoxia-ischemia in term infants, CBF
and CBV were elevated and were associated with low oxygen
extraction and the loss of reactivity to CO,.** This loss of the
autoregulatory mechanism with loss of cerebrovascular tone
happens during the first 24 hours after the insult before sec-
ondary energy failure ensues. In a recent study, regional oxy-
genation saturation increased and fractional tissue oxygen ex-
traction decreased after 24 hours in 18 neonates with poor
outcome following HIE.* High tissue oxygenation values were
noted on day 1 following perinatal hypoxia and were signifi-
cantly higher in the group with abnormal 1-year outcome.*®
These findings were further supported by a combined NIRS-
ASL study®’: a strong correlation was noted between NIRS-
measured regional cerebral oxygen saturation and CBF mea-
sured by ASL in infants with severe encephalopathy. Specific
changes in cortical hemodynamics and oxygenation were de-
scribed in previous NIRS studies during and after neonatal
seizures (Fig 2).**

Brain Perfusion Measurements
Using Sonography
Kehrer et al*>** have shown the feasi-
bility of measuring CBF volume with
Doppler sonography of the extracranial
cerebral arteries in infants. Another way
to assess overall CBF is to measure the
total blood flow to the brain (sum of
blood flow in the internal carotid arter-
ies and basilar artery) and to divide it by
the brain volume. Doppler sonography
is noninvasive, lacking radiation expo-
sure, innocuous, and suitable for bed-
side follow-up and has good interob-
server reproducibility.”® However, the
disadvantages include the absence of re-
gional CBF measurements, the use of an
estimated brain weight, the need for the
patient to be motionless for about 20
minutes, and strict compliance with a
standardized study protocol/meticulous
examination to achieve accurate and re-
liable measurements.” In healthy term
neonates, the velocities in the ICAs and
basilar artery are between 15 and 35
cm/s.”*> As shown with other techniques,
the values of CBF volume increased with
postmenstrual age from 33 mL/min at
34 weeks to 85 mL/min at 42 weeks.*’
Approximate CBF (mL/100 g/min) was calculated by using an es-
timated brain weight (the equation was based on head circumfer-
ence measurements). CBF also increases from 21 to 23 mL/100
g/min after birth to 46—-53 mL/100 g/min at 6 months of age and
remains stable from 6 to 30 months of age, reflecting rising met-
abolic demand.™

Microbubble ultrasound is a new and reliable cerebral perfu-
sion imaging technique that provides a qualitative estimation of
cerebral perfusion and has been described in healthy adults and
patients with stroke.”* Yet, to our knowledge, no study has been
conducted on neonates, mainly because microbubble ultrasound
is not licensed for use in children.

Brain Perfusion Measurements by Using MR Imaging
Regarding practical aspects of MR imaging, one of the main ad-
vantages is that perfusion imaging is a part of the whole examina-
tion. The perfusion sequence could be added at the end of the
morphologic MR imaging, which is usually clinically required.

Dynamic-Susceptibility Contrast MR Imaging. The dynamic-sus-
ceptibility contrast MR imaging technique measures the T2 or
T2* decrease during the first pass of an exogenous endovascular
susceptibility contrast agent. DSC-MR imaging is a nonradiating
procedure, with high SNR and a higher spatial resolution than
PET and SPECT, in addition to offering fast acquisition times.
Regional hemodynamic changes can be assumed and different
parameters such as CBV, TTP, and MTT can be estimated to
calculate CBF. Parameters are calculated in a few minutes
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FIG 3. Schematic diagram of ASL shows the labeling plane (red box) in the neck and the imaging
volume (green box). A, Acquisition of labeled image after a delay to allow the labeled blood to

flow into the brain tissue. B, Acquisition of the control image.

by using commercially available software. However, the maps
provide only relative measurements. Quantification of CBF by
DSC is controversial, mainly due to the nonlinear relationship
between signal intensity and gadolinium concentration.>> Maps
can be interpreted visually or semiquantitatively by calculating
the ratio between the values in an ROI placed in the abnormal area
and an ROI placed in the contralateral area considered a normal
reference. Longitudinal studies involving repeated measurements
during a single scanning session are not possible due to the lack of
reliable absolute quantification. Despite the above-mentioned
advantages, DSC-MR imaging can be difficult to perform in in-
fants due to gadolinium administration. There have been fewer
studies of DSC-MR imaging in children, and particularly neo-
nates, than in adults.’*>” Hand injections are preferred over
power injections in infants, with less reproducibility. Wintermark
et al®® were the first to assess PWI in 5 term neonates with HIE on
early (days 2—4) and late MR imaging (days 9—11). On the early
MR imaging, a hyperperfusion pattern was detected in areas of
hypoxic-ischemic brain damage, corresponding to the reperfu-
sion phase. On the late scans, hyperperfusion persisted in the cor-
tical gray matter.

Phase-Contrast MR Imaging. One other noninvasive, accurate,
and reproducible MR imaging method has been reported in a

6%-61 The blood flow in the internal ca-

small number of studies.
rotid arteries and basilar artery at the base of the skull is measured
by using phase-contrast MR imaging, and the brain volume is
measured by using segmentation of anatomic MR images. Data
processing consists of multiplying the mean velocity across an
ROI (measured by the phase-contrast MR imaging sequence) by
the vessel area. Flow to the brain is computed as the sum of flow in
the 2 internal carotid arteries and the basilar artery. Brain volume
is estimated by using segmentation software by using a dedicated
neonatal brain segmentation algorithm. Mean CBF is computed
by dividing the total flow to the brain by the brain volume.

1,°° the results for 21 infants showed

In the study by Varela et a
good agreement with literature data, with a rapid increase during
the first year of life, from 25-60 mL/100 mL of tissue/min. The
mean velocities (over the cardiac cycle, the area of each vessel and

all 3 arteries) were <20 cm/s in term neonates and rose to 30 cm/s
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at 50 weeks. However, only mean overall
CBF can be assessed with this method.

Arterial Spin-Labeling. Brain perfusion
imaging by using arterial spin-labeling is
a noninvasive technique that uses en-
dogenous blood water as a freely diffus-
ible tracer. Arterial blood protons are
magnetically labeled with a radiofre-
quency inversion pulse applied below
the imaging section in the neck vessels
(Fig 1). Several labeling methods exist,
including continuous ASL, pulsed ASL,
and pseudocontinuous ASL.°* In con-
tinuous ASL, a long flow-induced inver-
sion pulse is applied. In pulsed ASL, a
short inversion pulse is applied to a
larger region of the neck. Pseudocon-
tinuous ASLis a hybrid method that uses
atrain of short radiofrequency pulses to mimic the effects of con-
tinuous ASL (Fig 3). The best reccommended ASL method is the
pseudocontinuous ASL labeling method, mainly because of a
higher SNR and less labeling artifacts.®>** However, there is a lack
of data in the literature regarding the specific neonatal popula-
tion, and more study is needed.

A labeled image is acquired after a sufficient time to allow
the labeled spins to reach the imaging section, known as the
postlabeling delay. A control image is acquired without label-
ing. Subtraction of the 2 images yields a perfusion-weighted
image. Because the signal difference is only 0.5%-1.5% of the
full signal, multiple repetitions are needed to improve the sig-
nal-to-noise ratio. Subsequently, to obtain a quantitative per-
fusion map, a quantitative model is required to calculate the
relationship between the perfusion-weighted image and CBF.

Certain technical adjustments to the imaging parameters are
required to account for the fundamental differences between the
pediatric and adult populations.®>°® It is challenging to perform
ASL MR imaging in neonates due to the low baseline CBF com-
pared with children and adults, coupled with the low SNR of the
method. As an example, velocities are lower in neonates than in
children, increasing with postmenstrual age,’” and the optimum
postlabeling delay for contrast-to-noise ratio has been correlated
with the mean velocity in the carotid arteries.®®

Moreover, in children and neonates, there is a physiologic
improvement in the SNR compared with healthy adults due to
alonger tissue T1, longer blood T1, and the higher blood-brain
partition coefficient of water.®®> Blood T1 variations have a
greater effect on perfusion than tissue T1 variations.®® Varela
et al”® established a linear correlation between the inverse of
blood T1 and hematocrit in 12 neonates. This may offer the
possibility of blood T1 estimations from recent hematocrit
measurements.

Measuring CBF in neonates by using ASL therefore requires
several adaptations of acquisition and related parameters
used for quantification. Another point is the lack of standard-
ization of image-processing methods. In clinical practice, CBF
maps are generally automatically generated by the manufac-



FIG 4. HIE ASL. Asphyxiated neonate treated with hypothermia
showing ischemic injury on MR imaging obtained on day 3 of life. The
ADC map shows restricted diffusion in the bilateral thalami and len-
tiform nuclei (A) and in the frontal watershed areas (C) (arrows). ASL
perfusion map (B and D) reveals higher perfusion within the same
areas (arrows).

turer workstation with assumed or measured quantification
parameters.

A few studies have been conducted in neonates by using ASL.
Miranda et al”" were the first to show the feasibility of pulsed ASL
at 1.5T in 29 unsedated healthy preterm infants at term-equiva-
lent age and in term neonates. Other studies in healthy children
show that ASL appears sensitive to regional and age-related dif-
ferences in CBF in preterm, term neonates, and infants at 3
months’” and from 3 to 5 months of age.”” These results are con-
sistent with previous studies demonstrating regional variation in
brain maturation. Some studies have been conducted in asphyx-
iated neonates, showing early hyperperfusion in brain areas sub-
sequently exhibiting injury,”* and that regions with low ADC in-
tensity are highly correlated with co-located regions of increased
ASL CBF intensity (Fig 4).”> Asphyxiated neonates treated with
hypothermia developing brain injury usually displayed hypoper-
fusion on day of life 1 and hyperperfusion on day of life 2-3 in the

study of Wintermark et al.”*

If performed during the second week
oflife, MR imaging reveals rather a hypoperfusion in the thalamus
of infants with injury on MR imaging.”® De Vis et al’” showed a
significant correlation between a higher perfusion in the basal
ganglia and thalami, perfusion on day of life 2-7, and a worse
neurodevelopmental outcome in neonates with HIE.

To summarize, ASL is a noninvasive method without ve-
nous cannulation or radiation that is repeatable within the
same session and provides absolute quantification of CBF.
Given the noninvasiveness of the technique, it is highly suitable
for neonates.

CONCLUSIONS

Brain perfusion may play a role in neonatal brain injury and
therefore serves as a complementary biomarker to help determine
neuroprotective therapeutic strategies. With the development of
noninvasive methods, assessment of neonatal brain perfusion has
become easier. ASL is a very promising tool for assessing neonatal
brain perfusion: It is a totally noninvasive method easily available
and providing quantitative regional CBF values. However, the
method warrants technical adjustments to make it more widely
available.
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ORIGINAL RESEARCH
PATIENT SAFETY

Cerebral CTA with Low Tube Voltage and Low Contrast
Material Volume for Detection of Intracranial Aneurysms

Q.Q. Ni, YG.Z. Chen, ““U,). Schoepf, ““’"M.AJ. Klitsie, ““ C.N. De Cecco, ““'C.S. Zhou, **'S. Luo, “’G.M. Lu, and ““'LJ. Zhang

s o5

ABSTRACT

BACKGROUND AND PURPOSE: Multidetector row CTA has become the primary imaging technique for detecting intracranial aneurysms.
Technical progress enables the use of cerebral CTA with lower radiation doses and contrast media. We evaluated the diagnostic accuracy
of 80-kV(peak) cerebral CTA with 30 mL of contrast agent for detecting intracranial aneurysms.

MATERIALS AND METHODS: Two hundred four patients were randomly divided into 2 groups. Patients in group A (n = 102) underwent
80-kVp CTA with 30 mL of contrast agent, while patients in group B (n = 102) underwent conventional CTA (120 kVp, 60 mL of contrast
agent). All patients underwent DSA. Image quality, diagnostic accuracy, and radiation dose between the 2 groups were compared.

RESULTS: Diagnostic image quality was obtained in 100 and 99 patients in groups A and B, respectively (P = .65). With DSA as reference
standard, diagnostic accuracy on a per-aneurysm basis was 89.9% for group A and 93.9% for group B. For evaluating smaller aneurysms (<3
mm), the diagnostic accuracy of groups A and B was 86.3% and 90.8%, respectively. There was no difference in diagnostic accuracy
between each CTA group and DSA (all, P > .05) or between the 2 CTA groups (all, P > .05). The effective dose in group A was reduced by
72.7% compared with group B.

CONCLUSIONS:  In detecting intracranial aneurysms with substantial radiation dose and contrast agent reduction, 80-kVp/30-mL con-
trast CTA provides the same diagnostic accuracy as conventional CTA.

ABBREVIATIONS: CNR = contrast-to-noise ratio; DLP = dose-length product; ED = effective dose; NPV = negative predictive value; PPV= positive predictive

value

pproximately 85% of all subarachnoid hemorrhages result
from ruptured intracranial aneurysms.' Such hemorrhages
have high case fatality, particularly for relatively young patients,
younger than 65 years of age.” Clinical urgency may sometimes be
difficult to assess, given that some patients only present with
headache and near-normal neurologic examination findings.’
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Thus early identification of underlying intracranial aneurysms
seems to be especially important.

DSA is currently the criterion standard for the assessment of
aneurysms but has some inherent drawbacks. This technology is
invasive, time-consuming, and relatively expensive.* Further-
more, it uses a higher radiation dose and causes permanent neu-
rologic complications in 0.12% of patients.” Multidetector row
CT angiography has always been the primary imaging technique
for the evaluation of intracranial aneurysms, especially for the
critical patients presenting with subarachnoid hemorrhage, be-
cause of its wide availability, reduced imaging time, and high di-
agnostic accuracy.*” Even for the patients with headache and
near-normal neurologic examination findings, CTA may be im-
portant for screening. However, radiation exposure and contrast
material-induced nephropathy are inherent drawbacks of CTA.
Technical progress enables performing cerebral CTA with ever
lower radiation doses and contrast media volumes while main-
taining image quality.® "> However, previous studies did not fully
assess the diagnostic accuracy of such gentler CTA protocols be-
cause few patients underwent DSA as a reference standard. For
example, a study by Luo et al® included 120 patients who under-
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went cerebral CTA with both low tube voltage and low contrast
agent volume, but only 43 patients (n < 15 for the 2 low-dose
groups) underwent DSA for comparison.

The purpose of our study was, therefore, to evaluate, in a large
patient population, the diagnostic accuracy of 80-kV(peak) cere-
bral CTA with 30 mL of contrast agent for detecting intracranial
aneurysms with DSA as the reference standard.

MATERIALS AND METHODS
Patients
This prospective study was approved by the Jinling Hospital institu-
tional review board. Written informed consent was provided by all
patients or their legal guardians. Two hundred four patients were
included in our study between September 2013 and January 2015.
Inclusion criteria for this study were the following: 1) clinically
suspected intracranial aneurysm, that is, patient presentation
with subarachnoid hemorrhage or a suspicion of an intracranial
aneurysm after medical examinations; 2) clinical referral for both
cerebral CTA and DSA when patients were able to undergo the 2
examinations; and 3) cerebral CTA performed before DSA with
no more than 3 days between procedures. Patients were excluded
if they were younger than 18 years of age (n = 1), had a history of
prior surgical clipping or endovascular coiling (n = 2), had a
history of prior reaction to iodinated contrast media, or had
known renal insufficiency (creatinine level, >120 mol/L) (n = 0).
Included patients who underwent CTA with different tube
voltages and different volumes of iodinated contrast agent were
randomly divided into 2 groups based on a computer-generated
allocation sequence. The parity of each random number deter-
mined to which group the patients examined on the same day
would be assigned (ie, odd numbers for group A and even num-
bers for group B), to avoid the change of contrast agent before
each patient’s examination. Group A consisted of 102 patients,
including 50 men (mean age, 49 * 12 years) and 52 women (mean
age, 53 = 13 years); group B consisted of 102 patients, including
47 men (mean age, 52 * 14 years) and 55 women (mean age, 58 *
13 years). There was no significant difference in sex between the 2
groups (P >.05). The mean age of patients in group A was 51 * 14
years (range, 21-79 years), while patients in group B were some-
what older (P = .024), with a mean age of 55 * 14 years (range,
22-81 years). The baseline characteristics of all patients are pre-
sented in On-line Table 1.

Cerebral CT Angiography Acquisition

Cerebral CTA examinations were performed by using a dual-
source CT system (Somatom Definition; Siemens, Erlangen, Ger-
many). Routine automatic tube current modulation (CARE
Dose4D; Siemens) was used at 230 mAs for each patient. The
collimation was 64 X 0.6 mm, with a 0.33-second rotation time
and a pitch of 1.5. Image reconstruction was performed with a
0.75-mm section thickness and 0.5-mm increment with a dedi-
cated reconstruction algorithm (H30f).

In group A, patients received 30 mL of iodinated contrast me-
dium (iopromide, Ultravist 300 mg I/mL; Bayer HealthCare, Ber-
lin, Germany) and were imaged at 80 kVp (double low-dose pro-
tocol). In group B, the patients received 60 mL of the same
contrast medium and were imaged at 120 kVp, which is the stan-

dard work-up CTA protocol in the clinic. The contrast agent was
injected into the antecubital vein via an 18-ga catheter at the rate
of 4.0 mL/s, followed by 30 mL of saline solution with the same
flow rate.

Using a bolus-tracking technique, an ROI was placed in the
right internal carotid artery. When the predefined threshold of
100 HU was reached, image acquisition started 2 seconds later.
The acquisition lasted approximately 3—4 seconds.

DSA Acquisition and Evaluation

DSA was performed with femoral catheterization with a biplane
DSA unit with rotational capabilities (Axiom Artis dTA; Sie-
mens). A single 3D-DSA acquisition was obtained before remov-
ing the catheter only in the target vessel with confirmed or sus-
pected aneurysms, to reduce the radiation dose. Once the
procedure was completed, the angiographic datasets were trans-
ferred to an adjacent 3D workstation (Siemens) for generation of
3D reformatted images. All angiographies were performed by a
group of highly experienced (>10 years of experience) interven-
tional neuroradiologists (not authors) who also performed eval-
uations of the presence, location, and size of intracranial aneu-
rysms in the DSA images. If there was a strong suspicion of an
aneurysm on CTA that was not found on DSA, repeat interpreta-
tion by at least 2 interventional neuroradiologists (not authors)
was performed to arbitrate this discrepancy.

Objective Image-Quality Evaluation

All CT images were transferred to a dedicated workstation (syngo
MultiModality Workplace; Siemens). All CT measurements were
independently performed by 2 radiologists (Q.Q.N. and S.L., with
1 and 5 years’ experience in neuroradiology, respectively) twice
with a 6-month interval between measurements. The CT attenu-
ation values of vascular structures were measured by using a user-
defined circular ROI with an area of 0.12—0.16 cm? in the bilateral
ICAs and 0.04—0.06 cm? in the bilateral middle cerebral arteries
on the transverse CT images. To mitigate partial volume effects
and operator dependence of measurements, we prescribed 3 in-
dependent ROIs, respectively, on both sides of the cavernous seg-
ment of the ICA and the first segment of the MCA trunk. With
Moyamoya disease and ICA or MCA occlusion, the CT attenua-
tion values of vascular structures were not measured. The average
attenuation values were used for statistical analysis.

Brain parenchyma was selected as the vascular background,
and image noise was calculated as the SD of the attenuation val-
ues. The attenuation values of the brain parenchyma were mea-
sured by placing an ROI of 1 cm? in the white matter above the
lateral ventricles. Signal-to-noise ratio and contrast-to-noise ratio

(CNR) were calculated by using the following formulas'>'*:

SNR, = CTnumber,/SD
CNR, = (CTnumber, — CTnumber,)/SD,

where CTnumber, is the mean Hounsfield unit of the target ar-
tery, CTnumber, is the mean Hounsfield unit of brain paren-
chyma, and SD is the standard deviation of the attenuation value
in the brain parenchyma.
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Subjective Image-Quality Evaluation

Subjective image-quality analysis of cerebral CTA was performed
by using volume-rendering, multiplanar reconstructions, and
maximum intensity projections. Two experienced neuroradiolo-
gists (L.J.Z. and G.Z.C., with 16 and 4 years’ experience, respec-
tively) blinded to the acquisition technique independently scored
CTA images after a dedicated formal training in 20 patients who
were not included in this study. After 6 months, repeated evalua-
tions were performed to measure intrareader agreement. In the
case of disagreement, a final consensus score was determined dur-
ing joint interpretation.

Overall image quality was determined on the basis of the de-
gree of image noise and vessel sharpness on a 4-point Likert
Scale'*'®: 1) poor, nondiagnostic, major degree of noise, blurry
vessel outlines, rendering evaluation impossible; 2) moderate,
substantial noise, suboptimal vessel sharpness; 3) good, moderate
image noise and good vessel sharpness; and 4) excellent, minor-
to-no noise, exquisite vessel delineation. Images with overall im-
age quality scores of =3 were regarded as diagnostic.

Intracranial Aneurysm Evaluation

Aneurysms were measured within the arteries of the anterior cir-
culation (ie, anterior communicating, anterior cerebral, middle
cerebral, internal carotid, and anterior choroidal arteries) and the
arteries of the posterior circulation (vertebral and basilar, poste-
rior communicating, posterior cerebral, anterior superior cere-
bellar, and posterior inferior cerebellar arteries).

The same 2 neuroradiologists performing the subjective image
analysis independently evaluated the presence or absence of an-
eurysms on cerebral CTA. In case of disagreement, a third expe-
rienced neuroradiologist (C.S.Z. with 10 years’ experience) arbi-
trated. For subarachnoid hemorrhage, other nonaneurysmal
causes were also recorded.

Radiation Dose Estimation

The volume CT dose index (milligray) and dose-length product
(DLP, milligray X centimeter) were recorded from the dose re-
port. The effective dose (ED, millisieverts) was calculated by using
the formula ED = DLP X k, by using a conversion factor (k) for
head CT imaging (k = 0.0021 mSv/mGy X c¢m)."”

Statistical Analysis

Statistical analyses were performed by using SPSS software (Ver-
sion 21; IBM, Armonk, New York). Quantitative variables were
expressed as mean * SD, and categoric data were expressed as
frequencies or percentages. Quantitative variables were tested for
normal distribution by using the Kolmogorov-Smirnov test. The
t test was used if the quantitative variables followed normal dis-
tribution, and if the quantitative variables did not follow normal
distribution, the Mann-Whitney U test was used. A X~ or Fisher
exact test was used to analyze differences in categoric data for
baseline characteristics and subjective image quality between
groups A and B. P < .05 indicated a statistical difference. Intra-
class correlation coefficient and « analysis were used to evaluate
inter- and intrareader agreement for the measurement of subjec-
tive and objective image quality, respectively. An intraclass corre-
lation coefficient or k value < 0.20 indicated poor agreement;
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0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61—
0.80, good agreement; and 0.81-1.00, very good agreement.'>>°

In this study, 3D-DSA was regarded as the reference standard
for detection of intracranial aneurysms. Sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV),
and accuracy were calculated on both a per-patient and per-an-
eurysm basis. The confidence intervals for per-aneurysm analysis
were obtained by using bootstrapping. Two-sided 95% confi-
dence intervals based on binomial probabilities were also pro-
vided. Comparisons between the 2 CTA groups and DSA were
made by using the McNemar test. The x* or Fisher exact test was
used to compare the sensitivity, specificity, PPV, NPV, and accu-
racy between the 2 different CTA groups. P < .05 was a statisti-
cally significant difference.

RESULTS

Image Quality

Mean attenuation, SNR, and CNR values for the ICA, MCA, and
brain parenchyma for both groups are presented in On-line Table
2. The mean attenuation in the ICA and MCA of group A was
higher than that of group B (P < .01). The mean SNR;.,,
CNR;ca» SNRy 4, and CNRy, -, of group A were lower than
those of group B (P < .01). The mean image noise of group A was
higher than that of group B (P < .01). Reliability analysis showed
an excellent inter- and intraobserver agreement for measure-
ments of objective image quality (all intraclass correlation coeffi-
cients, > 0.80).

Diagnostic-quality scores of =3 were given in 100 patients
(98%) in group A and 99 patients (97%) in group B. There was no
difference in diagnostic image quality in the 2 groups (x* = 0.21,
P = .65), indicating that diagnostic image quality could be reliably
obtained with either CTA protocol. The inter- and intrareader
agreements for all subjective image-quality measurements were
good with all k values > 0.60.

Diagnostic Performance
Among 204 patients, 121 patients had 157 aneurysms based on
3D-DSA findings, while 83 patients had no aneurysms. Of 121
patients with aneurysms, 99 patients had a single aneurysm and 22
had multiple aneurysms. On-line Table 3 shows the aneurysm
detection and other nonaneurysmal causes in each group.
Cerebral CTA correctly detected 143 aneurysms in 118 pa-
tients with 14 aneurysms missed and 6 false-positive aneurysm
diagnoses against the 3D-DSA reference standard. CTA correctly
demonstrated all nonaneurysmal causes in 12 patients. For group
A, the sensitivity and specificity for detecting aneurysms on a
per-patient basis were 96.8% and 97.5%, respectively, and 88.5%
and 92.5%, respectively, on a per-aneurysm basis. For group B,
sensitivity and specificity were 98.3% and 97.7% on a per-patient
basis, respectively, and 94.3% and 93.3% on a per-aneurysm basis
(Table 1 and Fig 1). There were no statistically significant dif-
ferences in sensitivity, specificity, PPV, NPV, and diagnostic
accuracy on a per-patient or per-aneurysm basis between the 2
cerebral CTA protocols and 3D-DSA (all P > .05). In addition,
there was no difference in sensitivity, specificity, PPV, NPV,
and diagnostic accuracy between the 2 cerebral CTA protocols
(all, P > .05).



Table 1: Aneurysm detection with cerebral CTA compared with a 3D-DSA reference standard®

Results (No.) Statistical Analysis (%)
Approach TP TN FP FN Sensitivity Specificity PPV NPV Accuracy

Per patient

Group A 60 39 1 2 96.8(89.0-99.)  97.5(87.1-99.6) 98.4(91.2-99.7) 951(83.9-98.7)  97.0(91.7-99.0)

Group B 58 42 1 1 98.3(91.0-99.7) 97.7 (87.9-99.6) 98.3(91.0-99.7) 97.7(87.9-99.6)  98.0(93.1-99.5)
Per aneurysm

Group A 77 39 3 10  885(816-954)  92.9(88.6-98.6)  963(913-100.0)  79.6(67.3-89.8)  89.9(84.5-94.6)

Group B 66 42 3 4 943(88.6-98.6) 933(84.4-100.0) 957(89.9-100.0)  913(82.6-97.8)  93.9(88.7-98.3)

Note:—TP indicates true positive; TN, true negative; FP, false positive; FN, false negative.
2 The data in parentheses are 95% confidence intervals.

FIG 1. Comparison of the 2 CTA protocols for detecting an aneurysm in the posterior communicating artery. A and B, An 80-kVp cerebral CTA
with 30 mL of contrast agent in a 49-year-old woman. A volume-rendered digital subtraction CTA image (A) shows an aneurysm in the left
posterior communicating artery (red arrow), which is confirmed by 3D-DSA (B). C and D, A 120-kVp cerebral CTA with 60 mL of contrast agent
in a 66-year-old woman. C, Volume-rendered digital subtraction CTA image (C) shows an aneurysm in the right posterior communicating artery

(red arrow), which is confirmed by 2D-DSA (D).

Table 2: Aneurysm detection with cerebral CTA according to aneurysm size®

Results (No.) Statistical Analysis (%)

AneurysmSize TP TN FP FN Sensitivity Specificity PPV NPV Accuracy
<3mm

Group A 24 39 2 8  75.0(59.4-90.6) 95.1(87.8-100.0)  92.3(80.8-100.0)  83.0(72.3-93.6) 86.3(78.1-93.2)

Group B 7 42 2 4  81.0(61.9-952) 95.5(88.6-100.0)  89.5(73.7-100.0) 91.3(82.6-97.8) 90.8 (83.1-96.9)
3-8 mm

Group A 44 39 1 2 957(89.1-100.0)  97.5(92.5-100.0)  97.8(93.3-100.0) 95.1(87.8-100.0)  96.5(93.0-100.0)

Group B 38 42 1 0 100 (100.0-100.0)  97.7 (93.0-100.0) ~ 97.4(92.3-100.0) 100 (100.0-100.0)  98.8 (96.3-100.0)
>8 mm

Group A 9 39 0 0 100 (100.0-100.0) 100 (100.0-100.0) ~ 100 (100.0-100.0) ~ 100 (100.0-100.0) ~ 100 (100.0-100.0)

Group B m 42 0 0 100 (100.0-100.0) 100 (100.0-100.0) 100 (100.0-100.0) 100 (100.0-100.0) ~ 100 (100.0-100.0)

Note:—TP indicates true positive; TN, true negative; FP, false positive; FN, false negative.

#The data in parentheses are 95% confidence intervals.

FIG 2. An 80-kVp cerebral CTA with 30 mL of contrast agent in a 45-year-old man. Maximum-
intensity-projection image (A) and a volume-rendered digital subtraction CTA image (B) show an
aneurysm in the right middle cerebral artery (red arrow), which is confirmed by 3D-DSA (C).

Of 157 total aneurysms, 53 were <3 mm, 84 were 3—8 mm,
and 20 were >8 mm. Cerebral CTA had a sensitivity of 75.0%,
95.7%, and 100% in group A, and 81.0%, 100%, and 100% in
group B for detecting aneurysms of <3 mm, 3-8 mm, and >8
mm, respectively. Diagnostic accuracy grouped by aneurysm
size for group A was 86.4%, 96.5%, and 100%; for group B, it

was 90.8%, 96.5%, and 100% (Table 2
and Fig 2). There was no difference in
sensitivity, specificity, PPV, NPV, and
diagnostic accuracy between the 2
cerebral CTA protocols for detecting
aneurysms of different sizes, even for
aneurysms of <3 mm (all, P > .05).
There were 88 aneurysms in the an-
terior circulation arteries and 69 in the
posterior circulation arteries (Table
3). The detailed distribution of intra-
cranial aneurysms detected by DSA
and CTA is presented in On-line Table
4. Cerebral CTA had a sensitivity of
86.2% and 93.1% in group A and a sensitivity of 93.3% and
95.0% in group B for determining aneurysm locations in the
anterior and posterior circulation, respectively. The diagnostic
accuracies for detecting aneurysms in the anterior and poste-
rior circulation were 90.8% and 94.3% in group A and 94.6%
and 96.4% in group B. There was no difference in sensitivity,
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Table 3: Aneurysm detection with cerebral CTA according to aneurysm location®

Results (No.) Statistical Analysis (%)
Location TP TN FP FN Sensitivity Specificity PPV NPV Accuracy

Anterior circulation

Group A 50 39 1 8 862(77.6-948) 97.5(92.5-100.0) 98.0(94.1-100.0) 83.0(70.2-93.6)  90.8 (84.7-95.9)

Group B 28 42 2 2 933(833-100.0) 95.5(88.5-100.0) 93.3(83.3-100.0) 95.5(88.6-100.0) 94.6(89.2-98.6)
Posterior circulation

Group A 27 39 2 2 93.1(82.8-100.0)  95.1(87.8-100.0)  93.1(82.8-100.0)  95.1(87.8-100.0)  94.3(88.6-98.6)

Group B 38 42 1 2 95.0(87.5-100.0) 97.7(93.0-100.0) 97.4(92.3-100.0) 95.5(88.6-100.0) 96.4 (91.6-100.0)

Note:—TP indicates true positive; TN, true negative; FP, false positive; FN, false negative.
2 The data in parentheses are 95% confidence intervals.

FIG 3. False-negative aneurysms in the 2 CTA protocols. A and B, An 80-kVp cerebral CTA with 30 mL of contrast agent in a 50-year-old
man. A volume-rendered digital subtraction CTA image (A) shows 2 true-positive aneurysms in the anterior communicating artery and
right middle cerebral artery, respectively (yellow arrows), while another 2 small aneurysms with diameters of 1.1and 0.6 mm were found
in the right middle cerebral artery (white arrows) on 3D-DSA (B), which were not found in the CTA image. C and D, A120-kVp cerebral CTA
with 60 mL of contrast agent in a 46-year-old man. The volume-rendered digital subtraction CTA image (C) shows a true-positive
aneurysm in the left anterior choroidal artery (red arrow) and a false-negative aneurysm in the left posterior communicating artery
(vellow arrow). The aneurysm in the left posterior communicating artery (yellow arrow) was found at repeat interpretation. 3D-DSA
shows the 2 aneurysms (D).

FIG 4. A120-kVp cerebral CTA with 60 mL of contrast agent in a 70-year-old woman. A and B, Volume-rendered digital subtraction CTA images
show a true-positive aneurysm in the top of basilar artery (red arrow), which was confirmed by 3D-DSA (C) and a false-positive aneurysm in the
left middle cerebral artery (yellow arrow), which was not evident in 2D-DSA.

specificity, PPV, NPV, and diagnostic accuracy for detecting
aneurysms in different locations between the 2 cerebral CTA
protocols (all, P > .05).

From a total of 14 false-negative aneurysms (Fig 3), 12 an-
eurysms were <3 mm in diameter (# = 8 in group A, n = 4 in
group B). The remaining 2 aneurysms with sizes of 5and 7 mm
were missed in group A. Of the 14 false-negative aneurysms, 10
aneurysms were located in anterior circulation arteries (n = 8
in group A, n = 2 in group B) and 4 aneurysms were located in
posterior cerebral arteries (n = 2 in each group).

Of the 6 false-positive aneurysms (Fig 4), 4 aneurysms (n = 2 in
each group) were <3 mm and 2 aneurysms (n = 1 for each group)
were 3—8 mm. Three of the reported false-positive aneurysms (n = 1
for group A, n = 2 for group B) were located in the anterior circula-
tion arteries, while the remaining 3 (n = 2 for group A, n = 1 for
group B) were located in the posterior circulation arteries.
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Radiation Dose

The mean volume CT dose index, DLP, and ED of groups A and B
are presented in On-line Table 5. The mean volume CT dose
index, DLP, and ED of group A were 7.0 £ 0.4 mGy, 136.7 = 8.8
mGy X cm, and 0.3 = 0.0 mSv, respectively; for group B, these
values were 25.9 * 2.0 mGy, 507 * 44.7 mGy X cm, and 1.1 £ 0.1
mSyv, respectively. The volume CT dose index, DLP, and ED in
group A were reduced by approximately 73.0%, 73.0%, and
72.7% compared with group B.

DISCUSSION

Multidetector row CTA has been widely used to detect intracra-
nial aneurysms due to its high diagnostic accuracy and image
quality. However, radiation exposure and contrast material-in-
duced nephropathy caused by CTA have received extensive atten-



tion. Currently, technical progress such as high-pitch technology,
tube voltage, and tube current reduction enable performing cere-
bral CTA with ever lower radiation dose and contrast media vol-
umes while maintaining image quality. This prospective study,
conducted in a sizeable patient population with randomization,
demonstrates that a low tube voltage, low contrast agent cerebral
CTA protocol shows the same sensitivity and specificity as the
standard protocol for detecting intracranial aneurysms compared
with 3D-DSA as a reference standard. Cerebral CTA with 80
kVp/30 mL could reduce the effective radiation dose by approxi-
mately 73% and contrast agent volume by 50% without compro-
mising diagnostic yield.

Our findings are in agreement with the results of previous
investigations showing that lowering the tube voltage can reduce
the effective dose without affecting diagnostic accuracy and im-
age quality.>'"'* In 1 study, for example, no significant difference
was found in the diagnostic accuracy between low-tube-voltage
(80 kVp) and conventional-tube-voltage (120 kVp) CTA proto-
cols in 48 patients.11 In addition, low-tube voltage CTA also
showed high sensitivity (75%) and specificity (100%) for detect-
ing small aneurysms of <3 mm. In a recent study on 294 patients
with spontaneous subarachnoid hemorrhage, 100-kVp cerebral
CTA provided a high detection rate of 76.9% (10/13) for small
aneurysms (< 3 mm), consistent with the results of our 120-kVp
CTA protocol.'> However, the effective dose of 100-kVp protocol
was only reduced by 35.4% compared with our 120-kVp protocol.
The application of dose-reduction strategies such as lower tube
voltage or current has been reported to cause a trade-off in de-
creased image quality.”"*>* However, many technologic advances
in CT techniques, such as iterative reconstruction, have been
demonstrated to markedly improve the performance of low-dose
CT acquisition.””** Additionally, lowering tube voltage en-
hances the contrast attenuation in target vessels, thus main-
taining a diagnostic CNR. As observed in our study, the mean
image noise of the 80-kVp CTA protocol was statistically
higher than that of the 120-kVp protocol; however, the image
quality of the 80-kVp CTA protocol did not decrease despite
the increase in noise.

Unlike the above-mentioned studies, our study used a double
low-dose cerebral CTA (80-kVp tube voltage and 30-mL contrast
agent) protocol in a relatively large group of patients, with a 73%
reduction in the effective radiation dose. We found that the diag-
nostic accuracy of aneurysm detection of this double low-dose
CTA protocol was identical to that of the conventional CTA pro-
tocol, even for small aneurysms (<3 mm). In addition, our study
showed the high negative predictive value of the double low-dose
CTA protocol for intracranial aneurysm detection based on a per-
patient basis, which indicated that a negative finding of this dou-
ble low-dose CTA protocol can reliably rule out intracranial an-
eurysms in the patients with subarachnoid hemorrhage. These
observations suggest that an 80-kVp/30-mL cerebral CTA proto-
col may be suitable for intracranial aneurysm detection in clinical
practice.

The double low-dose protocol showed a reduction in sensitiv-
ity for the detection of small aneurysms (<3 mm) in comparison
with the standard protocol. Of all the 14 false-negative aneurysms,
12 were <3 mm. In our study, small aneurysms were not well-

identified, mostly due to smaller size or infundibular dilation.
There were still 7 undetected aneurysms, despite repetitive com-
parison between cerebral CTA and DSA. These aneurysms were
either too small or were located overlying the bone structures,
causing the missed diagnoses. Moreover, threshold selection will
have an effect on the visualization of small aneurysms with the use
of volume-rendering to reformat images. In addition, 10 of the 14
false-negative aneurysms were in 7 patients with multiple aneu-
rysms, in which the chances of overlooking a small dilation are
significantly higher. Additionally, satisfaction of searching intra-
cranial aneurysms in patients with multiple aneurysms is also an
important source of interpretation error.

Three of the false-positive findings were diagnosed by 3D-
DSA as infundibular dilations at the origin of the posterior com-
municating artery. This finding reflects a well-known pitfall of
cerebral CTA, namely the difficulty in distinguishing an infundib-
ular dilation from a true aneurysm at this level unless the vessel
emerging at the infundibular apex can be found.*

Our study has some limitations. First, the 2 CTA protocols in
our study were not compared intraindividually; this omission
may have introduced some bias. In this study, no statistical differ-
ence was found in the diagnostic image quality between the dou-
ble low-dose CTA group and the conventional CTA group. Sec-
ond, significantly higher image noise in the double low-dose CTA
group was observed. This finding is explained by the application
of standard filtered back-projection as a reconstruction technique
instead of the more advanced iterative reconstruction, which was
not available on the scanner used for this study. Iterative recon-
struction is regarded as an effective technology for improving
image quality by reducing image noise,”*>® with a CNR reduction
of up to 13%. Our CTA protocol also would likely benefit from
the application of iterative reconstruction techniques and the pre-
dicted increase in overall image quality. Third, false-negatives
with our double low-dose CTA protocol deserve special attention
and careful interpretation because they are potentially lethal and
subsequent DSA examination would result in additional contrast
and radiation, especially for the CTA studies with false-negative
findings; however, these results did not affect the diagnostic accu-
racy on a per-patient basis in our study. Of 10 missed aneurysms
with the double low CTA protocol, 6 occurred in 3 patients with
multiple (n = 3) aneurysms. Conventionally, DSA would be per-
formed once there was a positive finding on CTA in patients with
suspected aneurysms. Thus, although our protocol missed some
small aneurysms in patients with multiple aneurysms, the false-
negative results did not ultimately affect patient management
compared with the traditional CTA protocol. Finally, the diag-
nostic accuracy of the double low-dose protocol for detecting
small aneurysms of <5 mm needs to be further confirmed in even
larger studies.

CONCLUSIONS

An 80-kVp cerebral CTA with 30 mL of contrast agent has the
same sensitivity and specificity for detecting intracranial aneu-
rysms compared with a conventional cerebral CTA protocol. Fur-
thermore, this protocol substantially reduces the radiation dose
and contrast agent volume.
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Effect of CTA Tube Current on Spot Sign Detection
and Accuracy for Prediction of Intracerebral
Hemorrhage Expansion

A. Morotti, ““J.M. Romero, ““/MJ. Jessel, ““'H.B. Brouwers, ““'R. Gupta, ““K. Schwab, ““'A. Vashkevich, ““A. Ayres, ““’C.D. Anderson,
M.E. Gurol, “A. Viswanathan, “*'S.M. Greenberg, ). Rosand, and ““J.N. Goldstein
O=

ABSTRACT

BACKGROUND AND PURPOSE: Reduction of CT tube current is an effective strategy to minimize radiation load. However, tube current
is also a major determinant of image quality. We investigated the impact of CTA tube current on spot sign detection and diagnostic
performance for intracerebral hemorrhage expansion.

MATERIALS AND METHODS: We retrospectively analyzed a prospectively collected cohort of consecutive patients with primary intracerebral
hemorrhage from January 2001 to April 2015 who underwent CTA. The study population was divided into 2 groups according to the median CTA
tube current level: low current (<350 mA) and high current (=350 mA). CTA first-pass readings for spot sign presence were independently
analyzed by 2 readers. Baseline and follow-up hematoma volumes were assessed by semiautomated computer-assisted volumetric analysis.
Sensitivity, specificity, positive and negative predictive values, and accuracy of spot sign in predicting hematoma expansion were calculated.

RESULTS: This study included 709 patients (288 and 421 in the low- and high-current groups, respectively). A higher proportion of
low-current scans identified at least 1 spot sign (20.8% versus 14.7%, P = .034), but hematoma expansion frequency was similar in the 2
groups (18.4% versus 16.2%, P = 434). Sensitivity and positive and negative predictive values were not significantly different between the
2 groups. Conversely, high-current scans showed superior specificity (91% versus 84%, P = .015) and overall accuracy (84% versus 77%, P = .038).

CONCLUSIONS: CTA obtained at high levels of tube current showed better diagnostic accuracy for prediction of hematoma expansion by
using spot sign. These findings may have implications for future studies using the CTA spot sign to predict hematoma expansion for clinical trials.

ABBREVIATIONS: HmA = high current; ICH = intracerebral hemorrhage; LmA = low current

he CTA spot sign is a validated predictor of expansion in
intracerebral hemorrhage (ICH)," but the optimal acquisi-
tion protocol for spot sign identification is still unknown. There is
great heterogeneity in CTA imaging parameters across centers,
especially in CTA tube current, with reported milliampere (mA)
values ranging from 140 to 770.”7 Furthermore, CT is a consid-
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erable source of radiation exposure,x and concerns remain re-
garding minimization of radiation delivery to patients who have
experienced an acute stroke.” Tube current reduction is a com-
mon and effective strategy to minimize the global radiation expo-

sure.'?

However, this parameter is also a major determinant of
image noise, and excessive reduction of the tube current level
might negatively affect image quality.'' Defining the optimal CTA
technical setting that predicts hematoma expansion might pro-
vide useful information for future clinical trials involving patients
with ICH. Therefore, the main aim of our study was to investigate
the influence of different CTA tube current levels on spot sign

detection and accuracy in predicting ICH expansion.

MATERIALS AND METHODS

Patient Selection

Massachusetts General Hospital institutional review board ap-
proval was received for all aspects of our study, and all the proce-
dures comply with the Health Insurance Portability and Account-
ability Act. Informed written or verbal consent was obtained from
patients or family members or waived by the institutional review
board. We performed a single-center, retrospective analysis of a
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FIG 1. Appearance of the spot sign (arrows) on CTA images obtained at low tube current (A, 170
mA; B, 235 mA) versus high tube current (C, 350 mA; D, 350 mA). All images were acquired on the

same scanner at 120 kVp.

previously described prospectively collected cohort of consecu-
tive patients with primary ICH.'>"?

Patients were included if they presented from January 2001 to
April 2015 with primary ICH and underwent CTA within 48
hours from symptom onset and follow-up NCCT. Patient exclu-
sion criteria were 1) the presence of a vascular lesion or neoplastic
lesion determined or suspected to be the cause of the ICH, 2)
surgical evacuation of the hematoma, 3) traumatic intracranial
bleeding, 4) absence of axial thin-section CTA images (section thick-
ness, 0.625-1.25 mm), and 5) unknown CTA acquisition protocol.

Both CTA tube current and voltage are important determi-
nants of image quality.'' However, although there is great vari-
ability in the reported current values for CTA acquisition, this is
not the case for voltage.”” Indeed, in our cohort and in most of
the previous spot sign studies, most CTA images for spot sign
detection were acquired at a tube voltage level equal or above 120
kVp (peak).’” For this reason, we decided to focus our analysis on
the effects of tube current on diagnostic performance. Therefore,
patients with CTAs obtained at low tube voltage level (< 120 kVp)
were excluded from the final analysis.
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Clinical Variables

Clinical information was collected from
patients, families, or the medical record
and included age, sex, history of hyper-
tension, and treatment with antithrom-
botic medications, including antiplate-
let drugs or anticoagulant therapy. Time
from symptom onset to baseline NCCT
and CTA was also collected.

Image Acquisition

Axial NCCT examinations were obtained
with 5-mm section thickness reconstruc-
tion. CTA was performed as part of stan-
dard clinical care by scanning from the
skull base to the vertex by using an axial
technique, 0.5 section pitch, 1.25-mm col-
limation, and 120-140 kVp. Previous
publications of an overlapping cohort de-
scribed that CTA scans at our institution
were typically acquired at either 235 or 350
mA."*"> On detailed review, we found
that a wide milliampere range (80—630)
was used in clinical practice. Intravenous
iodinated contrast material (65—85 mL)
was administered by power injector with
an infusion rate of 4-5 mL/s with Smart-
Prep (GE Healthcare, Milwaukee, Wis-
consin), a semiautomatic contrast bolus
triggering technique. The contrast materi-
als used were Isovue 370 and Isovue 300
(Bracco, Princeton, New Jersey). Volume
CT dose index ranged from 34.7-89.4
mGy (mean, 60.9; SD, 16.6) and dose-
length product ranged from 628.7-3763.4
mGy X cm (mean, 1923.6; SD, 957.5).

Image Analysis

The patients included in the study were divided into 2 groups:
low-current (<350 mA [LmA]) and high-current (=350 mA
[HmA]) scans. This cutoff was determined according to the me-
dian mA value. Ilustrative spot sign—positive CTA images ac-
quired at LmA versus HmA are shown in Fig 1.

Baseline NCCT scans were reviewed to determine the ICH
location (deep, lobar, or infratentorial) and presence of associated
intraventricular hemorrhage. Baseline and follow-up ICH vol-
umes were calculated with semiautomated computer-assisted
volumetric analysis (Analyze 11.0 software; AnalyzeDirect, Over-
land Park, Kansas), and hematoma expansion was defined a priori
as a total volume increase greater than 6 mL or a relative volume
increase greater than 30% from the baseline volume as previously
described.>'® For spot sign identification, first-pass CTA images
were independently reviewed by 2 experienced readers (A.M.,
M.J.J.) blinded to CTA acquisition protocol, clinical information,
and results of the follow-up NCCT. Any disagreement in reader
interpretation was adjudicated by consensus agreement under the



FIG 2. Cohort selection flowchart.

Table 1: Baseline study cohort characteristics

Parameters
No. of patients 709
Age (median) (IQR) (y) 74 (62-82)
Sex, male (n) (%) 396 (55.9)
History of hypertension (n) (%) 553 (78.0)
Antiplatelet treatment (n) (%) 314 (44.3)
Anticoagulant treatment (n) (%) 132 (18.6)
ICH location (n) (%)
Lobar 346 (48.8)
Deep 299 (42.2)
Infratentorial 64(9.0)
IVH presence (n) (%) 312 (44.0)
Baseline ICH volume (median) 17 (6-39)
(IQR) (mL)
Baseline IVH volume (median) 0(0-4)
(IQR) (mL)
Time from symptom onset to 5(3-10)
CTA (median) (IQR) (h)
CTA spot sign presence (n) (%) 122(17.2)

ICH expansion (n) (%) 121(17.7)

Note:—IQR indicates interquartile range; IVH, intraventricular hemorrhage.

supervision of an expert neuroradiologist (J.M.R.). Axial CTA
source images were reviewed in “spot windows” (width 200,
level 110) as previously described by using the following radio-
logic criteria for spot sign identification: 1) = 1 focus of con-
trast pooling within the ICH, 2) an attenuation = 120 HU, 3)
discontinuous from normal or abnormal vasculature adjacent
to the hematoma, and 4) of any size and morphology.'®

Statistical Analysis

All statistical analyses were performed with SPSS Version 21
(IBM, Armonk, New York). Discrete variables are summarized
as count (%). Normally distributed continuous variables are
summarized as mean (SD) and continuous variables with non-

normal distribution are expressed as
median (interquartile range). Differ-
ences in the 2 study groups were exam-
ined with the x* test for comparison
between categoric variables, ¢ test for
continuous variables with normal dis-
tribution, and Mann-Whitney U test
for continuous variables with nonnor-
mal distribution. Interrater and intra-
rater reliability for the identification
of any spot sign were determined by
using the Cohen k statistic. Subse-
quently, we calculated and compared
sensitivity, specificity, positive predic-
tive value, negative predictive value,
and accuracy for hematoma expan-
sion. All 95% CIs were obtained by ex-
act binomial methods. Comparison of
the sensitivity, specificity, positive
predictive value, negative predictive
value, and accuracy percentages be-
tween LmA and HmA was performed
by using the x* test. A P value < .05
was considered statistically significant.

RESULTS

A total of 2381 consecutive patients with primary ICH were
screened. After application of the eligibility and exclusion cri-
teria, 709 patients were available for the analyses (Fig 2). There
were 288 patients included in the LmA group and 421 included
in the HmA group. The baseline characteristics of the study
population are listed in Table 1. Hematoma expansion oc-
curred in 121 (17.1%) patients, and at least 1 spot sign was
detected in 122 (17.2%) scans. Interrater and intrarater reli-
ability measures for spot sign detection were excellent (k =
0.85 and k > 0.90, respectively). Median time from symptom
onset to CTA was 5 hours (interquartile range 3—10 hours).
Table 2 illustrates the comparison between LmA and HmA
demographic, clinical, and imaging characteristics. We ob-
served a higher number of spot sign positive scans in the LmA
group compared with the HmA group (60/288 [20.8%] versus
62/421 [14.7%], P = .034), whereas no differences were noted
in the frequency of hematoma expansion (53/288 [18.4%] ver-
sus 68/421 [16.2%], P = .434).

The diagnostic performance of spot sign in predicting ICH
expansion stratified by tube current levels is shown in Table 3. The
LmA setting was associated with a higher frequency of false-pos-
itive cases (36/288 [12.5%] versus 31/421 [7.4%], P = .022) and
the false-negative proportion was similar between the 2 groups
(29/288 [10.1%] versus 37/421 [8.9%], P = .564). At HmA level,
spot sign showed significantly superior specificity than at LmA
level (91% versus 84%, P = .015). The overall accuracy was supe-
rior in HmA scans (84% versus 77%, P = .038).

Because there are multiple definitions of ICH expansion, we
repeated the analyses using another commonly used definition:
absolute growth > 12.5 mL or relative growth > 33%.'” We con-
firmed the superior specificity (91% versus 83%, P = .004) and
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Table 2: Patient characteristics stratified by tube current

umes. Another possible explanation is

Characteristic LmA HmA PValue  the well-known inverse relationship
No. of patients 288 421 between image noise and CT tube cur-
Age, median (IQR) (y) 74(62-82) 73(62-82) 904 rent.'>'"?? Severe background noise
ng, male (n) (%) ' 163 (56.6) 233 (55.3) 741 in the LmA group might have led to
History of hypertension (n) (%) 219 (76.0) 334(79.3) 299 d . ffal ons b ¢
Antiplatelet treatment (n) (%) 123 (427) 191(45.4) 484  detection offalse spotsigns because o
Anticoagulant treatment (n) (%) 49(17.0) 83(19.7) 364 increased graininess of the scan. In-
Admission INR (median) (IQR) 1.03 (1.00-1.20) 110 (1.00-1.20) 331 deed, despite the higher rate of spot
ICH location 227 sign detection, the LmA setting was

Lobar 130 (45.1) 216 (51.3) not associated with a significant gain

Deep 128 (44.4) 171(40.6) . e .

Infratentorial 30 (10.4) 34(8]) in sensitivity comparing the 2 current
IVH presence (n) (%) 138 (47.9) 174 (413) 083  settings. Conversely, the specificity
Baseline ICH volume (median) 18 (6-46) 15 (6-36) .018 and overall diagnostic accuracy were

('QR) (ml) _ significantly better in the HmA group.
Baseline IVH volume (median) 0(0-7) 0(0-3) 074 The observed difference between the

(IQR) () diagnostic performances of the 2 cur-
Time from symptom onset to 5(3-10) 5(3-10) 342 8 P

CTA (median) (IQR) (h) rent settings may be driven by the
CTA spot sign presence (n) (%) 60 (20.8) 62(147) .034 higher frequency of false-positive
ICH expansion (n) (%) 53(18.4) 68(16.2) 434 cases in the LmA group. In other
CTDl,q (mean = SD) (mGy) 433x89 714x98 <.001 words, the fact that sensitivity was not
DLP (mean = SD) (mGy X cm) 12583 = 6183 23421 + 8647 <.001

Note:—CTDl, indicates volume CT dose index; DLP, dose-length product; INR, international normalized ratio; IQR,

interquartile range; IVH, intraventricular hemorrhage.

Table 3: Spot sign prediction of hematoma expansion®

affected suggests that if contrast ex-
travasates into the hematoma, it can be
successfully detected even with LmA
imaging. However, HmA may opti-

Variable LmA HmA PValue  mize the ability to distinguish such
No. of patients 288 421 contrast from natural heterogeneity of
Sensitivity (95% Cl) 0.45(0.32-0.59) 0.45(0.34-0.58) 973 the hematoma and avoid the detection
Specificity (95% CI) 0.84(0.79-0.89) 0.91(0.88-0.94) 015 ,
Positive predictive value (95% Cl) 0.40 (0.28-0.53) 0.50 (0.37-0.63) 267 offalsespotsigns. It may be that dual-
Negative predictive value (95% CI) 0.87 (0.82-0.91) 0.90 (0.86-0.93) 367 energy CT can help address this issue
Accuracy 0.77 0.84 .038 by distinguishing contrast from blood

2 Significant expansion was defined as >30 % or >6 mL increase from baseline hematoma volume.

accuracy (84% versus 76%, P = .008) of HmA scans with no
significant differences in sensitivity, positive predictive value, and
negative predictive value (all P values > .1).

DISCUSSION

This study investigated the relationship between CTA tube cur-
rent, spot sign detection, and diagnostic accuracy for predicting
ICH expansion. We found that the tube current level had a rele-
vant influence on spot sign detection and diagnostic accuracy of
CTA spotsign. In particular, CTA acquired with high tube current
levels (=350 mA) showed higher specificity.

Our results are consistent with previous findings on the rela-
tionship between CT tube current, radiation delivery, and image
quality. CTA is a commonly available tool for the emergency
work-up of patients with ICH, but additional radiation exposure
is one of the main drawbacks of this technique.'® CT tube current
is directly associated with radiation exposure in a linear, dose-

dependent relationship,'"*"”

and as expected, we observed a sig-
nificantly higher radiation dose in the HmA group. Decreasing
CT tube current results in increased image noise and inferior
quality of CTA images.'”*°

In our study, the presence of at least 1 spot sign was signif-
icantly more frequent in the LmA group. Baseline hematoma
volume is a strong predictor of spot sign presence”' and hema-
toma expansion.'” Therefore, this finding may simply reflect

that patients in the LmA group had higher baseline ICH vol-
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in a more robust way.>>**

Several CTA acquisition parame-
ters can be varied to reduce the radiation dose without com-
promising the image quality.>> Our results suggest that if the
goal of CTA is to detect spot signs, such dose reduction comes
at a cost.

CTA is widely used in the work-up of ICH,*® and the CTA spot
sign is a promising marker for early identification of patients with
ICH who have the greatest opportunity to benefit from anti-ex-
pansion therapies.”””*® Therefore, patients with a false-positive
spot sign may be exposed to potentially harmful anti-expansion
hemostatic treatments despite having a low probability of hema-
toma expansion.

The only multicenter study focused on spot sign as a predictor
of hematoma expansion’ had inferior diagnostic accuracy com-
pared with single-center studies.™'®'” Heterogeneity in the CTA
acquisition protocols and image quality across various institu-
tions might have accounted for these differences. The results of
our study and the above-mentioned issues suggest the need to
develop a standardized CTA acquisition protocol to optimize spot
sign detection in patients with ICH.

Some limitations of the present study should be mentioned.
First, this was a nonrandomized, single-center, prospective ob-
servational study with retrospective analysis of the data. In
addition, the number of patients in the LmA group was rela-
tively small. Therefore, it is best interpreted as hypothesis gen-
erating, and the findings need to be confirmed by future stud-



ies. Second, the most relevant change in our institution’s CTA
protocol was the introduction of 90-second-delayed CTA im-
ages. Such images are known to capture additional spot signs,*’
and it may be that the influence of current on spot sign detec-
tion is different when such images are taken into account.
Third, image noise and quality were not objectively measured,
so we can only speculate that image graininess and increased
background noise are the mechanisms responsible for lower
accuracy observed in the LmA group. Fourth, CTA tube cur-
rent is not the only determinant of image quality, and other
factors not considered in this study, such as different scanner
models and contrast types, also may influence diagnostic accu-
racy. Finally, our study was designed to explore the possibility
that excessive lowering of tube current reduces the diagnostic
accuracy of spot sign rather than to define the optimal balance
between radiation exposure, image quality, and clinical out-
come. Therefore, we are not able to evaluate the clinical impact
of improving CTA specificity and accuracy.

CONCLUSIONS

CTA acquisition protocol influences spot sign detection and
accuracy in predicting hematoma expansion. If confirmed, our
findings may have important implications for future studies
using the CTA spot sign to predict hematoma expansion. Fur-
ther investigations are needed to establish the optimal balance
between radiation delivery, image quality, and diagnostic
performance.
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ORIGINAL RESEARCH
ADULT BRAIN

Discordant Observation of Brain Injury by MRI and Malignant
Electroencephalography Patterns in Comatose Survivors of
Cardiac Arrest following Therapeutic Hypothermia

).M. Mettenburg, ““'V. Agarwal, ““’M. Baldwin, and “*').C. Rittenberger

o=

ABSTRACT

BACKGROUND AND PURPOSE: Malignant electroencephalography patterns are considered predictive of poor outcome in comatose
survivors of cardiac arrest. We hypothesized that malignant patterns on electroencephalography are associated with evidence of more
severe brain injury on MR imaging.

MATERIALS AND METHODS: Retrospective review of clinical, imaging, and electroencephalography data of 33 adult comatose survivors
of cardiac arrest following therapeutic hypothermia was performed. Outcomes measured included discharge destination and survival.
Imaging studies were visually scored for severity of brain injury. Mean whole-brain apparent diffusion coefficient and percentage of
severely injured brain (ADC < 700 X 10 ~¢ mm?/s) were calculated. Continuous electroencephalographic interpretation was characterized
as malignant or nonmalignant. Nonparametric tests were performed to assess the relationship of patient outcome, MR imaging, and
electroencephalography patterns.

RESULTS: Subjects with anatomic evidence of diffuse brain injury were less likely to have malignant electroencephalography
patterns. Subjects with malignant electroencephalography patterns, invariably associated with bad outcomes, were observed to
have whole-brain apparent diffusion coefficient measures similar to those in subjects with nonmalignant electroencephalography
patterns and good outcome and different from those in subjects with nonmalignant electroencephalography patterns and bad
outcomes. Regional hippocampal or basal ganglia injury was associated with a bad outcome regardless of electroencephalography
findings.

CONCLUSIONS: We found discordant evidence of brain injury by MR imaging and electroencephalography, refuting our initial hypoth-
esis. Malignant electroencephalography patterns were generally more frequent in subjects with less severe brain injury by MR imaging.
These findings suggest a complementary role of MR imaging and electroencephalography and support the aggressive treatment of
malignant electroencephalography patterns in this population.

ABBREVIATIONS: EEG = electroencephalography; GPD = generalized periodic discharges; wbADC = whole-brain apparent diffusion coefficient

Prognostication of survival and functional outcome in coma-
tose survivors of cardiac arrest is challenging. A multimodal
approach to prognostication, including continuous electroen-
cephalography (EEG) patterns, clinical assessment of initial ill-
ness severity, MR imaging, spontaneous and evoked potentials,
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and serum biomarkers, has been recommended.' > The role of MR
imaging is not standardized despite relatively good sensitivity and
specificity documented in studies performed before routine thera-
peutic hypothermia.”” However, brain imaging and malignant EEG
patterns following therapeutic hypothermia have not been compre-
hensively described, to our knowledge. We hypothesize that malig-
nant EEG patterns are associated with greater extent of brain injury
evident on MR imaging, which would explain the typically poor out-
comes within this subset of patients. Understanding the relationship
between these modalities may establish an evidenced-based role for
MR imaging in prognostication following cardiac arrest.

MATERIALS AND METHODS
This study was approved by the University of Pittsburgh institu-
tional review board. Informed consent was not required by the
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institutional review board for this retrospective study because
these data are included as part of an ongoing quality-assurance
initiative.

Study Population

All subjects were comatose adults 24— 80 years of age admitted at
a single tertiary care center following resuscitation from an in- or
out-of-hospital cardiac arrest between April 14, 2010, and Octo-
ber 29, 2011. All subjects underwent a standardized care plan
including therapeutic hypothermia for 24 hours with a target
temperature of 33°C.® This plan includes aggressive coronary re-
vascularization for patients with coronary ischemia, given its as-
sociation with improved outcomes.” MRI and EEG were ordered
at the discretion of the attending physician, and only individuals
with both continuous EEG and MR imaging were included. Con-
tinuous EEG monitoring was performed for at least 48 hours and
was initiated within a median time of 9 hours.'® EEG recordings
were continued beyond 48 hours in those with malignant EEG
patterns.

Demographics, Details of Cardiac Arrest, and Outcome

A review of the clinical record was performed to obtain the fol-
lowing: age, sex, initial cardiac rhythm, survival, disposition at the
time of hospital discharge, EEG pattern, time from arrest to MR
imaging, Glasgow Coma Scale at the time of MR imaging, and
length of stay in the hospital. Demographics were compared be-
tween groupings on the basis of clinical outcome and EEG pat-
terns by using nonparametric Kruskal-Wallis and Fisher exact
tests. Outcome was based on survival and disposition at the time
of hospital discharge.'' A good outcome was defined as survival
with discharge home or acute inpatient rehabilitation. Other
dispositions, including death, persistent vegetative state, and
nursing home admission, were considered bad outcomes (On-
line Table 1).

EEG Interpretation

EEG interpretations were characterized as previously de-
fined.”'® EEG data and reports were analyzed and classified by
using 3 EEG categories, depending on the presence of malig-
nant EEG patterns, pure suppression burst, or nonmalignant
EEG patterns. We characterized the following EEG patterns as
malignant: seizures, generalized periodic discharges (GPD),
status epilepticus, and myoclonic status epilepticus. The EEG
classification definitions are based on the American Clinical
Neurophysiological Society Standardized Critical Care EEG
Terminology to define equivocal patterns seen in patients with
encephalopathy and for management of status epilepticus.'*" ">
All EEGs were independently reviewed by a board-certified
neurophysiologist with specialization in EEG and with exper-
tise in postarrest EEG interpretation (M.B.).'® The electro-
physiologist reviewing these studies may have provided the
initial clinical interpretation; however, determination of ma-
lignant patterns was performed at a time remote from the ini-
tial clinical presentation and was blinded to the patient’s out-
come and initial presentation.
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MR Imaging and Analysis

All included subjects underwent clinical MR imaging of the brain
during their hospitalization, with typical imaging parameters
(Optima 450w 1.5T; GE Healthcare, Milwaukee, Wisconsin; DWI
acquisition parameters: b-value = 1000, 3 directions, TR = 8000
ms, TE = minimum, FOV = 26, 5/1 section/gap with a 128 X 128
matrix size, asset-enabled for artifacts reduction; T2-FLAIR ac-
quisition parameters: TE = 120-160 ms, TR = 8000-10,000 ms,
TI ~ 2250 ms, FOV = 22, 5/1 section/gap with a 256 X 192 matrix
size, NEX = 1). The extent of supratentorial gyral restricted dif-

fusion was visually scored'”™"*

as subtotal or diffuse (examples in
Fig 1). The subtotal manifestations included a normal appearance
or restricted diffusion evident in focal areas, more posterior in-
volvement, or basal ganglia only. Involvement of the hippocam-
pus and basal ganglia (unilateral or bilateral) was recorded inde-
pendently. Diffuse gyral edema as evidenced by expansile gyral T2
signal abnormality and sulcal effacement, independent of DWI
findings, was recorded as present or absent. All images were visu-
ally inspected by 3 Certificate of Added Qualification—certified
neuroradiologists (J.M.M., V.A., H. Kale) who were blinded to
clinical data and whole-brain ADC measures; disagreement was
mediated by 2/3 consensus.

Whole-Brain ADC Measurements

ADC maps were retrospectively segmented by using a mask derived
from the FSL Brain Extraction Tool (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/BET) by using the BO image of the DWTI and threshold-
ing to include only voxels with ADC < 1000 X 10~° mm?/s, to
exclude CSF-containing spaces. All extracted and thresholded ADC
maps were visually inspected for artifacts or errors of processing.
Whole-brain mean ADC (wbADC) values were generated by using
fslstats (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). In addition, the
percentage of whole-brain voxels with ADC values <700 X10~°
mm’/s was determined by dividing the number of voxels in the brain
below 700 X 10~° mm?/s by the total number of voxels contained in
the extracted and thresholded ADC maps.®

Statistical Analysis

Subjects were divided according to patterns of brain injury ob-
served by MR imaging: diffuse cortical restricted diffusion com-
pared with those with no, focal, or posterior patterns of restricted
diffusion; the presence or absence of hippocampal injury on
DWI/ADC; and the presence or absence of gyral edema. Fisher
exact test analyses of the association of EEG patterns with imaging
findings were performed.

Values of wbADC were compared among the following sub-
jects: 1) those with a malignant EEG pattern, 2) those without a
malignant EEG pattern who had a good outcome, and 3) subjects
without a malignant EEG pattern who had a bad outcome. There
were no subjects with a malignant EEG pattern and a good out-
come. Median values and interquartile ratings of wbADC were
determined; nonparametric Kruskal-Wallis testing was per-
formed to evaluate the distribution of observed values across
groups, including age, time from arrest to MR imaging, and whole
brain ADC measures. The Pearson correlation coefficient was cal-
culated to determine the relationship of mean whole-brain ADC
and time from arrest to MR imaging.


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils

FIG 1. Selected examples of patterns of DWI, ADC, and T2-FLAIR abnormalities in subjects with-
out (A) and with (B—D) malignant EEG patterns (longitudinal bipolar montage [low-frequency filter,
1Hz; high-frequency filter, 70 Hz; 60-Hz notch on; sensitivity, 7 uV/mm]). All of these subjects had
bad outcomes (death, coma, or persistent vegetative state at discharge). A, Diffuse gyral edema
and restricted diffusion, wbADC = 666 X 10~ ¢ mm?/s. EEG (nonmalignant) pattern of diffuse
background slowing. B, Focal diffusion abnormality involves the sensorimotor cortices, wbADC =
835 X 10~ ® mm?/s. EEG demonstrates a (malignant) suppression burst pattern. Bursts are associ-
ated with clinical jerks. C, Essentially normal MR imaging appearance of the brain, wbADC = 782 X
10~¢ mm?/s. EEG demonstrates a (malignant) pattern of generalized periodic discharges. D, Pos-
terior (parietal) diffusion abnormality with little gyral edema, wbADC = 824 X 10~ ¢ mm?*/s. EEG

(malignant) pattern of GPDs.

RESULTS

No subjects were excluded after visual inspection of masked and
thresholded ADC maps for artifacts or obvious errors. Basic de-
mographics comparing the groupings on the basis of a malignant
pattern of EEG and outcome are presented in Table 1. Length of
stay did not differ among the 3 groups. The Glasgow Coma Scale
score on the day of MR imaging did not differ between those with
malignant or nonmaliganant EEGs who experienced poor neuro-
logic outcomes.

EEG Pattern and Outcome

Among the 9 patients with malignant EEG patterns, all (100%)
had bad outcomes. Among the 24 patients with nonmalignant
EEG patterns, 12 had bad outcomes (P = .012, Fisher exact test).
Of note, all except 1 of the patients with a malignant pattern

demonstrated GPDs alone (see exam-
ples, Fig 1C, -D). The remaining pa-
tients’ continuous EEGs demonstrated
epileptiform discharges and myoclonic
status epilepticus in addition to GPDs
(Fig 1B).

Patterns of Brain Injury Associated
with Groupings Based on EEG
Pattern and Outcome

Table 2 demonstrates associations of
patterns of brain injury evident on MR
imaging with groupings based on EEG
patterns and outcome. There was no
significant difference in the presence
or absence of diffuse gyral edema
among the groups; however, there
were significant differences based on
the pattern of restricted diffusion and
evidence of either basal ganglia or hip-
pocampal involvement.

Whole-Brain ADC Measures

There were no subjects with a good out-
come and malignant EEG patterns. The
distribution of the number of days from
arrest to MR imaging was not signifi-
cantly different among groups on the
basis of outcome and EEG findings.
There was no significant correlation of
mean wbADC values with the time from
arrest to MR imaging (Pearson r =
0.22).

Nonparametric testing of the distri-
bution of mean wbADC and percentage
of brain voxels with ADC values <700 X
10~° mm?/s between groups based on
outcome and EEG patterns resulted in P
values of .151 and .082, respectively (Fig
2). There was a large variance evident in
the population with nonmalignant EEG
and bad outcome.

DISCUSSION
This study demonstrates a discordant pattern of brain injury
demonstrated on MR imaging, continuous EEG patterns, and
outcome in comatose survivors of cardiac arrest. While this and
other studies have demonstrated that a malignant EEG pattern is
associated with poor outcome, it was assumed that the underlying
brain injury evident by MR imaging was also severe and exten-
sive.'®?*?! Our study suggests otherwise. Although associated
with poor outcomes, patients with malignant EEG patterns were
observed to have less extensive evidence of structural brain injury
by MR imaging, despite similar Glasgow Coma Scale scores at the
time of MR imaging.

Under the current clinical protocol, continuous EEG is ob-
tained during the first 48 hours, including a period of therapeutic
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Table 1: Demographics of groups based on EEG pattern and outcome®

Malignant Malignant Nonmalignant Nonmalignant P
EEG (n=0) EEG (n=9) EEG (n=12) EEG (n=12) Value
Outcome Good Bad Good Bad
Age (median) (IQR) NA 50 (42.5-59.5) 53.5 (43.5-63.0) 58.5 (43-66.0) 252
Female (No.) (%) NA 8(89) 4(33) 6(50) 051
Arrest to MRI (median days) (IQR) NA 3(2.5-5.0) 5(4.3-10.3) 4(3-4) .065
Length of stay (median days) (IQR) NA 9 (5-18) 23 (13-27) 13.5 (6-24.5) .077
GCS at time of MRI (median score) (IQR) 4(3-6) 10° (8.5-14) 6(3.5-8) 0014
Rhythm of arrest (No.)
Asystole NA 2 3 3 7
PEA NA 2 1 4
VF/VT NA 4 6 5
Unknown NA 1 2 0
Location of arrest (No.)
In hospital NA 2 1 3 .53
Out of hospital NA 7 1 9

Note:—IQR indicates interquartile range; PEA, pulseless electrical activity; VF/VT, ventricular fibrillation/ventricular tachycardia; NA, not applicable; GCS, Glasgow Coma Scale.
2 There were no individuals with malignant EEG and good outcome in this cohort. There were no significant differences by groupings using Kruskal-Wallis and Fisher exact tests
for nonparametric analysis of continuous and categoric variables, respectively; sex and days from arrest to MRI were nearly significant with P = .051 and .065, respectively.

b P < .01 for comparison with the bad outcome groups; nonsignificant difference between the bad outcome groups.

Table 2: Patterns of brain injury evident on MRI with groupings based on EEG and outcome

with the Fisher exact test

matter lesions only, and metabolic or
electrophysiologic etiologies were also

Malignant Malignant Nonmalignant Nonmalignant P

implicated in GPDs.”>”! These findings

EEG(n=0) EEG(n=9) EEG(n=12) EEG(n=12) Value  suggest a role for the coordination of

Outcome Good Bad Good Bad cortical and subcortical/brain stem
No. with diffuse pattern of NA 0(0) 1(8.3) 5(41.7) .05 structures in maintaining healthy net-

restricted diffusion (%) kel hysiol
No. with diffuse patternof ~ NA 3(33) 1(7) 6(50) 25 work electrophysiology.

gyral edema (%) This discordant findings of malig-
No. with restricted diffusion ~ NA 4 (44) 1(17) 10 (83) .005 nant pattern/poor outcome and rela-

in basal ganglia (any) (%) tively benign MR imaging appearance
No. with restricted diffusion ~ NA 1(1) 0(0) 5(50) .009

in the hippocampi (%)

may explain, in part, why the prognos-

Note:—NA indicates not applicable.

hypothermia. Our findings suggest that a malignant EEG pattern
may not reflect diffuse cortical injury. Patients with malignant
EEG patterns do not reliably demonstrate MR imaging evidence
of anatomic injury. Therefore, mechanisms other than cortical
injury may influence the development of malignant EEG patterns.
Aggressive pre-emptive treatment to prevent the development or
persistence of malignant EEG patterns may also prevent addi-
tional brain injury and improve patient outcomes.”*
Dysregulation of electrophysiology networks, leading to peri-
odic-type malignant patterns, may contribute to a comatose state
in the absence of anatomic injury evident by MR imaging. The
underlying mechanism generating these patterns is not well-un-
derstood but is supported by the observation that most patients
with epilepsy do not have lesions. Furthermore, injured subcorti-
cal and brain stem generators of electrophysiologic activity may
contribute to malignant patterns when disproportionately af-
fected, compared with cortical structures. Cobb and Hill** first
proposed a theory of “cortical isolation,” suggesting that severing
connectivity between the cortex and subcortical structures re-
sulted in periodic patterns. These cortical-subcortical networks
have been characterized in preclinical models of seizures,”**° and
others have reported periodic EEG patterns generated by injury to
cortical-subcortical white matter in the absence of cortical in-
jury.””*® Gloor et al*” reviewed postmortem examinations of pa-
tients with periodic lateralized epileptiform discharges and saw gray
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tic value of MR imaging and ADC
mapping has been limited by a poor
predictive performance, given a large
number of false-negatives (ie, individuals with relatively nor-
mal-appearing findings on MRI yet with poor outcome).>”??
Although some of these patients die from causes unrelated to
ongoing CNS pathology, diffuse cortical brain injury may be
incompatible with the generation of malignant EEG patterns,
whereas focal insults and/or relative preservation of regions of
uninjured brain may predispose to the development of malig-
nant EEG patterns, in particular GPDs. Unfortunately, it is
unclear to what extent therapeutic hypothermia may alter
brain MR imaging findings after cardiac arrest. Given the re-
sults of the targeted temperature management trial,”” future
work may address this question.

Although nonparametric testing of whole-brain measures of
ADC did not reach a significance of P <.5 (Fig 2), there was a clear
disproportionate trend evident in the population with malignant
EEG patterns and bad outcome that was discordant from the pop-
ulation with bad outcome and no evidence of malignant EEG
patterns, best demonstrated by evaluation of the extent of ADC
values <700 X 10~ ° mm?/s. Future neuroprognostication tools
will need to characterize patients on the basis of clinical, electro-
physiologic, and neuroanatomic testing to determine optimal
therapy and predict outcomes.

Once thought to be a rare pattern, GPD has increasingly been
observed in patients in the intensive care unit due to more aggres-



FIG 2. Whole-brain median ADC values compared among groups based on a pattern of EEG and
outcome (median * interquartile ratio). A, Whole-brain ADC X 10~ ¢ mm?/s. B, Percentage of
brain voxels with ADC < 700 X 10~ ¢ mm?/s. There were no subjects with a malignant pattern and
good outcome. Mal indicates malignant EEG; NonMal, nonmalignant EEG.

sive continuous EEG monitoring. However, there is still no con-
sensus on the pathophysiologic generators of GPD, seen in diverse
settings: infectious processes (Creutzfeldt-Jakob disease, subacute
sclerosing panencephalitis), drug overdoses (lithium, ketamine,
phencyclidine, baclofen), anoxia (cardiac arrest), status epilepti-
cus, and metabolic states (hepatic and uremic encephalopa-
thy).?>?! GPD is associated with poor outcome following cardiac
arrest, except when observed in isolation.”* In our study, GPD was
common and associated with less extensive evidence of brain in-
jury by MR imaging. A prior study reported that 21.4% of patients
with GPD patterns had normal imaging findings.”® Hippocampal
DWI signal abnormality was more commonly associated with bad
outcome”” but was also significantly more frequent in those with-
out malignant EEG patterns.

Injury to the basal ganglia and hippocampus as evidenced by
restricted diffusion had a greater likelihood of a bad outcome,
though these findings were not uniformly associated with the
presence of a malignant EEG pattern. Regional variations in brain
injury have been shown in cardiac arrest preceded by respiratory
arrest,”® and hippocampal injury is associated with poor out-
come.”” Initial arrest may result in a watershed-type injury to
both hippocampi.>” Impaired bilateral limbic network function
may preclude meaningful recovery despite intact cortical net-
works and motor function. Such findings may reflect a different

mechanism of injury or may be related
to extracranial multiorgan dysfunction.
Within this retrospective cohort, there
was aggressive treatment of epilepti-
form activity with antiepileptic drugs,
which may alter the nature of ictal dis-
charges. However, 8 of the 9 subjects
with a malignant pattern demon-
strated this pattern on day 1, before
initiation of antiepileptiform drugs.
No EEG was obtained after day 3, indi-
cating that all malignant patterns were
successfully suppressed by this time.
However, some individuals may have
delayed development of malignant EEG
patterns not captured in this retrospec-
tive study but perhaps contributing to
subsequent imaging findings. Most im-
portant, these findings suggest that ana-
tomic lesions may not be good predic-
tors of pathologic electrophysiology.

One hypothesis is that abnormal in-
teractions between the “deranged cor-
tex” and deeper “triggering” structures
in the setting of increased local cortical
irritability likely contribute to periodic
patterns.””*® These abnormal interac-
tions may or may not be associated with
lesions evident on MR imaging. Herpes
encephalitis and posterior reversible en-
cephalopathy syndrome are processes in
which malignant EEG patterns can be
seen with normal MR imaging findings
and are potentially reversible. Quantita-
tive analysis of continuous EEGs may help clarify underlying neu-
ropathophysiology in cardiac arrest and subsequent resuscitation.
Complex patterns involving subcortical networks have been de-
scribed by Moretti et al*® in memory impairment and dementias.
This type of quantitative analysis may provide a fundamentally
different observation than the current qualitative assessment pre-
sented here.

The primary limitations of this study include a small sample
size and the retrospective nature of the study. There is a selection
bias against the most severely ill patients, who were perhaps never
imaged. Furthermore, the MR imaging and EEG interpretations
were available to the treating physicians and likely influenced de-
cisions to withdraw support, potentially resulting in a self-fulfill-
ing prophecy. However, length of stay did not differ among the
groups, suggesting that there was no systematic bias based on
early withdrawal of care, and the mean length of stay for all groups
substantially exceeded published clinical guidelines.*>*' Prospec-
tive studies including MR imaging and EEG are indicated to mit-
igate this potential bias. Whole-brain measures of ADC do not
evaluate regional brain injury. Future studies should evaluate
long-term outcomes at least 3 months postdischarge; the recovery
phase is dynamic and may require up to 1 year.*?

Early malignant EEG patterns identified within a subset of
comatose patients after cardiac arrest treated with therapeutic hy-
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pothermia are not associated with more extensive evidence of
brain injury on MR imaging. The prevalent recording of global
periodic discharges in this cohort suggests a possible metabolic or
reversible etiology for the periodic pattern, or intact cortex sal-
vageable if further injury is prevented. Regional injury to hip-
pocampal or basal ganglia structures may predict poor outcome
irrespective of EEG findings, potentially reflecting different
mechanisms of arrest. These findings demonstrate the impor-
tance of considering both EEG and MR imaging data for comatose
survivors of cardiac arrest and support aggressive treatment of
malignant patterns.

CONCLUSIONS

Patients with malignant EEG patterns were observed to have less
MR imaging evidence of brain injury yet remained associated with
poor outcome in this retrospective study. GPD, a pattern that was
previously considered rare, was the most common malignant pat-
tern observed. This electrophysiologic pattern may be more com-
mon in the posttherapeutic hypothermia era and may represent a
reversible injury. These findings demonstrate the importance of
integrating both EEG and MR imaging data when evaluating co-
matose survivors of cardiac arrest. Aggressive pre-emptive treat-
ment to prevent the development, persistence, or progression of
malignant EEG patterns may prevent additional brain injury and
improve patient outcomes.
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Magnetic Susceptibility from Quantitative Susceptibility
Mapping Can Differentiate New Enhancing from Nonenhancing
Multiple Sclerosis Lesions without Gadolinium Injection

Y. Zhang, ““S.A. Gauthier, ““A. Gupta, ““L. Tu, “). Comunale, ““G.C.-Y. Chiang, ““W. Chen, ““'C.A. Salustri,
W. Zhu, and Y. Wang
rqo-

ABSTRACT

BACKGROUND AND PURPOSE: Magnetic susceptibility values of multiple sclerosis lesions increase as they change from gadolinium-
enhancing to nonenhancing. Can susceptibility values measured on quantitative susceptibility mapping without gadolinium injection be
used to identify the status of lesion enhancement in surveillance MR imaging used to monitor patients with MS?

MATERIALS AND METHODS: In patients who had prior MR imaging and quantitative susceptibility mapping in a current MR imaging, new
T2-weighted lesions were evaluated for enhancement on conventional Tl-weighted imaging with gadolinium, and their susceptibility
values were measured on quantitative susceptibility mapping. Receiver operating characteristic analysis was used to assess the diagnostic
accuracy of using quantitative susceptibility mapping in distinguishing new gadolinium-enhancing from new nonenhancing lesions. A
generalized estimating equation was used to assess differences in susceptibility values among lesion types.

RESULTS: In 54 patients, we identified 86 of 133 new lesions that were gadolinium-enhancing and had relative susceptibility values
significantly lower than those of nonenhancing lesions (8 = —17.2; 95% Cl, —20.2 to —14.2; P < .0001). Using susceptibility values to
discriminate enhancing from nonenhancing lesions, we performed receiver operating characteristic analysis and found that the area under
the curve was 0.95 (95% Cl,0.92—0.99). Sensitivity was measured at 88.4%, and specificity, at 91.5%, with a cutoff value of 11.2 parts per billion
for quantitative susceptibility mapping—measured susceptibility.

CONCLUSIONS: During routine MR imaging monitoring to detect new MS lesion activity, quantitative susceptibility mapping can be used

without gadolinium injection for accurate identification of the BBB leakage status in new T2WI lesions.

ABBREVIATIONS: Gd = gadolinium; GRE = gradient echo; ppb = parts per billion; QSM = quantitative susceptibility mapping

Multiple sclerosis is an inflammatory disease of the central
nervous system, characterized by focal T-cell and macro-
phage infiltrates associated with demyelination."* Because stages
of relapse and remission alternate during disease progression,’

Received December 27, 2015; accepted after revision April 15, 2016.

From the Department of Radiology (Y.Z., W.C., W.Z.), Tongji Hospital, Tongji Medi-
cal College, Huazhong University of Science and Technology, Wuhan, China; De-
partment of Radiology (Y.Z., CA.S., Y.W.), Weill Cornell Medical College, New
York, New York; Departments of Neurology (S.A.G.) and Radiology (A.G.,J.C,,
G.C.-Y.C.), Weill Cornell Medical College, New York-Presbyterian Hospital, New
York, New York; School of Applied and Engineering Physics (L.T.) and Department
of Biomedical Engineering (Y.W.), Cornell University, Ithaca, New York; and
Institute of Cognitive Sciences and Technologies (C.A.S.), Fatebenefratelli
Hospital, Rome, Italy.

Authors contributed to this work in the following manner: Ms Yan Zhang, acquisi-
tion of data, analysis and interpretation of data, drafting the manuscript; Dr Susan
Gauthier, conception and design, acquisition of data, clinical study, revision of the
manuscript; Drs Ajay Gupta, Weiwei Chen, Joseph Comunale, and Gloria Chia-Yi
Chiang, acquisition of data, interpretation of image data, revision of the manu-
script; Mr Lijie Tu, acquisition of data, analysis of data, revision of the manuscript;
Dr Carlo Salustri, conception and design, analysis and interpretation of data, revi-
sion of the manuscript; Dr Wenzhen Zhu, conception and design, revision of the
manuscript, study supervision; and Dr Yi Wang, study concept and design, critical
revision of the manuscript for important intellectual content, study supervision.

1794 Zhang Oct 2016 www.ajnr.org

identification and characterization of active lesions are critical for
correct diagnosis and therapy.* In clinical practice, current active
lesion assessment is based on gadolinium (Gd) enhancement on
T1-weighted (TIWI+Gd) MR imaging. However, because Gd
enhancement reflects leakage of the blood-brain barrier, it is only
an indirect measure of inflammation that is preceded and out-
lasted by infiltration of immune cells.” The activation of resident
innate immune cells may not be captured on TIWI+Gd.° In ad-
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dition, concerns over repeat Gd exposure have recently been
raised in light of new data showing long-term Gd retention in the
brains of patients who have undergone multiple Gd injections,”®
including patients with MS in whom Gd retention seems to be
associated with degradation into secondary progression.” There
has been interest in identifying Gd-enhancing MS lesions without
the use of a contrast agent to reduce scan time, cost, and Gd
contraindications.'*""”

It is known that microglia and macrophages in an alternative
activation (M2 types) remove myelin debris from MS lesions
where they enter peripheral circulation'*'’; the classic proin-
flammatory activation (M1 type) tends to accumulate iron."®
Both myelin debris removal from and iron accumulation in active
MS lesions increase lesion magnetic susceptibility. Analyses of
tissue susceptibility changes in sensitive tissues by using gradient-
echo (GRE) MR imaging have demonstrated that during lesion
development, the magnetic susceptibility of an MS lesion as mea-
sured on quantitative susceptibility mapping (QSM) increases
rapidly as the lesion changes from gadolinium-enhancing to non-
enhancing.'®' This finding suggests that during MS lesion de-
velopment, changes in the Gd-enhancing pattern on T1WI can be
indicated by a susceptibility change measured on QSM. Accord-
ingly, this study was designed to assess whether QSM is a viable
technique to identify new enhancing MS lesions without Gd
injection.

MATERIALS AND METHODS

The Weill Cornell Medical College institutional review board ap-
proved this retrospective study and waived the requirement for
informed consent.

Patient Population

We examined MR images of patients with MS from August 2011
to January 2015 with at least 2 successive MR imaging sessions
that included T2-weighted, Gd-enhanced T1-weighted, and GRE
imaging. QSM was constructed in an automated manner from
GRE data by deconvolving phase with the dipole kernel that con-
nects tissue susceptibility with the magnetic field estimated from
the MR imaging phase.'”***> We compared the lesions on 2 suc-
cessive MRIs and identified patients with at least 1 new T2WI
lesion (ie, a lesion that was not present in prior brain MR imaging
in a follow-up MR imaging that was <1 year from the baseline
MR imaging). All the new lesions were then grouped into enhanc-
ing and nonenhancing on TIWI+Gd images.

MR Imaging Examination Protocol

All examinations were performed on a 3T MR imaging scanner
(Signa HDxt; GE Healthcare, Milwaukee, Wisconsin) with an
8-channel head coil. The sequences for each patient were the fol-
lowing: T2WI fast spin-echo, pre- and postgadolinium 3D inver-
sion recovery—prepared T1WI fast spoiled gradient-echo, and 3D
T2*WI spoiled multiecho GRE. Imaging parameters for the mul-
tiecho GRE sequence were as follows: TR, 57 ms; number of
echoes, 11; first TE, 4.3 ms; TE spacing, 4.8 ms; flip angle, 20°
bandwidth, 244 kHz; FOV, 24 cm; matrix, 416 X 320; section
thickness, 2 mm. The GRE sequence was performed before Gd
injection. The total imaging time was 16 minutes 30 seconds.

QSM was constructed from GRE data by using the morphol-
ogy-enabled dipole inversion.”* The images obtained by the other
modalities were registered to QSM by using the FMRIB Linear
Image Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk).*®

Data Analysis

After localizing all new T2WI lesions by comparing them with
their previous MRIs, 3 neuroradiologists (J.C., A.G., and G.C.-
Y.C, with 18, 9, and 8 years of experience, respectively) used the
TIWI+Gd images to classify those lesions as enhancing or non-
enhancing. They also classified all lesions on QSM as hyperintense
and isointense relative to the adjacent white matter. All differ-
ences in lesion classification were resolved by the majority.

One neuroradiologist (Y.Z., with 4 years of experience) drew
the areas of each localized lesion on the T2WI while blinded to the
Gd-enhancement classification. White matter regions without
abnormal signal on TIWI and T2WTI were identified as normal-
appearing white matter. For a zero reference, an ROI was chosen
on the normal-appearing white matter at the contralateral mirror
site of an identified lesion with a similar shape and size on T2WIL.
Then, the ROIs of lesions and normal-appearing white matter
references were overlaid on the QSM images by using a semiau-
tomatic software to assess the values of lesion susceptibility. Veins
or artifacts inside the ROIs were excluded by inspection.

Statistical Analysis

Using relative susceptibilities as a means for distinguishing en-
hancing from nonenhancing lesions, we assessed the receiver op-
erating characteristic to determine sensitivity, specificity, and the
optimal cutoff susceptibility value (in parts per billion [ppb]).
Bootstrapped estimates of the area under the curve and 95% con-
fidence intervals were produced to evaluate variance. The jack-
knife cross-validation technique was used to evaluate predictive
performance of the model. A generalized estimating equation was
used to predict QSM values from 3 lesion types: nodular, shell,
and nonenhancing. This model assumes a Gaussian distribution
and an exchangeable correlation structure to account for the mul-
tiple lesions per patient. The generalized estimating equation
analysis was also used to predict QSM values from enhancing and
nonenhancing lesions, accounting for repeat measurements per
patient. All statistical analyses were performed by using SPSS for
Windows (Version 16.0; IBM, Armonk, New York). P < .05 was
considered statistically significant. The accuracy for identifying
patients with enhancing lesions was also calculated.

RESULTS
From the eligible 482 patients with MS, we identified 55 patients
with atleast 1 new T2W1 lesion; there were 133 new T2WI lesions.
(One patient was excluded because of motion artifacts on GRE
images.) The mean age of the 54 remaining patients (11 men and
43 women) was 34.7 years = 8.1 (range, 2052 years). The disease
duration for these patients ranged from 0 to 18 years (mean,
5.71 £ 4.51 years) and the Expanded Disability Status Scale scores
ranged from 0 to 6. The Table shows the demographics of these
patients.

On TIWI+Gd, 86 (64.7%) of the 133 lesions from 33 patients
were identified as enhancing, and 47 (35.3%), as nonenhancing
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from 25 patients (4 patients had both enhancing and nonenhanc-
ing lesions), with complete agreement among the 3 readers. For
enhancing lesions, 69 (80.2%) of 86 were found to be isointense
on QSM, and 17 (19.8%), slightly hyperintense in contrast to
adjacent white matter. According to their enhancement on
TIWI+Gd, the enhancing lesions were divided into 69 nodular
and 17 shell. Thirteen of the 17 hyperintense enhancing lesions
were shell-enhancing. All 47 nonenhancing lesions were hyperin-
tense on QSM, but 4 (8.5%) of them were only slightly hyperin-
tense. Sample images are illustrated in Fig 1.

The mean susceptibility of the lesions relative to normal-
appearing white matter was 20.26 = 7.55 ppb for nonenhancing
lesions and 2.49 * 6.39 ppb for enhancing lesions (both nodular
and shell), and their distributions are illustrated by histograms in

Patient demographics

Patients with Patients with
Enhancing Nonenhancing
Lesions Lesions P Value
No. of patients 33 25
Sex (F/M) 285 18:7
Age (yr) (mean) 36.24 = 8.37 3240 = 6.43 .07
Disease duration 5.85 * 449 532 =4.05 .65
(yr) (mean)

EDSS (mean) 170 =157 150 * 1.69 .66

Note:—EDSS indicates Expanded Disability Status Scale.

FIG 1. MR images of enhancing and nonenhancing new MS lesions. TIWI+Gd (A), T2WI (B), and
QSM (C) in a 44-year-old woman with relapsing-remitting MS. Two enhancing lesions (A and B,
arrows) are found in TIWI+Gd. One is shell-enhancing (A, white arrow) and another is nodular-
enhancing (A, black arrow). The shell-enhancing lesion appears slightly QSM-hyperintense (C,
white box) and the nodular one appears QSM isointense (C, black box). TIWI+Gd (D), T2WI (E),
and QSM (F) in a 35-year-old woman with relapsing-remitting MS. Two new nonenhancing lesions
(D andE, arrows) are found in TIWI+Gd and T2WI compared with MR imaging 6 months prior. The
2 lesions both appear QSM-hyperintense with bright rims (F, arrows).
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Fig 2. In the generalized estimating equation analysis of lesion
susceptibility values among the 3 lesion types, both nodular-
enhancing (B = —19.6; 95% CI, —23.5 to —15.8; P < .0001)
and shell-enhancing lesions (8 = —13.5; 95% CI, —19.0 to —8.0;
P <.0001) had significantly lower susceptibility values compared
with nonenhancing lesions. In the generalized estimating equa-
tion analysis of susceptibility values between enhancing and non-
enhancing lesions, enhancing lesions had significantly lower sus-
ceptibility values compared nonenhancing lesions (8 = —17.2;
95% CI, —20.2 to —11.2; P < .0001). The exchangeable corre-
lation coefficient was 0.12 for the lesion-susceptibility model.

The receiver operating characteristic curve constructed from
the mean relative susceptibility values of lesions is shown in
Fig 3. The cross-validated area under the curve was 0.9530 (95%
CI, 0.9201-0.9859) and the bootstrapped area under the curve
was 0.9594 (95% CI, 0.9305-0.9884) for identifying enhancing
lesions from QSM-measured susceptibility values. A relative sus-
ceptibility cutoff of 11.2 ppb to distinguish enhancing from non-
enhancing lesions had a sensitivity and specificity of 88.4% and
91.5%, respectively.

DISCUSSION
Our data suggest that QSM and T2WI together allow accurate
identification of enhancing lesions in patients with MS without
Gd injection within new lesions on serial MR imaging. This may
be a potential clinical application of the
reported observation that the magnetic
susceptibility of an MS lesion increases
rapidly as it changes from Gd-enhancing
to nonenhancing.'”*' Our study sug-
gests that in serial MR imaging during
regular monitoring of patients with MS,
QSM may a substitute for Gd enhance-
ment in assessing inflammatory activity.
Enhancement on TIWI+Gd is the
current standard method to assess ongo-
ing CNS inflammation for monitoring
optimizing inflammation-suppressing
treatment. Following the initial inflam-
matory reaction, the BBB opens and im-
mune cells infiltrate the brain for about
3 weeks; therefore, TIWI+Gd may only
offer a small window into lesion pathol-
ogy.”° During this period, the microglia
and macrophages take up and degrade
myelin fragments; this process is re-
flected in the initial lack of change in the
susceptibilities of active lesions on QSM.
However, after the BBB seals, immune
cells remain active in the brain tissue.'”
For example, microglia and macro-
phages remove diamagnetic myelin
fragments, and at the same time or after-
ward, microglia and macrophage cells
with paramagnetic iron gather both at
the periphery and within a lesion to fur-
Thus,
both myelin debris removal and iron ac-

ther promote inflammation.'®



FIG 2. Susceptibility value histogram of enhancing and nonenhancing
new lesions. The x-axis is the susceptibility value in parts per billion.

FIG 3. Receiver operator characteristic curves for susceptibility rela-
tive to normal-appearing white matter to predict lesion-enhancing
status. The area under the curve is 0.9594 from bootstrapped model
and 0.9530 from the jackknife cross-validated ROCI.

cumulation likely contribute to the increase in lesion susceptibil-
ity observed on QSM. MS lesions are hyperintense for a few years,
typically with bright rims on QSM'?; these bright rims can be
interpreted as iron.”” Therefore, including QSM rather than Gd
enhancement alone, in an MR imaging protocol for patients with
MS may provide more detailed insight into early lesion dynamics
in MS.

There has been interest in reducing scan time and cost when
identifying the BBB leakage without Gd injection.'*"'* Getting rid
of the Gd injection may be necessary for patients with known
contraindications to Gd, including those patients who are allergic
to Gd or pregnant. Furthermore, the long-term safety of repeat
Gd injections has undergone scrutiny by the FDA because of re-
cent reports showing Gd accumulation in the brains of patients

with normal kidney function”® (http://www.fda.gov/Safety/
MedWatch/SafetyInformation/SafetyAlertsforHumanMedical
Products/ucm456012.htm). The mechanism of Gd retention is
not yet fully understood but may involve the Gd ion disassociat-
ing with the chelator in the contrast agent and binding to metal
transporter and storage proteins in brain tissue. Of particular
concern is that Gd accumulation in MS brains seems to be asso-
ciated with degradation into secondary progression.” Therefore,
alternative imaging strategies that accurately characterize MS dis-
ease activity without Gd should be actively investigated, estab-
lished, and disseminated to the MS community. Previous effort in
identifying Gd-enhancing lesions has not been satisfactory, yield-
ing a diagnostic accuracy of an area under the curve of 0.83 in
receiver operating characteristic analysis by using semiquanti-
tative and quantitative TIWIand T2WI'®'? and an accuracy of
72.1% by using diffusion-weighted imaging.'” Fundamentally,
relaxation time and the diffusion coefficient are proportional to
the correlation time, which reflects cellular content in a voxel and
cannot differentiate Gd-enhancing and nonenhancing lesions.
QSM used in this work reflects myelin debris removal and iron
accumulation in MS lesions and improves the diagnostic accuracy
to an area under the curve of 0.96, which may be accurate enough
to serve as an alternative method for monitoring new inflamma-
tory activity in patients with MS without Gd injection.

QSM used in this study is processed from complex data (both
real and imaginary or both magnitude and phase) acquired in
gradient-echo MR imaging.>® Because of its sensitivity to mag-
netic susceptibility, GRE has been used in previous studies to ob-
serve MS lesions.'”?%?#%¢ There are many ways to process or
present GRE data; however, some of them are not direct measure-
ments of tissue susceptibility. The commonly used magnitude
hypointensity (T2*-weighted) and phase contrast at a given voxel
depend on not only the tissue susceptibility in that voxel but also
that of the nearby voxels in a convoluted manner, as well as im-
aging parameters, including field strength, TE, and object orien-
tation. These blooming artifacts are problematic for depicting MS
lesions®” but are addressed in QSM by deconvolving GRE phase
data with the dipole kernel that connects tissue susceptibility with
the magnetic field estimated from the GRE phase.***’

In this study, we tried to connect QSM, a potential new bio-
marker for assessing inflammation in MS, with Gd enhancement,
which has been established in the clinical literature as a surrogate
indicator for inflammation.* It seems that there is enough tempo-
ral correlation between the 2 aspects of inflammation activity—
BBB leakage and myelin debris removal/iron accumulation. This
correlation may explain the very encouraging diagnostic sensitiv-
ity and specificity observed in this study when using only QSM to
identify enhancing lesions in serial MR imaging examinations of
new MS lesions. The evolution of an individual lesion in an MS
brain may be regarded as independent from other lesions in the
same MS brain,”® which may explain the observed similar areas
under the curve for both jackknifing and bootstrapping receiver
operating characteristic analysis.

This study has several limitations: 1) It was limited to assessing
new enhancing lesions without Gd by using QSM in serial MR
imaging. MS lesions older than 5 years may be chronically silent
and QSM-isointense,'? confounding the interpretation of acute
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lesions that are also QSM isointense on the first or a single MR
imaging. This outcome would limit the role of QSM to monitor-
ing new lesions in serial or longitudinal MR imaging. This serious
limitation requires us to continue seeking other non-contrast
agent MR imaging features that differentiate old chronic lesions
from new enhancing ones. Alternatively, because TIWI+Gd re-
flects the BBB leakage and QSM reflects myelin debris removal
and iron accumulation, it may be useful to integrate TIWI+Gd
and QSM information to form a comprehensive score to charac-
terize acute MS lesion activity. 2) The sensitivity was not perfect
because some new enhancing lesions demonstrated moderate hy-
perintensity on QSM, most of which (82.3%,14/17) were shell-
enhancing on TIWI+Gd instead of the common nodular-
enhancing type. Shell-enhancing lesions may be considered in the

26,37,38

late stage of enhancing lesions, when myelin debris with

negative susceptibility is being removed from the lesion and en-
ters the peripheral circulation.'®'” 3) While QSM data are ac-
quired by using the widely available 3D gradient-echo sequence
and are processed in an automated manner, MS lesion suscepti-
bility value measurement required manually drawing an ROI,
which is laborious and may be alleviated by automated or semi-
automated MS lesion ROI drawing tools. 4) This study is limited
in sample size. Future studies should include applying the suscep-
tibility cutoff value identified here to a larger cohort of patients
with MS for evaluating the diagnostic accuracy in identifying new
enhancing lesions.

CONCLUSIONS

QSM can be used in routine serial MR imaging monitoring of
patients with MS to accurately identify the BBB leakage of new
T2WI lesions without the use of a gadolinium contrast agent.

Disclosures: Susan A. Gauthier—UNRELATED: Consultancy: Biogen, Genentech,
Genzyme; Grants/Grants Pending: Biogen,* Genzyme,* Mallincrodt,* Novartis,*
EMD Serono.* Ajay Gupta—UNRELATED: Grants/Grants Pending: Foundation of
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supported by the National Natural Science Foundation of China (grant number
81401390).* Yi Wang—RELATED: Grant: National Institutes of Health (ROIEB013443,
ROINS090464)*; UNRELATED: Patents (planned, pending or issued): Cornell Univer-
sity,* Comments: | am one of the inventors on the QSM patent. No money has been
paid yet; Stock/Stock Options: Medimagemetric, Comments: partner ownership of
Medimagemetric LLC, which is interested in QSM commercialization. No money
paid. *Money paid to the institution.
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Regional Frontal Perfusion Deficits in Relapsing-Remitting
Multiple Sclerosis with Cognitive Decline
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ABSTRACT

BACKGROUND AND PURPOSE: Cortical dysfunction, quantifiable by cerebral perfusion techniques, is prevalent in patients with MS,
contributing to cognitive impairment. We sought to localize perfusion distribution differences in patients with relapsing-remitting MS with
and without cognitive impairment and healthy controls.

MATERIALS AND METHODS: Thirty-nine patients with relapsing-remitting MS (20 cognitively impaired, 19 nonimpaired) and 19 age- and
sex-matched healthy controls underwent a neurocognitive battery and MR imaging. Voxel-based analysis compared regional deep and
cortical GM perfusion and volume among the cohorts.

RESULTS: After we adjusted for localized volumetric differences in the right frontal, temporal, and occipital lobes, progressive CBF and
CBV deficits were present in the left middle frontal cortex for all cohorts and in the left superior frontal gyrus for patients with cognitive
impairment compared with patients without impairment and controls. Compared with healthy controls, reduced CBF was present in the
limbic regions of patients with cognitive impairment, and reduced CBV was present in the right middle frontal gyrus in patients with
cognitive impairment and in the temporal gyrus of relapsing-remitting MS patients without cognitive impairment.

CONCLUSIONS: Consistent regional frontal cortical perfusion deficits are present in patients with relapsing-remitting MS, with more
widespread hypoperfusion in those with cognitive impairment, independent of structural differences, indicating that cortical perfusion
may be a useful biomarker of cortical dysfunction and cognitive impairment in MS.

ABBREVIATIONS: BA = Brodmann area; DARTEL = Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra; HC = healthy controls; MNI =
Montreal Neurological Institute; qCBF = quantitative cerebral blood flow; qCBV = quantitative cerebral blood volume; RRMS = relapsing-remitting multiple sclerosis;

VBM = voxel-based morphometry

S is traditionally considered a demyelinating-inflammatory
WM disorder; however, GM involvement is recognized in
50%-93% of patients,l‘2 contributing to cognitive impairment,
which is present in 40%—68% of cases.”” Patients with MS may
display deficits in several cognitive domains, including working
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memory, learning and memory retrieval, executive function, and
especially information-processing speed.>>

Multiple studies have quantified the relative contributions of
WM T2 hyperintense lesions and, to a lesser extent, GM cortical
lesions to cognition in MS. The relationship between WM T2
hyperintense lesion burden and cognitive impairment is modest,’
and GM and WM damage may occur interdependently,’ with
cortical abnormalities reported in the absence of WM disease.”
Both atrophy and cortical lesion load are important predictors of
cognitive deficits in patients with MS®; nevertheless, cortical le-
sion burden is increasingly reported as a stronger and indepen-
dent predictor of cognitive performance in comparison with cor-
tical volume.®

Current clinical imaging techniques used for cortical lesion
detection, such as double inversion recovery, detect few lesions
(around 18%) compared with histopathologic studies.” Several
studies have proposed new strategies to detect cortical abnormal-
ities, including cortical lesion volume or more subtle ultrastruc-

10,11

tural (magnetization transfer ratio' ' and DTI'*"?) or perfusion
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abnormalities, in the clinical setting. GM is inherently sensitive to
perfusion changes caused by both physiologic and pathologic al-
terations, due to its high vascularity and metabolic activity. Cor-
tical perfusion can be evaluated with multiple imaging tech-
niques, including fMRI, arterial spin-labeling, and gadolinium-
based MR imaging techniques, such as DSC, which is the most
widely performed clinical perfusion technique. By using pre- and
postgadolinium scans to calibrate DSC, the bookend technique
offers accurate cerebral perfusion quantification with high PET
correlation and interobserver reliability.'*'”

Previous perfusion studies have shown that regardless of MS
clinical subtype, cerebral hypoperfusion is an early and integral

%17 “including in early relapsing-remitting MS

occurrence,
(RRMS), in which reduction may be seen in the absence of struc-
tural differences compared with healthy controls (HC)."® Studies
explicitly exploring cognitive impairment in both RRMS and sec-
ondary-progressive MS describe significant and focal frontal cor-
tical correlations between CBV and CBF reductions and cognitive
deficits.' 7!

In the present study, we sought to localize CBF and CBV in HC
and RRMS patients with and without cognitive impairment to
determine whether a similar pattern of involvement is present
compared with that previously reported for secondary-progres-
sive multiple sclerosis. We hypothesized that patients with RRMS
with cognitive impairment similarly exhibit localized frontal
cerebral CBF and CBV reduction in functionally consistent
brain regions, compared with patients without impairment
and HC. We further evaluated the consistency of the localized
findings before and after accounting for any structural group
differences.

MATERIALS AND METHODS

Patient Cohort

Thirty-nine patients with RRMS (modified McDonald criteria,
2010%%) were prospectively recruited during a 1-year period from
2 tertiary referral MS clinics at Sunnybrook and St. Michael’s
hospitals. Initially, 20 patients with cognitive impairment were
recruited followed by the remaining patients without impairment
and 19 HC (with no previous history of neurologic disorders)
who were selected to reflect the overall distribution of sex and age
of the impaired cohort. Charts of potential patients were reviewed
by a senior neurologist (20 years’ experience) before recruitment.
Exclusion criteria included relapse or corticosteroid use within
the past 3 months; history of drug/alcohol abuse; premorbid (pre-
MS) psychiatric history; head injury, including loss of conscious-
ness; concurrent morbidity; and MR imaging/gadolinium contra-
indications. All study participants were purposely recruited for
this study. At the time of consent, the small potential risks asso-
ciated with gadolinium injection were discussed, referencing
American College of Radiology and FDA communications. Con-
sent was obtained following confirmation of MR imaging (and
gadolinium) eligibility on the basis of a standardized MR imaging
contraindication questionnaire and glomerular filtration rate
determination. The study was approved by the research ethics
board of both Sunnybrook Health Sciences Centre and St. Mi-
chael’s Hospital, and informed consent was obtained from all
participants.

Neurocognitive Testing

All patients underwent clinical assessments within 1 week of im-
age acquisition, documenting demographic data and medical his-
tory, including relapse history. Disability was assessed by using
the Expanded Disability Status Scale.”” All participants were
tested by using the Minimal Assessment of Cognitive Function in
Multiple Sclerosis battery covering 5 cognitive domains: working
memory and processing speed (Paced Auditory Serial Addition
Test; Symbol Digit Modalities Test); learning and memory (Brief
Visual Memory Test-Revised; California Verbal Learning Test-
II); executive function (Delis-Kaplan Executive Function Sys-
tem); verbal fluency (Controlled Word Association Test); and
visuospatial perception (Judgment of Line Orientations).** Raw
scores of each individual test were converted to z scores by using
widely available normative data, which correct for age and sex.
Norms for 3 of the key components of the neurocognitive battery
(Paced Auditory Serial Addition Test; Symbol Digit Modalities
Test; Controlled Word Association Test) also correct for educa-
tion. Patients scoring 1.5 SDs below normative data on =2 cog-
nitive tests were considered cognitively impaired.>> The Hospital
Anxiety and Depression Scale was also administered.

MR Imaging Acquisition

All scans were acquired on a 3T MR imaging system (Achieva;
Philips Healthcare, Best, the Netherlands) with an 8-channel
phased array head coil receiver. Conventional MR imaging se-
quences were acquired for structural and lesion characterization,
including axial volumetric TSE T1 (TR/TE/flip angle = 9.5/2.3
ms/12°% FOV = 24 cmj; acquisition matrix = 256 X 219; section
thickness = 1.2 mm); axial proton-density/T2 (TR/TE/flip an-
gle = 2500/10.7 ms/90° FOV = 23 cmj; acquisition matrix =
256 X 263; section thickness = 3 mm); axial phase-sensitive
inversion recovery (TR/TE = 3374/15 ms; FOV = 23 c¢m; acqui-
sition matrix = 400 X 255; section thickness = 3 mm); and axial
field-echo echo-planar DSC (TR/TE/flip angle = 1633/30 ms/60°;
FOV = 22 cm; acquisition matrix = 96 X 93; section thickness =
4 mm; no gap; signal bandwidth = 1260 Hz/pixel; sections = 24).
A segmented inversion recovery Look-Locker EPI sequence was
performed immediately before and after the axial DSC sequence
(TR/TE/flip angle = 29/14 ms/20° TI = 15.8 ms; FOV = 22 cm;
acquisition matrix = 128 X 126; 15 lines in k-space per acquisi-
tion; section thickness = 4 mm; 60 time points). Ten milliliters of
1 mmol/mL concentration of gadobutrol (Gadovist; Bayer Scher-
ing Pharma, Berlin, Germany) was administered by power injec-
tor at a rate of 5 mL/s, followed by a 25-mL bolus of saline at 5
mL/s. Sixty images were acquired at 1.6-second intervals with the
injection occurring at the fifth volume. A 3-second delay was
placed after the last imaging time point to facilitate longitudinal
magnetization recovery.

Image Processing

Perfusion Maps. Quantitative CBF (qCBF) and CBV (qCBV)
maps were generated from the DSC and Look-Locker echo-planar
images (T1-weighted pre- and postgadolinium reference scans)
by using the bookend technique.'® Briefly, these Look-Locker EPI
scans allow DSC calibration, independent of an arterial input
function, by quantifying WM T1 signal changes relative to the
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blood pool to calculate the steady-state CBV in WM by using a
water-correction factor to correct for intra- to extravascular water
exchange. Deconvolution of tissue-concentration—time curves by
the arterial input function by using singular value decomposition
yields the relative CBF, while relative CBV is determined by cal-
culating the ratio of the area under the tissue-concentration—time
curve and the arterial input function. Final perfusion quantifica-
tion of qCBV and qCBF is then performed as previously
described.*

Lesion Load. Structural T1- and proton-density/T2-weighted
images were coregistered by using linear registration (SPM8 soft-
ware; http://www.fil.ion.ucl.ac.uk/spm/). Lesions were manually
traced with Analyze 8.0 software (AnalyzeDirect, Overland Park,
Kansas) by an experienced clinician (10 years’ experience) by us-
ing phase-sensitive inversion recovery for cortical lesion tracing
and proton-density/T2 and T1 scans for WM T2 hyperintense
lesions and T1 black hole tracing, respectively.

Voxel-Based Morphometry Analysis. Voxel-based morphome-
try (VBM) analysis was performed in SPM8 by using Diffeomor-
phic Anatomical Registration Through Exponentiated Lie Alge-
bra (DARTEL) and the unified segmentation model for structural

and perfusion images, respectively.””*®

Structural VBM. T1 structural images were segmented by using
both a unified segmentation model and DARTEL functions in
SPM8 and then checked for accuracy. A group-specific template
was created by using the DARTEL space segmentations. Each par-
ticipant’s native space segmentations were registered to this tem-
plate with a nonlinear transformation; then they were affine-
transformed into Montreal Neurological Institute (MNI, McGill
University) space before being smoothed with an 8-mm full width
at half maximum isotropic Gaussian kernel. The segmentations
were aligned to MNI152 space via the DARTEL template by using
the same transformations in a single step.

Perfusion VBM. A mean DSC series was constructed for each
patient by averaging the 60 EPI DSC acquisitions and then nor-
malizing them to MNI152 space by using SPM8. A group-specific
perfusion template was then created in MNI space. The DSC se-
quence was linearly registered to the group template by using the
FMRIB Linear Image Registration Tool (FLIRT; http://www.
fmrib.ox.ac.uk) followed by nonlinear intensity modulation and
multiresolution nonlinear registration with 4 subsampling
levels (FMRIB Nonlinear Registration Tool, FNIRT; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FNIRT).>® These sequences were smoothed
at each respective resolution level during the registration by using
full width at half maximum Gaussian kernels of 6, 4, 2, and 2 mm.
This transformation matrix was then applied to the intrinsically
coregistered bookend perfusion maps of qCBF and qCBV.

Statistical Analysis

Clinical and Demographic Measures. Demographic, neurologic,
and neuropsychological data were summarized in HC and pa-
tients with RRMS with and without cognitive impairment by us-
ing means and SDs for continuous variables and counts for cate-
goric variables. Statistical Analysis Software (SAS, Version 9.4;
SAS Institute, Cary, North Carolina) was used to compare each
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clinical, demographic, and volumetric measure among the 3
groups; general linear regression or logistic regression analysis
was applied for continuous or categoric variables. Any variables
demonstrating significant group differences (P < .017, P < .05
corrected for multiple comparisons among the 3 cohorts) were
included as covariates for the respective mass univariate analysis.

VBM Analysis. Perfusion maps and structural images were com-
pared by using the mass univariate technique used by SPM. On
the basis of previous research,'®'” we hypothesized cortical per-
fusion changes in the frontal cortex. With this a priori hypothesis,
VBM analysis was restricted to GM and clusters with =20 contig-
uous voxels, with a voxelwise P value threshold of P < .001 con-
sidered significant. VBM analysis was repeated for perfusion mea-
sures with structural findings as covariates. Brain regions
identified by SPM as statistically significant were identified by
using xjView software 8.12 (http://www.alivelearn.net/xjview).

RESULTS

Demographic, Clinical, and Volumetric Data

Demographic, clinical, and volumetric data are summarized in
Table 1. Similar group characteristics were present with the ex-
ception of lower education in patients with RRMS with cognitive
impairment compared with HC (P = .004). RRMS patients with
and without cognitive impairment scored higher on the anxiety
measure than HC (P = .0004 and P = .012, respectively), and
patients with cognitive impairment also showed higher depres-
sion scores compared with those with RRMS without impairment
and HC (P < .0001, P = .0001). Furthermore, patients with cog-
nitive impairment were more functionally disabled compared
with those without impairment (P = .014) as measured by the
Expanded Disability Status Scale. With respect to structural/vol-
umetric differences, patients with RRMS with cognitive impair-
ment had a reduction in WM (P = .008) and thalamic volume
(P = .014).

Neurocognitive Performance

There was no difference in cognitive performance between HC
and those with nonimpaired RRMS. Patients with RRMS with
cognitive impairment performed significantly worse on all cogni-
tive tests compared with both HC and those without impairment
(Table 1), except for the Delis-Kaplan Executive Function System
and the Judgment of Line Orientations test.

VBM Data (Perfusion and Structural)

Mass univariate SPM analysis detected significantly reduced
qCBF and qCBV in the left middle frontal gyrus (encompassing
Brodmann areas [BAs] 10, 11, 46) for all group comparisons
(Puncorrectea < -001). Patients with cognitive impairment showed
qCBF and qCBV reduction compared with those with RRMS
without impairment and HC in the bilateral superior frontal
gyrus (BAs 6, 8, 10), left fusiform gyrus (BA 20), and right limbic
lobe, including the cingulate gyrus (BA 24).

Compared with unimpaired RRMS, those with RRMS and
cognitive impairment showed lower qCBF in the left thalamus
(including the medial dorsal nuclei) and lower qCBV in the right
anterior cingulate (BA 25), left posterior cingulate (BA 31), right
inferior parietal lobule (BA 40), right lingual gyrus, and left cau-



Table 1: Demographic, neurologic, and neuropsychological data of healthy controls and

patients with RRMS?®

impairment compared with both pa-
tients without impairment and HC

Cognitivgly Co;nitively (Figure and Table 2). Patients with cog-
Healthy Controls Nonimpaired Impaired RRMS o . . .
(n=19) RRMS (n = 19) (n = 20) nitive impairment continued showing
Demographic and clinical data qCBYV deficits in the right lingual gyrus
Age (yr) 490 + 7.1 464 +72 481+ 47 (with additional qCBF reduction in the
Sex (F/M) 14:5 15:4 12:8 left BA 18), right inferior parietal lobule
Education (yr) 16.9 + 2.9° 161+13 14.6 +19° (BA 40), and left fusiform gyrus (BA 20)
EIIDSSeSase duration (yr) Eﬁ ]}Z f (5);( 12]2 f ggc and qCBF reductions in the caudate
HADS-Anxiety 44+ 4309 6.?;7 ; 3:-|d 8:5 ; 3:713 head and thalamic medial dorsal nuclei
HADS-Depression 23+23° 35+32° 7.6 +2.9°¢ in comparison with those with RRMS
Treatment NA without impairment, and decreased
B-interferon 4(21%) 3(15%) qCBF in the right middle frontal gyrus
Other immune suppressors 11(58%) 12 (60%) (BA 6) and decreased qCBV in the left
None 4(21%) 5 (25%) . .
Presence of enhancing lesions NA 1(5%) 5(25%) parahippocampal gyrus (BA 28) in com-

Volumetric data (cm?)

parison with HC. Reduced qCBV in cog-

GM 653.37 + 81.51 618.83 =53.94  605.09 * 60.90 nitively impaired compared with non-
WM 45822 + 65.02° 42184 +39.29  414.53 + 71.56° impaired patients with RRMS was
BG 1941 % 2‘75b 18.68 £ 2.5 18.04 = 2'93b present in the left inferior frontal gyrus
Th 9.83 =192 914 +198 791+188 L .

L 0.00 + 0.00° 012+ om 022+03¢>  (BA 46) and diminished qCBF, in the
T2H 0.00 = 0.00° 9.37 +10.02 13.47 + 13.30° right caudate body. Compared with HC,
Tibh 0.00 + 0.00° 321+ 298 585+ 6.77° patients without impairment showed
CSF 320.89 +21043° 35322 £ 13171 40029 *173.78°

Neurocognitive tests (z score)

reduced qCBF in the superior temporal
lobe (BA 38).

COWAT-FAS —0.67 = 0.83 —0.26 +1.06° —116 = 0.89°

COWAT-Animals —0.13 f ].14b —0.41 f 0‘95; —0.59 f ”8Cbc

BVMTOR Tos=iit  omprorr  lepeiapc DISCUSSION
PASAT-3 —039 + 0.94° 005+ 06 171+ 0gy>c  Consistent perfusion deficits in the
PASAT-2 —0.21+ 0.89° —0.26 + 0.66° —1.80 + 0.57°¢ frontal cortex are present in patients
JLO —0.98 +0.20 —0.83 = 0.56 —0.40 = 0.67 with RRMS independent of global or re-
SDMT —014 f 0-92bb —0.02 f 0'755 —180 f ”7b:c gional atrophy. Significantly different
VT Il OR Conzos  omraor  ampwigee  AndprosesiveqCBand gCBV reduc
DKEFS-ST —0.51+ 073 —-026+061  —020*125 tion among all groups was demon-

strated in the middle frontal cortex and

Note:—NA indicates not applicable; EDSS, Expanded Disability Status Score; HADS, Hospital Anxiety and Depression

Scale; COWAT, Controlled Oral Word Association Test; BVMT, Brief Visuospatial Test- Revised; PASAT, Paced Auditory
Serial Addition Test; JLO, Judgment of Line Orientation Test; SDMT, Symbol Digit Modalities Test; CVLT I, California
Verbal Learning Test-Il; IR, immediate recall; DR, delayed recall; DKEFS-ST, Delis-Kaplan Executive Function System
Sorting Test; BG, basal ganglia; Th, thalamus; CL, cortical lesions; T2H, T2 hyperintensities; Tibh, T1 black holes.

2 Significance at P <.017, corrected for multiple comparisons; all values are means unless specified.

5 Healthy controls vs patients with RRMS with cognitive impairment.
€ Patients with RRMS without impairment vs those with cognitive impairment.
9 Healthy controls vs patients with RRMS without impairment.

date. Furthermore, those with RRMS and cognitive impairment
showed qCBF reductions compared with HC in the right middle
frontal gyrus (BA 6, 10) and qCBV deficits in the right precentral
(BA 4) and right parahippocampal gyri (BA 28).

Regional volume of the right superior frontal gyrus (BA 6, 10)
was decreased in those with cognitively impaired RRMS com-
pared with those without it, and those without impairment com-
pared with healthy controls. Additionally, patients with RRMS
and cognitive impairment showed focal atrophy in the right pre-
central (BA 6) and transtemporal gyri (BA 42) compared with
patients with nonimpaired RRMS and in the right inferior occip-
ital gyrus (BA 18) compared with HC.

VBM analysis conducted with regional volumes of focal atro-
phy included as covariates found that cortical hypoperfusion
(qCBF and qCBV) was maintained in the left middle frontal gyrus
(BAs 10, 11, 46) for all group comparisons and in the left superior
frontal gyrus (BAs 6, 10) for patients with RRMS and cognitive

the left superior frontal gyrus in the im-
paired RRMS compared with the other 2
cohorts, after considering confounding
variables of disability, anxiety, depres-
sion, and education. Patients with
RRMS and HC were further distin-
guished by qCBV reductions in the right
limbic and qCBF reductions in the right frontal (for impaired)
and right temporal region (for nonimpaired). Finally, qCBV def-
icits were found in cognitively impaired compared with nonim-
paired patients with RRMS in the left frontal (inferior frontal
gyrus), right parietal (inferior parietal lobule), left temporal (fusi-
form gyrus), and bilateral occipital (lingual gyrus) lobes, and
qCBF deficits, in deep GM structures, including the bilateral cau-
date and the left thalamus (medial dorsal nuclei).

Distribution of qCBF and qCBV reductions in the superior
frontal, middle frontal, and parahippocampal gyri is similar to
that reported in a recent pseudocontinuous arterial spin-labeling
study comparing HC and patients with very early RRMS."® That
study also showed additional qCBF reduction in multiple other
areas not demonstrated in the present study; however, the dis-
crepancies could be explained by different MR imaging tech-
niques (pseudocontinuous arterial spin-labeling versus bookend
perfusion) and patient populations. Unlike findings in our RRMS
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FIGURE. Areas of significantly (Py,corrected < -001) reduced cortical perfusion in RRMS subgroups and healthy controls, with volumes for
atrophied regions added as covariates. Green indicates healthy controls versus nonimpaired RRMS; red, healthy controls versus cognitively
impaired RRMS; and yellow, nonimpaired RRMS versus cognitively impaired RRMS.

Table 2: Areas of significantly (P,,correctea < -001) reduced cortical perfusion in RRMS subgroups and healthy controls, with volumes for

atrophied regions added as covariates

MNI Coordinates t Values
Cluster HC HC NI

qCBF qCBV Anatomic Regions Size X y z vs Cl vs NI vs Cl
v J Left superior frontal gyrus (BAs 6, 10)* 78 —32 50 28 3.52 3.62
J Right middle frontal gyrus (BA 6)* 26 34 0 64 3.31
J J Left middle frontal gyrus (BAs 10, 11, 46)* 100 -22 56 26 479 4.56 3.21

J Left inferior frontal gyrus (BA 46) 21 —48 30 20 3.29

v Right parahippocampal gyrus (BA 28)* 27 24 -22 —12 415
v J Right lingual gyrus® 101 12 =72 -2 5.11
v Left lingual gyrus (BA 18) 72 —6 —68 2 3.99

J/ Right inferior parietal lobule (BA 40)* 22 48 —40 56 3.98
v Right superior temporal gyrus (BA 38) 38 28 10 —46 3.64

J Left temporal fusiform gyrus (BA 20)* 134 —44 -22 —30 374
v Left caudate head® 36 =10 6 4 3.64
v Right caudate body 24 18 —20 26 3.68
v Left thalamic medial dorsal nuclei® 31 -6 -18 6 3.63

Note:—Cl indicates patients with RRMS with cognitive impairment; NI, patients with RRMS without impairment; ./, anatomic region was present in VBM analysis for this map.
@ Anatomic regions remained significant from previous VBM analysis without atrophy areas added as covariates.

patients without impairment, who are cognitively indistinguish-
able from healthy controls, Debernard et al'® reported a border-
line significant Brief Visuospatial Test reduction and demon-
strated a lower white matter volume in their early RRMS cohort,
suggesting a greater level of disease burden in the patient sample
(supported by a higher upper Expanded Disability Status Scale
score of 4.5 compared with 3.5 in our sample). In contrast to that
study, we demonstrated regional cortical GM volume reduction
within the right frontal, temporal, and occipital lobes consistent
with that observed by Riccitelli et al.>® Reduced superior frontal
gyrus, thalamic, and caudate nuclei perfusion was similarly re-
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ported in a secondary-progressive multiple sclerosis with cogni-
tive impairment patient cohort, suggesting that the frontal reduc-
tion may be a marker of impairment in patients with both RRMS
and secondary-progressive multiple sclerosis, even after control-
ling for structural differences."”

The frontal areas, BAs 6, 10, and 46, affected in our patients
with RRMS, are responsible for memory processing, particularly
working memory, memory encoding, and retrieval.”"** Several
studies relate BA 10 with prospective memory and “intentional
forgetting,” suggesting involvement of BA 10 in controlling and
manipulating memory.>>*? BA 46 activation is associated with



working memory processes and memory manipulation.’"** It has
been assumed that working memory is involved in a diversity of
cognitive processes, including planning,”* reasoning,’” and prob-
lem-solving.”® On the other hand, involvement of BA 6 in mem-
ory and attention may be due to the activation of an extended
brain network in which the middle frontal gyrus has a fundamen-
tal task in memory strategy organization and memory control.””
Hypoperfusion (qCBF and qCBV) in the left middle frontal and
right superior temporal gyri with preservation of perfusion within
the remaining medial prefrontal cortex in patients with RRMS
who are nonimpaired compared with those who are cognitively
impaired likely reflects increased cortical plasticity, because the
medial prefrontal cortex has been previously shown to adaptively
compensate for functional impairment in patients with MS.*® Pa-
tients with RRMS and secondary-progressive multiple sclerosis
performing a processing speed and attention task (Counting
Stroop Task) were found to have activation predominantly in the
left medial frontal region (left middle frontal gyrus/superior fron-
tal sulcus and bilateral superior frontal gyri, corresponding to BAs
8,9, 10), while HC had greater right frontal activation (inferior
frontal gyrus, BA 45; and right basal ganglia).”®

Last, BAs 28 and 38 are also implicated in memory, particu-
larly nonverbal memory (right parahippocampal gyrus)®® and
multimodal memory retrieval (superior temporal gyrus).*’ Sup-
porting the validity of the structural and progressive perfusion
differences in patients with RRMS with cognitive impairment
described above, significant impairment in working memory
(Paced Auditory Serial Addition Test and Symbol Digit Mo-
dalities Test), visual and verbal learning, and memory retrieval
(Brief Visual Memory Test-Revised and California Verbal
Learning Test-1I) was present compared with patients who
were nonimpaired and HC.

Our VBM analysis by necessity controlled for a number of
important potential confounding covariates; for example, the ef-
fect of depression was accounted for by the inclusion of Hosptial
Anxiety and Depression Scale. Differing educational levels among
cohorts was accounted for by the “normalization” of raw neuro-
cognitive battery scores against representative population data-
sets. Cortical lesions and, to a lesser extent, T2 hyperintense lesion
burden are both implicated in cognitive impairment of patients
with MS. Comparisons between patient groups and HC included
lesion volumes as covariates in our VBM analysis. However, no
significant difference in lesion burden was present between MS
groups, precluding a quid pro quo comparison.

Cerebral blood volume (amount of blood in 100 g of brain
tissue) and blood flow (amount of blood flowing through 100 g of
brain tissue per minute) abnormalities are found in a number of
neurologic conditions such as stroke, characterized by ischemia.
The physiopathology leading to cerebral hypoperfusion is un-
known and may be multifactorial. While evidence does not sup-
port a primary neuronal loss mechanism given multiple findings
of reduced cortical perfusion in the absence of GM volume

16,1819 mjitochondrial disturbances and vascular abnormali-

loss,
ties have been implicated in cerebral hypoperfusion in MS. Mito-
chondrial dysfunction can contribute to cerebral hypoperfusion
in the form of a diminished mitochondrial capacity resulting from

reductions in gene products specific for the mitochondrial elec-

tron transport chain*' or due to intra-axonal mitochondrial pa-
thology triggered by macrophage-derived reactive oxygen and ni-
trogen species, which may precede axonal damage.** Cerebral
hypoperfusion can also be secondary to vascular abnormalities.
Increased levels of endothelin-1, a potent vasoconstrictive pep-
tide, are found in patients with MS, suggesting that cerebral blood
flow reductions are mediated by elevated levels of this peptide.*’
Astrocytes of patients with MS are deficient in the 32-adrenergic
receptor, resulting in cellular metabolic dysfunction affecting po-
tassium uptake after synaptic activity and its subsequent release to
the perivascular space, thus reducing arteriolar vasodilation.**
Venous changes are also well-described in MS; and given that
venous capacitance accounts for approximately 70% of CBV, pa-
thologies that decrease venous capacitance should greatly impact

145

qCBV. For example, Ge et al*> demonstrated reduced visibility of
periventricular venous vasculature in patients with MS by using
susceptibility-weighted imaging. The authors suggested that this
reduction could be attributable to decreased vein number or size
secondary to venous occlusion and perivenular inflammation.
Such pathology could also be driven by obliterative vasculitis,
which preferentially disrupts venous changes.*>*” Additionally,
intrastriatal injections of proinflammatory cytokine tumor ne-
crosis factor-a, found elevated in MS brains,*® in rat models re-
sulted in significant reductions of cerebral blood flow.** Cerebral
hypoperfusion is characterized by both blood flow and volume
changes, and these perfusion metrics may be differentially af-
fected by the physiopathologic methods proposed. Additional
studies should be conducted to explore the differences in cerebral
blood flow and volume and their relation to physiopathology.

Limitations include the need for contrast agent injection re-
quired for DSC perfusion, precluding its use in patients with con-
traindications such as renal impairment. DSC is a relatively low-
resolution technique in comparison with structural imaging but
comparable with other functional techniques such as diffusion
tensor and arterial spin-labeling techniques, which were previ-
ously applied to MS. DSC enables whole-brain scanning in ap-
proximately 2 minutes, therefore, minimally prolonging scanning
time with higher signal-to-noise than arterial spin-labeling. Be-
cause the classes of disease-modifying drugs were evenly repre-
sented in both cognitively impaired and nonimpaired groups, we
did not adjust for this factor. However, given that the effects of
such treatments on cortical perfusion abnormalities are unclear, it
would be prudent to adjust for disease-modifying drugs in future
studies if difference occurs. Similarly, fatigue, experienced by
78%-90% of patients with MS,”® may be associated with impaired
cognitive function and should be accounted for in future stud-
ies.”" Despite the relatively small sample size, consistent frontal
perfusion deficits were demonstrated in our RRMS sample. Ac-
cording to our a priori hypothesis, this comparison was uncor-
rected but included several confounders. These results should be
validated in a larger patient cohort. Longitudinal studies would
also be helpful in determining whether perfusion measurements
are sensitive to disease progression.

CONCLUSIONS
Consistent regional frontal cortical perfusion deficits are found in
patients with RRMS, with more widespread hypoperfusion in
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cognitively impaired RRMS, independent of structural differ-
ences. Our findings suggest a potential role for cortical perfusion
as a useful biomarker of cortical dysfunction and cognitive im-
pairment in MS.
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In Vivo 7T MR Quantitative Susceptibility Mapping Reveals
Opposite Susceptibility Contrast between Cortical and White
Matter Lesions in Multiple Sclerosis

W. Bian, T. Tourdias, ““/M. Han, ““'T. Liu, B. Rutt, and ““/M.M. Zeineh

O=

E. Tranvinh, Y. Wang,

ABSTRACT

BACKGROUND AND PURPOSE: Magnetic susceptibility measured with quantitative susceptibility mapping has been proposed as a
biomarker for demyelination and inflammation in patients with MS, but investigations have mostly been on white matter lesions. A
detailed characterization of cortical lesions has not been performed. The purpose of this study was to evaluate magnetic susceptibility in
both cortical and WM lesions in MS by using quantitative susceptibility mapping.

MATERIALS AND METHODS: Fourteen patients with MS were scanned on a 7T MR imaging scanner with Tl-, T2-, and T2*-weighted
sequences. The T2*-weighted sequence was used to perform quantitative susceptibility mapping and generate tissue susceptibility maps.
The susceptibility contrast of a lesion was quantified as the relative susceptibility between the lesion and its adjacent normal-appearing
parenchyma. The susceptibility difference between cortical and WM lesions was assessed by using a t test.

RESULTS: The mean relative susceptibility was significantly negative for cortical lesions (P < 10~7) but positive for WM lesions (P <10~ ).
A similar pattern was also observed in the cortical (P = .054) and WM portions (P = .043) of mixed lesions.

CONCLUSIONS: The negative susceptibility in cortical lesions suggests that iron loss dominates the susceptibility contrast in cortical
lesions. The opposite susceptibility contrast between cortical and WM lesions may reflect both their structural (degree of myelination) and

pathologic (degree of inflammation) differences, in which the latter may lead to a faster release of iron in cortical lesions.

ABBREVIATIONS: MPFLAIR = magnetization-prepared fluid-attenuated inversion recovery; QSM = quantitative susceptibility mapping

ultiple sclerosis is a debilitating chronic inflammatory
disorder of the central nervous system. MS pathogenesis
is not fully understood and is thought to involve the whole
brain. While previous MS imaging studies have been largely
focused on white matter, recent investigations have focused on
the importance of cortical gray matter damage,' because cor-
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tical lesions may be more relevant to physical and cognitive
disability in patients than WM lesions.” This difference raises
questions about the various underlying pathologic aspects of
cortical and WM lesions. Histochemical staining has shown
that cortical lesions have a lower degree of inflammation’ and
blood-brain barrier damage than WM lesions,* implying that
the cortical lesion may be partly independent of inflamma-
tion.” Because it is useful to evaluate cortical and WM lesions
in vivo across the whole brain, MR imaging is an important
tool that complements histochemical staining.

While traditional water content— and proton mobility—based
MR imaging modalities show similar abnormalities for both cor-
tical and WM lesions, advanced high-field-strength MR imaging
with susceptibility-weighted contrasts such as R2*/T2* mapping
and quantitative susceptibility mapping (QSM) may have the po-
tential to discriminate features of cortical and WM lesions. In
active and chronic WM lesions, 7T MR imaging studies have
shown that regions with decreased R2* and increased magnetic
susceptibility correspond to histologically verified regions with
demyelination- and/or inflammation-associated iron accumula-
tion.®”” More recently, R2*/T2* mapping at 7T has shown de-


http://orcid.org/0000-0002-4445-7593
http://orcid.org/0000-0002-2063-6634
http://orcid.org/0000-0002-7151-6325
http://orcid.org/0000-0002-0955-6641
http://orcid.org/0000-0002-2454-3312
http://orcid.org/0000-0003-1404-8526
http://orcid.org/0000-0001-6516-0505
http://orcid.org/0000-0002-6940-9096

Table 1: Patient demographic/clinical data and lesion counts®

Disease Minimum WM Cortical Mixed
Sex Age (yr) Duration (yr) Treatment Type Lesion Age (mo) Lesion WM Lesion Lesion
Patient
1 F 37 m Copaxone® 2 2 6 1
2 M 42 12 Copaxone 10 1 1l 0
3 F 42 3 Copaxone 8 0 2 0
4 F 30 3 Tysabri® 9 5 23 1
5 F 49 2 Rebif? 18 7 13 1
6 M 32 6 Copaxone 10 3 30 4
7 M 42 1 Copaxone 7 1 5 0
8 F 33 1 Copaxone 10 0 4 0
9 F 44 15 No Treatment 6 0 4 1
10 F 31 1 No Treatment 3 0 12 0
1 F 41 16 Tysabri 4 2 15 1
12 F 58 25 Copaxone 6 6 7 0
13 M 37 8 Copaxone 3 0 15 0
14 M 48 6 Copaxone 5 0 0 0
Mean 40479 79*72 8.6 £4.0 19*23 105+ 84 0.64 =11
Total 27 147 9

2 Patients 9 and 10 were not on any disease-modifying treatment at the time of their 7T scans. Patient 9 was on Tysabri, but it was stopped 6 months prior to her 7T scan. All
patients had relapsing-remitting MS except patient 11, who was in a transitional stage between relapsing-remitting MS and secondary-progressive MS but was still being treated

for relapsing-remitting MS. Patient 14 had lesions that all regressed before the 7T scan.
b Glatiramer acetate injection.

¢ Natalizumab.

9 Interferon B-1a.

Table 2: Parameters for MR imaging sequences®

Parameters T2* SPGR T1 WM-Nulled MPRAGE T1 CSF-Nulled MPRAGE T2 MPFLAIR
Acquisition 2D axial 3D coronal 3D coronal 3D coronal
TR 1200 ms 8.3 ms 3.9 ms 8000 ms
TE 17.7 ms 3.7 ms 8.5ms 109.8 ms
TI NA 680 ms 1200 ms 2135 ms
Flip angle 60° 4° 6° 90°
Bandwidth 19.2 kHz 15.6 kHz 19.2 kHz 62.5 kHz
FOV 180 180 180 180
Matrix 384 X 384 180 X 180 224 X 224 224 X 224
No. of sections 90 256 256 256
Resolution 0.47 X 0.47 X 1mm? 1X1X1mm? 0.8 X 0.8 X 0.8 mm® 0.8 X 0.8 X 0.8 mm®
Acceleration factor ASSET 2 ARC15 X 15 ASSET 2.5 ARC2 X 2
Acquisition time (min:s) 6:39 5:54 6:20 5:48

Note:—ASSET indicates array spatial sensitivity encoding technique; SPGR, spoiled gradient-recalled; ARC, Autocalibrating Reconstruction for Cartesian; NA, not applicable.
2Two patients had a slightly different resolution for T2* SPGR. One (patient 4 in Table 1) had a resolution of 0.47 X 0.47 X 1.2 mm? and the other (patient 11 in Table 1) had a

resolution of 0.47 X 0.47 X 11 mm?>.

creased R2*/increased T2* in cortical lesions, indicating loss of
both iron and myelin.'>""*

However, simultaneous assessment of the susceptibility
contrast in both cortical and WM lesions has not been per-
formed, in particular by using in vivo QSM, which can measure
tissue magnetic susceptibility with high reproducibility, even
in the cortex.'* Compared with other susceptibility-based im-
aging techniques such as phase imaging, susceptibility-
weighted imaging, and R2*/T2* mapping, the deconvolution
inherent in QSM removes the interfering effects of the suscep-
tibility sources external to a voxel and makes the susceptibility
sources within the voxel quantifiable.'>'® In addition, the high
SNR and resolution at a high field strength of 7T increase the in
vivo quantification quality of QSM to benefit the characteriza-
tion of small cortical lesions.

The purpose of this study was to use QSM at 7T to measure
and compare in vivo susceptibility contrast in both cortical and
WM lesions and identify differences that may reflect the known
pathologic difference between the 2 subtypes of lesions.

MATERIALS AND METHODS

Patients

We recruited 15 patients with MS from February 2013 to Au-
gust 2013 at the Stanford University MS clinic. Informed con-
sent was obtained from each patient, and the study was ap-
proved by our institutional review board. An MS neurologist
(M.H., with 10 years’ experience) evaluated patients on the
basis of their clinical presentations, investigative work-ups,
and the McDonald criteria.'” While quantitative clinical met-
rics of disability were not available for our subjects, patient
medications taken at the time of the study are shown in Table 1.
One patient was excluded from analysis because of a data-
acquisition error prohibiting QSM reconstruction.

MR Imaging

All MR images were performed on a 7T scanner (Discovery
MR950; GE Healthcare, Milwaukee, Wisconsin) with a 32-chan-
nel phased array receive coil (Nova Medical, Wilmington, Massa-
chusetts). The imaging protocol (Table 2) covering the supraten-

AINR Am J Neuroradiol 37:1808-15 Oct 2016  www.ajnr.org 1809



FIG1. ROIldefinition. A whole section of magnitude (A) and QSM images (B) show 1 cortical lesion
(red arrows) and 1 WM lesion (blue arrows). C, The ROIs of the cortical lesion and its adjacent
normal-appearing cortical gray matter counterpart are delineated in red and green lines, respec-
tively. D, The ROIs of the WM lesion and its adjacent normal-appearing white matter counterpart

Lesion Identification and
Segmentation

All images were examined by raters and
determined to be of adequate quality for
MS lesion detection and characteriza-
tion. MS lesions were defined as having
abnormal signal on all traditional imag-
ing sequences (hypointense on T1-CSE-
nulled MPRAGE and hyperintense on
T2*-spoiled gradient-recalled, T1-WM-
nulled MPRAGE, and T2-MPFLAIR) by
the most votes from 3 experienced MS
imaging investigators who reviewed im-
ages independently and were blinded to
QSM images (E.T., neuroradiologist
with 6 years” experience; W.B., neuro-
imaging scientist with 6 years’ experi-
ence; M.M.Z., neuroradiologist, with 11
years’ experience). Only lesions of =2
mm were identified. All available 3T
clinical scans before the current 7T scan
were evaluated to identify whether any
WM lesions were new or enhancing. The
gray-white matter boundary on the T1-
CSF-nulled MPRAGE images was used
to distinguish WM, cortical, or mixed
cortical-WM lesions: All WM lesions
were completely within the WM, all cor-
tical lesions were primarily (>75%)
within the cortex, and all mixed lesions
were 25%-75% within both the WM
and cortex.

are delineated in blue and pink lines, respectively. ROls were first defined on T2*-spoiled gradi-

ent-recalled images and then transferred to the other coregistered images. The gap between the
lesion ROIs and the adjacent normal-appearing parenchyma reduces the partial volume effect in
the segmentation. CSFNnMPRAGE indicates CSF-nulled MPRAGE; WMnMPRAGE, WM-nulled

MPRAGE.

torial brain included the following: 1) a T2*-weighted
multisection 2D fast spoiled gradient-recalled sequence, 2) a cor-
onal T1-weighted 3D WM-nulled MPRAGE sequence,'® 3) a cor-
onal T1-weighted 3D CSF-nulled MPRAGE sequence, and 4) a
coronal 3D T2-weighted magnetization-prepared fluid-attenu-
ated inversion recovery (MPFLAIR) sequence.'” The T1- and T2-
weighted images were acquired to aid in lesion identification and
segmentation. The T2*-spoiled gradient-recalled images were
first reconstructed into both magnitude and phase images, and
then QSM images were computed by using the morphology-en-
abled dipole inversion method,”® which performs Laplacian
phase unwrapping first, followed by phase deconvolution by us-
ing L,-norm minimization. To reduce the artifacts at the edge of
brain while preserving as much as possible of the cortex, we
eroded the unwrapped phase by 2.5 mm (~5 pixels) before the
deconvolution. For each patient, the T1-WM-nulled MPRAGE,
T1-CSF-nulled MPRAGE, and T2-MPFLAIR images were rigidly
coregistered to the T2*-magnitude images by using the FMRIB
Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.
ac.uk/) in FSL ?' with a mutual information cost function.
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On T2*-spoiled gradient-recalled
images, ROIs covering all hyperintense
voxels were manually drawn jointly by
W.B. and E.T. on multiple continuous
image sections. WM and cortical lesion
ROIs were drawn only within the WM and cortex, respectively,
and each mixed lesion had 2 adjacent ROIs defined separately in
its cortical and WM portions. Reference ROIs were drawn on
adjacent normal-appearing WM for WM lesions or adjacent nor-
mal-appearing GM for cortical lesions. These normal-appearing
ROIs were delineated from a single central section that contained
the lesion (Fig 1). A donut-shaped region of adjacent homoge-
neous WM was used for normal-appearing WM; a homogeneous
region of adjacent cortex continuous with both sides of the lesion
was used for the normal-appearing GM. For a mixed lesion, 2
adjacent normal-appearing ROIs were defined separately for their
corresponding normal-appearing cortical and WM portions. The
adjacent normal-appearing ROI was within a 10-pixel vicinity of
the lesion. A small gap was left between the lesion ROI and its
adjacent normal-appearing ROI to reduce potential partial vol-
ume artifacts. After all ROIs had been segmented, the ROIs of
lesions were overlaid on QSM images for a final quality control
evaluation. Any blood vessels in the ROIs were removed, and any
cortical or mixed lesions that were eroded or contaminated with
artifacts due to QSM postprocessing were excluded from analysis.



The susceptibility contrast of a lesion was quantified as the relative
susceptibility between the lesion and its normal-appearing paren-
chyma, which was calculated by subtracting the mean susceptibil-
ity in the normal-appearing ROI from that in the lesion ROI.

Statistics

The relative susceptibility values for the set of cortical lesions,
cortical portions of mixed lesions, WM lesions, and the WM por-
tions of mixed lesions were each compared with zero by using the
1-sample 7 test. The relative susceptibility values in all cortical and
WM lesions in the same subject were also averaged respectively;
then, the above ¢ test were repeated. The statistical significance
threshold was set as P < .05, with multiple comparisons corrected
by the Bonferroni method.

RESULTS

Of the 14 patients (40.4 = 7.9 years of age, 7.9 * 7.2 years of
disease duration; see more detail in Table 1), 13 patients had
relapsing-remitting MS, while 1 patient had relapsing-remit-
ting MS but was transitioning to secondary-progressive MS.
Twelve patients were undergoing disease-modifying therapy.
A total of 183 lesions were identified (after removing 1 cortical
lesion that contained notable artifacts on the QSM image): 27
(14.8%) cortical, 147 (80.3%) WM, and 9 (4.9%) mixed. Eight
of the 14 patients had cortical lesions (Table 1). Prior clinical
3T MR images indicated that all WM lesions were older than 3
months, and 8 of them (all from patient 4) were once contrast-
enhancing >9 months before the 7T scan (Table 1), suggesting
(but not proving) that none of the WM lesions in our sample
were acute. Cortical lesions could not be reliably identified on
prior 3T clinical images, and their ages were not determined.
All patients were clinically stable between the time of the prior
scan and the 7T scan.

The mean relative susceptibility values for 147 WM and 27
cortical lesions were 0.014 = 0.014 ppm and —0.018 = 0.013
ppm, respectively. The relative susceptibility value was positive
for 132 of the 147 (89.8%) WM lesions, but negative for 25 of the
27 (92.6%) cortical lesions (Figs 2A and 3). Of 2 cortical lesions
whose susceptibility was positive, one had a susceptibility of 0.008
ppm (with a dark center and an asymmetric bright rim, Fig4) and
the other had a susceptibility that was almost zero (0.0004 ppm).
The mean relative susceptibility value was significantly higher
than zero for WM lesions (P < 10~ %) but significantly lower than
zero for cortical lesions (P < 10~ 7) (Table 3).

After we averaged the susceptibility across lesions within
each patient, all 13 patients had positive average relative sus-
ceptibility values for WM lesions (0.014 = 0.010 ppm), and 7
of the 8 patients with cortical lesions had a negative average
relative susceptibility value for cortical lesions (—0.015 *
0.009 ppm) (Fig 2B). The patient with a positive average rela-
tive cortical susceptibility value for cortical lesions had only 1
cortical lesion (Fig 4). This patient-averaged relative suscepti-
bility value was again significantly higher than zero (P <.0004)
for WM lesions but significantly lower than zero (P < .004) for
cortical lesions (Table 3).

The relative susceptibility values for WM and cortical portions
in 9 mixed lesions were 0.014 = 0.018 ppm and —0.009 * 0.012
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FIG 2. Relative susceptibility in MS lesions. A, The relative suscepti-
bility in each individual lesion. Each black line on the right connects a
pair of WM and cortical portions in a mixed lesion. B, The mean
relative susceptibility after averaging the relative susceptibility across
all lesions per type for each patient (13 patients had WM lesions, and
8 patients had cortical lesions).

ppm, respectively. All 9 mixed lesions had higher relative suscepti-
bility values in their WM portions compared with their cortical
counterparts. Seven of the 9 (77.8%) lesions had positive relative
susceptibility values in their WM portions (P = .043), and the same
percentage of lesions had negative relative susceptibility values in
their cortical portions (P = .054) (Figs 2A and 5 and Table 3).

DISCUSSION

Our data demonstrate that the magnetic susceptibility values rel-
ative to normal-appearing adjacent parenchyma are negative for
cortical lesions but positive for WM lesions, and a similar pattern
was also found in the cortical and WM portions of mixed lesions,
consistent with a recent postmortem study.>” The divergent con-
trast between cortical and WM lesions on QSM images cannot be
revealed by using traditional MR imaging contrasts, including T2,
T1, and T2*.

Positive Relative Susceptibility of WM Lesions

Our observation of positive relative susceptibility for WM le-
sions is in line with data from previous studies, in which most
WM lesions appeared QSM hyperintense/isointense relative to
normal-appearing WM.”>> Demyelination (loss of diamag-
netic myelin) has been identified as a contributor to the in-
creased susceptibility.®® Accumulation of highly paramag-
netic iron is also often found in microglia/macrophages near
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FIG3. MRimages of representative WM and cortical lesions from patients 4 (A) and 5 (B). A whole section of the T2-MPFLAIR image is displayed
on the left column with a zoomed-in region (blue/red square) for all image contrasts. Two WM lesions (blue arrows) and 3 cortical lesions (red
arrows) are shown. WM and cortical lesions are hyper- and hypointense relative to their adjacent parenchyma on QSM images, respectively,
while both types of lesions show an identical contrast on all other images. CSFnMPRAGE indicates CSF-nulled MPRAGE; WMnMPRAGE,

WM-nulled MPRAGE.

FIG 4. MR images of the only cortical lesion from patient 2. The lesion had a positive relative susceptibility and demonstrated a hyperintense
core surrounded by an asymmetric hyperintense rim, suggesting that the lesion may have iron at its edge. Please see the Fig 3 legend for image

descriptions.

Table 3: Mean lesion susceptibility relative to normal-appearing parenchyma®

Mixed Lesions

WM Lesions Cortical Lesions WM Portion Cortical Portion

Relative susceptibility 0.04 =0.014 —0.018£0.013 0.014 =0.018 —0.009 %= 0.012

(ppm) (per lesion

type)
t test P<10% P<i07’ P <.043 P < .054
Relative susceptibility 0.014 = 0.010 —0.015 = 0.009 - -

(ppm) (per lesion type

per subject)
t test P < .0004 P <.004 - -

#The null hypothesis of the t test is that the mean of relative susceptibility = 0. The significance level is .0083 after
correcting multiple comparisons of 6 using the Bonferroni method.
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the rim of acute and chronic active MS
lesions,®72%2°
ute to an increased susceptibility.
However, iron in most MS lesions will
regress as disease duration increases,

which can also contrib-

and in some inactive lesions, iron con-
tent could even be lower than that in
normal-appearing WM.?>> This may
explain the presence of a few WM le-
sions with negative relative suscepti-
bility. Nevertheless, because the sus-
ceptibility in most WM lesions was
still positive relative to normal-



FIG5. MRimages of representative mixed lesions (yellow circles) from patients 1(A) and 6 (B). The green dashed line divides a mixed lesion into
its cortical (red arrow) and WM (blue arrow) components. A, The lesion has a QSM hypointense cortical portion and a hyperintense WM portion
relative to adjacent normal-appearing GM and normal-appearing WM, respectively. B, The cortical component is hypointense compared with
normal-appearing GM, while the white matter component is centrally isointense but peripherally slightly hyperintense compared with normal-

appearing WM. Please see the Fig 3 legend for image descriptions.

appearing WM in our current study and previous studies,”*” it

is likely that the effect of iron loss often does not completely
offset that of demyelination.

Negative Relative Susceptibility of Cortical Lesions

In contrast to the positive relative susceptibility of WM lesions,
the negative relative susceptibility of cortical lesions is counterin-
tuitive, though supported by a recent postmortem study.** Poten-
tial factors for susceptibility decrease are an iron decrease and/or
a myelin increase. In theory, after initial demyelination, remyeli-
nation is possible in MS, but the regenerated myelin sheath is
typically thinner than normal myelin®’; this finding is consistent
with overall reduced myelin relative to normal-appearing gray
matter in histologic studies.'®*” Accompanying demyelination,
loss of iron in cortical lesions has also been observed.'® The 2
contributions both lead to a decreased R2* (or increased T2*), as
has been consistently reported in recent MR imaging studies.'">
However, unlike their similar effects on R2*/T2%, demyelination
increases whereas the loss of iron decreases susceptibility. There-
fore, in this particular case, QSM resolves a limitation of R2*/T2*
mapping because it allows us to further conclude that in cortical
lesions, iron loss dominates the susceptibility contrast over
demyelination.

Interpretation of the Different Susceptibility Contrast

The different susceptibility contrast between cortical and WM
lesions may be partly because the degree of myelination in the
cortex is much less than that in WM, while the difference in their

iron concentration is small.?®

When both demyelination and iron
loss are present, less iron loss is required to overwhelm demyeli-
nation in cortical lesions compared with WM. Indeed, in the cor-
tex, iron has already been demonstrated to be the dominant
source of MR susceptibility contrast and is well-correlated to both
susceptibility and R2*/T2*.*>*° Alternatively, this finding sug-
gests that whenever there is increased iron in cortical lesions, a
positive susceptibility value should be expected. The observation

of iron accumulation in active cortical lesions has been reported

in a previous study,”” and the positive susceptibility for cortical
lesions did occur in our study. However, these positive suscepti-
bility lesions were only 7.4% of all our cortical lesions. Although
one may argue that this could be because most of our cortical
lesions were in their chronic stage, in chronic WM lesions, an
increased iron level can be maintained for several years.”>' More-
over, recent results from R2*/T2* mapping consistently showed
reduced R2* (or increased T2*) in cortical lesions,'*** and this
could be even independent of disease stage.' "' Thus, the under-
lying structural difference between the white matter and cortex
alone may not explain all of the susceptibility difference, and
pathologic changes that evolve differentially with time may also
play a role.

Pathologically, an intact BBB and low degree of inflammation
in cortical lesions suggest that there are fewer macrophages/mi-
croglia (either infiltrated or locally activated) than in WM lesions,
especially at the active and chronic active phases.>* These cells
phagocytize iron released from damaged oligodendrocytes and
retain the iron in chronic WM lesions until the macrophages and
microglia degenerate.”” Therefore, the paucity of these iron hold-
ers in cortical lesions may reduce the time interval for an increased
iron level in these lesions. Thus, we speculate that compared with
WM lesions, the time window for the initial phase of iron accu-
mulation is narrower in cortical lesions due to their faster iron
release secondary to the lack of inflammatory cells. This narrow
time window could make it difficult for susceptibility-contrast
MR imaging to depict the stage of iron accumulation in cortical
lesions. Because free iron can cause oxidative neurodegenera-
tion,”” the faster release of iron in cortical lesions may partly ex-
plain why cortical lesion load is more strongly correlated to the
degree of neurodegeneration in MS.” Nevertheless, this specula-
tion warrants further investigation with longitudinal and con-
trast-enhanced studies.

Several limitations in our study should be addressed. First, due
to the still low in vivo sensitivity of MR imaging to cortical le-

10

sions,'” our sampling of cortical lesions was likely incomplete and
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could be biased. The number of cortical lesions that can be ana-
lyzed can be further reduced after QSM reconstruction. Second,
although we examined the lesion age by looking at the most recent
clinically available contrast-enhanced 3T MR imaging, this can be
imprecise for white matter and offers no information for cortical
lesions. Given the lack of prior 7T imaging and/or concurrent
gadolinium contrast administration, the acute nature of each in-
dividual lesion was not definitively ascertainable. Third, the rele-
vance of the presumed iron loss in cortical lesions to clinical dis-
ability was not quantified. Last, QSM alone cannot distinguish the
contribution of demyelination from that of an iron increase,
which would often be seen at the acute phase of both cortical and
WM lesions because QSM exhibits a positive sign in both cases,
while R2* will decrease for demyelination and increase for iron
deposition. To completely distinguish the susceptibility contribu-
tions from myelin and iron, our future studies will combine in-
formation from both QSM and R2* mapping.

CONCLUSIONS

QSM reveals an average negative magnetic susceptibility in corti-
cal lesions and an average positive magnetic susceptibility in WM
lesions, relative to their adjacent normal-appearing parenchyma.
The negative susceptibility in cortical lesions suggests that iron
loss dominates their susceptibility contrast. The different suscep-
tibility contrast between cortical and WM lesions may reflect both
their structural (degree of myelination) and pathologic (degree of
inflammation) differences, in which the latter may lead to a faster
release of iron in cortical lesions.
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ORIGINAL RESEARCH
ADULT BRAIN

Improved Automatic Detection of New T2 Lesions in Multiple
Sclerosis Using Deformation Fields

M. Cabezas, J.F. Corral, @A, Oliver, ©Y. Diez, ©M. Tintoré, ©'C. Auger, ©X. Montalban, ©X. Lladé, “'D. Pareto, and “A. Rovira

ABSTRACT

BACKGROUND AND PURPOSE: Detection of disease activity, defined as new/enlarging T2 lesions on brain MR imaging, has been
proposed as a biomarker in MS. However, detection of new/enlarging T2 lesions can be hindered by several factors that can be overcome
with image subtraction. The purpose of this study was to improve automated detection of new T2 lesions and reduce user interaction to
eliminate inter- and intraobserver variability.

MATERIALS AND METHODS: Multiparametric brain MR imaging was performed at 2 time points in 36 patients with new T2 lesions. Images
were registered by using an affine transformation and the Demons algorithm to obtain a deformation field. After affine registration, images
were subtracted and a threshold was applied to obtain a lesion mask, which was then refined by using the deformation field, intensity, and
local information. This pipeline was compared with only applying a threshold, and with a state-of-the-art approach relying only on image
intensities. To assess improvements, we compared the results of the different pipelines with the expert visual detection.

RESULTS: The multichannel pipeline based on the deformation field obtained a detection Dice similarity coefficient close to 0.70, with a
false-positive detection of 17.8% and a true-positive detection of 70.9%. A statistically significant correlation (r = 0.81, P value =
2.2688e-09) was found between visual detection and automated detection by using our approach.

CONCLUSIONS: The deformation field—based approach proposed in this study for detecting new/enlarging T2 lesions resulted in
significantly fewer false-positives while maintaining most true-positives and showed a good correlation with visual detection annotations.
This approach could reduce user interaction and inter- and intraobserver variability.

ABBREVIATIONS: BL = baseline; CIS = clinically isolated syndrome; DSC = Dice similarity coefficient; DF = deformation fields; FP = false-positive; FPf =

false-positive fraction; FU = follow-up; PD = proton density; TP = true-positive; TPf = true-positive fraction

R imaging has become a core paraclinical tool for diag-
nosing and predicting long-term disability and treat-
ment response in patients with multiple sclerosis. Of particular
note, several criteria and strategies have been proposed for
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prompt identification of suboptimal response in individual pa-
tients based on a combination of clinical and MR imaging
measures assessed during the first 6—12 months after treatment
initiation.'® These criteria are related to detection of disease
activity on follow-up brain MR imaging studies compared with
baseline scans, defined as either gadolinium-enhancing lesions
or new/enlarging T2 lesions. However, detection of active T2
lesions in patients with MS can be hindered by several factors,
such as a high burden of inactive T2 lesions, the presence of
small and confluent lesions, inadequate repositioning, and
high interobserver variability.” Image subtraction after image
registration can overcome these issues by visually cancelling
stable disease (lesions that stay the same over time) and pro-
viding good visualization and quantification of active T2 le-
sions (either positively or negatively).*’

Techniques for automatic detection of active T2 lesions can be
classified into 2 categories: intensity-based and deformation-
based approaches.'® In the former, successive scans are analyzed
by point-to-point (voxel-to-voxel) comparison, whereas in the
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latter, deformation fields obtained by nonrigid registration of the
2 scans are analyzed.

Most of the proposed techniques to detect changes on fol-
low-up images use an image-subtraction process that identifies

new T2 lesions'' !?

and include statistical models of intensity
changes between scans or other, more complex, supervised strat-
egies. Although segmentation of subtraction images enables
quantification of new, enlarging, and resolving MS lesions, auto-
mated image analysis that differentiates a true lesion change and
noise or artifacts would save considerable time and effort.

Nonrigid registration techniques usually provide a discrete
vector field that defines deformations occurring between 2 dif-
ferent images. This vector field can be used to detect evolving
processes, including new T2 lesions. Several approaches that
use deformation fields (DF) to detect positive changes occur-
ring in longitudinal MR studies have been reported.'*'> These
approaches focus on detecting and explaining processes un-
dergoing change (ie, lesions shrinking or growing), but not on
detecting new lesions, a measure that is now under consider-
ation as a biomarker for monitoring and predicting treatment
response.'®

The purpose of this study was to improve automated detection
of new T2 lesions on successive brain MR images, by using a novel
approach that combines subtraction and DF analysis. This new
pipeline will be compared with other approaches, in which a
threshold is applied or a postprocessing step is incorporated on
the basis of intensity rules.

MATERIALS AND METHODS

Patients

We prospectively analyzed previously acquired data from a cohort
of 36 patients with clinically isolated syndrome (CIS) or early
relapsing MS (13 women and 23 men; 35.4 * 7.1 years of age) who
underwent brain MR imaging in our center for diagnosis or for
monitoring disease evolution or treatment response. All patients
with CIS and early relapsing MS demonstrated new T2 lesions on
the follow-up scans and were diagnosed according to recent def-
initions and criteria.'”'® Two brain MR imaging acquisitions
were obtained in each patient, the first within the first 3 months
after the onset of symptoms (baseline [BL]) and the second at 12
months’ follow-up after onset (FU). The Vall d’'Hebron hospital’s
ethics committee approved the study, and written informed con-
sent was signed by the participating patients.

MR Image Acquisition

All patients underwent brain MR imaging at BL and FU on the
same 3T magnet (Tim Trio; Siemens, Erlangen, Germany) with a
12-channel phased array head coil. The MR imaging protocol
included the following sequences: 1) transverse proton density
(PD)- and T2-weighted fast spin-echo (TR= 3080 ms/TE =
21-91 ms, voxel size = 0.78 X 0.78 X 3.0 mm?), 2) transverse fast
T2-FLAIR (TR = 9000 ms, TE = 87 ms, TI= 2500 ms, flip angle =
120°, voxel size = 0.49 X 0.49 X 3.0 mm?), and 3) sagittal T1-
weighted 3D magnetization-prepared rapid acquisition of gradi-
ent echo (TR = 2300 ms, TE = 2.98 ms, TI = 900 ms, voxel size =
1.0 X 1.0 X 1.2 mm?).

Expert Analysis

All new and enlarging T2 lesions visually detected on the FU scan
were annotated on T2-FLAIR images by using the semiautomated
tool included in Jim 5.0 (http://www.xinapse.com/home.php).
This task was performed by a trained technician who first detected
changes visually by using the BL and FU scan and then delineated
them semiautomatically by using a subtraction image and both
scans. This task was later confirmed by an expert neuroradiolo-
gist. The results of this analysis served as the reference standard for
comparisons in the study.

Preprocessing

On both BL and FU PD-weighted images, a brain mask was identi-
fied and delineated by using the FSL Brain Extraction Tool (bet2
command) (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) with the ro-
bust center estimation, neck clean-up, and default threshold param-
eters. The mask was then applied to the other coregistered images
(T2-, T2-FLAIR-, and T1-weighted), and the N4 algorithm from the
ITK library (http://www.itk.org/)"® was used to correct for bias with
the standard parameters for a maximum of 400 iterations. The last
preprocessing step was to normalize BL and FU intensity values by
using a histogram-matching approach.

Registration and Subtraction

In each patient, T1- and T2-FLAIR-weighted images from the
same study were coregistered to the PD-weighted image by using
a 3D affine transformation similar to that in previous works.*
The Mattes Mutual Information cost function was minimized
by Regular Step Gradient Descent Optimization (https://itk.org/
Doxygen320/html/classitk_1_1RegularStepGradientDescent
Optimizer.html), and B-spline interpolation was applied. This
framework was implemented by using ITK.

The same 3D affine-registration framework was also used be-
fore subtraction to warp the BL images to the FU space because
patients with CIS and early relapsing MS present with small (or
no) overall anatomic changes.?' The registration was conducted
between both PD-weighted images. After the transformation had
been obtained, we applied it to the other images by using B-spline
interpolation to subtract the BL PD-, T2-, and T2-FLAIR-
weighted images from their corresponding FU images. In the case
of BL T2-FLAIR-weighted images, the 2 affine transformations
were combined to avoid interpolating more than once.

Affine registration methods are robust to the presence of lesions,
and when new lesions appear, deformable models usually show dis-
tortions to compensate for the anomalous regions. On the basis of the
characteristics of these approaches, we were able to analyze the DF
obtained after applying these nonrigid techniques to the registered
images. In this study, we applied the multiresolution Demons regis-
tration approach®” from ITK initialized with the previous affine
transformation. Concretely, we used the DemonsRegistrationFilter
(SD = 1) (http://www.itk.org/Doxygen320/html/classitk_1_
1DemonsRegistrationFilter.html) with MultiResolutionPDED-
eformableRegistration (http://www.itk.org/Doxygen320/html/
classitk_1_1MultiResolutionPDEDeformableRegistration.
html) (iterations = 50, levels = 2). This algorithm can produce
large localized deformations and has been widely used in brain
MR imaging.
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Threshold

New and enlarging T2 lesions appear hyperintense in the subtrac-
tion image. However, certain regions outside the white matter
may also appear hyperintense due to artifacts, noise, inhomoge-
neity, registration errors, or small anatomic differences. Because
our goal was to detect new and enlarging T2 WM lesions, we
restricted our search to areas within the WM. To define this re-
gion, we applied an automated tissue-segmentation algorithm®’
to the BL and FU scans. This nonparametric algorithm uses an
atlas registered to the T1-weighted image in conjunction with the
T1-, T2-, and PD-weighted images. This segmentation was ap-
plied before the registration step between the 2 image sets. After reg-
istration, a final WM mask was obtained as the union of the 2 WM
segmentations in the FU space. After defining WM, we smoothed the
subtracted images by using the ITK 3D Gaussian filter (Discrete-
GaussianImageFilter; http://www.itk.org/Doxygen/html/classitk_
1_1DiscreteGaussianlmageFilter.html) with a 0.5 SD to reduce the
impact of spurious hyperintense regions.”® An automated threshold
was then computed for each subtraction image (PD, T2, and T2-
FLAIR) and applied separately to obtain 3 initial lesion masks. The
thresholds were computed as the mean of the subtraction image
within the WM plus 5 SDs to guarantee that only hyperintense re-
gions were detected and to maintain a large number of true-positives
(TPs), as proposed previously.” Lesions of <3 voxels were excluded
to reduce the effects of noise.

Lesion Mask Combination
To differentiate between errors and true lesions in each mask, we
used the intersection of the 3 masks (PD, T2, and T2-FLAIR).
Because differences in the initial masks might still result in false-
positive (FP) detections of 1 or 2 voxels, we also applied the lesion
size restriction to the combined mask to reduce this effect.
Afterward, the 2 different postprocessing approaches were
used independently in order to compare them.

Postprocessing Based on Intensity

While the aforementioned restrictions usually exclude a large num-
ber of FPs, they do not completely eliminate this problem. As has
been reported,zo some FPs can arise from low intensities in the BL
images, caused, for example, by skull-stripping errors. To reduce the
effect of these factors and to include local information, we applied a

set of suggested intensity-based rules to the BL and FU images™:

e Global rule: To avoid regions with a low intensity, candidate
lesions with a mean value under p,,.,; — 20y, are discarded,
where w, ., and oy, are the mean and SD of the basal inten-
sities inside the WM ROL

e Basal neighborhood ratio: New lesions should appear as WM in
the basal image. To ensure that, we compute a ratio between the
neighboring pixels of the candidate lesions (jesion! neighbors)-
If this ratio is <0.9, we discard the candidate lesion. That usu-
ally means that there is a dark spot that might appear as a hy-
perintensity in the subtraction image.

e Follow-up neighborhood ratio: Similarly, new lesions should ac-
tually be lesions in the follow-up image. To ensure that, we com-
pute the same ratio. If this ratio is <1, the candidate lesion has a
lower intensity profile than its neighboring area, so we discard it.
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FIG 1. Example of the deformation field inside a new lesion. All ar-
rows point to the lesion center.

Postprocessing Based on Deformation Fields
The Demons algorithm provides DF representing a transfor-
mation from the target image (FU scan) to the source image
(BL scan). To compensate for hyperintense lesions, the DF go
from outside the lesion to its center (shrinking it), as is illus-
trated in Figs 1 and 2. Vectors within and in the vicinity of the
lesion have a higher modulus than those in other regions of the
image. Moreover, no sinking patterns with independent be-
havior between neighboring vectors are observed far from
lesions.

To be able to model and automatically detect this behavior, we
defined 3 regional metrics computed from the DF inside each
candidate lesion:

e Divergence'>: This vector operator is defined as the volume
density of the outward flux of a vector field from an infinitesi-
mal volume around a given point. Given a continuously differ-
entiable vector field F, the divergence at a given point is equal to
the scalar-valued function:

dF, 9F

dive = 00y Oy 0%
ivF = 7 3, 5

In our case,
divDF = G(x), + G(y), + G(2),»

where G(i); is the j component of the gradient in the i compo-
nent of the vector field volume.

For new T2 lesions, deformations have an inward flux that is
represented by a negative value (div DF of <0). Therefore, we
excluded lesions that had a positive mean value.

e Jacobian'*: We used the Jacobian operator to analyze the DF at
each candidate lesion. Values of <1 represent a shrinking pro-
cess. Regions with a higher value were excluded.

e Concentricity: Due to the inward flux of the vector field
within lesions, all vectors point to the center of mass of the
lesion. We defined a new operator on the basis of that no-
tion. For each lesion voxel, we computed the vector between
the voxel and the center of mass of the lesion. We then com-
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puted the scalar product between the DF vector and this candidate lesions with an absolute value lower than 0.75.

concentric vector. Concentric vector fields should have an This value indicates that the deformation vector and the

absolute mean value close to 1; therefore, we excluded all concentric vector have a maximum angle of 15°.

FIG 2. Example of the deformation field for 2 sections. The first image does not contain lesions
and presents large deformations with no clear sinking patterns, while in the second image with a
lesion, all the arrows inside the lesion point to the center.

Evaluation and Statistical Analysis
To validate use of the DF and the benefits
they provide when automatically detect-
ing new T2 lesions, we compared the pro-
posed pipeline to a state-of-the-art ap-
proach®® with detection-based measures.
In this approach, a lesion is considered TP
if it overlaps a ground truth lesion, FP is a
detected lesion with no overlap, and FN is
a lesion that has not been detected.

The TP fraction (TPf) and FP fraction
(FPf) are the ratio measures of TP versus
ground truth lesions and FP versus all le-
sions found, respectively. Therefore, per-
fect detection would be 100% TPf and 0%
FPf. To complement and summarize these
measures, we also computed the Dice sim-
ilarity coefficient (DSC):

FIG 3. New lesion detection. For each row, the first image is the baseline image, the second is the follow-up image, the third is the subtraction,
and the fourth is the lesion analysis over the follow-up image (green = true-positive). The patient has a large number of TPs (100%), with a small

number of FPs (0%).
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Table 1: Lesion detections obtained for our data base using various approaches

.05. The methods were then ranked by

Image Method ASD  TPf FPf  DSC (Lesions) DSC (Volume)  the meanand SD of the method with the
PD Threshold 2580 9228 9318 on 0.31 highest measured value. Methods in the
Intensity rules®® 2190 80.61 83.01 0.24 0.35 same rank had similar results, whereas
DF 1991 7318 7702 0.30 037 methods in different ranks showed sig-
T2 Threshold 2522 9389 95.88 0.07 0.25 nificant differences
Intensity rules?®® 2222 64.09 8635 0.17 0.25 : .
DF 776 8179 80.84 0.26 0.34 We also performed a Wilcoxon rank
T2-FLAIR Threshold 2722 9024 9279 0.10 0.26 sum test among the DSC, TPf, and FPf
Intensity rules?®® 2117 7834 8077 0.25 0.31 results for each independent image after
o DF 214 8122 771 0.30 0.33 the threshold was applied. Finally, the
Combination Threshold » 13.07 9105 8561 0.22 0.45 Pearson correlation was used to analyze
Intensity rules 30.80 5162 35.87 0.46 037 .
Proposal 789 7093  17.80 0.68 052 the manual annotations and the auto-
— - matic detections obtained with our
Note:—ASD indicates average surface distance.
approach.
Table 2: Permutation test ranking of DSC values for the
approaches applied on each image separately®
Method Mean P Value RESULTS
Rank1(<10) T2-FLAIR-DF 75 The mean results for new T2 lesion detection and segmentation by
PD-DF 56 using each of the approaches are summarized in Table 1. The DSC
T2-DF o .53 results with our approach were 0.68 in terms of detection (re-
Rank 2 (<2 o) -IEZD'Z';LA'R 1262 gions) and 0.52 in terms of segmentation (volume). Moreover, we
Rank 3 (<3 0) 220 7’22 obtained the lowest average surface difference (7.89 mm) in con-
PD-threshold —56 trast to the joint threshold (13.07 mm) and with intensity rules
T2-FLAIR-threshold —.67 (30.80 mm). While the volumetric agreement was lower, it was
T2-threshold —.78

* Methods were ranked relative to the mean and SD of the method with the highest
DSC value. Methods in the same rank have similar results, whereas methods in differ-
ent ranks show significant differences.

2 X TP
" 2X TP+ FP+ EN’

DSC

Furthermore, we also performed an evaluation of the actual
overlap between lesions by using the volumetric DSC.

Finally, we also included the average surface distance measure
from the MICCAI MS Lesion Segmentation Challenge 2008
(http://www.ia.unc.edu/MSseg/).** The border voxels of segmen-
tation and reference are determined. For each voxel along one
border, the closest voxel along the other border is determined (by
using unsigned Euclidean distance in real-world distances). All
these distances are stored, and their average is computed. This
value is zero for a perfect segmentation.

A statistical analysis was performed to evaluate the significance
of the results obtained. To determine the performance of each key
step in our pipeline, we conducted 3 sets of experiments, each
focusing on a different aspect. The naive approach consisted of
applying the threshold defined in the “Materials and Methods”
section to each subtraction image. We also applied different post-
processing approaches to the initial masks separately, and finally,
we compared the results of the threshold mask combination to
our proposal and a state-of-the-art approach.

First, we performed a Lilliefors test on the measures evaluated
and their differences. Due to the number of pipelines evaluated
and the statistically proved non-normal distribution of the mea-
sures, pair-wise t tests were inappropriate. Hence, permutation
tests®>>® were used to determine significant differences among
applying a threshold, using intensity and neighborhood rules, and
using DF. Permutation tests yield the mean (u) and SD (o) of the
fraction of times that the difference in a given measure for a given
method is smaller than the remaining methods, with a P value =
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high enough to validate our detection definition of 1 voxel
overlap.

Impact of Postprocessing per Image

Our first set of experiments consisted of applying a threshold to
PD-weighted, T2-weighted, and T2-FLAIR-weighted images sep-
arately. We compared this naive approach with a state-of-the-art
approach”® based on intensity and spatial rules and the DF rules
presented here on each image.

According to Table 1, application of a threshold alone missed
some ground truth lesions and resulted in a large number of FPs.
Lowering the threshold to include all ground truth detections
would be counterproductive because of the number of FPs. In
terms of sensitivity alone, both PD-weighted and FLAIR subtrac-
tions yielded similar results.

Rankings obtained by statistical permutation testing for the
DSC are summarized in Table 2. Negative values indicate lower
performance than the method with the highest DSC value.
Rank 1 only included approaches that relied on the DF after
applying a threshold, whereas rank 2 included approaches that
used intensity and neighborhood rules for the PD and T2-
FLAIR subtractions. Rank 3 included all methods based on
thresholds with a negative P value. Because ranking between
the approaches differed, we can conclude that there was a sig-
nificant difference between using DF and intensity/neighbor-
ing rules.

Paired rank sum testing between strategies revealed no signif-
icant difference in DSC or TPf among the 3 image subtractions,
thus indicating that all 3 images provided similar sensitivity for
lesion detection. However, we obtained significant differences for
FPf, suggesting that FP detection differed among the images. This
difference supports our idea of combining the masks obtained for
each subtraction.



FIG4. Correlation between the number of ground truth lesions and the number of automatically detected ones (Pearson coefficient = 0.81,P =

2.2688e-09).

Impact of the Lesion Mask Combination

When the initial masks for each image were analyzed indepen-
dently, almost all new T2-WM lesions were detected. However,
FP detections were visually different among the images in most
cases and, therefore, highly related to the image being
visualized.

To validate the assumption that combining the masks signifi-
cantly improves the results, we performed a second set of experi-
ments and comparisons by using rank sum testing between the
lesion mask after applying a threshold to each image indepen-
dently and the intersection of all 3 masks. Significant differences
were found for FPfand DSC (P < .05) but not for TPf. Again, this
finding suggests that combining all masks reduces the number of
FPs without significantly affecting TP detections.

Pipeline Comparison

We also performed an analysis of the last group in Table 1 (mask
combination in the 3 different strategies). In this case, we ob-
tained significant differences (P < .05) for all 3 measures (DSC,
TPf, and FPf) between the intersection mask and the 2 approaches
based on postprocessing. This result indicates that the DSC im-
provement was due to the considerable decrease in FPs detrimen-
tal to the number of TPs. This is the usual trade-off encountered
when dealing with postprocessing techniques, in which some TPs
are excluded (eg, due to image artifacts) to reduce the number of
FPs. We also found significant differences (P < .05) in all 3 mea-
sures between the 2 automatic approaches (our proposal and that
of Ganiler et al*), reinforcing the notion that our DF strategy
yields better performance. Qualitative examples of the results ob-
tained with our proposal are shown in Fig 3.

Table 3: Analysis of the TPf before and after postprocessing with
deformation fields for different sizes®

Image Method 3-10 11-50 50+

Combination Combination 7143 72.38 95.16
(threshold)

Proposal 42.86 48.57 77.42

? Lesions between 3 and 10 voxels are considered small; lesions between 11 and 50
voxels, medium; and lesions with >50 voxels, large.

A significant correlation (r = 0.81, P = 2.2688e-09) was found
between annotations based on visual detection and our auto-
mated approach for detecting new T2 lesions (Fig 4). We then
analyzed the effect of the 3 DF-based measures and found that
they all had a similar impact in most cases; however, some FPs
were only detected by one of them, with no apparent pattern.

Lesion Analysis per Volume

Finally, we analyzed lesion detection by groups of similar size.
Table 3 summarizes the results before and after postprocessing by
using the deformation field obtained. As expected, lesions with a
small size (between 3 and 10 voxels) have a low detection rate
(42.86%). Due to their small size, the deformation field cannot
fully capture them and they are discarded during the postprocess-
ing step. As the volume increases, the deformation field presents a
clearer pattern that we can detect with the rules presented in this
article. Even though for lesions of a medium size (between 11 and
50 voxels) the TPf is still lower than 50% (48.57%), this value
increases for large lesions of >50 voxels (77.42%). Moreover, the
TPf decreases from 69.23% before postprocessing to 23.08% with
lesions of <7 voxels.
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DISCUSSION

New/enlarging T2 lesion count is a common measure used to
monitor and predict treatment response in patients with MS.'™®
Trained radiologists perform this task by visual analysis of 2 suc-
cessive MR images, a time-consuming task associated with high
interobserver variability.” The pipeline proposed in this study
may be of value for assisting or even replacing visual analysis for
detecting active MS lesions on T2-weighted images.

The method is completely autonomous and automated and
does not require user input or a training set. Furthermore, the
process is computationally fast because it mainly relies on sub-
traction and registration. With an optimized Demons algorithm,
it takes only minutes to segment all new T2 lesions in a single
patient, with a low number of FP detections.

We obtained significant results with a data base of 36 patients,
and we also tested our algorithm without any modification with a
small clinical trial dataset. This dataset had a reduced number of
images (n = 10) that were provided by 3 different centers. Even
though promising results were obtained with this initial test (DSC
for lesions = 0.79, DSC for volume = 0.60, TPf = 74.15, FPf =
9.61), an exhaustive analysis with a larger number of patients
should be performed to prove that the method performs similarly
with different acquisition setups.

However, currently, it is not possible to detect new black holes
(even though a postprocessing step could be included to differen-
tiate between new lesions and new black holes by using the T1-
weighted images).

Current studies are working on the definition and implemen-
tation of a new “no evidence of disease activity” treatment.**”
This decision model relies on, among others, the detection of
new/enlarging T2 lesions as a biomarker and requires a high spec-
ificity and sensitivity because the number of FPs could suggest an
undesirable change in treatment. Therefore, reducing the number
of FPs when using automatic tools is a key factor. However, cur-
rent subtraction techniques usually rely on intensity information,
which can misguide detection due to local inhomogeneities or
small changes. While these FPs can be reduced by using spatial
information, a registration technique that overfits a free-form de-
formation incorporates this local information and provides better
insight into changes occurring due to development of a new lesion
or one that changes in size.

Automated algorithms usually obtain better scores when le-
sion count or lesion volume is high, but they often have
shortcomings when the lesion volume or volume change is
small.'''**° We also compared ours to a current state-of-the-art
technique that has been validated with 1.5T imaging. 3T imaging
provides better resolution and a higher signal-to-noise ratio, from
which registration techniques can benefit. Therefore, to demon-
strate that DF provide a better means to differentiate subtraction
artifacts and true disease activity (in terms of lesions), we used 3T
imaging, in which DF provide a better understanding of evolving
processes.

CONCLUSIONS

We have presented a new automated pipeline to detect new brain
T2 lesions and positive changes in disease activity in patients with
clinically isolated syndrome or early relapsing multiple sclerosis.
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This technique relies on DF information and provides more reli-
able measurement of changes occurring between 2 successive MR
images than other currently available approaches. Significant dif-
ferences in accurate lesion detection were found between this
technique and other current approaches, and a strong correlation
and higher overlap were seen between our approach and visual
lesion detection. These findings indicate that the proposed
technique may be of value for application in clinical studies inves-
tigating disease activity, monitoring, and treatment effects, pro-
viding a decrease in user interaction and likely a reduction in
inter- and intraobserver variability.
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ORIGINAL RESEARCH
ADULT BRAIN

White Matter Hyperintensity Volume and Cerebral Perfusion
in Older Individuals with Hypertension Using Arterial
Spin-Labeling

).W. van Dalen, ““’"HJ.M.M. Mutsaerts, ““AJ. Nederveen, ““’'H. Vrenken, ““’M.D. Steenwijk, “’“M.W.A. Caan,

W.A. van Gool, and

CB.L.M. Majoie,
E. Richard
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ABSTRACT

BACKGROUND AND PURPOSE: White matter hyperintensities of presumed vascular origin in elderly patients with hypertension may be
part of a general cerebral perfusion deficit, involving not only the white matter hyperintensities but also the surrounding normal-appearing
white matter and gray matter. We aimed to study the relation between white matter hyperintensity volume and CBF and assess whether
white matter hyperintensities are related to a general perfusion deficit.

MATERIALS AND METHODS: In 185 participants of the Prevention of Dementia by Intensive Vascular Care trial between 72 and 80 years
of age with systolic hypertension, white matter hyperintensity volume and CBF were derived from 3D FLAIR and arterial spin-labeling MR
imaging, respectively. We compared white matter hyperintensity CBF, normal-appearing white matter CBF, and GM CBF across quartiles of
white matter hyperintensity volume and assessed the continuous relation between these CBF estimates and white matter hyperintensity

volume by using linear regression.

RESULTS: Mean white matter hyperintensity CBF was markedly lower in higher quartiles of white matter hyperintensity volume, and white
matter hyperintensity volume and white matter hyperintensity CBF were negatively related (standardized B = —0.248, P = .001) in linear
regression. We found no difference in normal-appearing white matter or GM CBF across quartiles of white matter hyperintensity volume
or any relation between white matter hyperintensity volume and normal-appearing white matter CBF (standardized 8 = —0.065, P = .643)
or GM CBF (standardized B = —0.035, P = .382) in linear regression.

CONCLUSIONS: Higher white matter hyperintensity volume in elderly individuals with hypertension was associated with lower perfusion
within white matter hyperintensities, but not with lower perfusion in the surrounding normal-appearing white matter or GM. These
findings suggest that white matter hyperintensities in elderly individuals with hypertension relate to local microvascular alterations rather
than a general cerebral perfusion deficit.

ABBREVIATIONS: ATT = arterial transit time; B = standardized 8; NAWM = normal-appearing white matter; preDIVA = Prevention of Dementia by Intensive

Vascular Care trial; preDIVA-M = MRI substudy of the preDIVA trial; WMH = white matter hyperintensity

hite matter hyperintensities (WMHs) of presumed vascu-
lar origin are a common finding on brain MR imaging in
elderly individuals. WMH prevalence estimates in asymptomatic
older individuals range from 45% to >90%, depending on age
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and severity." Clinically, WMHs are associated with cognitive de-
cline, neuropsychiatric symptoms, loss of functional indepen-
dence, and increased mortality.>”> Advanced age and hyperten-
sion are the strongest risk factors for WMHs, especially for the
confluent subtype.'™

The pathophysiology of WMHs has not yet been fully eluci-
dated. They often appear together with other signs of cerebral
small-vessel disease, an umbrella term for neuroradiologic anom-
alies often found in asymptomatic elderly individuals.*> Histo-
logically, confluent WMHs appear as a continuum of increasing
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tissue damage resembling chronic low-grade ischemia."® There-
fore, WMHs may be the result of chronic low-grade white matter
hypoperfusion.”>° In agreement, CBF within WMHs is lower
compared with normal-appearing WM (NAWM).”"'*

Whether WMHs are associated with alower cerebral perfusion
in general, also involving the surrounding NAWM and gray mat-
ter, is unclear. Some findings suggest that WMHs may relate to
lower whole-brain or GM perfusion,”'"'>'® and WMHs have
been associated with reduced blood flow velocity in the large in-
tracranial arteries, outside the WM.'”"'* On a broader level, the
association between WMHs and chronic cardiac disease also hints
at a relation with general perfusion.”” WMHs primarily originate
in physiologically poorly perfused areas (ie, the periventricular
and deep WM), explaining how even a slight cerebral perfusion
deficit could provoke low-grade ischemia in those regions associ-
ated with WMHs.”"** Low perfusion in NAWM has also been
associated with subsequent WMH development.”> While these
findings seem to suggest that WMHs are related to a perfusion
deficit extending beyond the WMHs, current evidence remains
circumstantial.

In this study, we address the hypothesis that WMHs are asso-
ciated with lower cerebral perfusion, not only within the WMHs
but also in the surrounding NAWM and GM. If so, this could be a
first step in determining why WMHs form in elderly individuals
and toward preventive treatment. Because age and hypertension
are the strongest risk factors for asymptomatic WMHs, we tested
this hypothesis in a large cohort of community-dwelling elderly
with hypertension, by using noninvasive arterial spin-labeling
MR imaging. Arterial spin-labeling was chosen because this
method of perfusion measurement allows noninvasive (ie, with-
out contrast) MR imaging measurement of CBF within a scanning
time of as little as 4 minutes, facilitating large-scale CBF mea-
surement in research settings and eventually enabling clinical
application.

MATERIALS AND METHODS

Participants

This study was approved by the Academic Medical Centre insti-
tutional review board in accordance with the Declaration of Hel-
sinki and the ethical standards of the institution. All participants
provided written informed consent before MR imaging. Partici-
pants were recruited from the Prevention of Dementia by Inten-
sive Vascular Care trial (preDIVA). This is an ongoing random-
ized controlled trial in community-dwelling elderly individuals
without dementia to study the efficacy of a nurse-led intervention
aimed at vascular risk factor modification to prevent dementia.**
A random subset of participants with systolic hypertension (>140
mm Hg) at baseline without dementia and any other severe med-
ical conditions likely to impede 4-year follow-up (eg, terminal
illness, late-stage heart failure, and chronic obstructive pulmo-
nary disease) were invited to participate in the preDIVA-MR im-
aging (preDIVA-M) substudy. In total, 195 participated in pre-
DIVA-M, equally distributed across intervention (n = 96) and
control (n = 99) groups of the preDIVA trial. Because the pre-
DIVA trial intervention, consisting of rigorous implementation of
normal cardiovascular health guidelines, is unlikely to affect the
relation between WMHs and CBF, for the current analyses, the

group was considered as a single cohort irrespective of treatment
allocation. MR imaging was performed after the second preDIVA
clinical assessment took place, between 2 and 4 years after the
preDIVA baseline assessment. Clinical data used in this study
were derived from this second assessment. The median time be-
tween clinical assessment and MR imaging was 238 days (inter-
quartile range, 147—429 days). Collected data included the pres-
ence of vascular risk factors (systolic and diastolic blood pressure,
smoking status [current, former, never], and body mass index).
Medical history was obtained through self-reporting, cross-refer-
enced with the general practitioner’s medical records, and in-
cluded diabetes mellitus, stroke, TIA, and cardiovascular disease,
comprising angina pectoris, myocardial infarction, and periph-
eral arterial disease.

MR Imaging Acquisition

All imaging was performed on a 3T Intera scanner (Philips
Healthcare, Best, the Netherlands) with a sensitivity encoding
8-channel head coil. Foam padding was used to restrict head mo-
tion. An isotropic 1-mm” 3D T1-weighted sequence (TR, 6.6 ms;
TE, 3.1 ms; flip angle, 9°; FOV, 270 X 270 mm?; 170 sagittal
sections; 1.2-mm section thickness; 1.1 X 1.1 mm? in-plane res-
olution) and an isotropic 1-mm?® 3D FLAIR sequence (TR/TE,
4800/355 ms; TI, 1650 ms; FOV, 250 X 250 mm?; 160 sagittal
sections; 1.12-mm thickness, interpolated to 0.56-mm thick
[overcontiguous] sections during reconstruction; 1.1 X 1.1 mm?*
in-plane resolution) were performed. Consecutively, 2 gradient-
echo single-shot echo-planar imaging pseudocontinuous arterial
spin-labeling sequences (matrix, 64 X 64; TR/TE, 4000/17 ms; flip
angle, 90° FOV, 240 X 240 mm; 17 axial sections; no gap; 7-mm
section thickness; sensitivity encoding, 2.5; postlabel delay, 1525—
2120 ms; labeling duration, 1650 ms) were obtained: one with
flow-crushing diffusion gradients in 3 directions (CBF crushed,
b-value = 0.6 s/mm?, velocity-encoding 50 mm/s) and one with-
out (CBF noncrushed, b-value = 0 s/mm?). Twenty dynamics
were acquired for each scan, resulting in a total scan duration of
2 X 160 = 320 seconds. Background suppression was imple-
mented with 2 inversion pulses, respectively, 1710 and 2860 ms
after a prelabeling saturation pulse. The labeling plane was posi-
tioned parallel to the imaging volume, 9 cm inferior to the center
of the imaging volume.”®

Image Processing
An overview of image processing is provided in On-line Fig 1.
WMH segmentation was performed by using a k-Nearest-Neigh-
bors algorithm with tissue-type priors, described and validated
previously.?® In total, 194 scans were automatically segmented.
MR imaging data were further processed by using the Statisti-
cal Parametric Mapping 8 toolbox (SPMS8; http://www.fil.ion.
ucl.ac.uk/spm/software/) and custom scripts in Matlab 7.12.0
(MathWorks, Natick, Massachusetts). Arterial spin-labeling data
processing and quantification were performed by H.J.M.M.M.
(postdoctoral researcher, 6 years of experience) and are described
in more detail elsewhere.”” In short, T1-weighted images were
segmented into GM and WM probability maps. After motion
correction, 2 X 20 pairs of arterial spin-labeled and control im-
ages were pair-wise subtracted and subsequently averaged to gen-
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erate perfusion-weighted maps, which were converted to millili-
ter/100 g/min by using a single compartment model.”**° No
distinction was made between the quantification of GM and WM
voxels. After quantification, the CBF crushed maps were rigid-
body registered to the CBF noncrushed maps. For the main anal-
yses, CBF was derived from the crushed CBF maps.

MR Imaging Outcome Measures

WMH volume was calculated from the automatic segmentation
maps and was logarithmically transformed to approach a normal
distribution. Thislogarithmically transformed WMH volume was
used for all statistical analyses.

Median CBF estimates were taken for the segmented GM,
WM, WMHs, and NAWM, operationalized as the WM outside
the WMHs. Although extreme values, or outliers, of CBF mea-
surements would be less representative of the study population,
they could have a disproportionally large influence on linear re-
gression results. To avoid the strong influence of outliers on the
main analyses, we excluded participants with median GM, WM,
NAWM, and WMH CBF values differing =3 SDs from the group
mean.

Atrophy and arterial transit times were considered as MR im-
aging—derived parameters, potentially confounding the correla-
tion between WMH and CBF. As a proxy for atrophy, which is a
longitudinal measure and thus could not be measured, the brain
parenchymal fraction was calculated as the ratio (GM + WM
volume)/(intracranial volume). Arterial transit time (ATT),
which represents the mean arterial transit time from the labeling
plane at the level of the cervical arteries to the GM tissue arterioles
(On-line Fig 2), was calculated from crushed and noncrushed
CBF values by using the flow encoding arterial spin tagging equa-
tion,® as published previously.?”

Computations were performed by using Matlab 7.12.0; SPM8
8; the Oxford Centre for Functional MR Imaging of the Brain
Software Library, Version 5.0°° (FSL; http://www.fmrib.ox.ac.uk/
fsl); and SPSS statistics, Versions 20 and 21 (IBM, Armonk, New
York) by HJ.M.M.M. (postdoctoral researcher, 6 years of experi-
ence) and J.W.v.D. (researcher, 4 years of experience) with the
support of M.W.A.C. (postdoctoral researcher, 10 years of
experience).

Statistical Analysis

Significance for P values was set at <.05. Two-tailed paired sam-
ple t tests were used to compare GM CBF with WM CBF and
NAWM CBF with WMH CBF. Differences in mean CBF between
quartiles of WMH volume were compared by using 1-way analy-
sis of variance followed by Tukey post hoc testing to identify
which quartiles differed significantly from each other.

The relation between WMH volume and CBF in the WMHs,
NAWM, and GM was assessed in separate linear regression anal-
yses. In model 1, these analyses were adjusted for total brain vol-
ume. In model 2, analyses were additionally adjusted for potential
confounders. To identify which confounders to include in model
2, we performed separate linear regression analyses for age, sex,
brain parenchymal fraction, ATT, smoking status (current, for-
mer, never), history of stroke (including transient ischemic at-
tack), history of other cardiovascular diseases (peripheral arterial
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Table 1: General characteristics®
Characteristics (n = 181)

Age (yr) 77(2)
Female 96 (53%)
MMSE 29 (28-30)
BMI (kg/m?) 26 (24-28)
History of stroke or TIA 19 (%)
History of cardiovascular disease 41(23%)
Diabetes mellitus 20 (%)
Smoking status

Never 82 (45%)

Former 88 (49%)

Current 11(6%)
Antihypertensive drug use 108 (60%)
World Health Organization

hypertension grade:

Normotension 47 (26%)

Grade | hypertension 73 (41%)

Grade Il hypertension 38(21%)

Grade IIl hypertension 20 (M%)
Systolic blood pressure (mm Hg) 148 (138-165)
Diastolic blood pressure (mm Hg) 81(74-90)
Brain parenchymal fraction 0.61(0.025)
WMH volume (mL) 6.5(3.6-11.2)

Note:—MMSE indicates Mini-Mental State Examination; BMI, body mass index.
#Reported are means and SDs, numbers and valid percentages, or medians with
interquartile range. Cardiovascular disease comprises peripheral arterial disease, an-
gina pectoris, and myocardial infarction. Brain parenchymal fraction = (total cerebral
volume)/total intracranial volume.

disease, angina pectoris, myocardial infarction), diabetes melli-
tus, body mass index, antihypertensive drug use, systolic blood
pressure, and diastolic blood pressure, because these could all
potentially affect both CBF and WMH volumes."*>?"** Any of
these variables individually associated with WMH volume ad-
justed for total brain volume with a P value = .1 were included as
potential confounders in model 2.

Finally, 3 post hoc sensitivity analyses were performed. First,
because previous findings suggested that CBF in WMHs, NAWM,
and GM may only decrease from a certain minimum threshold of
WMH volume,” the above-mentioned analyses were repeated
with exclusion of the participants in the lowest quartile of WMH
volume. Second, to assess the influence of excluding participants
with CBF values differing =3 SDs from the mean from the main
analyses, we repeated the main analyses without excluding these
participants. Third, because different mechanisms for WMH for-
mations may occur in participants with and without cerebrovas-
cular disease, we performed a sensitivity analysis in which we ex-
cluded participants with a history of cerebrovascular disease or
lacunar infarcts on MR imaging. For the sensitivity analyses, the
outcomes of the adjusted model (model 2) are shown in the “Re-
sults” section.

RESULTS

Descriptives

The mean age of the population was 77 = 2 years, and 53% were
women. At the most recent clinical assessment before scanning,
26% of participants’ hypertension was under control; 41% had
grade I hypertension according to World Health Organization
standards; 21%, grade IT hypertension; and 11%, grade III hyper-
tension. Other participant characteristics are listed in Table 1.
Data of 10 participants were discarded because of processing er-
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rors in CBF (n = 9) or WMH (n = 1) assessment. Another 4
participants were excluded from the main analyses due to CBF
estimates differing >3 SDs from the mean. Excluded participants
(n = 14) did not significantly differ from the included partici-
pants (n = 181) regarding demographics and structural MR im-
aging parameters (On-line Table 1). The median WMH volume
was 6.5 mL (interquartile range, 3.6—-11.2 mL; range, 0.2-52.1
mL). The mean population CBF in the GM, WM, NAWM, and
WMHs is depicted in Fig 1. The mean GM CBF was significantly
higher than the WM CBF (43.8 * 14.2 versus 21.9 = 7.5 mL/100
g/min, P < .001), and the mean NAWM CBF was significantly
higher than the mean WMH CBF (22.5 = 7.7 versus 10.6 * 6.3
mL/100 g/min, P < .001).

Mean CBF

50 - P <0.001
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FIG 1. Regional cerebral blood flow. Cerebral blood in the gray mat-
ter, white matter, normal-appearing white matter unaffected by
WMHs (NAWM,), and white matter hyperintensities. Shown are means
(SDs) and P values of paired sample t tests.

WMH CBF NAWM CBF

P <0.008

CBF (ml/100g/min)

Analyses per Quartile of WMH Volume

Mean WMH, NAWM, and GM CBF values per quartile of WMH
volume are depicted in Fig 2 and On-line Table 2. WMH load in
the lowest quartile (n = 45, 24%) was =3.58 mL (low WMHs); in
the second quartile (n = 48, 26%), 3.59—6.40 mL (mild WMHs);
in the third quartile (n = 48, 26%), 6.41-11.18 mL (moderate
WMHs); and in the highest quartile (n = 44, 24%), =11.18 mL
(high WMHs). WMH and CBF maps per quartile of WMH vol-
ume are illustrated in On-line Fig 3. From the lower 2 quartiles
upward, the mean WMH CBF declined with increasing WMH
volume (Fig 2 and On-line Table 2). The mean NAWM and GM
CBF did not show any clear relation with WMH volume (Fig 2
and On-line Table 2). One-way analysis of variance showed a
significant difference between quartiles of WMH volume in
WMH CBE (P = .002) but not in NAWM CBF (P = .244) or GM
CBF (P = .059). Tukey post hoc testing revealed that WMH CBF
in the quartile with the highest WMH load was significantly lower
compared with the quartiles with the lowest (mean difference, 4.2
mL/100 g/min; P =.007) and the second lowest (mean difference,
4.41 mL/100 g/min; P = .007) WMH load.

Linear Regression

Results of the linear regression analyses are listed in Table 2. Ad-
justed for total brain volume (model 1), a higher WMH volume
was associated with a lower CBF in WMHs (standardized beta
[B] = —0.25, P =.001). No association was found between WMH
volume and CBF in NAWM (8 = —0.04, P = .643) or GM (B =
—0.07, P = .382).

Results of linear regression of potential confounders with
WMH volume are listed in On-line Table 3. Age (8 = 0.13, P =
.09), brain parenchymal fraction (8 = —0.13, P = .10), GM ATT
(B =0.15, P = .046), and antihypertensive use (3 = 0.14, P = .07)

were associated with WMH volume with

GM CBF a P value = .1 and therefore were in-
cluded as covariates in model 2. There
was no association between WMH and
female sex (B = 0.07, P = .47), systolic
blood pressure (8 = —0.04, P = .63),
diastolic blood pressure (8 = 0.01, P =
.88), smoking status (current versus
never, B = —0.06, P = .45; former ver-
sus never, 3 = —0.08, P = .29), history
of stroke (8 = 0.10, P = .23), history of
other cardiovascular diseases (3 = —0.06,

Quartiles of white matter hyperintensity volume

FIG 2. Cerebral blood flow per quartiles of WMH load. Cerebral blood flow in the gray matter,
normal-appearing white matter unaffected by WMHs, and white matter hyperintensities in sub-
groups based on quartiles of WMH volume. Shown are means (SDs) and significant P values of
1-way analysis of variance.

Table 2: Association between cerebral perfusion and white matter hyperintensity volume®

Model 1 Model 2
Predictor B P Value R? B P Value R?
CBF in WMH —.248 .001 0.06 —.201 .029 0.06
CBF in NAWM —.035 643 0.00 175 .098 0.05
CBF in GM —.065 382 0.00 175 133 0.05

2 R?is the adjusted R? representing the proportion of variation in white matter hyperintensity volume explained by all
variables in the model, corrected for the number of variables—model 1: adjusted for total brain volume; model 2:
adjusted for total brain volume, age, antihypertensive use, brain parenchymal fraction, and transit time.
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P = .41), diabetes mellitus (8 = 0.01,
P = .89), or body mass index (B =
—0.10, P = .19).

Adjusted for total brain volume, age,
brain parenchymal fraction, and ATT
(model 2), WMH volume remained sig-
nificantly inversely associated with
WMH CBF (8 = —0.20, P = .029). The
relation between WMH volume and
GM or NAWM CBF was not significant
(Table 2 and Fig 3). There were no sta-
tistical interactions between CBF and
any of the covariates adjusted for in
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FIG 3. Scatterplots of relations between CBF and WMH volume, adjusted for total brain volume. Lines denote the regression line with 95% Cl.
Log WMH volume is logarithmically transformed.

model 2, indicating that the statistical relation between CBF and  sufficient perfusion, especially distally in the WM where perfu-
WMH volume was independent of any of these covariates. The  sion pressure is the lowest (On-line Fig 2).>° A similar mechanism
sensitivity analysis without participants in the lowest quartile of ~ could operate in diseases associated with cerebral perfusion defi-
WMH volume (n = 132) yielded similar results for the relation  cits in which hypertension exacerbates WMH development, for
between WMH volume and WMH CBF (8 = —0.25, P = .02),  example, heart failure and Alzheimer disease.'*>*°

NAWM CBF (B = 0.05, P = .69),and GM CBF (8 = —0.02, P = GM perfusion does seem altered in patients with WMHs, in
.74). The sensitivity analysis, which included participants whose  the sense that higher GM ATT was associated with higher WMH
mean CBF values deviated >3 SDs from the mean, gave somewhat ~ volume. Interpretation of this finding is not straightforward. ATT
inflated results for the relation between WMH volumeand WMH  depends on the length of the blood flow trajectory from the cer-
CBF (8 = —0.34, P < .001), but similar results for NAWM CBF  vical arteries to the cerebral capillaries and on the blood flow
(B = 0.18, P = .09) and GM CBF (8 = 0.18, P = .11). The  Velocity along this trajectory.”> WMHs have been associated with
sensitivity analysis in participants without a history of stroke or ~ reduced blood flow velocity in the large intracranial arteries, of
lacunar infarcts on the MR imaging (n = 150) attenuated results which longer ATT could be a proxy. 7712 This velocity reduction

for the relation between WMH volume and WMH CBF (8 =  could be caused by increased resistance due to large-vessel athero-
—0.178, P = .09) but yielded similar results for NAWM CBF (3 = sclerosis or small-vessel arteriolosclerosis, which are both associ-
0.20, P = .10) and GM CBF (B = 0.18, P = .16). ated with WMHs.®”*® The association between antihypertensive

medication use and a higher WMH volume may be due to anti-
DISCUSSION hypertensive use being associated with more chronic and severe
In a cohort of community-dwelling elderly individuals with hy-  hypertension. Hypothetically antihypertensive drugs may lead to
pertension, we found that CBF within WMHs is lower than CBF ~ hypoperfusion, aggravating WMHs, but recent study findings
in NAWM and that WMH CBF decreases with increasing WMH ~ make that possibility unlikely.”**® Although our study was con-
volume. Contrary to our hypothesis, we did not find any indica- ~ ducted in an elderly population with hypertension in the Nether-
tions that CBF in the NAWM or GM is also lower in patients with  lands, approximately 70% in this age range have hypertension,*!
WMHs. These results suggest that WMHs in elderly individuals ~ suggesting that our findings may apply to a large part of the gen-
with hypertension are not related to a general decrease of cerebral ~ eral population. Findings of similar studies were in small or se-

perfusion. Higher GM ATT was also associated with higher WMH  lected populations,” ! "*'> and may be less readily translatable to
volume. the general elderly community.
Because the surrounding NAWM does not seem to be affected, Our finding that CBF values within WMHs are lower in

hypoperfusion within WMHs may be a direct consequence of  participants with higher WMH volume is in line with previous
local extensive tissue damage and obliteration of capillaries.”®  findings.'’ This lower CBF within WMH may be caused by the
Recent findings link WMHs to an accumulation of tiny infarc-  increase in tissue damage and disturbance of the microvascular
tions,>® which could cause such tissue damage. However, WMHs  blood supply to the center of WMHs as they increase in size."”
primarily develop in regions with low perfusion, suggesting that ~ The absence of a relation between WMH volume and NAWM
low perfusion is involved in WMH conception.*"*> Conceivably, ~ or GM CBF is somewhat surprising because results of other
tiny infarctions interact with low-grade hypoperfusion, for exam-  studies have hinted at such a relation.””'"'*> Our findings may
ple, originating when perfusion in a small area drops below a  be because CBF in GM and NAWM only diminishes with in-
certain threshold. Such low-grade hypoperfusion could be too  creasing WMH volume from a certain threshold of WMH vol-

small to measure with current techniques and only becomes ap- ~ ume.’” However, our sensitivity analysis in which this possi-
parent after WMHs develop due to tissue damage.”*>> Microvas-  bility was evaluated did not alter our findings. Another reason
cular alterations associated with aging and exacerbated by hyper- ~ may lie in the differences between study populations. Studies

tension (luminal narrowing, vessel wall stiffening) may impede  linking WMHs to lower overall cerebral or GM perfusion were
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performed in mixed populations, including patients with mild
cognitive impairment and Alzheimer disease.”'"'> Mild cog-
nitive impairment and Alzheimer disease are themselves asso-
ciated with alterations in CBF.”” These perfusion alterations
may be linked to WMH formation in these conditions by di-
minishing the blood supply to WM already susceptible to de-
veloping WMHs."'* Recent reports that a negative correlation
between GM CBF and WMHSs does exist in patients with
Alzheimer disease but not in patients in a memory clinic with-
out mild cognitive impairment or dementia support this
explanation."”

This study has some limitations. The variance in CBF ex-
plained in our regression models was small, and the cross-sec-
tional nature of our analysis prohibits inferences about any tem-
poral or causal relation between CBF and WMHs. In addition,
WMHs are associated with slight perfusion deficits in the NAWM
and GM. The physiologic variability of CBF may be too great to
reveal such small differences among participants. ATT may be less
physiologically variable and thereby a more sensitive marker of
these slight differences.”” Furthermore, because in arterial spin-
labeling, longer ATT may cause lower CBF estimates, especially
distally, the association between ATT and WMH volume may
have affected our WMH CBF estimates.’> However, adjustment
for ATT alone did not much affect the association between WMH
CBF and WMH volume.

Another limitation is that it is uncertain whether the signal-
to-noise ratio of WM perfusion by using arterial spin-labeling is
sufficient to accurately estimate WM CBF within our short scan-
ning time.*>*’ However, although current arterial spin-labeling
techniques may be unable to measure WM CBF with high accu-
racy on a voxel-level, on an ROI level, as used in this study, it has
been shown that WM CBF can be measured within a scanning
time of as little as 5 minutes.***® Our measurements were precise
enough to measure significant differences in CBF between the
NAWM and WMH and between the whole WM and the NAWM
only. Moreover, the reliability of our findings is supported by the
ratios between the GM, WM, NAWM, and WMH CBF, which are
similar to those reported in studies in which exogenous contrast
agents were used.”'>'* Finally, as a more general limitation,
WMH volume may be linked to impaired autoregulation.*”*
Because in MR imaging, CBF is measured with the patient in the
supine position, in patients with impaired cerebral autoregula-
tion, regional CBF differences that occur while the patient is up-
right may be obscured.

Future studies using arterial spin-labeling to compare
WMHs, NAWM, and GM CBF may benefit from new develop-
ments that increase signal-to-noise ratios and spatial resolu-
tion. In addition, they may be conducted in a more general
population of elderly individuals with hypertension. Our pop-
ulation was a somewhat healthy selection because hyperten-
sion was under control in 26% and those with relatively severe
medical conditions were excluded. In addition, it may be valu-
able to compare CBF estimates in patients with hypertension
and WMHs with elderly individuals with asymptomatic
WMHs without hypertension to discern potentially different
etiologies and to chart the longitudinal relation between ap-
parent perfusion deficits and WMH development.

CONCLUSIONS

Higher WMH volume in elderly patients with hypertension was
associated with lower perfusion within WMHs, but not with
lower perfusion in the surrounding NAWM or GM. These results
suggest that WMH formation in these patients is associated with
hypoperfusion locally in the WMHs, rejecting our hypothesis that
WMHs in this population are the result of a general perfusion
deficit. Our findings may contribute to the understanding of the
pathophysiology of WMHs in advanced age and hypertension,
potentially helping to develop better targeted prevention and
treatment strategies for WMHs and their clinical correlates.
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ORIGINAL RESEARCH
ADULT BRAIN

High-Convexity Tightness Predicts the Shunt Response in
Idiopathic Normal Pressure Hydrocephalus

W. Narita, ““'Y. Nishio, ““'T. Baba, ““'O. lizuka,

ABSTRACT

T. Ishihara,

M. Matsuda, ““'M. Iwasaki, ““'T. Tominaga, and “*'E. Mori

s o5

BACKGROUND AND PURPOSE: Although neuroimaging plays an important role in the diagnosis of idiopathic normal pressure hydro-
cephalus, its predictive value for response to shunt surgery has not been established. The purpose of the current study was to identify
neuroimaging markers that predict the shunt response of idiopathic normal pressure hydrocephalus.

MATERIALS AND METHODS: Sixty patients with idiopathic normal pressure hydrocephalus underwent presurgical brain MR imaging and
clinical evaluation before and 1 year after shunt surgery. The assessed MR imaging features included the Evans index, high-convexity
tightness, Sylvian fissure dilation, callosal angle, focal enlargement of the cortical sulci, bumps in the lateral ventricular roof, and deep white
matter and periventricular hyperintensities. The idiopathic normal pressure hydrocephalus grading scale total score was used as a primary
clinical outcome measure. We used measures for individual symptoms (ie, the idiopathic normal pressure hydrocephalus grading scale
subdomain scores, such as gait, cognitive, and urinary scores), the Timed Up and Go test, and the Mini-Mental State Examination as
secondary clinical outcome measures. The relationships between presurgical neuroimaging features and postoperative clinical changes
were investigated by using simple linear regression analysis. To identify the set of presurgical MR imaging features that best predict surgical
outcomes, we performed multiple linear regression analysis by using a bidirectional stepwise method.

RESULTS: Simple linear regression analyses demonstrated that presurgical high-convexity tightness, callosal angle, and Sylvian fissure
dilation were significantly associated with the 1-year changes in the clinical symptoms. A multiple linear regression analysis demonstrated
that presurgical high-convexity tightness alone predicted the improvement of the clinical symptoms 1year after surgery.

CONCLUSIONS: High-convexity tightness is a neuroimaging feature predictive of shunt response in idiopathic normal pressure
hydrocephalus.

ABBREVIATIONS: DESH = disproportionately enlarged subarachnoid space hydrocephalus; DWMH = deep white matter hyperintensity; iNPH = idiopathic normal
pressure hydrocephalus; iNPHGS = idiopathic normal pressure hydrocephalus grading scale; MMSE = Mini-Mental State Examination; PVH = periventricular hyperin-

tensity; TUG = Timed Up and Go test

diopathic normal pressure hydrocephalus (iNPH) has been in-
creasingly recognized as a common cause of gait disturbance
and cognitive impairment in elderly individuals. The prevalence
of iNPH is estimated to be 1.1%—2.1%,"* which is greater than
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that of Parkinson disease (approximately 1% in those older than
60 years of age).” Differentiating iNPH from neurodegenerative
diseases is critical because effective surgical treatment is available
for iNPH. Neuroimaging plays an important role in the differen-
tial diagnosis of iNPH. Specifically, disproportionately enlarged
subarachnoid space hydrocephalus (DESH) on MR imaging or
CT is now accepted as a useful diagnostic marker.*”

Shunt surgery is the criterion standard treatment for iNPH.
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Although symptomatic improvement following shunt surgery is
observed in up to 70% of patients, the effectiveness varies from
patient to patient.>” Although predictive markers for surgical
outcomes are necessary for decision-making regarding the surgi-
cal indications, this need is currently unmet. For example, the
sensitivity and specificity of the CSF tap tests, which have been
widely used to predict shunt response in clinical practice,"® re-
main at 42%-93% and 20%—100%, respectively.”'> A previous
study demonstrated that elevated overnight intracranial pressure
pulse amplitude and CSF pulse amplitude during lumbar infusion
predicted better shunt response.'” However, these procedures are
invasive and not widely available. To explore an easily available
marker predictive of shunt response, the current study investi-
gated presurgical neuroimaging features associated with better
surgical outcome in iNPH.

MATERIALS AND METHODS

This study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the ethics committee
of the Tohoku University Hospital. Written informed consent
was obtained from all participants.

Diagnosis of iNPH

Although several diagnostic criteria for iNPH have been pro-
posed, there is still lack of consensus on how to diagnose iNPH
preoperatively.®'* Itis indispensable to determine the presence or
absence of comorbid neurologic diseases, such as Alzheimer dis-
ease, Parkinson disease, and cerebrovascular diseases and their
contributions to clinical symptoms, to select appropriate candi-
dates for shunt surgery. The presence of DESH alone is not infor-
mative enough to know whether hydrocephalus is the primary
pathology associated with clinical symptoms because >60% of
those who have DESH on MR imaging do not have any of the triad
of symptoms.'> Thus, we made the diagnosis of iNPH on the basis
of comprehensive symptomatic and neuroimaging investigations.
Our diagnostic procedures were as follows:

1) All patients who were referred to the Department of Behav-
ioral Neurology and Cognitive Neuroscience of Tohoku Univer-
sity Hospital due to progressive cognitive impairment and/or gait
disturbance underwent neurologic and neuropsychological ex-
aminations, routine laboratory testing, brain MR imaging, and/or
CT. When patients exhibited =1 of the triad of symptoms and
neuroimaging features of DESH, they were diagnosed as having
probable iNPH"'* and were invited for inpatient evaluation.

2) The patients who were admitted to the Department of Be-
havioral Neurology and Cognitive Neuroscience were given com-
prehensive neurologic and neuropsychological assessments by
behavioral neurologists and speech-language pathologists, and
they underwent 3D volumetric MR imaging or CT, single-photon
emission CT, and a CSF tap test.

3) If patients exhibited clinical and/or neuroimaging features
pathognomonic of neurologic disease other than iNPH (eg, severe
and dissociated amnesia suggestive of Alzheimer disease and se-
vere sympathetic denervation on iodine 123 metaiodobenzylgua-
nidine myocardial scintigraphy indicative of Parkinson disease or
dementia with Lewy bodies), they were excluded as candidates for
surgical intervention.

1832 Narita Oct 2016 www.ajnr.org

Table 1: Presurgical clinical characteristics of patients (n = 60)®

Characteristics

Age (yr) 76.4(3.8)
Sex, male 34 (57%)
Education (yr) 10.2(3.0)
Duration of symptoms (yr) 3.3(1.6)
LP shunt 23 (38%)
Medical history
Hypertension 36 (60%)
Diabetes 18 (30%)
Lipid disorder 18 (30%)
Current smoker 6 (10%)

Prevalence of symptoms®
Triad (all 3 symptoms) 27 (45%)

Gait and cognitive 21(35%)
Gait and urinary 3(5%)
Cognitive and urinary 1(2%)
Gait only 5(8%)
Cognitive only 2(3%)
Urinary only 0

Note:—LP indicates lumboperitoneal.

2 Age, education, and the duration of symptoms are indicated as the means (SDs). The
other variables are indicated as the number of patients (%).

® Each symptom was regarded as positive when the corresponding score of the iNPH
grading scale was =2.

4) Given the insufficient sensitivity of the CSF tap test, we
recommended shunt surgery to patients with clinical and neu-
roimaging features suggestive of iNPH without comorbid neu-
rologic diseases regardless of the response to the tap test.

5) Patients with previous histories of subarachnoid hemor-
rhage, meningitis, or head injury and those with neuroimaging
evidence of aqueductal stenosis or a Blake pouch cyst were diag-
nosed as having secondary normal pressure hydrocephalus and
were not included in the study.

Selection of Surgical Methods

In the earlier part of this study, ventriculoperitoneal shunt was
preferentially performed in our institution. In the last half of
the study, we performed lumboperitoneal shunt unless contra-
indications were present or patients requested ventriculo-
peritoneal shunt. The contraindications for lumboperitoneal
shunt included severe spinal canal stenosis or lumbar spine
deformity, which was diagnosed on the basis of neurologic
examination, spinal MR imaging, and observations on lumbar
puncture.

Subjects

We identified 103 consecutive patients with iNPH who were ad-
mitted to the Department of Behavioral Neurology and Cognitive
Neuroscience and underwent shunt surgery between December
19, 2005, and May 13, 2013. Of these 103 consecutive patients, we
retrospectively selected 60 patients who underwent presurgical
MR imaging evaluation and completed 1-year postsurgical fol-
low-up. The demographic and clinical profiles of the patients are
summarized in Table 1. Forty-three patients were excluded from
the study for the following reasons: Two patients died, 4 devel-
oped shunt system problems, 2 developed pneumonia, 1 devel-
oped a femoral fracture, 1 developed a cerebral infarction, 16
moved to hospitals that were nearer to their homes, 13 did not
return for follow-up visits for other reasons, and 4 were excluded



FIG 1. Visual rating scales for neuroimaging features in iNPH. A, High-convexity tightness: 0,
dilated; 1, normal; 2, mildly tight; 3, severely tight. B, Sylvian fissure dilation: 0, narrowed; 1,
normal; 2, mildly dilated; 3, severely dilated. C, Focal dilation of the sulci (indicated by the
arrows). D, Bumps in the lateral ventricular roof (indicated by the arrows). E, Callosal angle.

due to incomplete clinical or imaging data. The demographic and
clinical characteristics of the excluded patients are shown in the
On-line Table.

All the clinical and neuroimaging data described below were
gathered in a prospective manner.

Clinical Assessments

All subjects in this study were evaluated before and 1 year after
shunt surgery. The total score of the idiopathic normal pres-
sure hydrocephalus grading scale (iNPHGS),"® which repre-
sents the global severity of clinical symptoms, was used as a
primary outcome measure. We included the following mea-

sures for individual symptoms of the
classic triad as secondary outcome
measures:

1) Gait was assessed with the iN-
PHGS gait score and the Timed Up and
Go test (TUG)."”

2) Cognitive function was assessed
with the iNPHGS cognitive score and
the Mini-Mental State Examination
(MMSE).'®

3) Urinary function was assessed
with the iNPHGS urinary score.

Neuroimaging

Neuroimaging analyses were conducted
on axial and coronal reconstructed im-
ages of 3D volumetric MR imaging. In
44 patients, transverse fluid-attenuated
inversion recovery images were used for
the evaluation of ischemic changes of
the brain.

MR Imaging Acquisition and
Preprocessing

3D T1-weighted (transverse 3D-spoiled
gradient-recalled: TR, 20 ms; TE, 4.1 ms;
thickness, 1.5 mm; FOV, 25 X 25 cm;
and matrix, 256 X 256) and FLAIR (TR,
11,002 ms; TE, 120 ms; thickness, 6.0
mm; gap, 1.0 mm; FOV, 21 X 21 cm;
and matrix, 256 X 256) images were ob-
tained with a Signa 1.5T MR imaging
unit (GE Healthcare, Milwaukee, Wis-
consin) before shunt surgery. The 3D
T1-weighted images were resliced into
sections that were parallel (transverse)
and perpendicular (coronal) to the an-
teroposterior commissural plane and
were spaced at 6-mm intervals in each
direction.

MR Imaging Measures

To explore the presurgical MR imaging
features that predicted the response to
shunt surgery, we used the following
measures (Fig 1):

1) The Evans index was calculated as
the ratio of the maximum diameter of the frontal horns of the
lateral ventricles to the maximum inner diameter of the skull on
transverse sections.'”

2) The callosal angle, the angle between the left and right cor-
pus callosum, was measured on a coronal plane at the posterior
commissure.*’

3) We evaluated the tightness of the high-convexity subarach-
noid space on the 4 uppermost contiguous transverse sections and
the 3 contiguous coronal sections on and anterior to the posterior
commissure. The severity of the high-convexity tightness was vi-
sually rated as follows: 0, dilated; 1, normal; 2, mildly tight (tight-
ness was observed over less than three-quarters of the high-
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Table 2: Changes in the clinical symptoms at 1year®

Presurgical Score Postsurgical Score Difference Postsurgical Changes (No.) (%)
No. Median (IQR) No. Median (IQR) Median (IQR) PValue® Improved Stable Deteriorated
iNPHGS total [12] 60  6.0(5.0-8.0) 60 5.0 (3.0-6.0) 1.0(0.5-3.0) <.001 45(75) 10 (17) 5(8)
iINPHGS gait [4] 60  2.0(2.0-3.0) 60  2.0(1.0-3.0) 1.0(0.5-1.0) <.001 32(53) 24 (40) 4(7)
iNPHGS cognitive [4] 60 2.0(2.0-3.0) 60 2.0(1.3-3.0) 0(0-1.0) .001 20(33) 36 (60) 4(7)
iINPHGS urinary [4] 60  25(1.0-3.0) 60  10(0-10) 0(0-1.0) <.001 29(48)  24(40) 7(12)
TUG 55 151(110-20.6) 53 T5(92-145)  25(08-42)  <.001 35(66)  13(25) 5(9)
MMSE [30] 60 22.0(20.0-248) 59  23.0(21.0-27.0) 1(—1-3.0) .014 19(32) 32(54) 8(14)

Note:—IQR indicates interquartile range.

2 Clinical improvement and deterioration were defined as =1-point improvement or deterioration on the iINPHGS, =10% reduction or increase in TUG time, and =3 points
gained or lost on the MMSE. The numbers in square brackets refer to the maximum scores for the tests.

© Wilcoxon signed rank test for pre- and postsurgery comparisons.

convexity space); and 3, severely tight (tightness was observed
over three-quarters or more of the high-convexity space).

4) The width of the Sylvian fissure was assessed on transverse
sections. We used the following visual rating scale: 0, narrowed; 1,
normal; 2, mildly dilated; and 3, severely dilated on the axial
images.

5) The presence (rated as 1) and absence (rated as 0) of focal
enlargement of the cortical sulci were visually evaluated on transverse
sections.

6) Bumps in the lateral ventricular roof, which are often observed
in patients with iNPH,*' were visually assessed on transverse sections
above the top of the thalamus and rated as present (1) or absent (0).

7) Deep white matter hyperintensities (DWMHs) and periven-

tricular hyperintensities (PVHs) were assessed according to Fazekas
etal.”
Visual ratings 3-7 were independently evaluated by 2 raters
(W.N. and Y.N.) who were blinded to the clinical profiles and surgi-
cal outcomes of the patients. The interrater reliability was calculated
by using linearly weighted k coefficients. The mean scores of the 2
raters were used for the subsequent analyses.

Statistical Analysis

The Wilcoxon signed rank test was used to analyze 1-year changes
in clinical scores. Simple linear regression analysis was performed
to investigate relationships between presurgical neuroimaging
features and 1-year changes in the clinical scores (ie, INPHGS,
TUG, and MMSE). Given the exploratory nature of the analysis,
no multiple comparison corrections were used.

To identify the set of presurgical MR imaging features that best
predicts surgical outcomes, we performed multiple linear regres-
sion analysis by using a bidirectional (forward/backward) step-
wise method. The outcome variables were 1-year changes of
iNPHGS total score (primary outcome measure) and subdomain
(gait, cognition, and urinary function) scores (secondary out-
come measures). The explanatory variables were the Evans index,
high-convexity tightness, Sylvian fissure dilation, and callosal an-
gle on MR imaging. Sex and age were included as nuisance vari-
ables. The cutoff P value for inclusion was set at <.05 and for
exclusion, <.10. Statistical analysis was performed by using SPSS
version 22.0 (IBM, Armonk, New York).

RESULTS

Changes in Clinical Symptoms 1 Year after Shunt Surgery
The results of the clinical assessments before and 1 year after shunt
surgery are shown in Table 2. Overall, all clinical measures were
significantly improved (Wilcoxon signed rank test, P < .05). Sev-
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Table 3: Presurgical neuroimaging features

Score® Reliability
(Median [IQR]) (k)
High-convexity tightness 2.5(2.0-3.0) 0.68
Sylvian fissure dilation 3.0(2.5-3.0) 0.50
Focal enlargement of 0.5(0-1.0) 0.27
cortical sulci
Bumps in the lateral 1.0 (0.1-1.0) 0.66
ventricular roof
DWMHs® 2.0 (2.0-3.0) 071
PVHs® 2.5(2.0-3.0) 0.64
Evans index 0.32(0.31-0.36 -

Callosal angle 79.7 (65.5-100.1) -

Note:—IQR indicates interquartile range; k., linear weighted k coefficient.
2 The visual rating scores indicate the mean scores of the 2 raters.
©The DWMHs and PVHs were obtained from 44 patients.

enty-five percent of the patients were improved on the iNPHGS
total score; 53%, on the gait score; 33%, on the cognitive score;
and 48%, on the urinary score. Improvement of =3 points on the
MMSE was noted in 32% of patients.

Presurgical Neuroimaging Characteristics

The presurgical MR imaging findings are summarized in Table 3.
The linearly weighted k coefficients for the visual rating scale were
0.27-0.71. All of the ratings, with the exception of the focal en-
largement of the cortical sulci, exhibited moderate-to-substantial
agreement.

High-convexity tightness (rated as =2) and Sylvian fissure di-
lation (rated as =2) were observed in 92% and 100% of patients,
respectively. Focal enlargement of the cortical sulci and bumps in
the lateral ventricular roof were present in 32% and 60% of the
patients, respectively. Severe DWMHs and PVHs (rated as 3) were
noted in 36% and 39% of the patients, respectively. The Evans
indices were >0.3 in 82% of the patients. The callosal angles were
<90° in 63% of patients.

Presurgical Neuroimaging Findings that Predict the

Shunt Response

The results of the simple and multiple linear regression analyses
are shown in Tables 4 and 5. Simple linear regression analysis
demonstrated that presurgical high-convexity tightness was sig-
nificantly associated with the 1-year changes in the INPHGS total
score (regression coefficient [B] = 1.23, coefficient of determina-
tion [R?] = 0.13, P = .004), the 1-year changes in the INPHGS gait
score (B = 0.59, R* = 0.16, P = .002), and the 1-year changes in
the MMSE (B = 2.56, R*> = 0.17, P = .001). There were significant
associations between the presurgical callosal angle and the 1-year



changes in the MMSE (B = —0.04, R? = 0.08, P = .035) and
between presurgical Sylvian fissure dilation and the 1-year
changes in the iINPHGS gait (B = 0.59, R*=0.08, P = .029).

A multiple linear regression analysis demonstrated that pre-
surgical high-convexity tightness alone predicted the 1-year
changes in the INPHGS total score (B = 0.99, R*=10.24,P=.017)
and the gait score (B = 0.52, R*=0.21, P = .006).

DISCUSSION
The primary focus of neuroimaging studies of hydrocephalus
has been the differentiation of hydrocephalus from other neu-
rologic diseases. Although ventriculomegaly is a primary mor-
phologic feature of hydrocephalus, it is also observed in brain
atrophy. Earlier studies claimed that the absence of Sylvian
fissure dilation is a neuroimaging feature that differentiates
hydrocephalus from brain atrophy.>”** However, later studies
suggested that Sylvian fissure dilation is present in most pa-
tients with iNPH. Thus, high-convexity tightness was subse-
quently proposed as an alternative feature for differentiating
iNPH from brain atrophy.*” The combination of high-convex-
ity tightness, Sylvian fissure dilation, and ventriculomegaly has
been termed “disproportionately enlarged subarachnoid space
hydrocephalus,” and it has been increasingly recognized as a
neuroimaging hallmark of iNPH.?® The value of DESH in dif-
ferentiating iNPH from other neurologic diseases has been
confirmed by several studies.””°

Several diagnostic criteria for iNPH have recently been pro-
posed."® One recent study reported that the effectiveness of shunt
surgery for patients who were diagnosed according to one of these
guidelines remained at 62.7% in terms of the mRS.”" The incor-
poration of neuroimaging features that are predictive of surgical
outcomes into the diagnostic criteria would thus improve the ef-
ficacy of shunt surgery. However, this issue has been systemati-
cally investigated in only a few studies. The current study demon-
strates that high-convexity tightness, which is a component of
DESH, is the most predictive neuroimaging feature. Additionally,
Sylvian fissure dilation and a small callosal angle were associated
with better shunt responses.

The shunt response in patients with iNPH is governed by 2

Table 4: Results of simple linear regression analysis for presurgical neuroimaging features

associated with surgical outcome: 1-year changes

factors: namely, reversibility and comorbidity. Previous studies
have demonstrated that symptomatic improvements following
shunt surgery are associated with less severe symptoms and
shorter disease duration, which suggest that reversibility declines
as the disease progresses. The relationship between shunt re-
sponse and brain tissue resilience is also supported by a previous
neuroimaging study in which volume decreases of the lateral ven-
tricle were found to be significantly correlated with symptomatic
improvement.”” In agreement with these findings, recent studies
have suggested that delayed shunt surgery is associated with
poorer symptomatic improvement.”>>>*

In addition to reversibility, other neurologic comorbid dis-
eases have a significant influence on shunt response. A recent
positron-emission tomography study demonstrated that patients
with significant cortical amyloid deposits exhibit less cognitive
improvement following shunt surgery.”> High-convexity tight-
ness or DESH is probably more strongly related to comorbidity
than to reversibility. Elderly individuals who exhibit DESH on
MR imaging can be asymptomatic for 5 or more years,”® which
suggests that DESH is not well-correlated with pathophysiologic
severity and reversibility. On the other hand, DESH or high-con-
vexity tightness may be associated with the purity of iNPH pathol-
ogy. Patients who exhibited weak typicality of DESH or mild high-
convexity tightness may have comorbid pathologies with higher
probabilities compared with those with typical DESH or severe
high-convexity tightness. The results of our study may reflect this
“typicality” effect.

Virhammar et al®' recently investigated the neuroimaging fea-
tures predictive of shunt responses in 108 patients with iNPH.
These authors demonstrated that DESH and a small callosal angle,
not high-convexity tightness or Sylvian fissure dilation, were as-
sociated with better shunt responses. Although the study of Vir-
hammar et al and our own agree about the importance of DESH,
the studies also differ in some ways. Several factors may be asso-
ciated with these discrepancies. First, the studies differed in their
neuroimaging inclusion criteria. Virhammar et al used only
ventriculomegaly for study inclusion, whereas the current study
used high-convexity tightness, Sylvian fissure dilation, and
ventriculomegaly. Because the pathophysiology of iNPH is pre-
sumably heterogeneous, these differ-
ences in the inclusion criteria may have

led to a substantial bias. Second, the dif-

iNPHGS
Neuroimaging Findings Total Gait  Cognitive Urinary TUG MMSE ferences in the statistical procedures
used in these studies should be noted.

Evans Index 7.34 1.00 0.97 537  60.96 9.22 . . . . .

Callosal angle —002 —00 —001 —00] -0T2 —004* Univariate logistic regression with a di-

High-convexity tightness 123°  059° 02 042 -317 256"  chotomous outcome measure (ie, the

Sylvian fissure dilation 1.03 0.59*  —0.09 0.53  —2.65 1.00 presence or absence of shunt response)

Focal enlargement of cortical sulci 071 0.19 0.00 0.53 —2.25 119 was used in the study by Virhammar et

Bumps in the lateral ventricle 047 0.31 on 0.05 220 120 al, whereas our study used multiple lin-

DWMHs —-020 —0.07 0.01 —0.14 0.53 0.10 . . .

PVHs 033 —005 ~010 —019 319 —025 ear regression with ordinary outcome
—— measures. Whether patients whose
bp< ol symptoms remain unchanged before
Table 5: Results of stepwise multiple linear regression analysis

1-Year Changes Neuroimaging Findings B SEB 95% CI B B R? P Value

iNPHGS total High-convexity tightness 0.99 0.40 0.18-1.80 0.29 0.24 .017

iINPHGS gait High-convexity tightness 0.52 0.18 0.16-0.88 0.35 0.21 .006

Note:—B indicates regression coefficient; 8, standardized regression coefficient; R?, coefficient of determination; SE B, standard error of the regression coefficient.
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and after surgery are assigned to the “responsive” or “unrespon-
sive” group may have a significant impact on results. We argue
that the lack of symptomatic deterioration for =1-year observa-
tion probably should be interpreted as “responsive” because pre-
vious studies have demonstrated that conditions of patients with
iNPH who did not receive surgical intervention deteriorated
within a year.>”**

The current study has several limitations. First, patients with
large cerebrovascular lesions and those strongly suspected of hav-
ing neurodegenerative diseases were excluded from this study.
Thus, the applicability of our findings to patients with other co-
morbid neurologic diseases is unknown. Second, the visual rating
scale for the morphologic features of iNPH used in the current
study has not been validated. Although we chose a visual inspec-
tion method because of its clinical utility, our rating system may
be suboptimal. The validity of our findings should be examined in
comparison with those based on other neuroimaging methods,
such as MR imaging volumetry. Finally, this study was conducted
in a single center and used a single MR imaging scanner. Future
multicenter studies are needed to further verify the neuroimaging
features that predict surgical outcome in iNPH.

CONCLUSIONS

We investigated the predictive values of neuroimaging features
frequently observed in iNPH, including the Evans index, high-
convexity tightness, Sylvian fissure dilation, callosal angle, focal
enlargement of the cortical sulci, bumps in the lateral ventricular
roof, and deep white matter and periventricular hyperintensities,
for response to shunt surgery. Among them, high-convexity tight-
ness was the best predictor of shunt response in iNPH.
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3-pronged intervention consisting of surgical resection followed
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Dynamic Susceptibility Contrast-Enhanced MR Perfusion
Imaging in Assessing Recurrent Glioblastoma Response to
Superselective Intra-Arterial Bevacizumab Therapy

R. Singh, ““K. Kesavabhotla, ““'S.A. Kishore, ““'Z. Zhou, C.G. Filippi, ““J.A. Boockvar, and “I. Kovanlikaya
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ABSTRACT

BACKGROUND AND PURPOSE: Recurrent glioblastoma currently has no established standard of care. We evaluated the response of
recurrent glioblastoma to superselective intra-arterial cerebral infusion of bevacizumab by using dynamic susceptibility contrast-en-
hanced MR perfusion imaging. We hypothesized that treatment response would be associated with decreased relative CBV and relative
CBF.

MATERIALS AND METHODS: Patients were accrued for this study from larger ongoing serial Phase I/l trials. Twenty-five patients (14 men,
1 women; median age, 55 years) were analyzed. Four distinct ROls were chosen: 1) normal-appearing white matter on the contralateral side,
2) the location of the highest T1 enhancement in the lesion (maximum enhancing), 3) the location of highest relative CBV in the lesion
(maximum relative CBV), and 4) nonenhancing T2 hyperintense signal abnormality surrounding the tumor (nonenhancing T2
hyperintensity).

RESULTS: There was a statistically significant median percentage change of —32.34% (P = .001) in relative CBV in areas of maximum relative
CBV following intra-arterial bevacizumab therapy. There was also a statistically significant median percentage decrease in relative CBF of
—30.67 (P = .001) and —27.25 (P = .037) in areas of maximum relative CBV and maximum tumor enhancement, respectively. Last, a trend
toward statistical significance for increasing relative CBV in nonenhancing T2 hyperintense areas (median percent change, 30.04; P = .069)
was noted.

CONCLUSIONS: Dynamic susceptibility contrast-enhanced MR perfusion imaging demonstrated a significant decrease in tumor perfu-
sion metrics within recurrent glioblastomas in response to superselective intra-arterial cerebral infusion of bevacizumab; however, these
changes did not correlate with time to progression or overall survival.

ABBREVIATIONS: BV = bevacizumab; DSC-MRP = dynamic susceptibility contrast-enhanced MR perfusion; GBM = glioblastoma; max = maximum; NAWM =
normal-appearing white matter; OS = overall survival; RANO = Response Assessment in Neuro-Oncology; rCBF = relative cerebral blood flow; rCBV = relative cerebral
blood volume; SIACI = superselective intra-arterial cerebral infusion; TTP = time to progression

lioblastoma (GBM) is the most common and lethal primary by radiation with both concurrent and adjuvant temozolomide

malignancy of the central nervous system. Despite a  chemotherapy, the 5-year overall survival rate of patients remains
approximately 10%."

While there is no established standard of care for recurrent
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GBM, bevacizumab (BV, Avastin) has emerged as a potential
treatment option for recurrent GBM. BV is a humanized mono-
clonal antibody that exerts antineoplastic effects by inhibiting the
angiogenic effects of vascular endothelial growth factor-A.*? Our
group has used superselective intra-arterial cerebral infusion
(SIACI) following blood-brain barrier disruption to improve BV
delivery.* Recently published studies from our group have shown
promising results on the safety and efficacy of using SIACI deliv-
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ery for BV.>°

Although treatment with BV produces a dramatic decrease in
MR imaging contrast enhancement, the degree to which these
findings reflect actual antitumor effects remains unclear.” BV re-
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duces vessel permeability, which may contribute to changes in
enhancement features and potentially confound the relationship
between enhancement and tumor response. Hence, the ability of
conventional MR imaging to determine tumor response, progres-
sion, and posttreatment effects is not well-established.® Our
group previously reported that "H-MR spectroscopy may be a
viable method to determine GBM response following SIACI BV,
to overcome the limitations of conventional MR imaging.”

Here we evaluate the potential for using dynamic susceptibility
contrast-enhanced MR perfusion (DSC-MRP) to determine
GBM response to STACI BV. Previous studies have highlighted the
utility of using DSC-MRP in assessing tumor response, treatment
effectiveness, and clinical outcomes in patients with GBM.”'°
Specifically, decreases in tumor relative CBV (rCBV) and tumor
relative CBF (rCBF) are associated with favorable clinical outcome,
suggesting that changes in rCBV and rCBF could serve as bio-
markers for treatment response.”'® We hypothesized that
treatment response to SIACI BV is associated with decreased rCBV
and rCBF, which will correlate with improved survival outcomes.

MATERIALS AND METHODS

Subjects

Patients were accrued for this study from larger ongoing serial
Phase I/II trials of SIACI BV and were retrospectively analyzed
with approval from the institutional review board of Weill Cornell
Medical College. Inclusion criteria for the Phase I/II SIACI BV
trials were recurrent World Health Organization grade IV glioma
refractory to previous combined radiation treatment and chemo-
therapy with temozolomide, a Karnofsky Performance Scale score
of >60, and <12 doses of prior intravenous BV treatment. Poorly
circumscribed enhancing tumors, multifocal tumors, or lepto-
meningeal spread of tumors were not exclusion criteria. Recur-
rent GBM was diagnosed by using follow-up MR imaging, Re-
sponse Assessment in Neuro-Oncology (RANO) criteria for
progression,'" and clinical evaluation. Patients with the following
were diagnosed with recurrent disease: 1) an increase in a con-
trast-enhancing lesion; 2) an increase in a nonenhancing T2/
FLAIR lesion in 1 or 2 follow-up scans, which showed mass effect,
infiltration of the cortical ribbon, or lesion location outside the
radiation field; 3) any new lesions; or 4) clinical deterioration
diagnosed with recurrent disease. Follow-up MR imaging was
compared with MR imaging obtained within 48 hours after the
operation to appropriately differentiate tumor recurrence from
postoperative changes.

Inclusion criteria for the current study were patients from the
above Phase I/1I trials who underwent brain DSC-MRP imaging
within 1-10 days before and 3—5 weeks after SIACI BV. Twenty-
five patients (14 men, 11 women; median age, 55 years; range,
29-381 years) met the inclusion criteria (On-line Table 1). Seven
of the 25 patients (28%) received intravenous BV before SIACI
BV for a mean of 4.7 cycles (range, 0.5-9 cycles). All except 2
patients received steroids. Time to progression (TTP) and overall
survival (OS) were calculated by using the date of the operation
for primary GBM to the date of radiologic progression of disease
after STACI BV and date of death. The date of radiologic progres-
sion was determined by using strict RANO criteria by a board-
certified diagnostic radiologist with a Certificate of Added Qual-

ification in neuroradiology (A.J.T., 11 years of experience) and a
trained senior neuroradiologist (LK., 20 years of subspecialty
experience)."!

Treatment Protocol

We have previously described the technical specifications of
SIACI and BV treatment.”* *'* Briefly, 25% mannitol (1.4 mol/L)
was infused at 10 mL/120 seconds to facilitate transient BBB dis-
ruption followed by SIACI BV. Subsequently, the appropriate
dose of BV was infused during 15 minutes. However, because the
Phase I trial aimed to determine the maximum tolerated dose of
SIACI BV with analysis of 10 escalating doses (2, 4, 6, 8,10, 11, 12,
13, 14, and 15 mg/kg), the administered dose varied among pa-
tients selected for this study. The mean SIACI BV dose received
was 12.4 mg/kg (range, 4—15 mg/kg), with 15 patients (60%) re-
ceiving the maximum dose of 15 mg/kg. After a mean of 27 = 5
days of observation, all included patients underwent postinfusion
imaging. No additional therapy was initiated before the post-
SIACI BV MR imaging—-DSC-MRP was completed. Fourteen of
25 patients (56%) underwent various subsequent treatments after
SIACI BV that included intra-arterial cetuximab, temozolomide,
and/or intravenous BV. We included all imaging studies up to 6
months and then at 1 year posttreatment if available.

Brain MR Imaging and DSC-MR Imaging Data Collection
and Processing

All neuroimaging examinations were conducted on a 3T HDxt
15x MR imaging scanner (GE Healthcare, Milwaukee, Wiscon-
sin). Conventional MR imaging with a dedicated standardized
SIACI BV imaging protocol (previously described) was per-
formed.” DSC-MR imaging data were acquired by using single-
echo gradient recalled-echo echo-planar imaging, with a flip an-
gle of 60° TR/TE of 2000/20 ms; FOV of 240 mm; 129 X 96;
section thickness/gap of 5 mm/0; NEX of 1; number of shots of 1.
The first 0.1 mmol/kg of gadolinium administration was used as a
preload for the subsequent DSC study to correct the T1-
weighted effects of vascular leakage on rCBV. Next, 0.10
mmol/kg of gadolinium at 3—-5 mL/s was administered at least
5 minutes after the preload injection.'”'* The negative en-
hancement integration and linear fitting correction method
was used for postprocessing to calculate corrected rCBV and
rCBF."’ Functional rCBV and rCBF maps were obtained and
analyzed by using Olea Sphere Version 2.3 SP2 (Olea Medical,
La Ciotat, France).

Selection of ROIs and Evaluation of Data

Up to 4 distinct ROIs ranging in size from 10 to 12 voxels were
chosen from the coregistered precontrast T1-weighted, post-
contrast T1-weighted, and T2-FLAIR images and rCBV maps
(Fig 1): 1) normal-appearing white matter (NAWM) on the
contralateral side (Fig 1A), which was used to normalize rCBV
and rCBF maps on a voxelwise basis [Normalized rCBV =
rCBV (Lesion) / rCBV (NAWM)]; 2) the location of highest T'1
enhancement in the lesion (maximum [max] enhancing) (Fig
1B); 3) the location of the highest rCBV in the lesion (max
rCBV) (Fig 1C); and 4) nonenhancing T2 hyperintense signal
abnormality surrounding the tumor (nonenhancing T2 hyper-
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FIG1. ROl selection. A, Precontrast Tl-weighted images are used to select the ROl in the normal-
appearing white matter on the side contralateral to the lesion (black circle). B, Postcontrast
Tl-weighted images are compared with the precontrast Tl-weighted images to select the ROI
representing the area of max contrast enhancement (black circle). C, Region of max rCBV is
selected by using rCBV maps (white circle). D, T2-FLAIR images are used to select areas represent-
ing the nonenhancing T2 hyperintense signal abnormality surrounding the tumor (black circle).

intensity) (Fig 1D). The same size and anatomically matching
ROIs were manually constructed by using contrast-enhanced
T1-weighted and T2-weighted images as a reference from the
pre- and posttreatment MR imaging scans. Only 1 investigator
(S.A.K.) placed ROIs, and all ROI placements were overseen by
2 senior investigators (A.J.T. and I.K.).

Statistical Analysis

Differences in rCBV and rCBF from pre- to post-SIACI BV
(defined as median percentage change: [(Posttreatment — Pre-
treatment)/Pretreatment X 100%]) were determined by using
the Wilcoxon signed rank test. The Spearman correlation was
used to assess the correlation between changes in rCBV and
rCBF in the various ROIs and TTP and OS. Differences of
rCBV and rCBF changes in ROIs were tested by using ANOVA
within subjects.

RESULTS

DSC-MRP showed that SIACI BV produced changes in rCBV and
rCBF (Fig 2 and On-line Table 2). Median percentage change
values are reported, which were not significantly different from
the mean percentage change values (On-line Table 3).

Cerebral Blood Volume

When one compared pre- and post-SIACI BV, there was a statis-
tically significant median percentage change of —32.34 (range,
—79.18-38.90; P = .001) in rCBV in areas of max rCBV. There
was a trend toward statistical significance in areas of max tumor
enhancement (median percentage change, —27.29; range,
—66.30-117.64; P = .074) and in nonenhancing T2 hyperintense
areas (median percentage change, 30.04; range, —83.26-255.42%;
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P = .069). The change in rCBV was
not found to be statistically significant
NAWM
percentage change, —4.255; range,
—82.35-143.75; P = .568). The median
percentage change in rCBV in the non-

in contralateral (median

enhancing T2 hyperintense region
showed a trend toward statistically sig-
nificant correlation with the presence of
previous cycles of BV (P = .062). Median
TTP and OS were 571 and 683 days, re-
spectively. None of the rCBV changes cor-
related with prolonged TTP or OS. Last,
the rCBV changes were significantly dif-

ferent among the 4 ROIs (P = .0003).

Cerebral Blood Flow

There was a statistically significant me-
dian percentage change of —30.67
(range, —76.40—44.18; P = .001) and
—27.25 (range, —65.99-55.60%; P =
.037) in rCBF in areas of max rCBV and
max tumor enhancement, respectively,
from pre- to post-SIACI BV. The change
in rCBF was not found to be statistically
significant in contralateral NAWM (me-
dian percentage change, 0.363; range,
—68.77-68.95; P = .696) and in the nonenhancing T2 hyperin-
tense areas (median percentage change, 20.99; range, —63.85—
208.97; P = .216). None of the rCBF changes correlated with
prolonged TTP or OS. Last, the rCBF changes were significantly
different among the 4 ROIs (P = .021).

DISCUSSION
Conventional MR imaging is currently unable to provide consis-
tent and accurate assessment of pathology-specific tumor pro-
gression and therapeutic response, which limit its diagnostic and
prognostic utility.® This limitation has led to the development of
advanced quantitative imaging techniques that provide critical
information on the molecular, physiologic, and metabolic pro-
cesses and properties of tumors.'> Previously, we showed that MR
spectroscopic imaging, specifically choline/N-acetylaspartate ra-
tios, provided a useful tool to assess treatment response following
SIACI BV.” In the current study, we used DSC-MRP to assess
GBM perfusion changes associated with SIACI BV to determine
whether DSC-MRP provided useful biomarkers to determine
treatment response. We also wanted to explore whether biomark-
ers obtained from DSC-MR imaging could reveal aspects of the
complex mechanism underlying the tumoricidal effects of BV.
Antiangiogenic agents such as BV produce a marked decrease
in contrast enhancement, termed “pseudoresponse,” and a nota-
ble decrease in the nonenhancing T2 hyperintense areas. Stan-
dardized criteria for assessing brain tumor treatment response,
including the Macdonald and the RANO criteria, fall short of
definitively distinguishing tumor progression, pseudoresponse,
and pseudoprogression.'® The inability of the Macdonald and
RANO criteria to differentiate tumor progression, pseudore-



FIG 2. MR imaging changes from SIACI BV treatment. Imaging from 2 patients (study patients 8 and 25) demonstrates a decrease in contrast
enhancement, T2 signal abnormalities, rCBV, and rCBF following SIACI BV.

sponse, and pseudoprogression is noteworthy and could lead to
conflicting and confusing outcome evaluations in BV treatment.
Recognition of pseudoresponse and pseudoprogression in anti-
angiogenic therapy is critical to appropriately determine whether
the decrease in contrast enhancement reflects a true decrease in
tumor burden or is simply due to normalization of BBB and tu-
mor vasculature.

It remains unclear whether BV acts by pruning tumor vessels
and killing a fraction of tumor cells; by normalizing existing tu-
mor vasculature and the tumor microenvironment, thus increas-
ing the delivery of chemotherapy; or by reducing the number of
blood-circulating endothelial and progenitor cells, thus inhibit-
ing neovascularization.'”'” MR diffusion-weighted, perfusion-
weighted, and spectroscopy imaging may provide quantitative
data on the molecular and metabolic processes that underlie tu-
morigenesis and tumor response. MR spectroscopic imaging can
be used to study neurochemical changes that may help explain the
tumoricidal effects of BV.” DSC-MRP offers another appealing
parametric imaging technique to potentially elucidate the mech-
anism of action of BV.

DSC-MRP tracks the first pass of a bolus of gadolinium-based
contrast agent through brain tissue by a series of rapid T2- or
T2*-weighted MR images. The susceptibility effect of the para-
magnetic contrast agent leads to transient decreases in T2 and T2*
relaxation times, resulting in signal loss in the signal intensity—
time curve. The signal information can then be converted into a

contrast medium concentration—time curve and used to generate
parametric maps of rCBV, rCBF, and K2 (leakage coeffi-
cient).>**' DSC-MRP is particularly sensitive to changes in tumor
vasculature, which is noteworthy given that BV affects blood ves-
sels. DSC-MRP, therefore, may be useful in both assessing tumor
response to BV and better understanding the tumoricidal effects
of BV.

In the present study, DSC-MRP was used to assess tumor re-
sponse in 25 patients with recurrent GBM treated with STACI BV.
rCBV and rCBF were reliable biomarkers for assessing tumor re-
sponse to STACI BV. The change in rCBV from pre- to post-SIACI
BV was statistically significant in the ROIs in max rCBV. The
change in rCBV also showed a trend toward statistical significance
in ROIs in max tumor enhancement, which was associated with
an observable decrease in the contrast enhancement of the lesion.
No statistically significant changes or trends were found in the
contralateral NAWM. The change in rCBF was statistically signif-
icantin ROIsin max rCBV and max tumor enhancement, and not
statistically significant in ROIs in contralateral NAWM. Collec-
tively, these data show that the STACI BV acted locally at the site of
tumor, with minimal effect in the contralateral NAWM. A recent
study reported that perfusion decreased in ipsilateral and con-
tralateral normal-appearing brain after BV treatment.”” This
study, however, obtained absolute CBV, and the route of BV ad-
ministration was different from that in our study, which may
explain the different findings.

AJNR Am J Neuroradiol 37:1838—-43  Oct 2016 www.ajnr.org 1841



In our patients, SIACI BV produced a marked decrease in
rCBV and rCBF in the max rCBV and max tumor-enhancing
regions on DSC-MRP imaging. Most interesting, we also ob-
served a trend toward statistical significance in rCBV increase in
the nonenhancing T2 hyperintense areas surrounding the lesion.
This may suggest that while the contrast-enhancing region within
the tumor may reflect the treatment response to SIACI BV, it may
not adequately reflect tumor burden, treatment effect, or tumor
progression during or after SIACI BV treatment. It is unclear
whether the increase in rCBV in the nonenhancing T2 hyperin-
tense region reflects an increase in tumor volume or perhaps an
increase in tumor invasiveness. Because several preclinical and
clinical studies have reported that antiangiogenic therapy in-

23723 the increased rCBV in the non-

creases tumor invasiveness,
enhancing T2 hyperintense region approximately 1 month after
SIACI BV in our study may be reflective of this phenomenon.
However, increased T2 hyperintensity occurs more commonly
after long-term IV BV exposure and histologically represents a
low-grade infiltrative phenotype. In our study, there was no sta-
tistically significant difference in TTP and OS among patients
who received intravenous BV before STACI BV compared with
those who did not. Combined radiologic and pathologic correla-
tive studies are needed to better understand the imaging biomark-
ers of tumor invasiveness, especially as they pertain to antiangio-
genic therapy.

Post-SIACI BV changes in MRP biomarkers did not corre-
late with prolonged TTP and OS. It is difficult to conclusively
state whether this was due to lack of treatment effect or other
confounding variables. The sample size was small and clinical
heterogeneity in patients selected for inclusion in the Phase I/II
SIACI BV trials should be considered. Notably, more than a
quarter of our patients were exposed to BV before enrolling in
SIACI BV clinical trials, and not every patient received the
maximum dose of SIACI BV. Furthermore, more than half of
our patients received subsequent treatment after SIACI BV,
making it difficult to accurately assess the true implications of
this potential treatment. Given the design, the study had limi-
tations inherent in all retrospective reviews: Namely, our re-
sults demonstrate correlation and not causation. The subjec-
tivity in selecting matching ROIs on pre- and posttreatment
scans may have introduced sampling error. To minimize this,
only one investigator (K.K.) placed ROIs, and all ROI place-
ments were overseen by 2 senior investigators (A.J.T.and I.K.).
Another limitation was that histologic specimens were not
available to confirm the diagnosis of recurrent disease. While it
is ideal to obtain histologic specimens of recurrent disease, it is
not realistic to expect patients to agree to an additional surgical
procedure for open biopsy. Furthermore, even if a biopsy is
obtained, correlation with posttreatment MRP changes may
not be feasible because the exact site of biopsy is often not
known or identifiable after biopsy, making it difficult to cor-
relate MRP changes with histopathologic examination. Future
studies by using SIACI BV should attempt to obtain biopsy
specimens of recurrent disease by using specified coordinates
and match these coordinates voxel-by-voxel to post-SIACI BV
treatment MRP scans.
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CONCLUSIONS

This study suggests that GBM response to SIACI BV can be as-
sessed by comparing pre- and posttreatment rCBV and rCBF
changes in regions of the tumor with max rCBV and max en-
hancement. However, there was no correlation between these sig-
nificant MRP biomarker changes, TTP, and OS.
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gator, on the development of a novel semiautomated computer software algorithm
for core infarct detection. *Money paid to the institution.

REFERENCES
1. Stupp R, Hegi ME, Mason WP, et al; European Organisation for Re-
search and Treatment of Cancer Brain Tumour and Radiation Oncol-
ogy Groups, National Cancer Institute of Canada Clinical Trials
Group. Effects of radiotherapy with concomitant and adjuvant te-
mozolomide versus radiotherapy alone on survival in glioblastoma
in a randomised phase III study: 5-year analysis of the EORTC-
NCIC trial. Lancet Oncol 2009;10:459—-66 CrossRef Medline
2. Chinot OL. Bevacizumab-based therapy in relapsed glioblastoma:
rationale and clinical experience to date. Expert Rev Anticancer Ther
2012;12:1413-27 CrossRef Medline
3. Mukherji SK. Bevacizumab (Avastin). AJNR Am ] Neuroradiol 2010;
31:235-36 CrossRef Medline
4. Riina HA, Fraser JF, Fralin S, et al. Superselective intraarterial cerebral
infusion of bevacizumab: a revival of interventional neuro-oncology
for malignant glioma. ] Exp Ther Oncol 2009;8:145-50 Medline
5. Boockvar JA, Tsiouris AJ, Hofstetter CP, et al. Safety and maximum
tolerated dose of superselective intraarterial cerebral infusion of
bevacizumab after osmotic blood-brain barrier disruption for re-
current malignant glioma: clinical article. ] Neurosurg 2011;114:
624-32 CrossRef Medline
6. Burkhardt JK, Riina H, Shin B]J, et al. Intra-arterial delivery of bev-
acizumab after blood-brain barrier disruption for the treatment of
recurrent glioblastoma: progression-free survival and overall sur-
vival. World Neurosurg 2012;77:130—34 CrossRef Medline
7. Jeon JY, Kovanlikaya I, Boockvar JA, et al. Metabolic response of
glioblastoma to superselective intra-arterial cerebral infusion of
bevacizumab: a proton MR spectroscopic imaging study. AJNR
Am ] Neuroradiol 2012;33:2095-102 CrossRef Medline
8. Upadhyay N, Waldman AD. Conventional MRI evaluation of glio-
mas. Br ] Radiol 2011;84(Spec No 2):S107-11 CrossRef Medline
9. Kickingereder P, Wiestler B, Burth S, et al. Relative cerebral blood
volume is a potential predictive imaging biomarker of bevaci-
zumab efficacy in recurrent glioblastoma. Neuro Oncol 2015;17:
1139—47 CrossRef Medline
10. Schmainda KM, Zhang Z, Prah M, et al. Dynamic susceptibility con-
trast MRI measures of relative cerebral blood volume as a prognos-
tic marker for overall survival in recurrent glioblastoma: results
from the ACRIN 6677/RTOG 0625 multicenter trial. Neuro Oncol
2015;17:1148-56 CrossRef Medline
11. Wen PY, Macdonald DR, Reardon DA, et al. Updated response assess-
ment criteria for high-grade gliomas: response assessment in neuro-
oncology working group. ] Clin Oncol 2010;28:1963—72 CrossRef Medline
12. Shin BJ, Burkhardt JK, Riina HA, et al. Superselective intra-arterial
cerebral infusion of novel agents after blood-brain disruption for
the treatment of recurrent glioblastoma multiforme: a technical
case series. Neurosurg Clin N Am 2012;23:323-29, ix—x CrossRef
Medline
13. Boxerman JL, Schmainda KM, Weisskoff RM. Relative cerebral
blood volume maps corrected for contrast agent extravasation sig-


http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://www.ncbi.nlm.nih.gov/pubmed/19269895
http://dx.doi.org/10.1586/era.12.128
http://www.ncbi.nlm.nih.gov/pubmed/23249106
http://dx.doi.org/10.3174/ajnr.A1987
http://www.ncbi.nlm.nih.gov/pubmed/20037132
http://www.ncbi.nlm.nih.gov/pubmed/20192120
http://dx.doi.org/10.3171/2010.9.JNS101223
http://www.ncbi.nlm.nih.gov/pubmed/20964595
http://dx.doi.org/10.1016/j.wneu.2011.05.056
http://www.ncbi.nlm.nih.gov/pubmed/22405392
http://dx.doi.org/10.3174/ajnr.A3091
http://www.ncbi.nlm.nih.gov/pubmed/22576886
http://dx.doi.org/10.1259/bjr/65711810
http://www.ncbi.nlm.nih.gov/pubmed/22433821
http://dx.doi.org/10.1093/neuonc/nov028
http://www.ncbi.nlm.nih.gov/pubmed/25754089
http://dx.doi.org/10.1093/neuonc/nou364
http://www.ncbi.nlm.nih.gov/pubmed/25646027
http://dx.doi.org/10.1200/JCO.2009.26.3541
http://www.ncbi.nlm.nih.gov/pubmed/20231676
http://dx.doi.org/10.1016/j.nec.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22440875

15.

16.

nificantly correlate with glioma tumor grade, whereas uncorrected
maps do not. AJNR Am ] Neuroradiol 2006;27:859—67 Medline

. Paulson ES, Schmainda KM. Comparison of dynamic susceptibility-

weighted contrast-enhanced MR methods: recommendations for
measuring relative cerebral blood volume in brain tumors. Radiol-
o0gy 2008;249:601-13 CrossRef Medline

Kalpathy-Cramer J, Gerstner ER, Emblem KE, et al. Advanced mag-
netic resonance imaging of the physical processes in human glio-
blastoma. Cancer Res 2014;74:4622—37 CrossRef Medline

Huang RY, Neagu MR, Reardon DA, et al. Pitfalls in the neuroimag-
ing of glioblastoma in the era of antiangiogenic and immuno/tar-
geted therapy: detecting illusive disease, defining response. Front
Neurol 2015;6:33 CrossRef Medline

. Falk AT, Barriere J, Francois E, et al. Bevacizumab: a dose review. Crit

Rev Oncol Hematol 2015;94:311-22 CrossRef Medline

. Jain RK, Duda DG, Clark JW, et al. Lessons from phase III clinical

trials on anti-VEGF therapy for cancer. Nat Clin Pract Oncol 2006;3:
24-40 CrossRef Medline

. Okonogi N, Shirai K, Oike T, et al. Topics in chemotherapy, molec-

ular-targeted therapy, and immunotherapy for newly-diagnosed
glioblastoma multiforme. Anticancer Res 2015;35:1229-35 Medline

20.

21.

22.

23.

24,

25.

AINR Am J Neuroradiol 37:1838—-43  Oct 2016 www.ajnr.org

Essig M, Shiroishi MS, Nguyen TB, et al. Perfusion MRI: the five
most frequently asked technical questions. AJR Am ] Roentgenol
2013;200:24-34 CrossRef Medline

Jahng GH, Li KL, Ostergaard L, et al. Perfusion magnetic resonance
imaging: a comprehensive update on principles and techniques.
Korean ] Radiol 2014;15:554—77 CrossRef Medline

Stadlbauer A, Pichler P, Karl M, et al. Quantification of serial
changes in cerebral blood volume and metabolism in patients with
recurrent glioblastoma undergoing antiangiogenic therapy. Eur |
Radiol 2015;84:1128 -36 CrossRef Medline

de Groot JF, Fuller G, Kumar AJ, et al. Tumor invasion after treat-
ment of glioblastoma with bevacizumab: radiographic and patho-
logic correlation in humans and mice. Neuro Oncol 2010;12:233—42
CrossRef Medline

Iwamoto FM, Abrey LE, Beal K, et al. Patterns of relapse and prog-
nosis after bevacizumab failure in recurrent glioblastoma. Neurol-
ogy 2009;73:1200—06 CrossRef Medline

Keunen O, Johansson M, Oudin A, et al. Anti-VEGF treatment
reduces blood supply and increases tumor cell invasion in glio-
blastoma. Proc Natl Acad Sci U S A 2011;108:3749-54 CrossRef
Medline

1843


http://www.ncbi.nlm.nih.gov/pubmed/16611779
http://dx.doi.org/10.1148/radiol.2492071659
http://www.ncbi.nlm.nih.gov/pubmed/18780827
http://dx.doi.org/10.1158/0008-5472.CAN-14-0383
http://www.ncbi.nlm.nih.gov/pubmed/25183787
http://dx.doi.org/10.3389/fneur.2015.00033
http://www.ncbi.nlm.nih.gov/pubmed/25755649
http://dx.doi.org/10.1016/j.critrevonc.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25703583
http://dx.doi.org/10.1038/ncponc0403
http://www.ncbi.nlm.nih.gov/pubmed/16407877
http://www.ncbi.nlm.nih.gov/pubmed/25750269
http://dx.doi.org/10.2214/AJR.12.9543
http://www.ncbi.nlm.nih.gov/pubmed/23255738
http://dx.doi.org/10.3348/kjr.2014.15.5.554
http://www.ncbi.nlm.nih.gov/pubmed/25246817
http://dx.doi.org/10.1016/j.ejrad.2015.02.025
http://www.ncbi.nlm.nih.gov/pubmed/25795194
http://dx.doi.org/10.1093/neuonc/nop027
http://www.ncbi.nlm.nih.gov/pubmed/20167811
http://dx.doi.org/10.1212/WNL.0b013e3181bc0184
http://www.ncbi.nlm.nih.gov/pubmed/19822869
http://dx.doi.org/10.1073/pnas.1014480108
http://www.ncbi.nlm.nih.gov/pubmed/21321221

ORIGINAL RESEARCH
ADULT BRAIN

Differentiating Hemangioblastomas from Brain Metastases
Using Diffusion-Weighted Imaging and Dynamic Susceptibility
Contrast-Enhanced Perfusion-Weighted MR Imaging

D. She, “X. Yang, ““Z. Xing, and ““'D. Cao

ABSTRACT

BACKGROUND AND PURPOSE: On DWI and DSC-PWI, hemangioblastomas and brain metastases may exhibit different signal intensities
depending on their cellularity and angiogenesis. The purpose of this study was to evaluate whether a hemangioblastoma can be differ-
entiated from a single brain metastasis with DWI and DSC-PWI.

MATERIALS AND METHODS: We retrospectively reviewed DWI, DSC-PWI, and conventional MR imaging of 21 patients with hemangio-
blastomas and 30 patients with a single brain metastasis. Variables of minimum ADC and relative ADC were acquired by DWI and the
parameter of relative maximum CBV, by DSC-PWI. Minimum ADC, relative ADC, and relative maximum CBV values were compared
between hemangioblastomas and brain metastases by using the nonparametric Mann-Whitney test. The sensitivity, specificity, positive
and negative predictive values, accuracy, and the area under the receiver operating characteristic curve were determined.

RESULTS: Both the minimum ADC values and relative ADC ratios were significantly higher in hemangioblastomas compared with brain
metastases (P < .001 for both minimum ADC values and relative ADC ratios). The same was true for the relative maximum CBV ratio (P <
.002). The threshold value of =6.59 for relative maximum CBV provided sensitivity, specificity, and accuracy of 95.24%, 53.33%, and 70.59%,
respectively, for differentiating hemangioblastomas from brain metastases. Compared with relative maximum CBV, relative ADC had high
sensitivity (95.24%), specificity (96.67%), and accuracy (96.08%) using the threshold value of =154. The optimal threshold value for
minimum ADC was =1.1 X 107> mm?/s.

CONCLUSIONS: DWIand DSC-PWI are helpful in the characterization and differentiation of hemangioblastomas from brain metastases.
DWI appears to be the most efficient MR imaging technique for providing a distinct differentiation of the 2 tumor types.

ABBREVIATIONS: ADC,,;,, = minimum ADGC; rADC = relative ADC; rCBV = relative CBV; rCBVmax = relative maximum CBV; ROC = receiver operating charac-

teristic; AUC = area under the curve

H emangioblastomas are benign World Health Organization
grade I tumors of vascular origin, which account for 7% of
posterior fossa tumors in adults."* Brain metastases are the most
common type of brain malignant neoplasms, and posterior fossa
metastases represent about 8.7%-10.9% of all brain metastases.’
Preoperative differentiation of hemangioblastomas and brain
metastases is of high clinical relevance because surgical planning,
therapeutic decisions, and prognosis vary substantially for each
tumor type. In patients with hemangioblastomas, complete sur-
gical resection is the treatment of choice,® whereas patients with
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brain metastases usually undergo surgery, stereotactic surgery,
whole-brain radiation therapy, chemotherapy, or combined ther-
apy.” Furthermore, hemangioblastomas are potentially curable
and are often associated with a longer survival.® However, brain
metastases are associated with notable mortality and morbidity.”
In addition, the surgical resection of hemangioblastomas can be
complicated by profuse intraoperative bleeding. Sometimes pre-
operative embolization of the feeding arteries may reduce the tu-
mor blood supply, which can lessen intraoperative hemorrhage.”
In many cases, the 2 entities can be differentiated by using clinical
history and conventional MR imaging. However, in some in-
stances, particularly when the clinical findings are noncontribu-
tory and hemangioblastomas appear as solid contrast-enhancing
masses with peritumoral edema, conventional MR imaging can-
not be used to distinguish the 2 tumor types.

Because the clinical management and prognosis of these 2
types of tumor are vastly different, it is important to distinguish
them with certainty. Advanced MR imaging approaches includ-
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ing DWI and DSC-PWI might complement physiologic informa-
tion in addition to that obtained with conventional MR imaging.
DWI could assess the Brownian movement of water in the micro-
scopic tissue environment and reflect cellularity of the tissue by
ADC values, which may aid conventional MR imaging in the char-
acterization of brain tumors and other intracranial diseases.'*"”
DSC-PWT that provides noninvasive morphologic and functional
information of the tumor microvasculature can be useful in the
preoperative diagnosis and grading of brain tumors. MR imaging
parameters of relative cerebral blood volume (rCBV) have be-
come some of the most robust hemodynamic variables used in the
characterization of the brain tumors.'>”'> Hemangioblastomas
may present with histopathologic structures vastly different from
those found in brain metastases. Thus, the application of DWI
and DSC-PWI may better evaluate and discriminate the cyto-
structural and hemodynamic differences between hemangioblas-
tomas and brain metastases.

Only a few small studies have evaluated the advanced MR im-

aging features of a hemangioblastoma,'*'®!”

particularly when
assessing their differentiation from a single brain metastasis.'®
The purpose of this study was to evaluate whether a hemangio-
blastoma can be differentiated from a single brain metastasis with

DWTI and DSC-PWI.

MATERIALS AND METHODS

Patients

The institutional review board of our hospital approved this ret-
rospective study, and the requirement for patient informed con-
sent was waived due to its retrospective nature. Potentially eligible
patients with histologically confirmed hemangioblastomas and
brain metastases from January 2010 through September 2015
were identified. For the selection of appropriate patients, those
with multiple brain lesions, hemorrhagic lesions, and previously
treated or nonenhancing tumor were excluded. Pretreament MR
images of consecutive patients were reviewed retrospectively, and
DWI and DSC-PWI were requested in addition to conventional
MR imaging.

MR Imaging Techniques

MR imaging examinations were performed in the routine clinical
work-up on a 3T MR imaging system (Magnetom Verio Tim;
Siemens, Erlangen, Germany) by using an 8-channel head matrix
coil. The conventional MR imaging protocols consisted of the
following sequences: axial T2-weighted turbo spin-echo imaging
(TR/TE, 4000 /96 ms), axial T1-weighted spin-echo imaging (TR/
TE, 250 /2.48 ms), axial fluid-attenuated inversion recovery (TR,
9000 ms; TE, 94 ms; T1, 2500 ms), and contrast-enhanced gradi-
ent-echo T1-weighted imaging (TR/TE, 250 ms/2.48 ms) in 3 or-
thogonal planes, which was acquired following the acquisition of
the DSC-PWI sequences. FOV at 220 X 220 mm, section thick-
ness of 5 mm, and intersection gap of 1 were uniform in all se-
quences. Before the injection of contrast material, DWI was per-
formed in the axial plane with a spin-echo echo-planar sequence.
The imaging parameters used were as follows: TR/TE, 8200/102
ms; NEX, 2.0; FOV, 220 X 220; section thickness, 5 mm; intersec-
tion gap, 1 mm. The b-values were 0 and 1000 s/mm? with diffu-
sion gradients encoded in the 3 orthogonal directions to generate

3 sets of diffusion-weighted images (x-, y-, and z-directions). Pro-
cessing of the ADC map was generated automatically on the MR
imaging scanner.

The DSC-PWI was obtained with a gradient-recalled T2*-
weighted echo-planar imaging sequence. The imaging parameters
used were as follows: TR/TE, 1000-1250/54 ms; flip angle, 35°%
FOV, 220 X 220; NEX, 1.0; section thickness, 5 mm; intersection
gap, | mm. During the first 3 phases, images were scanned before
injecting the contrast material to establish a precontrast baseline.
When the scan was to the fourth phase of DSC-PWI, 0.1 mmol/kg
body weight of gadopentetate dimeglumine was injected intrave-
nously with an MR imaging—compatible power injector at a flow
rate of 5 mL/s through an intravenous catheter placed in the right
or left antecubital vein, followed by 20 mL of continuous saline
flush. The series of 20 sections, 60 phases, and 1200 images was
obtained in 1 minute 36 seconds.

Data Processing

All imaging assessments were performed on an off-line Siemens
syngo MR B19 work station (NUMARIS/4) with standard soft-
ware. For evaluation of conventional MR images, a neuroradiolo-
gist who was blinded to the tumor histology retrospectively re-
viewed the images and evaluated each lesion on the basis of
location, tumor characteristics (solid-cystic or solid), presence or
absence of signal void on T2-weighted imaging, and contrast en-
hancement pattern (homogeneous or heterogeneous). For evalu-
ation of DW1 data, qualitative assessment of the signal intensity in
the enhancing solid portion of the tumors on contrast-enhanced
T1-weighted images was performed. The signal intensity of the
tumor was classified as hypointense, isointense, or hyperintense
compared with normal white matter. The ADC values were mea-
sured by manually placing ROIs inside the tumor regions on the
ADC maps. At least 5 small round ROIs (30—40 mm?) were
placed inside the tumors on the ADC maps, and the minimum
ADC values (ADC,,;,,
placements were made from the enhancing solid portion of the

) were taken into consideration. The ROI

lesion, avoiding hemorrhagic, necrotic, cystic, or apparent blood
vessel regions that might influence the ADC values. For each pa-
tient, the enhancing solid portion of the tumor was identified on
contrast-enhanced axial T1-weighted images and matching ADC
maps. The same method was applied to a corresponding area in
the contralateral unaffected white matter judged as normal on
both T2- and contrast-enhanced T1-weighted images. The rela-
tive ADC (rADC) ratios of the tumors were calculated as the ratios
of the minimum ADC of the tumors divided by the mean ADC of
the contralateral unaffected white matter. ADC
expressed as X 10> mm?/s.

For evaluation of DSC-PWI data, whole-brain CBV maps
were generated by using a single-compartment model and an au-

values were

min

tomated arterial input function. Measurements of rCBV values
were performed with the same ROISs as those used for ADC mea-

surements, and the maximum rCBV (rCBV___ ) values were taken

max
into consideration. To minimize variances in the rCBV values in
an individual patient, we calculated the rCBV ratios of the tumors
as the ratios of the rCBV values from ROIs of the tumors divided
by the mean rCBV value of the contralateral unaffected white

matter. The ROIs for the ADC and rCBV measurements were not
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identical and were not from the same solid contrast-enhancing
region of the tumor in each single patient. The signal intensity on
DWI, ADC,,;,,, rADC, and rCBV,,, parameters was acquired by
another neuroradiologist who was experienced with diffusion and
perfusion data acquisition and blinded to the tumor histology.
This method for the measurements of maximal abnormality has
been shown to provide the highest interobserver and intraob-
server reproducibility.'’

Data Analysis
All hemangioblastoma and brain metastasis parameters are pre-
X102 mm?/

s), rADC, and rCBV , values between patients with hemangio-

sented as means * SDs. Comparisons of ADC_ ;. (
blastomas and those with brain metastases were made with
nonparametric Mann-Whitney statistical tests. Comparisons of
the signal intensity on DWI between patients with hemangioblas-
tomas and those with brain metastases were made with x* tests.
The receiver operating characteristic (ROC) analysis curves were
obtained to decide the diagnostic accuracy and optimum cutoff
value of ADC,;,, rADC, and rCBV,_for differentiating heman-
gioblastomas from brain metastases. The sensitivity, specificity,
positive predictive value, negative predictive value, accuracy, and
area under the curve (AUC) based on optimum thresholds for
ADC,;,and rCBV, .
blastomas from brain metastases. The cutoff values chosen were

min were calculated to differentiate hemangio-
those that provided optimal sensitivity and specificity jointly. In
addition, comparison of AUCs for different quantitative variables
was made with a Z-test. Statistical analysis was performed in Excel
2007 (Microsoft, Redmond, Washington) and the Statistical
Package for the Social Sciences (Version 17.0; IBM, Armonk, New
York). P values < .05 were statistically significant.

Table 1: The main clinical features of hemangioblastomas and
brain metastases

Brain
Hemangioblastomas Metastases
No. of patients (male/female) 10:11 19
Mean age (yr) 411£15.8 57.5 £12.0
Localization
Cerebellar hemisphere 19 5
Frontal lobe 1 12
Choroid fissure 1
Parietal lobe 8
Occipital lobe 1
Temporal lobe 4
Origin of brain metastases
Lung carcinoma 19
Breast carcinoma 2
Gastric carcinoma 2
Esophagus carcinoma 1
Liver carcinoma 2
Melanoma 1
Colon carcinoma 1
Carcinoma of unknown origin 2

RESULTS

Fifty-one histologically proved cases, including 21 cases with he-
mangioblastomas and 30 cases with brain metastases, were en-
rolled in this study. The main clinical features of the hemangio-
blastomas and brain metastases are summarized in Table 1. The
characteristics of hemangioblastomas and brain metastases on
conventional MR imaging are shown in Table 2.

The ADC,;, values, rADC ratios, and rCBV __calculated for
hemangioblastomas and brain metastases are given in Table 3. On
DWI, the signal intensity in the solid portions of hemangioblas-
tomas were hypointense (n = 3), isointense (n = 13), and hyper-
intense (n = 5) relative to normal-appearing white matter. Con-
versely, the signal intensity of brain metastases was hypointense
(n = 1), isointense (n = 3), and hyperintense (n = 26). The signal
intensity in the solid contrast-enhancing portions of hemangio-
blastomas was significantly lower than that of brain metastases
(P <.001). Both the ADC
icantly higher in hemangioblastomas compared with brain me-
tastases (Table 3 and Figs 1B and 2B).

TherCBV, ..
significantly higher than those in patients with brain metastases
(Table 3 and Figs 1C and 2C). Twenty of 21 (95.23%) hemangio-
blastomas showed markedly elevated perfusion (rCBVmax >
6.0), while 16/30 (53.33%) brain metastases showed significantly
elevated perfusion.

min

values and rADC ratios were signif-

values in patients with hemangioblastomas were

The results of the ROC curve analysis are shown in Table 4 and
Fig 3, which summarize the sensitivity, specificity, positive pre-
dictive values, negative predictive values, accuracy, and AUC for
the different quantitative parameters for differentiating heman-
gioblastomas from brain metastases. From the ROC analysis, the
highest AUC was obtained for rADC compared with rCBVmax
(0.971 versus 0.756, Z = 3.075, P = .002) in the differentiation of
hemangioblastomas and brain metastases, which corresponded to
histopathologic findings in 95.24% (20 of 21) of patients with
hemangioblastomas and 96.67% (29 of 31) of those with brain
metastases. With a threshold value of =1.54 for rADC values, the
accuracy in the diagnosis of hemangioblastomas was 96.08%.

DISCUSSION

In our study, we used 2 diagnostic parameters derived from DWI
and DSC-PWTI to differentiate hemangioblastomas and brain me-
tastases, which are sometimes not distinguishable with conven-
tional MR imaging. Our study showed that patients with heman-

Table 3: Comparison of the hemangioblastomas and brain
metastases with regard to the variables of interest (mean + SD)

P
Value

Hemangioblastomas Brain Metastases

ADC,;, 15%*0.52X10>mm?/s 079 =021 X 10> mm?/s <.00
rADC 23+076 112 032 <.001
rCBV, 85+245 64+20 .002

max

Table 2: Characteristics of hemangioblastomas and brain metastases on conventional MR imaging

Contrast-Enhancement Pattern

Tumor Solid-Cystic Solid Presence/Absence of SV Homogeneous Heterogeneous
Hemangioblastomas 12/21(57.1%) 9/21(42.9%) 12/9 15/21(71.5%) 6/21(28.5%)
Brain metastases 6/30 (20%) 24/30 (80%) 6/24 5/30 (16.7%) 25/30 (83.3%)

Note:—SV indicates signal void.
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FIG 1. A 54-year-old woman with hemangioblastoma. A, Contrast-enhanced axial T1-weighted image demonstrates an obvious contrast-
enhancing lesion on the right cerebellar hemisphere. B, A corresponding ADC map shows the tumor with an increased ADC value (ADC,,;,, =
14923 X 10~ mm?/s, rADC = 2.15). C, Correlative color CBV image shows significant elevated perfusion with the calculated rCBV,,,, of 9.72.

FIG 2. A 70-year-old man with a single brain metastasis. A, Contrast-enhanced axial TI-weighted image demonstrates a contrast-enhancing
lesion on the right cerebellar hemisphere. B, A corresponding ADC map shows the tumor to have a slightly increased ADC value (ADC,,;, =
1077.7 X 102> mm?/s, rADC = 1.39). C, A correlative color CBV image shows moderately elevated perfusion with the calculated rCBV,,_, of 3.04.

Table 4: Measures of sensitivity, specificity, PPV, NPV,
accuracy, and AUC of ADC_;  values, rADC ratios, and rCBV
ratios for differentiation of rlemangioblastomas and brain
metastases

TV Sensitivity Specificity PPV NPV Accuracy AUC

max

ADC_;, 110 90.48% 96.67% 950% 93.5% 94.12% 0.968
rADC 154  95.24% 96.67% 952% 96.7% 96.08% 0.971
rCBV ., 6.59 95.24% 53.33% 58.8% 94.1% 70.59% 0.756

max

Note:—PPV indicates positive predictive value; NPV, negative predictive value; TV,
threshold value; AUC, area under the curve.

gioblastomas demonstrated significantly higher ADC,_;, and
rCBV, .. values than those with brain metastases.
Hemangioblastomas typically present in the cerebellar hemi-
sphere and in the third-through-fifth decades of life. Hemangio-
blastomas have been traditionally described as a marked enhanc-
ing mural nodule with a large surrounding cyst. Large draining
and feeding vessels within the periphery and solid nodule are
commonly seen in hemangioblastomas. Therefore, when MR im-
aging shows a typically cystic mass with a solid enhancing mural

nodule and internal/periphery vessels located in the cerebellum in
a younger adult, the most probable diagnosis is hemangioblas-
toma. These MR imaging features were found in 57.1% of the
hemangioblastomas and in only 20% of brain metastases in our
study. Whereas when a solitary necrotic tumor with heteroge-
neous enhancement is found in older adults on the MR images,
the most probable diagnosis is brain metastasis. However, when
an intense enhancing solid tumor without internal/periphery di-
lated vessels is demonstrated, as in 42.9% of the hemangioblasto-
mas, there is less certainty as to whether the tumor is a hemangio-
blastoma or a single brain metastasis. Furthermore, the diagnosis
was also confusing when a hemangioblastoma occurred in a 70-
year-old patient in our series, whose age favors a diagnosis of
brain metastases.

DWTI has been widely used to evaluate brain tumors, ischemic
stroke, abscesses, and other intracranial diseases and has become
an indispensable part of brain MR imaging protocols. ADC values
represent the mobility of free water molecules within tissue and
appear to be correlated with the tumor cellularity, which might be
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FIG 3. Comparison of ROC curves of ADC,,;,, rADC, and rCBV_, in

the contrast-enhancing lesions for differentiating hemangioblasto-
mas from brain metastases.

a useful adjunct in the preoperative management of patients with
common brain tumors, including cerebellar tumors. There are
few studies in the literature regarding the DWI findings of heman-
gioblastomas. In a small group study of 22 cerebellar tumors,
Quadery and Okamoto'? reported that the ADC values were in-
creased (=1.27 = 0.14 X 10~ > mm?/s) in 10 hemangioblastomas,
while other tumors, including 3 metastatic tumors, had lower or
similar ADC values compared with those of cerebellar paren-
chyma (without statistical analysis).?® In this study, we found that
the signal intensity in the solid contrast-enhancing portions of
hemangioblastomas tended to be hypointense or isointense rela-
tive to normal-appearing white matter on DWL. In addition, they
had significantly lower signal intensity than brain metastases. Fur-
thermore, the ADC values of solid contrast-enhancing areas in
this study were higher than those of normal brain parenchyma in
all hemangioblastomas, consistent with previous findings.'* To
the best of our knowledge, the application of ADC values obtained
from DWI in distinguishing hemangioblastomas from brain me-
tastases has not been studied previously. This study also revealed
that the rate of water diffusion of hemangioblastomas, as reflected
by ADC values, was significantly higher than that of brain metas-
tases (P < .001). Several studies have reported that calculated
ADC values were inversely related to tumor cellular attenuation
and tumor nucleus/cytoplasm ratios in terms of water diffusivity
within intracranial tumors.*"**

Densely packed tumor cells can inhibit effective movement of
free water molecules and can, therefore, restrict diffusion. Low
diffusion could translate into high signal intensity on DWI, with
low values on ADC maps. Histopathologically, hemangioblasto-
mas are World Health Organization grade I tumors characterized
by stromal cells with plump foamy cytoplasm and an abundant
capillary network.”® Lower signal intensity on DWI combined
with higher ADC values in hemangioblastomas may reflect the
lower cellular attenuation and nucleus/cytoplasm ratios com-
pared with metastatic tumors. Furthermore, high vascular spaces
in hemangioblastomas may also result from low signal on DWI
with increased ADC values.'” In a study of 26 metastatic brain

123

lesions, Hayashida et al*” found that the signal intensity of well-

differentiated adenocarcinomas on DWI tended to be signifi-
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cantly lower than that of poorly differentiated adenocarcinomas
and lesions other than adenocarcinomas. They reported that the
ADC values of the solid portions of brain metastases were corre-
lated with tumor cellularity and that the signal intensity on DWI
may predict the histology of brain metastases.”” Therefore, our
findings suggest that preoperative determination of the ADC val-
ues of the cerebellar tumors in adults may aid in the differential
diagnosis of hemangioblastomas and brain metastases.

rCBV measurement derived from DSC-PWT is a useful param-
eter to evaluate tumor angiogenesis and to differentiate various
types of the brain tumors because it adds functional information
not available with conventional MR imaging."*'* In vivo mea-
surement of rCBV has been shown to correlate with tumor vas-
cularity and serve as an indicator of tumor grade.'*** In addition,
rCBV has also been demonstrated to strongly correlate with vas-
cular endothelial growth factor expression in nonenhancing glio-
mas.”> A maximum rCBV value of 9.4 * 2.37 or 7.7 = 1.0 for
hemangioblastomas has been identified in 2 different studies.'®*°
Hakyemez et al'® showed that the rCBV ratios of 6 hemangioblas-
tomas were significantly higher than those of 25 brain metastases
(11.4 £ 4.40 versus 5.3 = 3.22, P < .05). In our group of heman-
gioblastomas, the rCBV , value calculated from the solid con-
trast-enhancing portion was 8.5 * 2.45, significantly higher than
that of brain metastases (6.4 = 2.0). The rCBV,,, value for he-
mangioblastomas or metastases is in good agreement with values
reported previously.'*'®2¢

Hemangioblastomas have abundant tumor vessels within tu-
mors due to overexpression of vascular endothelial growth fac-

tOr,Z(),27

which causes significantly increased rCBV. However, the
histopathologic features of brain metastatic tumor vessels have
not been established because of a variety of macroscopic and mi-
croscopic features connected to the histopathologic characteris-
tics of the primary tumor. Tsougos et al*® demonstrated that the
rCBV value of metastases was 10.80 = 5.13 in a study consisting of
6 lung and 8 breast primary tumors. Gaudino et al*” showed that
the rCBV value in lesions was higher (3.30 = 1.59) than that of
white matter in a series of 59 solitary brain metastases. Our study
showed that the rCBV value of brain metastases was 5.3 * 3.22,
which is not consistent with that in previous studies, probably due
to the heterogeneity of brain metastases of different primary tu-
mors. Thus, brain metastases originating from melanoma or
breast carcinoma, which are highly vascular, may present with
higher rCBV than those from lung cancer, known to be less
vascular.

In this study, the rCBV values in lesions were found to be
markedly high (>7.5) in 2 breast carcinomas and 1 melanoma.
More defined rCBV values in brain metastases are worth further
investigation with larger sample size. Regardless, our results sug-
gest that high rCBV
tomas, whereas a low rCBV . is suggestive of brain metastases.

max appears to be indicative of hemangioblas-
One could assume that when an intense-enhancing solid tumor in
the posterior fossa presents with a marked increase of rCBV, the
most probable diagnosis is hemangioblastoma. In this case, pre-
operative embolization should be considered to control inacces-
sible arterial supply and reduce the tumor vascularity, which
could aid in the resection of the hemangioblastoma. This ap-
proach is often used in spinal hemangioblastoma to reduce the



operative complication rates and intraoperative bleeding.”>*!

Therefore, DSC-PWI may be helpful for both accurate preopera-
tive diagnosis of hemangioblastomas and postembolization
follow-up.

All 3 MR imaging parameters were significant for contrast-
enhancing tumoral regions to differentiate hemangioblastomas
from brain metastases. However, from the ROC analysis, the sen-
sitivity, specificity, and accuracy levels were significantly higher
for diffusion parameters (accuracy for rADC, 96.08%) than for
70.59%). In addi-
tion, there was moderate overlap of the rCBV, . parameter for

perfusion parameters (accuracy for rCBV,_,
differentiating hemangioblastomas and brain metastases, with a
specificity of only 53.33%. Thus, this study indicated that rADC is
a robust parameter with high sensitivity (95.24%) and specificity
(96.67%), which may be helpful in differentiating hemangioblas-
tomas from brain metastases. As a part of a multiparametric MR
imaging protocol, MR spectroscopy may allow further character-
ization of intracranial tumor by providing metabolic information
about the tumor tissue.”>*” It has been widely reported that Cho
levels correlate with the degree of malignancy in brain tumor and
are linearly correlated with cell density.”” To our knowledge, no
study has evaluated the ability of MR spectroscopy in the differ-
entiation of hemangioblastomas from brain metastases.

There are some limitations to our study. The most significant
one was its retrospective nature, which may have led to bias in case
selection. Another potential limitation was that the number of the
metastatic tumors originating from primary sites other than lung
were few. Further prospective studies with a larger number of
metastatic tumors are required. Third, we could not exclude the
presence of tiny intratumoral hemorrhage within lesions that may
result in susceptibility blooming, and in turn interfere with DWI
and PWI evaluation, though there was no obvious evidence of
hemorrhage on conventional MR imaging and DWL It is also
recognized that the lack of a susceptibility sequence in the MR
imaging protocol was also a limitation because that would have
been helpful in excluding hemorrhagic metastasis.

CONCLUSIONS

This study demonstrates that DWI and DSC-PWI MR imaging
measurements in the contrast-enhancing tumoral region allow
differentiation of hemangioblastomas from brain metastases. On
DWI, higher rADC and ADC
than in the brain metastases were the most consistent finding in

values in hemangioblastomas

min

our study. Therefore, DWI appears to be an efficient MR imaging
technique for the possible differentiation of hemangioblastomas
from brain metastases.

REFERENCES

1. Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classifica-
tion of tumours of the central nervous system. Acta Neuropathol
2007;114:97—109 CrossRef Medline

2. Young S, Richardson AE. Solid haemangioblastomas of the poste-
rior fossa: radiological features and results of surgery. ] Neurol Neu-
rosurg Psychiatry 1987;50:155-58 CrossRef Medline

3. Yoshida S, Takahashi H. Cerebellar metastases in patients with can-
cer. Surg Neurol 2009;71:184—87; discussion 187 CrossRef Medline

4. Kanner AA, Suh JH, Siomin VE, et al. Posterior fossa metastases:
aggressive treatment improves survival. Stereotact Funct Neurosurg
2003;81:18-23 CrossRef Medline

13.

14.

17.

18.

20.

21.

22.

23.

24.

AJNR Am J Neuroradiol 37:1844—50 Oct 2016 www.ajnr.org

. Alexandru D, Bota DA, Linskey ME. Epidemiology of central ner-

vous system metastases. Prog Neurol Surg 2012;25:13-29 CrossRef
Medline

. Brundl E, Schodel P, Ullrich OW, et al. Surgical resection of sporadic

and hereditary hemangioblastoma: our 10-year experience and a
literature review. Surg Neurol Int 2014;5:138 CrossRef Medline

. Tabei Y, Miyamoto S, Suzuki I. Multidisciplinary approach to man-

agement of patients with brain metastases [in Japanese]. Gan To
Kagaku Ryoho 2013;40:1288-94 Medline

. Le Reste PJ, Henaux PL, Morandi X, et al. Sporadic intracranial

haemangioblastomas: surgical outcome in a single institution
series. Acta Neurochir (Wien) 2013;155:1003—09; discussion 1009
CrossRef Medline

. Sakamoto N, Ishikawa E, Nakai Y, et al. Preoperative endovascular

embolization for hemangioblastoma in the posterior fossa. Neurol
Med Chir (Tokyo) 2012;52:878 —84 CrossRef Medline

. Schaefer PW, Grant PE, Gonzalez RG. Diffusion-weighted MR im-

aging of the brain. Radiology 2000;217:331-45 CrossRef Medline

. Kang Y, Choi SH, Kim Y], et al. Gliomas: histogram analysis of ap-

parent diffusion coefficient maps with standard- or high-b-value
diffusion-weighted MR imaging—correlation with tumor grade.
Radiology 2011;261:882-90 CrossRef Medline

. Quadery FA, Okamoto K. Diffusion-weighted MRI of haemangio-

blastomas and other cerebellar tumours. Neuroradiology 2003;45:
212-19 Medline

Kickingereder P, Wiestler B, Sahm F, et al. Primary central nervous
system lymphoma and atypical glioblastoma: multiparametric dif-
ferentiation by using diffusion-, perfusion-, and susceptibility-
weighted MR imaging. Radiology 2014;272:843-50 CrossRef Medline
Guzman-De-Villoria JA, Mateos-Pérez JM, Fernandez-Garcia P, et al.
Added value of advanced over conventional magnetic resonance
imaging in grading gliomas and other primary brain tumors. Can-
cer Imaging 2014;14:35 CrossRef Medline

. Ho CY, Cardinal JS, Kamer AP, et al. Relative cerebral blood volume

from dynamic susceptibility contrast perfusion in the grading of
pediatric primary brain tumors. Neuroradiology 2015;57:299-306
CrossRef Medline

. Kumar VA, Knopp EA, Zagzag D. Magnetic resonance dynamic sus-

ceptibility-weighted contrast-enhanced perfusion imaging in the
diagnosis of posterior fossa hemangioblastomas and pilocytic
astrocytomas: initial results. ] Comput Assist Tomogr2010;34:825-29
CrossRef Medline

She DJ, Xing Z, Zeng Z, et al. Differentiation of hemangioblastomas
from pilocytic astrocytomas using 3-T magnetic resonance perfu-
sion-weighted imaging and MR spectroscopy. Neuroradiology 2015;
57:275—-81 CrossRef Medline

Hakyemez B, Erdogan C, Bolca N, et al. Evaluation of different cere-
bral mass lesions by perfusion-weighted MR imaging. ] Magn Reson
Imaging 2006;24:817-24 CrossRef Medline

. Wetzel SG, Cha S, Johnson G, et al. Relative cerebral blood volume

measurements in intracranial mass lesions: interobserver and
intraobserver reproducibility study. Radiology 2002;224:797—803
CrossRef Medline

Cuccurullo L, Prudente ME, Maffia S, et al. An ultrastructural study
of the histogenesis of haemangioblastoma. Pathologica 2009;101:
1-5 Medline

Guo AC, Cummings TJ, Dash RC, et al. Lymphomas and high-grade
astrocytomas: comparison of water diffusibility and histologic
characteristics. Radiology 2002;224:177—-83 CrossRef Medline
Barajas RF Jr, Rubenstein JL, ChangJS, et al. Diffusion-weighted MR
imaging derived apparent diffusion coefficient is predictive of clin-
ical outcome in primary central nervous system lymphoma. AJNR
Am ] Neuroradiol 2010;31:60—66 CrossRef Medline

Hayashida Y, Hirai T, Morishita S, et al. Diffusion-weighted imaging
of metastatic brain tumors: comparison with histologic type and
tumor cellularity. AJNR Am ] Neuroradiol 2006;27:1419-25 Medline
Jain R, Gutierrez J, NarangJ, et al. In vivo correlation of tumor blood
volume and permeability with histologic and molecular angiogenic

1849


http://dx.doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://dx.doi.org/10.1136/jnnp.50.2.155
http://www.ncbi.nlm.nih.gov/pubmed/3494815
http://dx.doi.org/10.1016/j.surneu.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18295837
http://dx.doi.org/10.1159/000075099
http://www.ncbi.nlm.nih.gov/pubmed/14742959
http://dx.doi.org/10.1159/000331167
http://www.ncbi.nlm.nih.gov/pubmed/22236665
http://dx.doi.org/10.4103/2152-7806.141469
http://www.ncbi.nlm.nih.gov/pubmed/25317353
http://www.ncbi.nlm.nih.gov/pubmed/24105053
http://dx.doi.org/10.1007/s00701-013-1681-5
http://www.ncbi.nlm.nih.gov/pubmed/23558723
http://dx.doi.org/10.2176/nmc.52.878
http://www.ncbi.nlm.nih.gov/pubmed/2326904
http://dx.doi.org/10.1148/radiology.217.2.r00nv24331
http://www.ncbi.nlm.nih.gov/pubmed/11058626
http://dx.doi.org/10.1148/radiol.11110686
http://www.ncbi.nlm.nih.gov/pubmed/21969667
http://www.ncbi.nlm.nih.gov/pubmed/12687303
http://dx.doi.org/10.1148/radiol.14132740
http://www.ncbi.nlm.nih.gov/pubmed/24814181
http://dx.doi.org/10.1186/s40644-014-0035-8
http://www.ncbi.nlm.nih.gov/pubmed/25608821
http://dx.doi.org/10.1007/s00234-014-1478-0
http://www.ncbi.nlm.nih.gov/pubmed/25504266
http://dx.doi.org/10.1097/RCT.0b013e3181ef77e2
http://www.ncbi.nlm.nih.gov/pubmed/21084895
http://dx.doi.org/10.1007/s00234-014-1475-3
http://www.ncbi.nlm.nih.gov/pubmed/25487356
http://dx.doi.org/10.1002/jmri.20707
http://www.ncbi.nlm.nih.gov/pubmed/16958061
http://dx.doi.org/10.1148/radiol.2243011014
http://www.ncbi.nlm.nih.gov/pubmed/12202717
http://www.ncbi.nlm.nih.gov/pubmed/19771763
http://dx.doi.org/10.1148/radiol.2241010637
http://www.ncbi.nlm.nih.gov/pubmed/12091680
http://dx.doi.org/10.3174/ajnr.A1750
http://www.ncbi.nlm.nih.gov/pubmed/19729544
http://www.ncbi.nlm.nih.gov/pubmed/16908550

25.

26.

27.

28.

1850

markers in gliomas. AJNR Am ] Neuroradiol 2011;32:388-94
CrossRef Medline

Maia AC Jr, Malheiros SM, da Rocha AJ, et al. MR cerebral blood
volume maps correlated with vascular endothelial growth factor
expression and tumor grade in nonenhancing gliomas. AJNR Am |
Neuroradiol 2005;26:777—83 Medline

Bing F, Kremer S, Lamalle L, et al. Value of perfusion MRI in the
study of pilocytic astrocytoma and hemangioblastoma: prelimi-
nary findings [in French]. ] Neuroradiol 2009;36:82—87 CrossRef
Medline

Hussein MR. Central nervous system capillary haemangio-
blastoma: the pathologist’s viewpoint. Int J Exp Pathol 2007;88:
311-24 CrossRef Medline

Tsougos I, Svolos P, Kousi E, et al. Differentiation of glioblastoma
multiforme from metastatic brain tumor using proton magnetic
resonance spectroscopy, diffusion and perfusion metrics at 3 T.
Cancer Imaging 2012;12:423-36 CrossRef Medline

She Oct 2016 www.ajnr.org

29.

30.

31.

32.

33.

Gaudino S, Di Lella GM, Russo R, et al. Magnetic resonance imaging
of solitary brain metastases: main findings of nonmorphological
sequences. Radiol Med 2012;117:1225—41 CrossRef Medline

Biondi A, Ricciardi GK, Faillot T, et al. Hemangioblastomas of the
lower spinal region: report of four cases with preoperative emboli-
zation and review of the literature. AJNR Am ] Neuroradiol 2005;26:
936—45 Medline

Chu BC, Terae S, Hida K, et al. MR findings in spinal
hemangioblastoma: correlation with symptoms and with angio-
graphic and surgical findings. AJNR Am ] Neuroradiol 2001;22:
206-17 Medline

Horska A, Barker PB. Imaging of brain tumors: MR spectroscopy
and metabolic imaging. Neuroimaging Clin N Am 2010;20:293-310
CrossRef Medline

Brandao LA, Castillo M. Adult brain tumors: clinical applications of
magnetic resonance spectroscopy. Neuroimaging Clin N Am 2013;
23:527-55 CrossRef Medline


http://dx.doi.org/10.3174/ajnr.A2280
http://www.ncbi.nlm.nih.gov/pubmed/21071537
http://www.ncbi.nlm.nih.gov/pubmed/15814920
http://dx.doi.org/10.1016/j.neurad.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18930545
http://dx.doi.org/10.1111/j.1365-2613.2007.00535.x
http://www.ncbi.nlm.nih.gov/pubmed/17877533
http://dx.doi.org/10.1102/1470-7330.2012.0038
http://www.ncbi.nlm.nih.gov/pubmed/23108208
http://dx.doi.org/10.1007/s11547-012-0846-2
http://www.ncbi.nlm.nih.gov/pubmed/22744350
http://www.ncbi.nlm.nih.gov/pubmed/15814949
http://www.ncbi.nlm.nih.gov/pubmed/11158911
http://dx.doi.org/10.1016/j.nic.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20708548
http://dx.doi.org/10.1016/j.nic.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23928203

ORIGINAL RESEARCH
ADULT BRAIN

Shear Stiffness of 4 Common Intracranial Tumors Measured
Using MR Elastography: Comparison with Intraoperative
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ABSTRACT

BACKGROUND AND PURPOSE: The stiffness of intracranial tumors affects the outcome of tumor removal. We evaluated the stiffness of
4 common intracranial tumors by using MR elastography and tested whether MR elastography had the potential to discriminate firm
tumors preoperatively.

MATERIALS AND METHODS: Thirty-four patients with meningiomas, pituitary adenomas, vestibular schwannomas, and gliomas sched-
uled for resection were recruited for MR elastography. On the elastogram, the mean and the maximum shear stiffnesses were measured
by placing an ROI on the tumor. Blinded to the MR elastography findings, surgeons conducted qualitative intraoperative assessment of
tumor consistency by using a 5-point scale. Histopathologic diagnosis was confirmed by using the resected specimens. The mean and
maximum shear stiffnesses were compared with histopathologic subtypes, and the intraoperative tumor consistency was graded by the
surgeons.

RESULTS: The mean and maximum shear stiffnesses were the following: 1.9 = 0.8 kPa and 3.4 = 1.5 kPa for meningiomas, 1.2 = 0.3 kPa and
1.8 £ 0.5 kPa for pituitary adenomas, 2.0 = 0.4 kPa and 2.7 = 0.8 kPa for vestibular schwannomas, and 1.5 = 0.2 kPa and 2.7 = 0.8 kPa for
gliomas. The mean and maximum shear stiffnesses for meningiomas were higher than those of pituitary adenomas (P < .05). The mean and
maximum shear stiffnesses were significantly correlated with the surgeon’s qualitative assessment of tumor consistency (P < .05). The
maximum shear stiffness for 5 firm tumors was higher than that of nonfirm tumors (P < .05).

CONCLUSIONS: MR elastography could evaluate intracranial tumors on the basis of their physical property of shear stiffness. MR

elastography may be useful in discriminating firm tumors preoperatively.

ABBREVIATIONS: MRE = MR elastography; MEG = motion-encoding gradient; .,.,SS = maximum shear stiffness; ,..,SS = mean shear stiffness

Many histopathologic processes in tumors, for example cell
proliferation, angiogenesis, fibrosis, calcification, necrosis,
and cyst formation, cause marked changes in the viscoelastic
properties of tissue. Therefore, physicians have used palpation of
the body to detect tumors in daily clinical settings. Regarding
intracranial tumors, however, there is no clinical precedent for
tumor stiffness. Only neurosurgeons have had the privilege of
palpating intracranial tumors at the time of tumor resection. The
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degree of tumor stiffness or consistency is critical information for
precise neurosurgical resection of intracranial tumors such as me-
ningiomas, pituitary adenomas, and vestibular schwannomas, es-
pecially those surrounded by important neurovascular structures.
Differences in histopathologic characteristics, namely meningo-
thelial-versus-fibrous meningiomas, fibrous-versus-nonfibrous
pituitary adenomas, Antoni A- versus Antoni B-dominant
schwannomas, and high- versus-low-grade gliomas, might be
correlated to the viscoelastic properties of intracranial tumors.
Although conventional MR imaging and some other MR imaging
sequences have been reported capable of predicting intracranial
tumor consistency or fibrosis, they have not been used to directly
assess the viscoelastic properties of tumors."'

MR elastography (MRE) is an emerging technology en-
abling the noninvasive assessment of the viscoelastic proper-
ties of tissues in vivo.*> MRE uses continuous shear waves
generated by an extracorporeal mechanical wave driver, imag-
ing the propagating shear waves with a phase-contrast MR
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image, and processing the wave images with an inversion algo-
rithm to obtain a quantitative cross-sectional image of the
shear stiffness map known as an elastogram.® Since its first
description by Muthupillai et al in 1995,* many clinical appli-
cations have been studied, especially for assessing liver disease.
Multiple studies have demonstrated a strong correlation be-
tween MRE-measured hepatic stiffness and the stage of fibrosis
at histology. MRE can serve as a more accurate alternative to
invasive biopsy, which has been the criterion standard for the
diagnosis and staging of liver fibrosis.” Although MRE is not
common in a neurologic setting, a series of attempts have been
made to measure the stiffness of the brain affected by Alzhei-
mer disease,®” multiple sclerosis,'® and normal-pressure hy-
drocephalus.'"'* As for intracranial tumors, only a few studies
involving meningiomas and glioblastomas have been pub-
lished.'®'* In these studies, a correlation between histopatho-
logic characteristics and MRE has not been described in detail.
The purposes of the present study were the following: 1) to
evaluate tumor stiffness by using MRE in relation to the histo-
pathology, and 2) to test whether MRE has the potential to
discriminate firm tumor preoperatively.

MATERIALS AND METHODS

Ethics

Written informed consent was obtained from all patients in our
institutional review board—approved study.

FIG1. A passive pneumatic driver (MR Touch; GE Healthcare) was placed in a 12-channel phased array
Neurovascular Array Coil (A). Shear waves were introduced in the brain by using this system (B).

Patients

Between September 2014 and June 2015, MR imaging examina-
tions, including MRE, were performed on 34 consecutive patients
(11 men and 23 women; mean age, 54 years; range, 31-77 years)
scheduled for resection with previously identified meningiomas,
pituitary adenomas, vestibular schwannomas, and gliomas by us-
ing conventional MR imaging with contrast. All patients under-
went microscopic surgery performed by experienced neurosur-
geons at our university hospital. Blinded to the MRE results,
surgeons graded tumor stiffness at the time of resection. The
dominant tissue consistency was graded by using a 5-point scale
previously reported by Murphy et al'” as follows: 1, soft; 2, mostly
soft; 3, intermediate; 4, mostly firm (at least 75%—80% of the
tumor was firm and required ultrasonic aspiration at a high set-
ting); and 5, firm (most of the tumor required ultrasonic aspira-
tion at a maximum setting). We used an ultrasonic aspirator
(Sonopet Ultrasonic Aspirator; Stryker, Kalamazoo, Michigan)
when we could not resect tumors by using an air suction tube. In
this study, tumors on the scale of 4 and 5 were defined as “firm,”
and tumors on the scale of 1-3 were defined as “nonfirm” by
surgeons. All surgical procedures were recorded by using a digital
video recorder (DATA Gen Pro; Seventh Dimension Design,
Hyogo, Japan) and were reviewed for this assessment.

MR Elastography

MRE was performed by using a 3T clinical unit (Discovery
MR750W; GE Healthcare, Milwaukee,
Wisconsin) with a 12-channel phased
array Neurovascular Array Coil (Me-
drad, Indianola, Pennsylvania). A pas-
sive pneumatic driver with a diameter of
19 cm was positioned underneath the
occipital portion of the head. Shear
waves were introduced in the brain by
using the MR Touch system (GE Health-
care) (Fig 1). The imaging parameters
for spin-echo echo-planar imaging—
based MRE were as follows: TR, 1000
ms; TE, 86.4 ms; FOV, 24 cm; band-
width, = 250 kHz; 64 X 64 matrix
(256 X 256 reconstruction matrix with
zero-filled interpolation); and section

Table 1: Summary of patient histopathologic characteristics: meningiomas (13 cases)

Size Mean Shear Maximum Shear  Intraoperative Tumor Histopathologic
Age (yr)/Sex Location (mm)  Stiffness (kPa)  Stiffness (kPa)  Consistency; Scale 1~5 Subtypes
44/F Parasagittal 46 21 47 3 (not firm) Meningothelial meningioma
57/M Tuberculum sellar 53 1.6 3.0 3 (not firm) Meningothelial meningioma
68/M Parasagittal 94 1.6 33 3 (not firm) Anaplastic meningioma
67/F Convexity 66 14 41 4 (firm) Atypical meningioma
50/F Parasagittal 23 22 3.8 5 (firm) Transitional meningioma
40/F Cavernous sinus 35 26 4.7 3 (not firm) Meningothelial meningioma
52/F Convexity 52 17 25 3 (not firm) Atypical meningioma
58/F Petroclival 20 12 1.6 3 (not firm) Meningothelial meningioma
51/F Sphenoid ridge 28 18 24 3 (not firm) Meningothelial meningioma
66/F CP angle 51 44 7.2 4 (firm) Fibrous meningioma
38/F Tuberculum sellar 14 17 23 2 (not firm) Meningothelial meningioma
38/F Petroclival 23 12 1.8 2 (not firm) Angiomatous meningioma
77/M Convexity 25 17 26 2 (not firm) Meningothelial meningioma

Note:—CP indicates cerebellopontine.
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thickness, 5 mm. These acquisitions were performed with a sin-
gle-shot, 1-signal average, 8 MRE time points, 10—13 sections,
MRE motion-encoding in the through-plane direction; and no
flow compensation or spatial presaturation. Parallel imaging (ar-
ray spatial sensitivity encoding technique) was used with a reduc-
tion factor of 2. To optimize the motion-encoding gradient
(MEG) frequency and the external driver frequency, we tested
various MEG frequencies from 40- to 120-Hz and from 40- to
120-Hz driver frequencies at every 20 Hz, otherwise under the
same imaging conditions, on a healthy volunteer before com-
mencement of this study. The images generated by using MRE
included wave images, depicting the tissue motion, and stiffness
images (elastograms).

The criteria for optimization were the presence of noninter-
fering parallel waves in the wave images, homogeneity of the stiff-
ness distributions for the white matter of the cerebral and the
cerebellar hemispheres, and the image signal-to-noise ratio. The
previously reported stiffness values for normal white and gray
matter were also compared with the measured values from the
stiffness map. The red and blue stripes on the wave images show
the mechanical waves propagating within the brain. The deepness
of the colors reflects the wave amplitude, and their width indicates
the wavelength. A longer wavelength reflects faster wave propaga-
tion in the media, which indicates higher elasticity of the tissue.
The wave information is processed to produce 2D color-coded
elastograms and 2D quantitative gray-scale elastograms. ROIs can
be drawn on the gray-scale elastograms to measure the elasticity

Table 2: Pituitary adenomas (11 cases)

(typically reported in kilopascals). A cross-hatching pattern su-
perimposed on the elastograms indicates less reliable areas for
measurement of the elasticity based on the wave amplitude, the
pattern of the waves in the wave images, and the signal-to-noise
ratio of the magnitude images.

In this study, elastograms were qualitatively assessed for the
degree of image quality, such as the extent of signal loss, and
quantitatively for the areas without cross-hatches. After deter-
mining the optimal motion-encoding gradient frequency, we
also examined the external driver amplitudes, namely 50% ver-
sus 70%. As a result, an MEG of 60 Hz, an external driver
frequency of 40 Hz, and an amplitude of 50% were determined
to be optimal in this settings. The choice of motion and MEG
frequencies was determined subjectively during this optimiza-
tion process. The acquisition time for MRE was 50 seconds at
most.

Conventional MR Imaging

Conventional MR imaging with contrast media and arterial spin-
labeled perfusion imaging were also performed in the current
study to correctly demarcate the tumor area, which became the
reference when ROI placement on the elastogram was performed.

The imaging parameters have been described previously.'*'®

Stiffness Measurement on MR Elastogram

The signal intensity reflects the stiffness on each elastogram. For
the measurement of tumor stiffness, the largest possible ROI was
placed on the tumors by avoiding the in-
terference fringes on the wave image and

A/gse Enc;oi’r:nologic Size S:{Ifian ShE:r N;:;ifmum Ski;ear (I:ntra‘orerativse Tlun11or5 cross-hatches on the stiffness map. The
(yr)/Sex u y|:‘>es- (mm) Stiffness (kPa) iffness (kPa) Consistency; Scale mean shear stiffness (. SS) and the
71/F Nonfunctioning 22 14 2.0 1(not firm) . h GifF (S

40/F GH producing 27 1.0 17 1(not firm) maXImum. s <.:ar SUHINESS {maxoo) Were
47/F Nonfunctioning 40 1 17 1(not firm) measured in kilopascals. Because the an-
38/M  Nonfunctioning 34 14 2.0 1(not firm) atomic boundary of the tumor was diffi-
31/F GH producing 17 13 18 1(not firm) cult to discern on the stiffness map
AWIF FSH prodl‘Jchg 7 0.9 ! 1(not firm) alone, T2-weighted axial images, fat sat-
57/F Nonfunctioning 58 1.6 25 2 (not firm) ted Tl-weichted i btained
45/M Nonfunctioning 24 0.6 0.8 1(not firm) urate -weighte 1mages: .O a1.11€
/M Nonfunctioning 39 1.0 1.6 3 (not firm) pre- and postcontrast administration,
63/F Nonfunctioning 22 1.6 2.1 4 (firm) and the axial diffusion-weighted image
38/F Nonfunctioning 27 1.6 20 3 (not firm) of the corresponding sections with the

Note:—GH indicates growth hormone; FSH, follicle-stimulating hormone.

Table 3: Vestibular schwannomas (6 cases)

stiffness map of the corresponding sec-
tion were also simultaneously displayed.

ROIs ranging from 79 to 1874 pixels

Size Mean Shear Maximum Shear Intraoperative Tumor .
Age (yr)/Sex (mm) Stiffness (kPa) Stiffness (kPa) Consistency; Scale 1~5 ~ We€I€ drawn freehand on the workstation
57/F 28 17 25 2 (not firm) display. If the tumor was partially cov-
50/F 33 2.5 33 3 (not firm) ered by cross-hatches, lesion stiffness in
46/F 16 1.6 20 3 (not firm) the area without cross-hatches was mea-
71/F 24 22 32 3 (not firm) sured. The measurements were repeated
S0/M 2 15 17 2 {not firm) twice for each region, and the values
43/M 34 22 37 4 (firm) gtom,
were averaged.
Table 4: Gliomas (4 cases)
Size Mean Shear Maximum Shear Intraoperative Tumor Histopathologic
Age (yr)/Sex Location (mm) Stiffness (kPa) Stiffness (kPa) Consistency; Scale 1~5 Subtypes
75/M Frontal lobe 32 12 24 1(not firm) Anaplastic astrocytoma
77/M Cerebellum 22 17 23 1(not firm) Glioblastoma
36/M Frontal lobe 65 14 3.8 2 (not firm) Glioblastoma
61/F Insula 55 1.5 22 3 (not firm) Glioblastoma
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files/statmed.html) was used.
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R2=10.18 . 7 R2=0.25 L4 RESULTS
P=0.16 P=0.04

The patient characteristics, tumor loca-
tion, size, mean and maximum tumor
shear stiffness assessed by using MRE,
and the intraoperative tumor consis-
tency in 34 patients are summarized by
histopathologic subtypes in Tables 1-4.

The mean ,.,,SS and ., SS were as

follows: 1.9 = 0.8 kPaand 3.4 * 1.5 kPa,

1 2 3 4 5 1 2

A Intraoperative tumor consistency B Intraoperative tumor consistency

FIG 3. Scatterplot of the  ,,SSand .,

3 4 5 respectively, for 13 patients with menin-
giomas; 1.2 = 0.3 kPaand 1.8 = 0.5 kPa,
respectively, for 11 patients with pitu-

SS (kPa) determined by using MRE and a 5-point scale of itary adenomas; 2.0 + 0.4 kPaand 2.7 *

intraoperative qualitative assessment of tumor consistency in 13 patients with meningiomas. 0.8 kPa, respectively, for 6 patients with

Although the | .,.SS did not significantly correlate with the grading (A), significant correlations
SS and the grading were obtained (B) (P < .05) (Spearman rank order test).

between the

max

Histopathologic Evaluation

Sections were stained with hematoxylin-eosin for routine histo-
pathology. Immunohistochemical stains were also used for the
following: epithelial membrane antigen and vimentin for menin-
giomas; adenocorticotrophic hormone, prolactin, growth hor-
mone, luteinizing hormone, follicle-stimulating hormone, thy-
roid-stimulating hormone, and cytokeratin CAMS5.2 for pituitary
adenomas; S-100 for vestibular schwannomas; and glial fibrillary
acidic protein, oligodendrocyte transcription factor (Olig2), anti-
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vestibular schwannomas; and 1.5 = 0.2
kPaand 2.7 = 0.8 kPa, respectively, for 4
SS and
maxSS of meningiomas were higher than those of pituitary adeno-
mas (P < .05) (the Kruskal-Wallis H test following the Mann-
Whitney U test with Bonferroni correction) (Fig 2). Although the
SS of meningiomas did not significantly correlate with the

patients with gliomas. The

mean

mean
intraoperative grading (Fig 2A), significant correlations between
the ,,,..SS and the surgeon’s qualitative assessment of tumor con-
sistency were obtained (P < .05) (Spearman rank order test) (Fig

3). Regarding all intracranial tumors, both the SSand . SS

mean
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4 P =0.0004 P =0.0002
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=

Whitney U test) (Fig 5).
Representative cases of a meningi-
oma (case 44/female, right parasagittal
meningothelial meningioma), a pitu-
itary adenoma (case 41/female, follicle-
stimulating hormone—producing ade-
noma), a vestibular schwannoma (case
51/male, left cerebellopontine angle),

1 2 3 4 5 1
Intraoperative tumor consistency B

A

FIG 4. Scatterplot of the . .,.,SS and
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cranial tumors. Both the ,, .,.SSand .,
(P < .05) (Spearman rank order test).
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35
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Mean shear stiffness (kPa)

Maximum shear stiffness (kPa)
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0
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0
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FIG 5. Comparison of the _,.,,SS and ,,,SS was determined by using
MRE among tumors with an intraoperative consistency scale of 1-3
that were nonfirm and those with a scale of 4 and 5 that were firm;
there were 29 cases that were nonfirm (,,.,,SS = 16 = 2.6 kPa;
max3S = 2.4 =12 kPa) and 5 cases that were firm (02,55 = 3.0 = 2.6
kPa; .S = 4.2 = 1.9 kPa). The ,,,,SS values in firm tumors were
higher than those in nonfirm tumors (P < .05; Mann-Whitney U test).
Box-and-whisker plots show the ...SS (A) and ,,,SS (B). The lower
and upper hinges of the boxes denote the 25th and 75th percentiles,
respectively. The median (50th percentile) of each distribution is in-
dicated by the line. Whiskers on each side denote the 10th and 90th
percentiles.

significantly correlated with the surgeon’s grading (P < .05)
(Spearman rank order test) (Fig 4). In this study, 29 cases were
nonfirm (intraoperative consistency scale, 1~3), whereas 5 tu-
mors were firm (intraoperative consistency scale, 4 and 5), requir-
ing ultrasonic aspiration at high settings. The ,...SSand ,,,,.SS of
tumors that were not firm were 1.6 = 2.6 kPaand 2.4 = 1.2 kPa,
respectively. The ,....SSand ... SS of tumors that were firm were
3.0 = 2.6 kPaand 4.2 = 1.9 kPa, respectively. Although the .,..SS

for the firm tumors was not significantly higher than that of tu-

max’

mors that were not firm, the . SS for the firm tumors was sig-

2

Intraoperative tumor consistency

SS (kPa) determined by using MRE and a 5-point scale of
intraoperative qualitative assessment of tumor consistency in 34 patients with 4 common intra-
SS were significantly correlated with the surgeon’s grading

3 4 5 and a glioma (case 61/female, right
insular glioblastoma) involving con-
trast-enhanced T1-weighted and T2-
weighted MRI, wave MRE images,
elastograms, and hematoxylin-eosin—

stained sections (original magnification,

X100) are shown in Fig 6. Representa-
tive cases of firm tumors (case 51/male, left cerebellopontine an-
gle fibrous meningioma; case 63/female, recurrent fibrous non-
functioning pituitary adenoma) involving contrast-enhanced
T1-weighted and T2-weighted MRI, wave MRE images, elasto-
grams, and hematoxylin-eosin—stained sections (original magni-

fication, X100) are shown in Fig 7.

DISCUSSION

In this study, we measured the shear stiffness of 4 major intracra-
nial tumors, namely meningiomas, pituitary adenomas, vestibu-
lar schwannomas, and gliomas by using MRE. Murphy et al'’
reported the stiffness of meningiomas. Regarding pituitary ad-
enomas and vestibular schwannomas, this is the first study to
describe the direct measurement of shear stiffness by using
MRE, to our knowledge. In relation to gliomas, Streitberger
et al'* reported that the mean shear stiffness of glioblastomas
in 22 patients was 1.32 * 0.26 kPa; although the number of our
glioma cases was small, the mean value of the shear stiffness
was similar to their results. A significant difference was ob-
served between the shear stiffness of meningiomas and that of
pituitary adenomas. The result was compatible with our intra-
operative impression of the consistency of these tumors during
excision.

We have evaluated the dominant tissue consistency at tumor
resection by using a 5-point scale as previously reported by Mur-
phy et al.'” They found that the relative shear stiffness assessed by
using MRE in meningiomas (13 cases) was significantly correlated
with the 5-point scale. Although we could not reveal a significant

correlation between the SS and the grading, we have demon-

mean
strated the significant correlation between the .. SS and our stiff-
ness grading. We presume that this was partially the result of the
surgeon’s judgment of tumor stiffness, in which the scoring
tended to be dependent on the hardest portions. It is also pre-
sumed that the statistical significance was affected by our coarse
spatial resolution, which averaged the stiffness of the tissue.
Therefore, the maximum average stiffness result became signifi-
cant, but the average stiffness was not the result of further
averaging.

We also demonstrated significant correlation for both the
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FIG 6. Upper: Left parasagittal meningioma in a 44-year-old woman. A, Axial postcontrast TI-weighted MR imaging shows a strongly enhanced tumor
(arrow). B, Axial T2-weighted MR imaging shows a hyperintense tumor (arrow). C, Wave MRE image (arrow). D, Elastogram shows tumor shear stiffness
(arrow) (meanSS = 21 kPa; ,,SS = 4.7 kPa). The intraoperative tumor consistency was intermediate (scale 3). £, Histopathologic examination of the
resected tumor indicates meningothelial meningioma (hematoxylin-eosin stain; scale bar, 200 wm). Upper middle: follicle-stimulating hormone—
producing adenoma in a 41-year-old woman. F, Axial postcontrast Tl-weighted MR imaging shows a weakly enhanced tumor (arrow). G, Axial T2-
weighted MR imaging shows an isointense tumor (arrow). H, Wave MRE image (arrow). I, Elastogram shows tumor shear stiffness (arrow) (,,eanSS = 0.9
kPa; .,SS = 11 kPa). The intraoperative tumor consistency was soft (scale 1). J, Histopathologic examination of the resected tumor indicates
diffuse adenoma (hematoxylin-eosin stain; scale bar, 200 um). Lower middle: Left vestibular schwannoma in a 50-year-old woman. K, Axial postcontrast
Tl-weighted MR imaging shows a strongly enhanced tumor (arrow). L, Axial T2-weighted MR imaging shows a mixed intensity tumor (arrow). M, Wave
MRE image (arrow). N, Elastogram shows tumor shear stiffness (arrow) (;,eanSS = 2.5 kPa; .., SS = 3.3 kPa). The intraoperative tumor consistency was
moderate (scale 3). O, Histopathologic examination of the resected tumor indicates a schwannoma with a dominant Antoni A-type region (hematox-
ylin-eosin stain; scale bar, 200 wm). Lower: Right insular glioma in a 55-year-old woman. P, Axial postcontrast TIWI MR imaging shows a ring-enhanced
tumor (arrow). Q, Axial T2-weighted MR imaging shows a mixed intensity tumor (arrow). R, Wave MRE image (arrow). S, Elastogram shows tumor shear

stiffness (arrow) (neanSS = 1.5 kPa; 5

SS = 2.2 kPa). The intraoperative tumor consistency was moderate (scale 3). T, Histopathologic examination of the

resected tumor indicates glioblastoma (hematoxylin-eosin stain; scale bar, 200 um).

meanSS and .. SS with the stiffness grading of all of the intracra-
nial tumors.

In addition, we found a significant difference in the maximum
shear stiffness between tumors that were firm (intraoperative tu-
mor consistency scale 4 and 5) and tumors that were nonfirm
(intraoperative tumor consistency scale, 1~3). The results sug-
gest that MRE may be able to find firm tumors that may require
special care in surgical planning or tumor removal.

In the current study, we demonstrated MRE and histopatho-
logic findings representative of intraoperative firm tumors. In fi-
brous meningiomas (Fig 7, upper), the shear stiffness correlated
with firm consistency intraoperatively. Meningothelial, fibrous,

1856 Sakai Oct 2016 www.ajnr.org

and transitional meningiomas are the most common histopatho-
logic subtypes of meningiomas.'® Using MRE, we might differen-
tiate relatively firm meningiomas such as fibrous and transitional
meningiomas from relatively soft meningiomas such as meningo-
thelial meningiomas. Most pituitary adenomas are soft and can be
easily resected, preserving the tumor capsule by using suction and
curettes with transsphenoidal surgery. However, as shown in Fig
7,lower part, some tumors are firm and fibrous and consequently
difficult to resect. In transsphenoidal surgery for such firm pitu-
itary adenomas, excessive maneuvers increase morbidity and
mortality related to visual disturbance, panhypophysis, and intra-
and extracapsular hemorrhage. Although previous studies have



FIG7. Intraoperative tumors with a firm consistency. Upper: Left cerebellopontine angle meningioma in a 51-year-old man. A, Axial postcontrast
TI-weighted MR imaging shows a strongly enhanced tumor (arrow). B, Axial T2-weighted MR imaging shows an isointense tumor (arrow). C, Wave
MRE image (arrow). D, Elastogram shows tumor shear stiffness (arrow) (,,eanSS = 4.4 kPa; ,,,SS = 7.2 kPa). The intraoperative tumor consistency
was mostly firm, requiring ultrasonic aspiration at a high setting (scale 4). E, Histopathologic examination of the resected tumor indicates fibrous
meningioma (hematoxylin-eosin stain; scale bar, 200 wm). Lower: Nonfunctioning recurrent pituitary adenoma in a 63-year-old woman. f, Axial
postcontrast T1-weighted MR imaging shows a strongly enhanced tumor (arrow). G, Axial T2-weighted MR imaging shows an isointense tumor
(arrow). H, Wave MRE image (arrow). |, Elastogram shows tumor shear stiffness (arrow) (;,e.nSS = 1.6 kPa; ,,,SS = 2.1 kPa). The intraoperative
tumor consistency was mostly firm, requiring ultrasonic aspiration at a high setting (scale 4). J, Histopathologic examination of the resected

tumor indicates diffuse adenoma with fibrosis (hematoxylin-eosin stain; scale bar, 200 um).

attempted to predict the consistency of pituitary adenomas with
conventional MR imaging,' diffusion-weighted MR imaging,”
and contrast-enhanced 3D FIESTA,? these methods did not di-
rectly measure the shear stiffness of pituitary adenomas. To the
best of our knowledge, our study is the first to demonstrate the
shear stiffness of pituitary adenomas by using MRE.

The consistency of pituitary adenomas depends on the level of
fibrosis that correlates with collagenous contents.”” MRE might
be reflecting the collagenous content of pituitary adenomas. As
for vestibular schwannomas, differences in the percentage of the
Antoni A component (areas of compact, elongated cells with oc-
casional nuclear palisading) and the Antoni B component (less
cellular, with loosely textured cells with indistinct processes and
variable lipidization) might determine the shear stiffness. Al-

though the preoperative consistency of vestibular schwannoma
has not been studied, the difficulties associated with the recently
recommended subcapsular tumor dissection for the preservation
of facial and cochlear nerve functions in vestibular schwanno-
mas”! are related to tumor consistency. Therefore, as in trans-
sphenoidal surgery for pituitary adenomas, preoperative as-
sessment of vestibular schwannoma consistency would be
recognized as being more important. MRE will be one of the
choices in predicting the consistency of vestibular schwanno-
mas preoperatively.

Although most brain MRE studies have been performed by
using custom-built transducers in various laboratories world-
wide, they have not been approved for their reliability and safety.
In our study, we adapted a passive pneumatic driver (MR Touch)
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originally designed for abdominal MRE for introducing shear
waves into the brain. Indeed, this was the only commercially avail-
able system that could be used for patients in Japan during this
study. A higher motion frequency may be useful for superficial
tumors, and a lower motion frequency may be useful for deep
tumors. In the preliminary study with volunteers, we used the
same MEG (60 Hz) and external driver frequency (60 Hz) re-
ported by Murphy et al.'”> However, we found that an external
driver frequency of 60 Hz was not adequate for our system be-
cause the shear waves did not reach the center of the brain. This
might be caused by the loose contact between the head and the
external driver in our system. With reference to the cross-hatch-
ing area, we found that an MEG of 60 Hz, an external driver
frequency of 40 Hz, and an amplitude of 50% were optimal in this
system. The precise reason why a MEG frequency that is not equal
to the external driver frequency works better is unclear; however,
this technique has been widely used in the MRE literature as a
means to reduce TE* or to create broadband sensitivity for mul-
tifrequency MRE.>**¢

Although the spatial resolution in our system was very low
because of the low external driver frequency and limited matrix
size, the shear stiffness of healthy regions of the brain such as the
cerebellum was consistent among patients. Therefore, we used
absolute values for both for the mean and maximum shear stiff-
ness (kilopascal) in this study. We speculated that the region with
the maximum shear stiffness indicated the region with firm
consistency in tumors. However, we observed a case of glioma
in which the region with maximum shear stiffness was the
center of the cyst in the tumor. Our review of the published
literature revealed that the stiffness of the glioma cyst has not
been previously reported. The reason for the center of the cyst
showing maximum shear stiffness was unclear. Although it is
more likely artifacts than anything related to the intracystic
pressure, it may be partially explained as follows: Because fluid
is a less viscoelastic material, the shear stiffness of the cyst is
increased when the intracyst fluid is tensely filled with fluid.
Actually, in neurosurgical practice, the tense cyst in tumors is
firmer than the surrounding normal brain tissue until it is
opened; additionally, when obstructive hydrocephalus is pres-
ent, the brain surface is firm until ventricular drainage is
performed.

The current study had several limitations. First, the spatial
resolution of the voxels (3.75 mm in-plane and 5 mm through-
plane) used in our study was so coarse that the stiffness presented
might include not only tumor tissue but also other surrounding
tissue, including brain tissue, bone, and CSF. In a recent study by
Murphy et al,”® the use of 2-mm, or at most 3-mm, voxels, with
the exclusion of the edge pixels from the analysis in ROIs, was
recommended because of errors associated with estimating spatial
derivatives in the inversion algorithm and also for the minimiza-
tion of partial-volume effects.

A higher spatial resolution would allow shear stiffness mea-
surements in smaller tumors and provide more accurate regional
shear stiffness measurements in large tumors with heterogeneous
consistency. To overcome the low spatial resolution of MRE at the
single harmonic driver frequency that we used, Sack et al*” at
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Charité established a multifrequency MRE to generate high-reso-
lution elastograms.'%!'!-'*2*

The recent development of a 3D multislab, multishot acquisi-
tion for whole-brain MRE could achieve high signal-to-noise
efficacy.”>** 3D analysis could improve the results if the wave
propagation is complicated, especially if there is through-
plane oblique wave propagation that a 2D analysis would not
visualize correctly.

Second, the scaling of tumor consistency in our study involved
a qualitative assessment by surgeons at the time of resection; a
quantitative assessment of tumor consistency would be prefera-
ble. Third, because of the small sample size, we could not examine
the histopathologic components corresponding to tumor consis-
tency in detail. The correlation between shear stiffness measured
by using MRE and meningioma subtypes, collagenous contents in
pituitary adenomas, and heterogeneity of the Antoni pattern in
vestibular schwannomas should be investigated in the future.

CONCLUSIONS

The shear stiffness measured by MRE could be used to evaluate
histopathologic subtypes of intracranial tumors. MRE may be
useful in the preoperative discrimination of firm tumors.
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A Direct Aspiration, First Pass Technique (ADAPT) versus Stent
Retrievers for Acute Stroke Therapy: An Observational
Comparative Study

B. Lapergue, ““R. Blanc, ““'P. Guedin, ““/J.-P. Decroix, ‘). Labreuche, ““’C. Preda, ‘“'B. Bartolini, ““O. Coskun, ' H. Redjem,
M. Mazighi, ““F. Bourdain, ““’G. Rodesch, and “*'M. Piotin
=@
ABSTRACT

BACKGROUND AND PURPOSE: Mechanical thrombectomy with stent retrievers is now the standard therapy for selected patients with
ischemic stroke. The technique of A Direct Aspiration, First Pass Technique for the Endovascular Treatment of Stroke (ADAPT) appears
promising with a high rate of recanalization. We compared ADAPT versus stent retrievers (the Solitaire device) for efficacy and safety as
a front-line endovascular procedure.

MATERIALS AND METHODS: We analyzed 243 consecutive patients with large intracranial artery occlusions of the anterior circulation,
treated within 6 hours with mechanical thrombectomy by either ADAPT or the Solitaire stent. Th primary outcome was complete
recanalization (modified TICI = 2b); secondary outcomes included complication rates and procedural and clinical outcomes.

RESULTS: From November 2012 to June 2014, 119 patients were treated with stent retriever (Solitaire FR) and 124 by using the ADAPT with
Penumbra reperfusion catheters. The median baseline NIHSS score was the same for both groups (Solitaire, 17 [interquartile range, 11-21]
versus ADAPT, 17 [interquartile range, 12-21]). Time from groin puncture to recanalization (Solitaire, 50 minutes [range, 25—-80 minutes]
versus ADAPT, 45 minutes [range, 27-70 minutes], P = .42) did not differ significantly. However, compared with the Solitaire group, patients
treated with ADAPT achieved higher final recanalization rates (82.3% versus 68.9%; adjusted relative risk, 1.18; 95% Cl, 1.02-1.37; P = .022),
though differences in clinical outcomes between the cohorts were not significant. Use of an adjunctive device was more frequent in the
ADAPT group (45.2% versus 13.5%, P << .0001). The rate of embolization in new territories or symptomatic hemorrhage did not differ
significantly between the 2 groups.

CONCLUSIONS: Front-line ADAPT achieved higher recanalization rates than the Solitaire device. Further randomized controlled trials are
warranted to define the best strategy for mechanical thrombectomy.

ABBREVIATIONS: ADAPT = A Direct Aspiration, First Pass Technique for the Endovascular Treatment of Stroke; MT = mechanical thrombectomy; mTICI = modified TICI

Mechanical thrombectomy (MT) has now been validated  treatment of acute ischemic stroke due to large-vessel occlu-

through several large randomized controlled trials in the  sion.'” These studies demonstrated a major decrease in disability.

Successful revascularization has been shown to increase the like-

lihood of a good clinical outcome.® However, these randomized
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controlled trials, by using the latest generation of stent retriever
devices available at the time, reported successful revascularization
rates ranging between 58% and 72% in the 2 largest studies."’
Although the randomized controlled trials proved that MT was
beneficial, more than one-third of the procedures resulted in fail-
ure to recanalize.”® Improvement in the rate of successful recan-
alization is thus a critical issue. The stent retriever procedure starts
with the common transfemoral access, followed by the introduc-
tion of the stent retrievers via a microcatheter through a balloon-
guide catheter. The balloon-guide catheter is inflated to create

E Indicates article with supplemental on-line appendix and table.
B Indicates article with supplemental on-line photo.
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flow arrest while retrieving the stent retrievers. Another approach
is A Direct Aspiration, First Pass Technique for the Endovascular
Treatment of Stroke (ADAPT),” which involves using front-line
aspiration alone to remove the thrombus through a highly track-
able, atraumatic, large-bore aspiration catheter. Its success is
based on using the largest catheter permitted by the vessel, ensur-
ing greater aspiration power for thrombus extraction. In case of
failure with the front-line ADAPT approach, the large-bore aspi-
ration catheter can be used as a conduit for introducing a stent
retriever or another adjunctive device; the system is thus versatile.

We aimed to compare the recanalization efficiency, clinical
outcome, and complication rate of ADAPT and stent retrievers, 2
strategies of mechanical thrombectomy.

MATERIALS AND METHODS

A prospective clinical registry was used to consecutively identify
and analyze patients with acute ischemic stroke treated at 2 com-
prehensive stroke centers between November 2012 and June 2014
(EFFECTS Registry, Endovascular Treatment at Foch Hospital-
Rothschild Foundation in Ischemic Stroke). All patients were as-
sessed for the presence of large intracranial artery occlusions of
the anterior circulation and received front-line MT by using ei-
ther the Solitaire (Covidien, Irvine, California) device or ADAPT
by using the 5MAX or 5SMAX ACE Reperfusion Catheter (Pen-
umbra, Alameda, California) (On-line Appendix). Most patients
underwent brain MR imaging in the acute phase. In cases of MR
imaging contraindications, brain CT and CT angiography were
performed.

Standard Protocol Approvals
Locally ethics committees and French Data Protection Agency
approved the use of patient data for this retrospective analysis.

Inclusion and Exclusion Criteria
The following criteria were required for inclusion in this study:

e Proximal middle cerebral artery occlusion or intracranial inter-
nal carotid artery occlusion, without associated cervical inter-
nal carotid artery occlusion/critical stenosis, was present. Pa-
tients referred for acute ischemic stroke with cervical internal
carotid occlusion/critical stenosis and basilar occlusion were
excluded from this study to decrease bias due to the heteroge-
neity of patients and endovascular approaches.

e Patients were eligible if they were treatable by M T within 6 hours of
stroke onset, with bridging therapy (previous IV rtPA) or stand-
alone thrombectomy. The interventional neuroradiologist could,
in the case of recanalization failure (modified TICI [mTICI] < 2b)
with the ADAPT or the Solitaire system, use another thrombec-
tomy device of the operator’s choice (rescue therapy).

Data Collection and Definitions

Information on patient characteristics, medical history, labora-
tory and imaging findings, vital signs before treatment, severity of
ischemic stroke, and clinical outcome was collected prospectively
by using the same structured questionnaire. The severity of the
ischemic stroke was assessed by using the NTHSS score at admis-
sion and 24 hours later. We defined early neurologic improve-

ment as an NIHSS score of 0—1 at 24 hours or a decrease of at least
4 points in the NTHSS score. Good functional outcome was de-
fined as a 90-day mRS score of =2. Excellent outcome was defined
as a 90-day mRS score of =1. All patients underwent a CT or MR
imaging 24 hours after treatment to assess hemorrhagic compli-
cations. Symptomatic intracranial hemorrhage was defined ac-
cording to the ECASS-II (European Co-operative Acute Stroke
Study-II) definition: any intracerebral hemorrhage with an in-
crease of at least 4 NIHSS points within 24 hours, or resulting in
death. Symptomatic intracranial hemorrhage was assessed in a
blinded manner by noninvolved senior neuroradiologists (R.B.,
H.R.) and vascular neurologists (B.L., J.-P.D.). The blinded as-
sessment of symptomatic intracranial hemorrhage was specifi-
cally performed for this study to assess both aspects of mechanical
thrombectomy (successful recanalization rate and hemorrhage
complications). During the MT procedure, the presence of em-
bolization in a new territory (defined as an angiographic occlu-
sion in a previously unaffected vascular territory observed on the
angiogram after clot removal), the time from symptom onset to
groin puncture and from groin puncture to maximal mTICI, and
the mTICI score were also monitored. The modified Rankin Scale
score at 90 days was assessed by trained research nurses unaware
of the study group assignments, during face-to-face interviews or
via telephone conversations.

Endovascular Procedure

ADAPT Group. Patients received aspiration thrombectomy by
ADAPT by using the 5SMAX ACE (Penumbra) as front-line ther-
apy. The detailed technical procedure has been published previ-
ously.” In brief, access was achieved through the femoral artery in
compliance with the standard of care. Large-bore catheters were
placed distally into the internal carotid artery to provide access for
the 5SMAX ACE aspiration catheter. Adhering to the instructions
for use, the SMAX ACE catheter was advanced to the level of the
occlusion over a microcatheter and a microguidewire. Continu-
ous aspiration was then performed by using the Penumbra aspi-
ration pump for at least 90 seconds in all cases. After engagement
of the thrombus with the aspiration catheter, the catheter was
allowed to aspirate for at least 30 seconds before its withdrawal
with the engaged thrombus. Angiography was performed follow-
ing recovery to evaluate the flow rate. The preceding steps were
repeated until successful revascularization to mTICI 2b-3 was
achieved, while adhering to the admissible treatment window (<6
hours from stroke onset).The interventional neuroradiologist
could, in the case of recanalization failure (mTICI < 2b) with
ADAPT, use another thrombectomy device of the operator’s
choice (rescue therapy).

Solitaire Group. All MT procedures were performed by using the
Solitaire FR (Covidien) via the femoral artery approach. Follow-
ing the instructions for use of the Solitaire FR, a balloon catheter
was positioned within the internal carotid artery to allow flow
arrest during thrombus retrieval. The Solitaire FR device was de-
livered through a microcatheter and deployed inside the throm-
bus. A control angiogram was performed to determine the imme-
diate reperfusion status, and the device was left deployed for a
minimum of 3 minutes. Before retrieval of the stent retriever, the
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Table 1: Baseline characteristics in patients with acute ischemic stroke treated by ADAPT or

a conventional stent retriever front-line approach®

risks with 95% confidence intervals. We
assessed the heterogeneity in outcome

Soli;aireﬂ(;r)'oup AD?PTS;;’UP S effect across centers by using the
n= n= alue . S
Age (y7) (mean) 655 + 147 643 = 157 5 Breslow-Day test. Comparisons in pri-
Men 55‘(4g2) ’ 6l t49_]) ’ 64 mary and secondary outcomes were fur-
Medical history ther adjusted for baseline differences (at
Hypertension 56 (47.5) 72 (59.0) 073 P < .20 in bivariate analyses) by using a
Diabetes _ 7(5.9) 21(17.2) 007 Poisson regression model with robust
gyperctholesigrolemla 233 %286:’)) ;§ g;z)) 4912 error variance.'” Statistical testing was
urrent smoking . . . .
Antithrombotic therapy 43(36]) 44 (35.8) 95 performed at the 2-tailed o level of .05
NIHSS score (mean) 159 + 61 159+ 65 99 except for tests of heterogeneity in which
ASPECTS value at admission 8 (7-10) 9 (8-10) 64 an « level of .10 was chosen. Data were
(median) (IQR) analyzed by using SAS software, Version
Occlusion site .
9.3 (SAS Institute, Cary, North
ICA (isolated or tandem with 32(26.9) 38(30.7) .52 ( b
MCA) Carolina).
Isolated MCA 87(73.) 86 (69.3)
Previous use of IV thrombolysis 54 (45.4) 82 (66.) 001 RESULTS .
Onset-to-groin puncture time 235 (181-300) 247 (206-308) 18 Two hundred forty-three consecutive

(min) (median) (IQR)

patients with ischemic stroke secondary

Note:—IQR indicates interquartile range.
2 Values are expressed as number (percentages) unless otherwise indicated.

microcatheter was advanced to cover the proximal marker of the
device. Then, the balloon-guide catheter was inflated to induce
proximal internal carotid occlusion and flow arrest during with-
drawal of the stent retriever. Subsequently, the Solitaire device
and microcatheter were slowly recovered as a single unit under
constant aspiration with a 60-mL syringe through the balloon-
guide catheter. A control angiogram was performed to confirm
revascularization and reperfusion.'®™'" This sequence was re-
peated until TICI 2b or 3 flow (defined as successful revascular-
ization) was established with a maximal delay of 6 hours from
symptom onset to maximal TICI. The interventional neuroradi-
ologist could, in the case of recanalization failure (mTICI < 2b)
with the Solitaire device, use another thrombectomy device of the
operator’s choice (rescue therapy).

Primary and Secondary Outcomes

The primary outcome was the rate of successful recanalization
defined angiographically as mTICI2b-3 on the angiogram at the
end of procedure (ie, ADAPT or Solitaire front-line approach and
rescue therapy if needed). Secondary outcomes included safety
issues, procedural times of the 2 recanalization thrombectomy
strategies, and clinical outcome (early neurologic improvement,
90-day excellent and favorable outcomes, and 90-day all-cause
mortality).

Statistical Analysis

Data are presented as means (SD) or medians (interquartile
range) for continuous variables and percentages (count) for cat-
egoric variables. Normality of distributions was assessed by using
histograms and the Shapiro-Wilk test. Bivariate comparisons
were performed between the ADAPT and Solitaire groups by us-
ing x” tests for categoric variables (the Fisher exact test was used
when the expected cell frequency was <5) and Student  tests for
continuous variables (the Mann-Whitney U test was used for
non-Gaussian distributions). Differences in primary and second-
ary outcomes between the study groups were expressed as relative
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to occlusions of the ICA or MCA were

admitted and treated by mechanical

thrombectomy at 2 comprehensive
stroke centers. Among them, 119 patients were treated by a con-
ventional front-line stent retriever approach, and 124 patients, by
ADAPT. Patient characteristics are shown in Table 1, according to
the MT approach. Patients treated by the ADAPT approach had
more frequent hypertension and diabetes and more often received
IV thrombolysis before MT. No significant between-group differ-
ences were found with regard to acute stroke severity (assessed by
the NTHSS at presentation), arterial occlusion site, or stroke on-
set-to-groin puncture time.

Successful Recanalization and MT Approaches

Overall, 184 patients (75.7%) achieved a successful revasculariza-
tion within a median duration of 45 minutes (interquartile range,
26-73) from groin puncture. In univariate analysis, successful
revascularization at final angiography was significantly more of-
ten achieved in patients treated with ADAPT (82.3%) as opposed
to the front-line stent retriever approach (68.9%) (P = .015) (Ta-
ble 2). We found no significant heterogeneity in between-group
differences across centers (P = .62, On-line Figure). After adjust-
ment for baseline differences, the ADAPT approach remained
associated with a significant relative increase of 18% (95%, CI,
2%-37%) in successful revascularization. Notably, a higher rate
of use of additional devices occurred in the ADAPT group, 45.2%
(n = 56), versus 13.5% (n = 16) in the Solitaire group, (P <.0001,
On-line Table). The success rate (TICI 2b-3) of the 56 patients
treated by ADAPT first-line and rescue therapy was 39/56
(69.6%). However, we found no significant difference in time
between groin puncture and recanalization according to the MT
procedure (Figure).

Clinical Outcomes and MT Approaches

We found no difference in clinical efficacy outcomes between the
2 MT approaches in univariate or multivariate analyses (Table 2).
Overall, good functional outcomes defined by an mRS of 0-2 at
90 days occurred in 54.8% (n = 63) in the stent retriever group



Table 2: Outcomes in ADAPT or Solitaire group

Solitaire Group ADAPT Group
Outcomes? (n=19) (n=124) Relative Risk P Value Relative Risk® P Value®
Successful revascularization at 82(68.9) 102 (82.3) 119 (1.03-1.38) .015 118 (1.02-1.37) .022
final angiogram
Early neurologic improvement 61(55.5) 56 (57.1) 1.03(0.81-131) 8l 1.00 (0.78-1.28) 99
90-day excellent outcome 44(38.3) 45(39.) 1.02 (0.73-1.42) .89 1.10 (0.78-1.56) .58
90-day favorable outcome 63 (54.8) 61(53.0) 0.97 (0.76-1.23) 79 1.05 (0.82-1.35) 70
90-day mortality 20 (17.4) 26 (22.6) 130(0.77-2.19) 32 114 (0.64-2.01) 65
ENT 8(6.8) 7(57) - 70 - -
sICH 7(5.9) 3(24) - 2 - -

Note:—ENT indicates embolization in a new territory rate; sICH, symptomatic intracranial hemorrhage.

2 Early neurologic improvement is defined as an NIHSS score 01 at 24 hours or a decrease of =4 points in NIHSS scores at 24 hours. Excellent outcome is defined as an mRS
score of =I; favorable outcome, an mRS score of =2; and successful recanalization, an mTICl score of 2b-3 at final angiography.

® Adjusted for between-group differences in hypertension, diabetes, prior IV thrombolysis, and onset-to-groin puncture time (calculated with a robust Poisson regression

model).
c
S P=0.42
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FIGURE. Time from groin puncture to maximal revascularization af-
ter a front-line Solitaire stent retriever approach compared with
ADAPT. P value for the comparison in time from groin puncture to
maximal recanalization is reported (Mann-Whitney U test). Bars indi-
cate the medians with interquartile range values, which were 50 min-
utes (range, 25—-80 minutes) in the Solitaire group and 45 minutes
(27-70 minutes) in the ADAPT group.

and 53.0% (n = 61) in the ADAPT group. A total of 46 deaths and
10 symptomatic intracerebral hemorrhages occurred, with no ev-
idence of a difference between the 2 MT approaches (Table 2).
Embolization to a new territory caused by MT occurred in 5.7%
(n = 7) in the ADAPT group and 6.8% (n = 8) in the Solitaire
group (P = .70).

DISCUSSION
Mechanical thrombectomy by using the latest generation devices
has revolutionized the treatment of acute ischemic stroke, in part
because the final rate of complete revascularization is higher than
recorded rates by using intra-arterial fibrinolysis or the Merci
thrombectomy device (Concentric Medical, Mountain View, Cal-
ifornia).'>'* Nevertheless, the rate of revascularization failure re-
mains high, with an occurrence of up to 40% in large-vessel oc-
clusive strokes.”'>'® Successful reperfusion has been correlated
with favorable outcomes.”®'>'7* To the authors’ knowledge,
no studies comparing ADAPT with stent retrievers have been
previously published. Assessment of new revascularization
strategies is needed to understand how to optimize thrombec-
tomy procedures.

We found that front-line MT by the ADAPT approach
achieved a higher rate of complete revascularization at final an-

giography than a front-line stent retriever—based strategy (82.3%
versus 68.9%, adjusted P = .022). The use of adjunctive devices
was higher in the ADAPT group than in the Solitaire group
(ADAPT, 38.7%, versus Solitaire, 13.3%). Most interesting, this
higher rate of adjunctive device use in the ADAPT group did not
impact the groin puncture-to-recanalization time (P = .42, Fig 1).
The benefit of the front-line ADAPT strategy is thus mainly de-
rived from a higher percentage of rescue therapy. One explanation
may be related to the ease of setting up a stent retriever through
the large-bore aspiration catheter (Solumbra technique). Starting
with a 5SMAX ACE, required for the ADAPT technique, thus pro-
vides a versatile platform that can readily incorporate devices with
different mechanisms of action.

Although the rate of revascularization in the ADAPT cohort
was higher, the clinical outcomes did not differ from those in the
Solitaire group. This outcome should be interpreted with caution
given the comparative observational design of the study.

Periprocedural embolization to a new territory is a concern
when performing a mechanical thrombectomy procedure. No
differences in rates of embolization in a new territory between
ADAPT (5.7%) and stent retriever (6.8%) front-line strategies
were observed. However, our sample size was limited; experimen-
tal work suggests that a combined strategy with aspiration with
adjunct stent retrievers may decrease the rate of embolization in a
new territory.””

Symptomatic hemorrhagic complications, defined in this
study as an ECASS-evident intracranial hemorrhage with an in-
crease of =4 on the NIHSS scale at 24 hours from baseline, were
lower after the ADAPT approach. Study results yielded symptom-
atic intracranial hemorrhage rates (2.4% for ADAPT versus 5.9%
for Solitaire) similar to those of recent randomized controlled
trials studying stroke.'” Retrospective studies have reported a
high rate of revascularization (TICI 2b/3 > 90%) with the
ADAPT approach, with low complication rates such as 2% embo-
lization in a new territory and no incidence of symptomatic intra-
cranial hemorrhage.”*?’

The imbalance of prior rtPA use, which was higher in the
ADAPT group (66.1% versus 45.4% in the Solitaire group), may
have impacted the rate of successful recanalization. However, the
adjusted analysis for all confounding factors, including rtPA use,
confirms the higher rate of recanalization in the ADAPT group.
The direct effect of rtPA use with adjunctive MT remains

controversial.”®
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The present findings are derived from observational analyses,
which are subject to well-known limitations. The first is the po-
tential for confounding by measured or unmeasured variables,
which cannot be ruled out, even after adjustment for baseline
between-group differences. The second concerns the potential
evaluation bias in clinical outcomes in the absence of blinded
evaluation. In addition, no formal study sample size was calcu-
lated, and we could not exclude some differences being over-
looked due to the lack of adequate statistical power. In a posterior
power calculation (not taking into account the adjustment), we
calculated the smallest significant between-group difference (ex-
pressed as effect size by using relative risk) that our study sample
size allowed us to detect with a power of 80%. Assuming an inci-
dence of good outcome of 10% and 50% in the reference group
(Solitaire), we could respectively detect a relative risk of 2.34 and
1.35 (or 0.43 and 0.74 for a detrimental effect).

We suggest that future studies follow a randomized controlled
trial with core imaging performed by an independent neurointer-
ventionalist to further support those findings.

We are currently starting the Interest of Direct Aspiration First
Pass Technique (ADAPT) for Thrombectomy Revascularisation
of Large Vessel Occlusion in Acute Ischaemic Stroke trial, a
randomized, controlled, multicentric, blinded-end-point study
(ClinicalTrials.gov, NCT02523261).

CONCLUSIONS

Front-line ADAPT as an MT strategy achieved higher recanaliza-
tion rates compared with the Solitaire device, though ADAPT
requires higher rates of rescue therapy. Further randomized con-
trolled trials are warranted to define the best strategy for mechan-
ical thrombectomy.
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Flow Diversion for Ophthalmic Artery Aneurysms

A.M. Burrows, ““’W. Brinjikji, ““'R.C. Puffer, ““’H. Cloft, ““'D.F. Kallmes, and “*’G. Lanzino

)

ABSTRACT

SUMMARY: Endovascular treatments of ophthalmic segment aneurysms are commonly used but visual outcomes remain a concern. We
performed a retrospective review of patients with carotid-ophthalmic aneurysms treated with flow diversion from June 2009 to June 2015.
The following outcomes were studied through chart review: visual outcomes, complications, postoperative stroke and intraparenchymal
hemorrhage, and clinical outcomes. Angiographic outcomes were studied with angiography and MRA at 6 months, 1year, and 3 years. We
evaluated 50 carotid-ophthalmic aneurysms in 48 patients, among whom 44 patients with 46 aneurysms underwent treatment. The mean clinical
follow-up was 29 = 22 months (range, 0—65 months). There were no permanent adverse visual outcomes. There was 1 death because of late
intraparenchymal hemorrhage (2.2%). Six-month angiography showed complete occlusion in 24 of 37 patients (64.9%), and 3-year angiography
results showed occlusion in 24 of 25 patients (96%). In conclusion, flow diversion is a safe and effective treatment for carotid-ophthalmic
aneurysms in carefully selected patients. The risk of adverse visual outcomes is low, and most aneurysms progress to complete occlusion.

ABBREVIATION: PED = Pipeline Embolization Device

low-diverting stents work by directing blood flow away from

the aneurysm into the parent vessel, leading to stasis of blood
flow within the aneurysm, thrombosis, and, ultimately, complete
exclusion of the aneurysm from circulation via endothelial pro-
liferation along the struts of the device.' ™ Initial preclinical stud-
ies suggested that branch vessels covered by the device remain
patent because the flow gradient at the branch vessel takeoff in-
hibits endothelial proliferation.?” In practice, flow diverters have
been shown to lead to aneurysm occlusion rates ranging from
69%-94% at 6 months, increasing to 86.8%-95% at 1 year.®°
These initial series also reported a wide range of postprocedure
morbidity and mortality up to 19%.°'® Recently, several series
have been published on the specific treatment of paraclinoid an-
eurysms with the Pipeline Embolization Device (PED; Covidien,
Irvine, California) and Surpass Device (Stryker Neurovascular,
Kalamazoo, Michigan), reporting complete or near-complete oc-
clusion rates of 75%-92.1% at final angiographic follow-up with
very low rates of postprocedure morbidity.'''* Many of these
series were relatively small, with short angiographic follow-up,
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and included vastly diverse aneurysms with a common denomi-
nator of involvement of the paraclinoid ICA. In this study, we
reported on a large series of patients with carotid-ophthalmic ar-
tery aneurysms, focusing on periprocedural complications as well
as mid- and long-term angiographic and clinical outcomes, in-
cluding visual outcomes.

MATERIALS AND METHODS

Patient Population

Consecutive prospectively collected data on 175 patients evalu-
ated for treatment with PED or, more recently, with Surpass flow
diversion were retrospectively analyzed. Patients with carotid-
ophthalmic artery aneurysms were identified and analyzed. Ca-
rotid-ophthalmic aneurysms were defined as those aneurysms
arising from the proximal supraclinoid ICA at the takeoff of the
ophthalmic artery with a superior orientation of the aneurysm
sac. Information prospectively collected as part of an internal
quality assurance project included patient demographics; aneu-
rysm location, classification, and size; symptomatic or asymp-
tomatic status; type and number of devices used; adjunctive coil-
ing; periprocedural technical and clinical complications; length of
hospital stay; and angiographic and clinical follow-up.

Procedure Details

Patients undergoing placement of the PED were premedicated
with aspirin and clopidogrel for a minimum of 5 days, and the
device was placed while the patient was under full anticoagulation
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(activated clotting time of 250—300 seconds). After the procedure,
patients were maintained on dual antiplatelet therapy for 3
months. After 3 months, clopidogrel was discontinued and aspi-
rin was continued indefinitely. The antiplatelet regimen was the
same in all patients. No patient underwent testing for clopidogrel
response except for the lone patient treated with the Surpass de-
vice who underwent the genetic test for CYP219 as part of the
prospective study under which they were treated. All of the pro-
cedures were performed with the patient under general endotra-
cheal anesthesia. A bi- or triaxial access technique was used to
obtain distal access past the segment of the vessel with the targeted
aneurysm. PEDs were sized to match the maximum diameter of
the target vessel. At the discretion of the operators, 1 or multiple
devices were used to maximize the chance of complete aneurysm
occlusion and/or to ensure adequate coverage of the aneurysm
neck and of a segment of parent artery proximal and distal to it
(usually at least 5 mm). DSA was performed at 2 frames per sec-
ond before and after placement of the flow diverter. The lone
patient treated with the Surpass device was treated in accordance
with the Surpass Study Group protocol,'' which was functionally
similar to the operative technique for placement of the PED.

Study Outcomes

Studied outcomes included new visual symptoms (including vi-
sion loss and cranial nerve palsy), angiographic occlusion, pa-
tency of the ophthalmic artery at previous angiographic follow-
up, perioperative complications, delayed rupture, postoperative
stroke and intraparenchymal hemorrhage, and long-term clinical
outcomes. All angiographic outcomes were assessed by 1 of 3 se-

nior neurointerventionalists/endovascular neurosurgeons.

Statistical Analysis

No comparative statistical analysis was performed. Continuous
variables are reported as mean and standard deviation. Categoric
variables are reported as n (%). All analyses were performed by
using JMP 10.0 (SAS Institute, Cary, North Carolina).

RESULTS

We evaluated 50 aneurysms in 48 patients. Flow diversion was
attempted but not deployed in 4 patients (8%) because of vessel
tortuosity in 3 and aneurysm perforation in 1. In total, 46 carotid-
ophthalmic aneurysms were treated in 44 patients, of whom 2
were treated for mirror aneurysms. The mean patient age was
52 * 14 years, and 41 aneurysms (93%) were found in women.
Recurrence after previous non-stent-assisted coiling in patients
with prior SAH was the presenting symptom in 4 of 46 aneurysms
(8.7%). Of all 46 aneurysms, 10 (21.7%) were symptomatic un-
ruptured aneurysms (including 5 causing vision loss or diplopia)
and 32 (69.6%) were asymptomatic unruptured aneurysms.

Of the 46 aneurysms, 24 (52%) were 10 mm or smaller (range,
3.5-10 mm), 21 (45.7%) were large (1025 mm), and 1 (2.3%)
was giant (25 mm). Twelve (26.1%) of the aneurysms had been
previously coiled and were treated with the PED for aneurysm
recurrence or as a planned staged procedure. One aneurysm was
treated with the Surpass device and 45 were treated with PED.
Most aneurysms (32 [69.6%]) were treated with 1 device, 9

(19.6%) were treated with 2 devices, and 5 (10.8%) were treated
with 3 devices.

The mean clinical follow-up was 29 = 22 months (range,
0-65) and no patient was lost to clinical follow-up. At 12 days, 1
patient with a 21-mm aneurysm died of a delayed distal intrapa-
renchymal hemorrhage not related to aneurysm rupture (proce-
dure related mortality, 2.2%), and 3 patients died of newly diag-
nosed (after the treatment) metastatic cancer at a mean of 40.7
months (range, 31-53 months). There were no delayed aneurysm
ruptures. At 3 months, 1 patient experienced transient peripheral
vision loss, possibly related to ipsilateral embolism from the de-
vice based upon MRI, which showed several small foci of re-
stricted diffusion. She did not experience permanent vision loss.
At 3 and 6 months after PED placement, 2 patients experienced
possible amaurosis fugax that resolved after reestablishing dual
antiplatelet therapy. The ophthalmic artery remained patent in all
these patients. No other ophthalmologic complications were
noted, and aside from the patient who suffered distal intraparen-
chymal hemorrhage, no other patient suffered a permanent neu-
rologic deterioration because of the immediate or delayed effect of
the procedure.

Among the 46 aneurysms, 37 (80.4%) had 6-month angio-
graphic follow-up, which showed complete occlusion in 24
(64.9%) and persistent filling in 13 (35.1%) based on strict angio-
graphic criteria. Exclusion from 6-month angiography was found
for the following reasons: death (1 patient), and refusal (2 pa-
tients). Six patients have not had angiographic follow-up due to
the fact that they were less than 6 months out from the procedure
at the time of this study. At 1 year, 29 of these 37 aneurysms
(78.4%) were completely occluded and 8 (21.6%) showed persis-
tent filling. At 3-year follow-up, 24 of 25 aneurysms (96%) were
occluded (Figure). No aneurysms shown to be occluded were
found to have recanalized on later angiography. Among patients
with angiographic follow-up, the ophthalmic artery was patent in
29 (78.4%). Among the 8 patients in whom ophthalmic artery
occlusion was noted, all had reconstitution of the ophthalmic
artery through collaterals. In 7 patients, this occurred through
external carotid artery collaterals, and in 1 patient, it occurred
through the inferolateral trunk.

DISCUSSION
Our study of 44 patients with 46 ophthalmic segment aneurysms
treated with flow diversion demonstrated high rates of angio-
graphic occlusion with low rates of clinical adverse events, which
included worsening of visual function. Rates of complete occlu-
sion at 6 months, 1 year, and 3 years were 65%, 78%, and 96%,
respectively. Only 1 patient experienced procedure-related mor-
bidity or mortality, and no patients had permanent loss of visual
function after treatment of ophthalmic segment aneurysms. Of 37
aneurysms that had 6-month angiography, there were 8 cases of
ophthalmic artery occlusion after treatment, which were all
asymptomatic. These findings are important because they suggest
that flow diversion of ophthalmic segment aneurysms is safe and
effective. In our opinion, flow diversion is now the treatment of
choice for these aneurysms.

Several recent studies have reported series of patients with
carotid-ophthalmic aneurysms treated by flow diversion. In a
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FIGURE. This 42-year-old woman underwent treatment with 3 PEDs for symptomatic left cavernous and ophthalmic segment aneurysms
(shown in 3D rotation angiography, A). Immediate postdeployment early arterial lateral angiography shows both aneurysms filling (B), while late
arterial phase shows contrast stasis in both aneurysms (C). After 6 months (D), 1 year (E), and 3 years (F), a lateral early arterial phase angiogram
shows persistent ophthalmic aneurysm filling (black arrows), persistent ophthalmic artery filling, and a partially obliterated cavernous aneurysm
with persistent filling through the posterior portion of the aneurysm. Because the aneurysm was nearly completely occluded at 3 years, a 5-year

follow-up MRA was recommended for further follow-up.

subgroup analysis of the Pipeline for Uncoilable or Failed Aneu-
rysms (PUFS) trial, Salhein et al'®> examined the neuro-ophthal-
mologic outcomes of 98 patients with ICA aneurysms who had
neuro-ophthalmologic follow-up. Of the 30 paraophthalmic seg-
ment aneurysms treated in this study, 8 presented with visual field
or cranial nerve deficits, and 7 patients reported improvement in
symptoms with treatment. There were no cases of worsening of
visual field or cranial nerve deficits among paraophthalmic aneu-
rysms in this study. Similar results have been reported in other
large series of paraophthalmic aneurysms receiving flow-diverter
treatment.' "' Likewise, in our series of 44 patients with 46 aneu-
rysms, no patients experienced visual worsening after flow-di-
verter treatment. A recent international retrospective review of
aneurysms treated with flow diversion revealed that complica-
tions were more likely in aneurysms larger than 10 mm and
among those in the posterior circulation.'® The lone death in our
series occurred in a patient with a 21-mm aneurysm.

In general, complete or near-complete occlusion rates after
flow-diverter treatment are on the order of 90% and rates of neu-
rologic complications are low. In our series of 46 ophthalmic seg-
ment aneurysms, we saw a progressive increase in the rate of com-
plete occlusion over time, starting with an occlusion rate of 64.9%
at 6 months that increased to 96% at 3 years. There was only 1
death related to the procedure.®

1868 Burrows Oct 2016 www.ajnr.org

Similar to prior studies, we found very few instances of oph-
thalmic artery occlusion after placement of a flow diverter across
the ophthalmic artery ostium. In a series of 95 patients in which
the ophthalmic artery was covered by at least 1 flow diverter,
Chalouhi et al'” found that the ophthalmic artery remained pat-
ent in nearly 95% of patients. Puffer et al'® found that the oph-
thalmic artery was patent in over 80% of patients after placement
ofa PED across its ostium. In our study, the ophthalmic artery was
occluded in 21.6% of patients, and in no patient did this result in
any new visual symptoms. Ophthalmic artery occlusion after
placement of flow diverters across the origin of the artery is more
likely to occur if patients have robust collaterals. In patients with
inadequate collaterals, the ophthalmic artery stays open akin to
important perforating vessels covered by these devices. In such
cases, the pressure gradient across the artery (present because of
the lack of important collaterals) maintains the patency of the
vessel. Because occlusion of the ophthalmic artery occurs almost
exclusively in patients with adequate collaterals, patients do not
experience symptoms related to occlusion.

Other treatment options for ophthalmic segment aneurysms
include microsurgical clipping and coiling with or without stent
assistance. Complex ophthalmic segment aneurysms can be
treated microsurgically with acceptable rates of complete occlu-
sion (53%), but the complexity of the surgical procedure may put



the patient at risk of worsened visual symptoms postoperatively
(with up to 21% of patients with preoperative visual symptoms
having postoperative worsening in some series).'” Conventional
endovascular coiling for ophthalmic segment aneurysms carries
low risk based on published series (1.4% morbidity, 0% mortal-
ity), but 12% of patients treated via conventional endovascular

coiling required retreatment.”**'

Limitations

Our study is limited by the retrospective nature of the review,
despite the prospectively maintained data base. The data base
used for this study included patients treated with flow diversion
over several years, and procedural techniques as well as aneurysm
morphology deemed amenable to flow diversion have likely
changed over that time. It is unclear what effect these changes
would have on the analysis, but this still should be noted. Visual
field testing was not performed in all patients, and thus, true def-
icits may be underrepresented. Finally, the 1 patient treated with
the Surpass device precludes flow-diverter comparison. Despite
these limitations, our series provides a contemporary snapshot of
results for a specific subset of aneurysms (true carotid-ophthal-
mic aneurysms) in an institution where flow diversion has been
considered the treatment of choice since its inception.

CONCLUSIONS

Endovascular flow diversion is a viable treatment option for oph-
thalmic segment aneurysms, resulting in a high rate of complete
or near-complete occlusion and a low rate of complications (spe-
cifically, no permanent visual field deficits). Further studies
examining neuro-opthalmalolgic outcomes after flow-diverter
treatment of paraophthalmic aneurysms would be helpful to con-
firm these findings.
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Ocular Signs Caused by Dural Arteriovenous Fistula without
Involvement of the Cavernous Sinus: A Case Series with Review
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SUMMARY: Carotid cavernous fistula is a well-known clinical and angiographic entity responsible for ocular signs and symptoms. On the

contrary, ocular signs are unusual in the presentation of cranial dural arteriovenous fistulas at locations other than the cavernous sinus. We

retrospectively analyzed data focusing on the pathophysiology of ophthalmologic signs and their angiographic explanations. Thirteen patients

were included with a mean age of 50 years. The most common signs were chemosis (61.5%), loss of visual acuity (38.5%), exophthalmia (38.5%), and

ocular hypertension (7.7%). Dural arteriovenous fistulas presenting with ocular signs could be classified into 4 types due to their pathologic

mechanism (local venous reflux into the superior ophthalmic vein, massive venous engorgement of the cerebrum responsible for intracranial

hypertension, compression of an oculomotor nerve by a venous dilation, or intraorbital fistula with drainage into the superior ophthalmic vein).

ABBREVIATIONS: dAVF = dural arteriovenous fistula; SOV = superior ophthalmic vein

C arotid-cavernous fistula is a well-known clinical and angio-
graphic entity responsible for ocular signs and symp-
toms."> The venous engorgement transmitted from the cav-
ernous sinus to the superior and/or, rarely, the inferior
ophthalmic veins could explain these ocular signs. On the con-
trary, ocular signs are very unusual in the presentation of cra-
nial dural arteriovenous fistulas (dAVFs) in locations other
than the cavernous sinus.” In the literature, isolated cases of
dAVFs without involvement of the cavernous sinus, revealed
by ocular signs, could be found.*> These particular and well-
described cases were rarely accompanied by a pathophysio-
logic explanation of the clinical signs. The authors categorized
the different dAVFs associated with ocular signs on the basis of
a 15-year-experience in the endovascular treatment of cranial
dAVFs.

MATERIALS AND METHODS

Patient Selection

We have maintained an ongoing prospective data base with de-
mographic, clinical, and angiographic information regarding pa-
tients with cranial dAVFs. From 2000 to 2015, 305 patients with
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dAVFs have been evaluated in our institution. In this study, we
retrospectively reviewed data of patients who met the following
criteria: 1) the first clinical sign was ophthalmic, 2) a cranial dAVF
was confirmed by digital subtraction angiography, and 3) the lo-
cation of the fistulous point of the dAVF was not in the cavernous
sinus. Demographic data were recorded for each patient, includ-
ing age, sex, vascular risk factors, and clinical presentation.

Pretherapeutic Clinical Evaluation

A clinical history and a neurologic examination were performed
for each patient before the treatment of the fistula. We mainly
looked for the presence of an etiology, the duration of symptoms,
the type of clinical sign, and the evaluation with a modified
Rankin Scale score. Each patient also benefited from an ophthal-
mologic examination, including a visual acuity examination, a
Lancaster test, a funduscopy, and a Goldman test.

Analysis of the Dural Arteriovenous Anatomy

Each patient underwent a 6-vessel pretherapeutic DSA under local
anesthesia. We reviewed these examinations with attention paid to
the location of the fistulous point and angiographic factors that could
explain the ocular sign (venous reflux, compression of a cranial
nerve, or venous congestion). The presence of a venous thrombosis,
stenosis, or ectasia was also noted. Special attention was paid to the
pathophysiology of ocular signs presented by each patient.

Endovascular Treatment
All endovascular treatment was performed with the patient under
general anesthesia. After cerebral MR imaging and DSA were per-
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formed, the location and the anatomy of the dAVF were dis-
cussed, with the aim of choosing the more appropriate treatment.

Postoperative Follow-Up

Follow-up started at the time of the last embolization session and
finished with the last visit or angiography. Angiographic fol-
low-up was performed 6 months after treatment to confirm the

Table 1: Demographic and clinical data of the population

Variable Patients (n =13)
Age (yr) (median) (range) 50.3 (15-72)
Men 9(69.2%)
Clinical signs
Pulsatile tinnitus 5(38.5%)
Chemosis 8 (61.5%)
Exophthalmia 5(38.5%)
Loss of visual acuity 5(38.5%)
Ocular hypertension 1(7.7.%)
Oculomotor palsy 4(30.8%)
Third CN palsy 2(15.4%)
Fourth CN palsy 2(15.4%)
Sixth CN palsy 3(231%)
Papillary edema 9(69.2%)
Time between first sign and diagnosis (mo) 10 (1-36)
mRS score before treatment
1 9(69.2%)
2 4(30.8%)

Note:—CN indicates cranial nerve.

occlusion of the arteriovenous shunt. A neurologic examination
with evaluation with the mRS was systematically performed for
each visit. An ophthalmologic examination was performed in the
posttreatment period (within 3 months after each embolization
session).

RESULTS

Demographic Data and Clinical Presentation

Between 2000 and 2015, 13 patients met the inclusion criteria of
this study. Patient baseline data and clinical signs are described in
Table 1. The mean age was 50.3 years (range, 15-72 years) with a
male preponderance (M/F ratio = 2.25 and 2:25). The most com-
mon clinical sign was chemosis in 8 patients (61.5%), followed by
loss of visual acuity (5 patients, 38.5%), exophthalmia (5 patients,
38.5%), and ocular hypertension in 1 patient (7.7%). Papillary
edema was noted in 9 patients (69.2%) and was unilateral in 7
cases and bilateral in 2 others.

Local Venous Reflux into the Ophthalmic Veins

Ocular signs could be explained by ophthalmic venous engorge-
ment secondary to venous reflux from the fistulous point in most
cases (7/13) in our series. All patients in this group presented with
a chemosis, which was associated with proptosis in 5 patients,
progressive loss of acuity in 1 patient, ocular hypertension in 1
patient, and oculomotor nerve paresis in 2 patients. The classifi-

FIG1. Pretherapeutic left common carotid artery DSA in anteroposterior (A) and lateral (B) projections and external carotid artery DSA in a
lateral projection (C) highlighting a right jugular foramen dAVF with venous reflux into the right inferior petrosal sinus, the right cavernous sinus,
and the right superior ophthalmic vein in a patient presenting with right chemosis and exophthalmia. D, Note the cast of Onyx (Covidien, Irvine,
California) after an arterial embolization. Posttherapeutic left common carotid injections in anteroposterior (E) and lateral (F) projections.
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FIG2. Lateral (A)and anteroposterior (B) projections of a pretherapeutic left external carotid artery DSA showing a complex fistula of the
posterior third of the superior sagittal sinus in a patient with signs of intracranial hypertension. Lateral projection (C) of the left vertebral
artery injection in the same patient shows multiple fistulous points on the transverse and sigmoid sinuses. D, A lateral skull x-ray with the
important cast of Onyx used to treat the fistulas. Posttherapeutic lateral (E) and anteroposterior (F) projections of the left external carotid

artery injection.

cation of Lariboisiere was 2a+b in 4 cases and 3 in 3 cases. Three
fistulas were located in the middle cranial fossa, with venous
drainage involving the sphenoparietal sinus, the cavernous sinus,
and the superior ophthalmic vein (SOV). The venous reflux also
involved the uncal vein in 1 of these cases. Two other fistulas were
located in the lateral sinus with a venous reflux important enough
to involve the vein of Labbé, the superficial middle cerebral vein,
the cavernous sinus, and the SOV. The last 2 fistulas were located
at the jugular foramen, and the venous reflux involved the inferior
petrosal sinus, the cavernous sinus, and, finally, the SOV (Fig 1).

Intracranial Hypertension due to Venous Reflux

In this series, 4 patients had signs of intracranial hypertension
syndrome, in particular a progressive decrease of visual acuity
associated with headache (1 case) and sixth nerve palsy (1 case). In
all cases, a bilateral papillary edema was found at funduscopy. All
these patients had high-flow dAVFs with bilateral venous reflux
and type 2a+b fistulas. The fistulous point was always located on
alarge venous sinus: the rectus sinus in 1 case, lateral sinuses in 2
cases, and the superior sagittal sinus in 1 case (Fig 2). Arterial
feeders of these fistulas did not present particularity instead of
their high number (4-12) and the recruitment of transosseous
branches from occipital and superficial temporal arteries. In 3 of
these 4 cases, multiple fistulous points were identified along the
sinus wall. In 1 case, a sinus thrombosis, which increases venous
reflux, was present. None of these cases had reversal flow of the
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SOV, and the ocular signs could not be explained by local orbital
venous obstruction.

Cranial Nerve Compression by a Venous Ectasia

In 2 patients in this series, the ocular signs could only be explained
by cranial nerve compression. The first one was a dAVF located on
the free border of the tentorium. Feeding arteries were the medial
tentorial artery (meningohypophyseal trunk), the petrous branch
of the middle meningeal artery, and the mastoid branch of the
occipital artery. The venous drainage interested the basal vein of
Rosenthal without venous reflux but with a venous ectasia of the
posterior third of the basal vein of Rosenthal (Lariboisiére fistula
type 4). This patient was admitted for a progressive trochlear
nerve palsy, which could easily be explained by the compression
of the trochlear nerve by the dilated basal vein of Rosenthal in the
ambient cistern (Fig 3).

The second case was a man who had a 1-month history of
progressive unilateral oculoparesis. The ophthalmologic exami-
nations revealed third, fourth, and sixth cranial nerve paresis. The
DSA showed a dAVF located under the lesser sphenoid wing in the
region of the superior orbital fissure. Arterial feeders were the recur-
rent meningeal artery, the middle meningeal artery, and the deep
temporal artery. Venous drainage involved the SOV and the cavern-
ous sinus, with a venous ectasia of the SOV in the superior orbital
fissure (Lariboisiére fistula type 4). This venous ectasia was the only
explanation for the oculomotor paresis.



FIG 3. Pretherapeutic lateral projections of the right external (A) and internal (B) carotid artery
DSA highlighting a tentorial dAVF with venous ectasia of the third portion of the basal vein in a
patient with a trochlear nerve deficit. C, Note the cast of Onyx (Covidien, Irvine, California) after
injection through the middle meningeal artery branches. D, Posttherapeutic right external carotid

artery DSA in a lateral projection without a residual fistula.

Treatment of the Pathology

Treatment details and outcome are summarized in Table 2. Every
patient was treated by endovascular therapy. Twenty-three embo-
lization sessions were necessary to treat the fistulas. Seven patients
were successfully treated in 1 session, 4 patients had 2 sessions,
and 2 fistulas needed 3 sessions to be completely obliterated. One
patient was treated by microsurgical exclusion of a middle cranial
fossa fistula after failed embolization.

An arterial approach was used in 8 sessions; a venous ap-
proach, in 14 patients; and a combined approach, in 1 patient. The
overall success rate per embolization session was 52.2% (12 em-
bolization sessions). In 4 patients (15.4%), the fistula persisted
after the injection of the embolic agent, and in 2 patients (7.7%),
the venous access to the fistula was impossible. Among these 4
patients, in 2, a partial embolization was planned to reduce the
venous reflux and to decrease the intracranial pressure. In 2 pa-
tients (8.8%), the implantation of coils in an arterial feeder near
the fistulous point was sufficient to obliterate the fistula.

Clinical and Angiographic Follow-Up
The fistula was cured at the 6-month follow-up DSA in 11 cases
(78.5%). A partial embolization was planned for 2 patients who
had a complex dAVF and intracranial hypertension.

Neurologic complications were found after 2 embolization
sessions. One patient with a tentorial fistula developed an exten-

sive venous thrombosis a few hours after
the embolization, responsible for a
hemiplegia and multiple cranial nerve
palsies. This patient was dependent and
died 1 year after the treatment. The
other patient with a complication had a
middle cranial fossa dAVF treated by
coils and Glubran Tiss (Aspide Medical,
La Talaudiére, France). Twenty-four
hours after the treatment, she developed
a temporal lobe hematoma with a con-
tralateral hemiparesis (mRS 3). The
mean clinical follow-up was 10.1
months (range, 1-48 months). At the
last follow-up visit, 3 patients had mRS
0; 6, mRS 1; 2, mRS 2; 1, mRS 3; and 1,
mRS 6. The ophthalmologic examina-
tion findings 3 months after treatment
were normal in 8 patients.

DISCUSSION

Cranial dural arteriovenous fistulas are
often symptomatic, with a pulsatile tin-
nitus with or without headache, focal
neurologic deficit, or compressive
signs."”° The occurrence of an intrace-
rebral hematoma is also a well-known
entity, in particular in cases of venous
reflux, cortical vein involvement, or ve-
nous ectasia.' In rare cases, a dAVF
could be symptomatic by ocular signs
such as chemosis, exophthalmia, loss of
visual acuity, or oculomotor nerve
palsy.” The literature of these dAVFs is exclusively represented by
case reports and small case series.”'®'” These articles generally
described the symptoms and angiographic anatomy of the fistula
well but detailed analysis of the pathophysiology was always
missed except for the series of Cognard et al.*

The first and most frequent type of fistula in our series oc-
curred when the ocular signs could be explained by a direct ve-
nous reflux into the orbital veins. This was also the most frequent
type in the literature.” These fistulas are generally located on the
transverse sinus,® with a reflux through the vein of Labbé or at the
foramen magnum. For a venous reflux to produce orbital venous
hypertension, thrombosis or noncompetence of a large venous
collector (jugular bulb or transverse sinus) is necessary. The mid-
dle cranial fossa is also described with reflux into the sphenopari-
etal sinus.” The anatomic variant of the paracavernous sinus
could be an important factor in venous reflux into the superior

219 of tentorial dAVFs with venous

orbital vein. Two case reports
reflux into a basal vein, an uncal vein, and a superior ophthalmic
vein are also described, but they seem to be rare. The importance
of the venous reflux and the high frequency of venous ectasia in
these fistulas are 2 reasons for aggressive management. These fis-
tulas were treated by an arterial approach in all cases described. In
the literature and in our series, ocular symptoms and signs were

reversible after endovascular treatment of the fistula. With a sim-
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Table 2: Details of endovascular treatment and outcome

Variable No. (%)
Total No. of embolization sessions 23
Embolization per patient (mean) (range) 1.8 (1-3)
Venous approach 14 (60.8%)
Arterial approach 8(34.8%)
Combined approach 1(4.3%)
Overall success rate 12 (52.2%)
Incomplete closed fistula 4(15.4%)
Impossible to catheterize 2(7.7%)
Embolic agent used
Onyx 12 (52.2%)
Coils + Onyx 5(217)
Glubran Tiss 4(17.4%)
Coils 2(8.8%)
Success rate
By patient 11/14 (78.5%)
Associated microsurgery 1/14 (7.2%)
Complications
Permanent 2(8.7%)
Death 1(4.3%)
Follow-up
Mean (range) (mo) 10.1(1-48)
Last mRS
0 3(231%)
1 6(46.2%)
2 2(15.4%)
3 1(7.2%)
6 1(7.2%)
Ophthalmologic follow-up
Normal findings 8 (61.5%)
Central scotoma 1(7.2%)
Third and sixth nerve palsy 1(7.2%)
Ocular hypertonia 1(7.2%)
Persistent papillary edema 1(7.2%)
Lost to follow-up 1(7.2%)

ilar pathologic mechanism, few cases of cerebral arteriovenous
malformations'' with ocular signs were reported.

Intracranial hypertension syndrome could also explain the oc-
ular signs. Patients had a loss of visual acuity secondary to papil-
lary edema or optic disc atrophy."'*'*> Generally, these dAVFs
were multiple arteriovenous shunts located on large sinuses, im-
portant because they could influence the venous drainage of the
encephalon.” The venous engorgement or reflux provoked by the
high flow of the fistula causes hydrocephalus and possibly paren-
chymal edema. The first article describing an elevation of intra-
cranial pressure in a posterior fossa dAVF was that of Lamas et al'*
in 1977. In 1998, Cognard et al* published a series including 13
patients with dAVFs with signs of intracranial hypertension.
Among these 13 patients, 8 had a papilledema and 4 had optic disc
atrophy. Other clinical signs described were seizures, tinnitus,
headache, and diplopia.

As for patients in our series, the location of the fistula was
always on a large dural sinus with multiple arteriovenous shunts.
We found a sinus anomaly (thrombosis, agenesis) in 7 of 13 pa-
tients. The treatment of this type of fistula must be aggressive to
avoid the progression of intracranial hypertension signs and irre-
versibility of optic disc atrophy. This treatment is always challeng-
ing because of the multiplicity of shunts. Partial embolization
could be an alternative to decrease the flow of the pathology with-
out risking occlusion of a large dural sinus. This partial treatment
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is often temporary. An aggressive arterial embolization of the fis-
tulas could be performed with concomitant inflation of a large
balloon into the dural sinus, but this treatment exposes the patient
to a higher risk of complications.'” The placement of a ventricu-
loperitoneal shunt is also a palliative solution. The choice of treat-
ment depends on the anatomy of the arteriovenous shunts, their
location, the severity of the clinical signs, and the patient’s
comorbidities.

The compression of a cranial nerve by venous dilation in case
of arteriovenous shunt is well-known, especially for the trigemi-
nal nerve. The occurrence of an oculomotor paresis secondary to
the same diagnosis is rarely reported in the literature, perhaps due

%ofa

to lack of knowledge of anatomic details. Only 1 case report
trochlear nerve deficit caused by a tentorial dAVF and, in partic-
ular, a venous ectasia could be found in the literature. The ana-
tomic details and the relationship between the trochlear nerve and
the venous structures in the perimesencephalic cisterns were not
well-developed in this article. In our series, a similar case is pre-
sented. This isa dAVF located in the posterior incisural space with
its venous drainage involving the posterior part of the basal vein.
As described by Ono et al'” and by Joo and Rhoton,"® the troch-
lear nerve has an intimal relationship with the third portion of the
basal vein and with the superior cerebellar artery into the ambient
cistern. A dilation of the basal vein in its ambient course could
easily result in trochlear nerve compression and a dilation of the
lateromesencephalic vein. The other case in our series with the
same pathologic mechanism is a dAVF located in the region of
the superior orbital fissure with drainage into the sphenoparietal
sinus and the superior ophthalmic vein. This latter vein had an
important dilation at its intracanalicular portion that caused a
compression of nerves (third, fourth, and sixth nerves associated
with an ophthalmic hypoesthesia, typical of superior orbital fis-
sure syndrome).

Another type of fistula with ocular signs is an intraorbital fis-
tula, with direct drainage into the superior ophthalmic vein. We
did not have fistulas of this type in our series, but in 2 case re-
ports,”'? they are well-documented. These fistulas were fed by
ethmoidal branches and were directly drained by the superior
ophthalmic vein; this scenario created intraorbital hypertension.
One of these 2 cases was successfully treated by arterial emboliza-
tion’; the other, by a venous approach after surgical exposure of
the superior ophthalmic vein. Pan et al® also reported 3 other
cases of intraorbital shunt treated by radiosurgery, but not
enough details were reported to understand the pathophysiology
of these fistulas.

CONCLUSIONS

DAVFs with ocular signs could be classified into 4 types due to the
pathologic mechanisms that explain these signs. The first type is a
local venous reflux into the superior ophthalmic vein, the second is a
massive venous engorgement of the cerebrum responsible for intra-
cranial hypertension, the third is a direct compression of an oculo-
motor nerve by a venous dilation, and the last is an intraorbital fistula
with direct drainage into the superior ophthalmic vein.

Disclosures: Michel Piotin—UNRELATED: Consultancy: Medtronic,* Stryker*
MicroVention,* Balt*; Payment for Lectures (including service on Speakers Bureaus):
Penumbra.* *Money paid to the institution.
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Computational Modeling of Venous Sinus Stenosis in
Idiopathic Intracranial Hypertension

MR. Levitt, ““’'P.M. McGah, ““’K. Moon, C.G. McDougall, “’"M.Y S. Kalani, ““'LJ. Kim, and ““A. Aliseda
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ABSTRACT

BACKGROUND AND PURPOSE: Idiopathic intracranial hypertension has been associated with dural venous sinus stenosis in some
patients, but the hemodynamic environment of the dural venous sinuses has not been quantitatively described. Here, we present the first
such computational fluid dynamics model by using patient-specific blood pressure measurements.

MATERIALS AND METHODS: Six patients with idiopathic intracranial hypertension and at least 1 stenosis or atresia at the transverse/
sigmoid sinus junction underwent MR venography followed by cerebral venography and manometry throughout the dural venous sinuses.
Patient-specific computational fluid dynamics models were created by using MR venography anatomy, with venous pressure measure-
ments as boundary conditions. Blood flow and wall shear stress were calculated for each patient.

RESULTS: Computational models of the dural venous sinuses were successfully reconstructed in all 6 patients with patient-specific
boundary conditions. Three patients demonstrated a pathologic pressure gradient (=8 mm Hg) across 4 dural venous sinus stenoses. Small
sample size precludes statistical comparisons, but average overall flow throughout the dural venous sinuses of patients with pathologic
pressure gradients was higher than in those without them (1041.00 = 506.52 mL/min versus 358.00 = 190.95 mL/min). Wall shear stress was
also higher across stenoses in patients with pathologic pressure gradients (37.66 = 48.39 Pa versus 7.02 = 13.60 Pa).

CONCLUSIONS: The hemodynamic environment of the dural venous sinuses can be computationally modeled by using patient-specific
anatomy and physiologic measurements in patients with idiopathic intracranial hypertension. There was substantially higher blood flow
and wall shear stress in patients with pathologic pressure gradients.

ABBREVIATIONS: CFD = computational fluid dynamics; IIH = idiopathic intracranial hypertension; WSS = wall shear stress

diopathic intracranial hypertension (ITH), also known as pseu-

dotumor cerebri or benign intracranial hypertension, has been
associated with dural venous sinus stenosis.”> While many pa-
tients with ITH have anatomic evidence of venous sinus stenosis,’
cerebral venography and invasive manometry are often used to
differentiate patients with a “pathologic” stenosis, which demon-
strates a pressure gradient across the stenosis, from those without
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such a gradient, to determine which patients may benefit from
endovascular stent placement.”” That some patients with ITH
present with this pressure gradient and others do not, despite
similar anatomic narrowing of the dural venous sinuses, suggests
that the mechanism by which ITH is related to venous sinus ste-
nosis may depend on hemodynamic characteristics of dural ve-
nous sinus drainage.® However, venous manometry measures
only blood pressure rather than blood flow through the complex
3D hemodynamic environment of the dural venous sinuses.

Patient-specific computational fluid dynamics (CFD) model-
ing of the hemodynamic environment of patients with ITH with
and without a physiologic stenosis could improve the under-
standing of ITH pathophysiology and potentially aid in patient
selection for endovascular stent placement. In this study, we con-
structed CFD models of patients” dural venous sinuses, with sim-
ulated blood flow informed by patient-specific pressure measure-
ments obtained during invasive cerebral venography, to
accurately model the hemodynamics of ITH in patients with dural
venous sinus stenosis.
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Table 1: Venography and manometry measurements

results. The virtual microcatheter was

Blood Pressure (mm Hg)

modeled after the Excelsior SL-10 mi-

Superior Pressure crocatheter used during venographic
Sagittal Transverse Sigmoid Gradient manometry, with an identical diameter

Patient Side Sinus Sinus Sinus (mm Hg) % Stenosis® of 0.57 mm.
1 L?ft 7 5 2 3 60.34 A computational mesh was also cre-
. i:g:: " 573 3 _: ;;‘31 ated with VMTK. The spatial resolution
3 Right 23 24 19 5 14.81 of the mesh was a uniform 0.4 mm in all
4 Left 56 34 16 18 50 meshes without virtual microcatheter
Right 16 15 1 33.33 placement, while meshes with the virtual
5 L?ff 39 29 18 1 82.35 microcatheters decreased in resolution
é E:g:: 83 ;g ]; ;37] 2(321 to 0.07 mm around the catheter surface.

Meshes had 1-4 million finite volumes.

?Defined as the percentage change between the narrowest point of the transverse sinus and the midpoint of the

ipsilateral sigmoid sinus.

MATERIALS AND METHODS

Patient Population and Venogram Procedure

Institutional review board approval (Barrow Neurological Insti-
tute, Phoenix, Arizona) was obtained for this retrospective study.
Six patients with a previous diagnosis of untreated IIH (deter-
mined by intracranial pressure of =25 cm H,O without structural
or CSF abnormality”) and MR venography demonstrating dural
venous sinus atresia or stenosis of >50% in at least 1 location
underwent cerebral venography with manometry. Cerebral
venography was performed with the patient under local anesthe-
sia by using a transfemoral access. A 5F guide catheter (Envoy;
Codman & Shurtleff, Raynham, Massachusetts) was navigated
into the right jugular bulb, and a microcatheter (Excelsior SL-10;
Stryker, Kalamazoo, Michigan) was placed in the dural venous
sinuses. Manometry was then performed in the bilateral trans-
verse and sigmoid sinuses and the posterior third of the superior
sagittal sinus by transducing the blood pressure through the mi-
crocatheter. In 2 patients in whom the transverse and sigmoid
sinuses were atretic or absent on 1 side, measurements were ob-
tained in all other locations. Stenoses were considered pathologic
if a pressure gradient of =8 mm Hg was observed across the seg-
ment of narrowed lumen.” Patients were grouped into pathologic
and nonpathologic groups based on the presence of such a gradi-
ent across =1 stenotic venous sinus.

Computational Modeling

3D reconstructions of each patient’s venous sinuses were created
from the preprocedural MR venography by using the Vascular
Modeling Toolkit (VMTK; www.vmtk.org), which uses a gradi-
ent-based level set method. The model inflows were truncated at
the posterior third of the superior sagittal sinus and the midpoint
of the straight sinus. The model outflows were truncated at the
bilateral distal sigmoid sinuses, unless 1 side was atretic, in which
case it was excluded.

Two models were created for each patient: one with a virtual
microcatheter in the center of the lumen from the sigmoid sinus
through the transverse sinus on the right side (as it was placed
during the actual venogram procedure) and one without. We cre-
ated both models for each patient to address a common concern
with venographic manometry, which is that the placement of a
microcatheter through a venous sinus stenosis could, in itself,
alter the hemodynamics of the venous sinus stenosis and affect the

Steady flow CFD simulations were con-
ducted by using Fluent 14 (ANSYS, Can-
onsburg, Pennsylvania) with a spatially
second-order upwind scheme. Blood pressure at the inflow (pos-
terior third of the superior sagittal sinus) and outflow (sigmoid
sinuses) as measured by venographic manometry was directly
prescribed as the CFD boundary conditions. Gravity was also in-
cluded in the simulations because pressure measurements in the
venous system can be influenced by hydrostatic pressure gradi-
ents. The CFD simulations assumed rigid sinus walls and Newto-
nian blood rheology with a density of 1.05 g/cm” and a viscosity of
3.5 cP. Flow was determined to be laminar or turbulent on the basis
of the results of the CFD calculations, which resolved velocity and
pressure fluctuations if present. Laminar flow was not presupposed.

Each patient-specific CFD model was analyzed for blood pres-
sure, flow rate, and wall shear stress (WSS) both with and without
the virtual microcatheter. Values of each variable at key anatomic
locations (superior sagittal, straight, and sigmoid sinuses) were
calculated with and without virtual microcatheter placement, and
contour maps of blood pressure and WSS throughout the venous
sinuses were created for each patient.

Separate 2D blood flow velocity profiles across dural venous
sinus stenoses were created by using the patient-specific flow data.
The magnitude of the flow velocity across each stenosis was visu-
alized by manually placing a 2D plane along a longitudinal section
of the affected dural sinus.

RESULTS

Sinus measurements and venographic pressures for each patient are
shown in Table 1. Three patients had pathologic pressure gradients
of =8 mm Hgacross 4 stenoses (the pathologic group), while 3 other
patients did not have a substantial pressure gradient (the nonpatho-
logic group). One patient in the pathologic group and 2 patients in
the nonpathologic group had atretic sinus systems on one side. The
average severity of the stenosis was 50.76% * 22.42% in the patho-
logic group and 24.34% = 32.31% in the nonpathologic group as
determined by the 3D imaging.

Results from CFD simulations are shown in Table 2 and Figs 1
and 2. Data in Table 2 and all figures are displayed on the basis of
calculations with the virtual microcatheter in place, to better rep-
resent the hemodynamic environment during venous pressure
measurements obtained with the microcatheter in vivo. The av-
erage outflow was 1041.00 = 506.52 mL/min for the pathologic
group and 358.00 = 190.95 mL/min for the nonpathologic group.
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Table 2: CFD calculations of blood flow and WSS with virtual microcatheter placement

Blood Flow (mL/min) Wall Shear Stress (Pa)
Superior Superior
Sagittal Straight Sigmoid Sagittal Straight Transverse Sigmoid WSS Gradient
Patient Side Sinus Sinus Sinus Sinus Sinus Sinus Sinus across Stenosis
1 Left 370 50 7 0.72 0.27 29 1.59 2741
Right 248 0.36 0.82 —0.46
2 Right 433 78 511 2.59 0.89 1.88 116 0.72
3 Right 71 72 144 0.67 0.84 133 0.93 0.4
4 Left® 1582 0 196 1474 0.09 8.24 121 7.03
Right 1386 37.94 18.72 19.22
5 Left® 457 121 12 237 0.82 38.21 4.63 33.58
Right® 466 16.36 9.82 6.54
6 Right® 816 147 963 523 179 163.01 41.07 121.94

? Pathologic pressure gradient (= 8 mm Hg) on venographic manometry.

FIG1. Computational fluid dynamics calculations of blood pressure gradients in the dural venous sinuses of patients with IIH. Pressure gradients
are shown as a percentage of the blood pressure in the superior sagittal sinus (assigned as 100% in each patient). Patients without pathologic
pressure gradients (upper row) show very little pressure drop across venous sinus stenoses compared with patients with pathologic pressure
gradients (lower row). Sinuses are truncated at the posterior third of the superior sagittal sinus, midpoint of the straight sinus, and the end of
each sigmoid sinus (see “Materials and Methods”) and are shown in a right anterior oblique/Towne projection.

The average WSS gradient across stenotic segments (defined as
the difference in WSS between the narrowest point of each steno-
sis and the midpoint of the ipsilateral sigmoid sinus) was 37.66 *
48.39 Pa for the pathologic group and 7.02 = 13.60 Pa for the
nonpathologic group.

Figures 1 and 2 are visual depictions of blood pressure and
WSS in the dural venous sinus models. Blood pressure is displayed
as a percentage of the pressure in the superior sagittal sinus to
normalize the results of pressure drops across the stenotic seg-
ments, while WSS is shown on a constant scale. This display per-
mits comparison between patients with and without pathology.
Visual inspection suggests minimal or low pressure drops across
stenotic segments in the nonpathologic group (Fig 1, top row),
compared with more substantial reduction in the pathologic
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group (Fig 1, lower row). Wall shear stress also appears minimally
changed in the nonpathologic group (Fig 2, upper row) but ele-
vated at and downstream of stenotic segments in the pathologic
group (Fig 2, lower row).

Figure 3 shows 2D blood flow velocity profiles across dural
venous sinus stenoses in patients in the nonpathologic (upper
row) and pathologic groups (lower row). Projections are oriented
through a cross-section of the maximal area of stenosis in each
case. Visual inspection demonstrates substantially higher postste-
notic velocities and disordered flow in the patients with pathol-
ogy. The elevated velocities in Fig 3 correspond to the increased
WSS and pressure drops in patients with pathology in Figs 1 and 2,
while lower peak poststenotic velocities mirror the minimal WSS
elevation and pressure drop seen in patients without pathology.



FIG 2. Computational fluid dynamics calculations of wall shear stress in the dural venous sinuses of patients with IIH. Patients without
pathologic pressure gradients (upper row) show very little change in WSS at and beyond venous sinus stenoses compared with patients with
pathologic pressure gradients (lower row), who have more severe elevations in WSS.

FIG 3. Computational fluid dynamics calculations of 2D velocity profiles oriented through the point of maximal venous sinus stenoses in
patients in the nonpathologic (upper row) and pathologic (lower row) groups. Blood flow is from left to right. Substantially higher blood flow
velocity is observed across stenoses in patients in the pathologic group.

The On-line Table shows CFD results without the virtual ~ 7.76% = 3.98%) and WSS gradients across each transverse-
microcatheter. The effect of the virtual microcatheter on CFD  sigmoid junction or stenosis (mean WSS reduction, 1.81% =
was minimal on both total outflow (mean outflow reduction,  24.19%).
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DISCUSSION

We have modeled the hemodynamic environment of patients
with ITH with dural venous sinus stenosis. Our CFD models used
patient-specific anatomic information from each patient’s MR
venography and incorporated patient-specific venographic ma-
nometry measurements for use as boundary conditions. Patient-
specific inlet and outlet boundary conditions have been shown to
be more accurate than stereotypic boundary conditions (derived
from literature averages of individual cases or healthy volunteer
cohorts) in the CFD modeling of other cerebrovascular diseases
such as intracranial aneurysms.®® These CEFD models permit the
comparison of the hemodynamics of patients with ITH with sim-
ilar anatomic venous sinus stenoses to better understand why
some patients’ stenoses were pathologic and were responsive to
treatment with dural venous sinus stent placement, while others
were not.

Patients with pathologic pressure gradients did have higher
overall venous outflow rates through the transverse and sigmoid
sinuses than those with low or absent pressure gradients (1041
versus 358 mL/min). The high flow rate in patient 4, who had a
pathologic pressure gradient, may be an overestimate due to er-
rors inherent in CFD reconstructions from MR venography data
with large voxel sizes but is near previously published values of
overall cerebral blood flow.'® Despite anatomic abnormalities in
both groups, flow rates of patients without pathology were similar
to previously reported values for jugular flow in healthy con-
trols."' This finding supports the theory that the presence of a
stenotic or atretic segment may be necessary but not sufficient to
cause pathologic pressure gradients across venous stenosis, be-
cause the presence of an atretic transverse/sigmoid sinus system
(with 100% of outflow through the remaining stenotic segment)
was seen in patients with and without pathologic pressure gradi-
ents in the current study, and others have observed no correlation
between stenosis severity and IIH symptoms.'” The presence of
unilateral sinus hypoplasia or atresia in up to 33% of asymptom-
atic patients also argues against a purely anatomic source of flow
disturbance.'>"

Wall shear stress also differed between patient groups. In the
nonpathologic group, minimal or no elevation in WSS was ob-
served in stenotic segments, while large elevations in WSS were
seen at and downstream from stenoses in the pathologic group.
Since WSS has been related to downstream vascular resistance,'”
the difference in WSS profiles between groups further under-
scores the lack of adequate collateral pathways (and thus in-
creased vascular resistance across the stenosis) in the pathologic
group. Similarly, the 2D velocity profiles across the stenosis in
patients with and without pathology demonstrate higher postste-
notic velocity in the pathologic group, indicating more disordered
flow and vascular resistance, which could also correspond to re-
duced collaterals.

While the underlying mechanism for venous sinus stenosis in
patients with ITH remains unclear, these results suggest that pa-
tients with anatomic but not pathologic stenosis may have collat-
eral venous drainage in addition to the transverse/sigmoid sinus
system. These collateral venous pathways prevent the increased
resistance of an anatomic stenosis from affecting the overall pres-
sure gradient across it and thus limit the elevation of blood pres-
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sure upstream from the stenosis. In patients in whom collaterals
are sparse or absent, the resistance created by the narrowing of 1
or both primary venous outflow channels (the sigmoid sinuses)
increases the pressure upstream from the stenosis, creating a
pathologic gradient and elevating the pressure in the entire ve-
nous sinus system. Cerebral venous hypertension further limits
CSF reabsorption, increasing intracranial pressure and further
exacerbating ITH by compressing the already stenosed segment
acting as a Starling resistor.’®'” On the other hand, in vitro and
animal studies on the influence of extravascular pressure on cere-
bral venous outflow do not perfectly follow this model."®

Because the compliance and elasticity of the dural venous si-
nuses are not known, we are unable to incorporate intracranial
pressure measurements into the model calculations. The near-
instantaneous nature of the CFD calculations (by using a single
time point of venous pressure) should limit the effects of intracra-
nial pressure on our calculations, but the complex relationship
between intracranial pressure and pathologic dural venous sinus
stenosis remains incompletely explained.'® In the pathologic
group, all 3 patients had intracranial pressures of >40 cm H,O,
while in the nonpathologic group, intracranial pressures were
lower (<30 cm H,O). Future study of CFD before and after stent
treatment would be improved with incorporation of intracranial
pressure changes to ensure accurate modeling of the influence of
external compression on the dural venous sinus stenosis.

The results of this study could have practical applications for
the noninvasive screening of patients with IIH for a pathologic
pressure gradient. A review of our large cohort of 158 patients
with and without IIH who underwent diagnostic cerebral venog-
raphy and manometry showed that noninvasive vascular imaging
(such as MR venography and CT venography) was an imperfect
predictor of the pathologic pressure gradient, even in the presence
of anatomic dural venous sinus stenosis.'” This finding is consis-
tent with the findings of the current study of different flow and
WSS profiles between patients with and without pathology, de-
spite similar degrees of anatomic stenoses or atresia. Recent ad-
vances in noninvasive quantitative phase-contrast MR venogra-
phy show promise in measuring blood flow through venous
sinuses.”® Applying such measurements as boundary conditions
in the CFD simulation methodology of the current study may
allow noninvasive, patient-specific, and accurate determination
of pathologic and nonpathologic stenoses without the need for
invasive venography. This method could be used for enhanced
screening of patients with ITH at the time of diagnosis and is under
investigation by our group. In addition, the hemodynamic
changes before and after stent placement across pathologic seg-
ments could be virtually modeled before the procedure to help
predict the restoration of normal blood pressure, blood flow, and
WSS.

We observed a minimal effect on flow when the virtual micro-
catheter was placed across the venous sinus stenosis in our simu-
lations. This is an important finding relative to the methods by
which pressure gradients are obtained in venographic manometry
because a catheter placed through an already narrow vessel (such
as a venous sinus stenosis) could impart a “loading error,” further
reducing the cross-sectional area of the lumen and falsely elevat-
ing the pressure measurements.”" This is a common critique of



the results of venographic manometry because there is concern
that the procedure in which pressures are measured may skew the
measured results and potentially affect patient treatment strategy.
However, we observed a minimal loading error for both outflow
and the WSS gradients, and the large SD observed for WSS gradi-
ents was the result of the effect of the microcatheter on very small
(<1 Pa) absolute WSS values in 3 patients. This minimal loading
error is unlikely to be clinically relevant because a substantially
larger error would be required to create a falsely elevated flow
leading to a pressure gradient of =8 mm Hg, which would change
clinical decision-making toward stent placement.> Other CFD
studies using patient-specific boundary conditions measured by
intravascular devices may require integration of the presence of
the device into determining the load error, though in our study,
this did not have a substantial influence on calculations and
should not be considered as a source of clinically relevant error on
venographic manometry measurements in patients with ITH.

A simplified mathematic model was also created in an attempt
to predict the degree of flow disturbance created by a microcath-
eter of a certain diameter (On-line Appendix). This model pre-
dicts that a microcatheter one-tenth of the diameter of the ste-
notic segment of the vessel causes approximately 40% reduction
in flow, and that a microcatheter one-hundredth of the diameter
of the stenosis causes approximately 22% reduction in flow as-
suming that the pressure gradient is fixed. The ability of the model
to make quantitative predictions is limited by a number of impor-
tant factors. In a stenosis, the spatial accelerations are likely im-
portant and the flow is not fully developed; thus, these features
violate a key assumption of the model. More important, the excess
resistance is highly dependent on the individual anatomy of each
stenosis and not just the ratio of the diameters of the catheter and
stenosis as the model predicts. Thus, CFD modeling with patient-
specific anatomic and physiologic data as presented above is more
likely to reflect accurate hemodynamic conditions on a case-by-
case basis.

This work has several limitations. First, the sample size is
small, precluding statistical comparison between patients with
and without pathology. However, this study demonstrates the
methodology for CFD modeling of the dural venous sinuses by
using patient-specific physiologic measurements as boundary
conditions, which has not been reported before, to our knowl-
edge. Second, the voxel size of the MR venography used to recon-
struct the dural venous sinuses, which ranged from 0.43 to 0.86
mm?, could potentially miss fine webbing that could be better
seen by using high-resolution techniques such as conebeam CT
venography?? or felt during microcatheterization during invasive
venography. A 10% error in stenosis diameter estimation can
change the flow rate by 40%, and it is unclear how equally the
errors in the reconstructions affect patients with and without pa-
thology. Third, prescribing only the pressures (without velocities)
as the CFD boundary conditions may be more susceptible to ran-
dom errors subject to the precision of the pressure transducer (*1
mm Hg), especially in cases in which the pressure gradients are
small. The prescribed pressure gradients in CFD may have relative
errors of up to 25%, and the calculated flow rates may subse-
quently have similar relative errors. However, the relative errors
are likely much smaller in pathologic cases in which large pressure

gradients were measured and are thus unlikely to be clinically
significant. Fourth, there were differences in the severity of steno-
ses in patients with pathologic and nonpathologic stenoses. How-
ever, all patients had documented ITH and some degree of venous
sinus abnormality (stenosis, atresia, or both), which could cause
outflow abnormalities and influence hemodynamics across the
entire dural sinus system, as has been proposed by others.*

CONCLUSIONS

Dural venous sinus stenosis in patients with ITH can be computa-
tionally modeled by using patient-specific anatomic and physio-
logic data. Increased overall blood flow and WSS were found in
patients with a pathologic pressure gradient.
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ORIGINAL RESEARCH
INTERVENTIONAL

Peritherapeutic Hemodynamic Changes of Carotid Stenting
Evaluated with Quantitative DSA in Patients with Carotid
Stenosis

MMH. Teng, ““F.-C. Chang, ““’/C.-J. Lin, L. Chiang, ).-S. Hong, and “*'Y.-H. Kao

ABSTRACT

BACKGROUND AND PURPOSE: Quantitative data from DSA have become important tools for understanding hemodynamic changes of
intracranial lesions. In this study, we evaluated 8 hemodynamic parameters in patients before and after carotid artery angioplasty.

MATERIALS AND METHODS: DSA images of 34 patients with carotid stenosis who underwent angioplasty and stent placement were retrospectively
analyzed. Eleven ROIs (M1, M2, Al, A2, the parietal vein, superior sagittal sinus, internal jugular vein, and 4 in the ICA) were selected on color-coded DSA.
Eight hemodynamic parameters (bolus arrival time, TTP, relative TTP, full width at half maximum, wash-in slope, washout slope, maximum enhancement,
and area under the curve) were measured from the time-concentration curves of these ROls. The dependent t test for paired samples was applied to
these parameters before and after stent placement.

RESULTS: We found that the treatment significantly reduced TTP, relative TTP, bolus arrival time, and washout slope at all arterial
ROIs and full width at half maximum and area under the curve at some arterial ROls. Bolus arrival time was significantly reduced after
treatment for all arterial ROIs, the parietal vein, and the superior sagittal sinus. The maximum enhancement and wash-in slope did
not show significant changes after treatment. After treatment, the relative TTP from the ICA to M1, M2, and the parietal vein
returned to normal values.

CONCLUSIONS: In addition to TTP and relative TTP, other parameters can be used to evaluate peritherapeutic cerebral hemodynamic
changes. Bolus arrival time has the potential to evaluate brain circulation at arterial and venous sites, especially when TTP cannot be
measured because of an incomplete time-concentration curve.

ABBREVIATIONS: AUC = area under the curve; BAT = bolus arrival time; FWHM = full width at half maximum; ME = maximal enhancement; PA = posterior-

anterior; PV = parietal vein; rTTP = relative TTP; SSS = superior sagittal sinus; WI = wash-in slope; WO = washout slope

igital subtraction angiography has been the criterion stan-
dard for diagnosing cerebral vascular disease since 1970s.
DSA imaging demonstrates the intravascular changes of concen-
tration in the time domain and can be used as a surrogate marker
for cerebral hemodynamics. Time-concentration curve analysis is
the most commonly used approach because the results are easily
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accessible and intuitive for interventional purposes. Time-to-
peak (also called time-to-maximum in some previous publica-
tions) is the most commonly used parameter. It is applied to de-
tect intra-aneurysmal flow, and larger aneurysms demonstrate
more prolonged TTP than smaller aneurysms.' The difference in
TTP between the parietal vein and cavernous ICA has been used
to monitor cerebral hemodynamic changes to improve patient
safety.” Detecting shorter TTPs in carotid cavernous fistulas helps
determine whether the venous outlets contain higher blood flow,
which deserves treatment priority.” In control angiography, nor-
malization of blood flow indicates spontaneous latent oblitera-
tion.* Other applications include monitoring angioplasty for va-
sospasm after subarachnoid hemorrhage® and quantitatively
grading Moyamoya disease.”

The standard gray-scale images of DSA are first encoded into a
single composite color image according to the contrast bolus ar-
rival time (BAT) at each point in the circulatory system of the
brain. This single composite color image improves the speed of
manual delineation of AVMs and makes the angioarchitecture
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FIG1. Color-coded DSA images in the PA (A) and lateral (B) views. Eleven ROIs are manually selected for quantification of perfusion parameters.
ICA, on the PA view and ICA, on lateral view are planned to be at the same place.

FIG 2. The measured (blue open circle) and fitted (orange line) time-
concentration curves. Hemodynamic parameters such as maximum
enhancement, time to peak, bolus arrival time, wash-in slope, wash-
out slope, and full width at half maximum are all derived from the
fitted curve.

and the flow characteristics of aneurysms, AVMs, fistulas, steno-
sis, occlusions, dissections, and tumors easier to understand.® The
color-coding of DSA was also developed by calculation of the
maximal enhancement (ME) and the TTP of the time-concentra-
tion curve of each pixel.” It improves the conspicuity of findings
on DSA images of cerebral vascular lesions and helps with the
visualization of fistula angioarchitecture and venous drainage
patterns in patients with carotid cavernous fistulas.” In addition,
it facilitates real-time hemodynamic monitoring, helps determine
the end point of embolization, and increases patient safety in the
treatment of carotid cavernous fistulas.®”

For carotid stenosis, the TTP or relative TTP (rTTP) of color-
coded quantitative DSA has been used to evaluate cerebral circu-
lation time and peritherapeutic hemodynamic changes in the in-
tracranial circulation.” rTTP was found to be a definitive
alternative method of measuring cerebral circulation.'® Maximal
slope and full width at half maximum (FWHM) are found to
complement rTTP in the evaluation of cerebral circulation.'® Fur-
thermore, the area under the curve (AUC) of the proximal com-
mon carotid arteries can be calculated from the time-concentra-
tion curves of color-coded DSA. A good correlation was found
between the AUC and the relative CBV obtained from flat panel
detector CT by injecting contrast medium into the ascending
aorta.'! In this study, we evaluated 8 parameters obtained from
color-coded quantitative DSA to understand the hemodynamic
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changes before and after stent placement in patients with carotid
stenosis.

MATERIALS AND METHODS

DSA images of 34 patients (mean age, 72.3 years; 27 men and 7
women) who underwent carotid angioplasty and stent placement
were collected for retrospective analysis. The patients had unilat-
eral carotid stenosis of >70%, according to the NASCET criteria.
The DSA images were acquired on a clinical scanner (Artis zee;
Siemens, Erlangen, Germany) with a frame rate of 6 frames/s for
9~12 seconds. The image size was 1440 X 1440 pixels, the FOV was
22 cm, and the pixel size was 0.154 X 0.154 mm?. A power injector
(Liebel-Flarsheim Angiomat; Illumina, San Diego, California) was
used to inject the contrast bolus in the common carotid artery at the
C4 vertebral body level, by using a 4F angiocatheter. A bolus of 12 mL
0f 60% diluted contrast medium (340 mg I/mL) was administered in
1.5 seconds. The injection catheter was placed at the same place in the
pre- and postintervention acquisitions. The injection was synchro-
nized with the start of the image acquisition. The scanning protocol
was the same in the 2 sets of images obtained before and after stent
placement. This retrospective study was approved by the institu-
tional review board.

Image postprocessing was performed on a personal computer
by using software programs written in Matlab (MathWorks,
Natick, Massachusetts). In our Matlab program, the TTP and ME
values of the time-concentration curve for each pixel were used to
generate color-coded DSA images (Fig 1). The first image ob-
tained in each view of the angiograms was defined as time = 0 for
the TTP calculation. The color spectrum was used to represent
TTP values, with a hot color (red) assigned to small TTP values
and a cold color (blue) assigned to large TTP values. The ME was
used to assign the brightness of these colors.

Eleven ROIs were selected for comparing hemodynamic pa-
rameters. The ROI was composed of 3 X 3 pixels with an area of
0.462 X 0.462 mm?®. On the posterior-anterior (PA) view, we
selected 5 ROIs: the internal carotid artery in 2 locations (ICA,
and ICA,) and the Al, M1, and internal jugular vein. On the



is shown in Fig 2. The concentration is
represented in arbitrary units.
According to the literature, the fitted

t, does not reliably represent the BAT."”
We calculated the BAT by using the first
time point with a concentration higher
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FIG 3. Measured (blue circle) and fitted (orange line) time-concentration curves of representative
ROIs before the stent-placement treatment: ICA, (A), M2 (B), PV (C), SSS (D). Note that the time-
concentration curve of the PV (C) lacks the middle and lower descending portion. The ME in the
time-concentration curve of the SSS (D) is at the last temporal point. AU indicates arbitrary unit.

Table 1: P values of all hemodynamic parameters before and after
stenting at each ROI?

ROI PA View Lateral View
Locations ICA, ICA, M1 Al IV ICA, ICA, M2 A2 PV SSS
ME 27 N 15 79 NA 68 99 20 * 55 NA
TTP * * * * NA * * * * * NA
rTTP - ¥ NA ke wd o xd A
BAT * * * * 32 * * * * * *
FWHM * * * 08 NA * * * * NA NA
WI 97 88 09 64 15 37 20 12 .06 20 NA
wo ¥ x x X NA * % % % NA NA
AUC * * 06 39 NA * * * 83 NA NA

Note:—NA indicates not available because of incomplete data; —, not calculated; *,
significant difference before and after stenting (P < .05); I}V, internal jugular vein.

2 Details for significant results are shown in Tables 2 and 3.

5 TTP relative to ICA, in the PA view.

S TTP relative to ICA, in the lateral view.

dTTP relative to ICA, in the lateral view.

lateral view, we selected 6 ROIs: ICA;, ICA, (at middle of cavern-
ous segment of the ICA), the A2, M2, parietal vein (PV), and the
superior sagittal sinus (SSS). The PA view of ICA, and the lateral
view of ICA, were selected at the same place in the upper neck
because they were easily and consistently identified in the respec-
tive views. The locations of these ROIs are shown in Fig 1.

The time-concentration curves of the selected ROIs were fitted
to a gamma-variate function described by

b Cylt) = K(t — 1)+ e =07,

where K is a constant, t, is the contrast arrival time of the fitted
curve, and « and 3 are related to the wash-in and washout phases
of the curve, respectively.'” The trust-region-reflective algorithm
was used in the Matlab curve-fitting subroutine.'>'* An example

measured on the ROIs before and after
the stent placement treatment, were
evaluated. The dependent ¢ test for
paired samples described by

‘= Xi}\/l ~ Mo
Xsp/ \n’
was applied to the measured hemodynamic parameters before

and after treatment, where E and X—SDwere the mean and SD of
the difference in a hemodynamic parameter measured before and
after stent placement treatment, w, = 0, and # is the number of
measurements.

RESULTS

The anterior cerebral artery may not appear on the angiogram
before stent placement because of insufficient blood flow. We
measured the Al in 18 cases and the A2 in 17 cases because their
ROIs could be identified both before and after treatment on their
color-coded images. All identified arterial ROIs, including the
ICAs, M1, M2, Al, and A2, in these cases were successfully eval-
uated with all 8 parameters.

Figure 3 shows measured and fitted time-concentration curves
of representative ROIs. Before stent placement, the MEs of the
identified SSS in 16 patients and the internal jugular vein in 28
patients were found from the last image in their time-concentra-
tion curves (eg, Fig 3D). Assuming that the TTP occurred at the
last time point was not correct. Therefore, TTP, rTTP, ME,
FWHM, WO, and AUC of the SSS and internal jugular vein were
listed as not measurable in Table 1. Furthermore, the FWHM,
WO, or AUC was not measurable or not reliable for some ROIs in
the PV and some other veins because of early termination in the
washout phase (eg, Fig 3C). Only the BAT could be evaluated in all
ROIs.

Figure 4 demonstrates the measured and fitted time-concen-
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FIG 4. A comparison of the time-concentration curves before and after the stent placement treat-
ment for the ICA, (A) and M2 (B) in the lateral view. The blue solid circles are measured data, and
orange lines are the fitted curves before the treatment. The green solid circles and red lines are
measured data and fitted curves, respectively, after treatment. AU indicates arbitrary unit.

Table 2: Results for the hemodynamic parameters with significant
changes (P < .05) after the stenting procedure in the PA view

After Treatment

Before Treatment

ROI (Mean = SD) (Mean = SD) No.

TTP (sec)

ICA, 2.89 £ 0.62 246 =0.27 34

ICA, 316 £0.70 2.60 = 0.25 34

M1 370 £0.92 295 £ 031 34

Al 342 £ 0.67 2.95*0.37 18
rTTP (sec)

ICA-ICA, 0.27 £0.22 0.14 = 0.13 34

ICA-MI1 0.81043 049 £0.18 34

ICA-Al 0.74 = 0.25 0.54 = 0.23 18
BAT (sec)

ICA, 137 £0.29 115+ 0.20 34

ICA, 1.63 = 0.37 127 £0.29 34

M1 191 = 0.48 149 = 0.31 34

Al 1.85 £ 045 151+ 0.31 18
FWHM (sec)

ICA, 2.54 * 0.81 195 * 046 34

ICA, 2.53 +0.89 1.96 = 0.50 34

M1 327 =091 2.62 £ 0.63 34
WO (AU/s)

ICA, —209 £79 —264 + 80 34

ICA, —202 =80 —247 £ 91 34

M1 —86 =44 —112* 44 34

Al —73*29 —90 =30 18
AUC (AU/sec)

ICA, 1268 * 426 942 * 324 34

ICA, 1188 * 476 866 * 269 34

Note:—No. indicates number of cases measured; AU, arbitrary unit.

tration curves for ROIs at the ICA, and M2 in the lateral view,
obtained before and after the stent-placement procedure. In this
case, the contrast media arrived at these arteries at similar times,
but they flushed out faster after the stent placement was per-
formed. As a result of the faster washout of the contrast media, the
FWHM and WO for these arteries decreased significantly after
stent placement.

Table 1 is a list of comparisons of the hemodynamic parame-
ters before and after stent placement at different ROIs. According
to Table 1, TTP and BAT showed significant differences before
and after stent placement in 9 and 10 ROIs, respectively. The TTP,
BAT, and WO showed significant changes before and after stent
placement at all arterial ROIs and FWHM for most arterial ROIs.
Among the venous ROIs measured, significant changes in TTP
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in demonstrating the hemodynamic
changes before and after stent place-

ment. The P values of many of the ve-

nous ROIs were not available because

their time-concentration curves did not
reach a maximum or lacked a sufficient
downward curve.

45 8T8 The statistical data for hemodynamic
parameters with significant changes are
shown in the PA (Table 2) and lateral
(Table 3) views. For the TTP calculation,
the first image was defined as time = 0.
The rTTP value represents the time dif-
ference from an upstream vessel to a
downstream one. After the stent-placement procedure, there was
a generalized decrease in TTP, BAT, rTTP, FWHM, WO, and
AUC compared with the measurements on the prestent angio-
grams. Figure 5 shows the means of the BAT and TTP before and
after stent treatment. From the map, we can see that the treatment
reduced both the BAT and TTP in the neck and intracranial vas-
cular segments.

DISCUSSION

Quantitative DSA facilitates real-time hemodynamic monitoring
and helps determine the optimal angioplasty in carotid stenosis to
avoid hyperperfusion* and the end point of embolization in ca-
rotid cavernous fistulas.*'® A previous study by Lin et al® in 2012
showed significant reduction in rTTP at the ICA (in both PA and
lateral views), A1, M1, and M2 after stent placement compared
with pretreatment data. Lin et al'® reported a study of cerebral
circulation time by calculating the rTTP relative to the cervical
ICA on the PA view (same location as ICA; in our report) and
relative to the cavernous segment of the ICA on the lateral view
(same location as ICA, in our report). We found that the post-
stenting mean circulation times of M1, M2, and PV (correspond-
ing to rTTP of the following segments: ICA,-M1, ICA,-M2, and
ICA,—PV) in our study (0.49, 0.50, and 4.14 seconds, respectively)
were close to those of healthy controls (0.46, 0.58, and 4.38 sec-

).19 Therefore, the cerebral circulation time re-

onds, respectively
turned to normal for M1, M2, and the PV after treatment. If the
posttreatment cerebral circulation time does not decrease to nor-
mal, we have to consider a hemodynamically significant residual
stenosis, arterial spasm, hidden tandem stenotic lesion, and mi-
croemboli. Those above-mentioned phenomena will alert medi-
cal professionals to do further clinical management.

Lin et al'®

also evaluated the maximal slope of the wash-in
phase (the same as WI in our study) in the time-concentration
curve and found significant changes in the maximal slope before
and after treatment for M2, SSS, and M1. Our study found that
the WI had no significant peritherapeutic change for all ROIs
evaluated (Table 1). Both previous studies and ours evaluated
FWHM. The study of Lin et al showed significant change at M1
and M2 only.'® Our study showed significant changes for all arte-

rial ROIs except A2. The discrepancy in maximal slope (WI in our



Table 3: Results for the hemodynamic parameters with significant
changes (P < .05) after the stenting procedure in the lateral view

After Treatment

Before Treatment

ROI (Mean =* SD) (Mean =% SD) No.
TTP (sec)
ICA 2.96 + 0.69 247 £0.25 34
ICA, 3.30 £0.81 2.66 £0.27 34
M2 3.98 =098 315+ 0.30 34
A2 370 £0.88 297 £ 041 17
PV 8.01+128 679 = 0.68 30
rTTP (sec)
ICA-ICA, 034 + 024 019 + 013 34
ICA,~M2 0.68 = 0.25 0.50 = 0.16 34
ICA,—A2 0.66 = 0.38 0.34 =017 17
ICA,—PV 4.73 £1.00 414 = 0.69 30
M2-PV 4.06 = 0.93 3.67 = 0.65 30
BAT (sec)
ICA 139 =037 119 + 0.26 34
ICA, 170 £0.37 133 £0.29 34
M2 214 = 0.54 1.65 £ 0.34 34
A2 2.17 = 0.69 174 = 0.37 17
PV 4.88 +0.94 3.87 = 0.69 30
SSS 535153 439 £1.09 34
FWHM (sec)
ICA, 2.66 £1.01 193 = 0.41 34
ICA, 2.66 £0.93 2.01 = 0.50 34
M2 3.22+0.88 2.54 £ 0.65 34
A2 290 = 0.84 227 £0.83 17
WO (AU/s)
ICA, —217 =110 —281 £ 91 34
ICA, —229 =91 —305 =107 34
M2 —90 = 49 —120 = 46 34
A2 —79 £37 —116 = 34 17
AUC (AU/sec)
ICA, 1413 £ 692 1002 = 340 34
ICA, 1561 £ 753 1160 = 385 34
M2 879 £ 377 750 *+ 299 34
ME (AU)
A2 203 =74 23472 17

Note:—No. indicates number of cases measured; AU, arbitrary unit.
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FIG 5. Comparison of the mean BAT (blue, a—e) and mean TTP (red,
f—i) before (upper line) and after (lower line) treatment for different
vascular ROIs in the lateral view: ICA, (a and f), ICA, (b and g), M2 (c and
h), PV (d and i), and SSS (e). The TTP and rTTP are reduced after
treatment in the extracranial (a and f) and intracranial segments, being
more obvious in segments between the ICA, and the PV (a—d and f—i)
and less obvious from PV to SSS (d and e).

study) and FWHM is most likely caused by the difference in cal-
culation algorithm. Curve fitting in our study made the time-
concentration curve smooth; thus, the measured slope may be less
than the maxillary slope obtained without curve fitting in the
previous study.'”

We evaluated the BAT in intracranial vascular points. The
BAT was first used to make a color-coded image from angiograms
obtained by 1 contrast media injection.® The BAT has not been

further evaluated for hemodynamic information of DSA, to our
knowledge. Measurements of TTP, rTTP, ME, FWHM, WO, and
AUC in venous structures were limited by the absence of late
washout phase images. The calculation of BAT does not need the
presence of a peak in the time-concentration curve and is not
limited by late contrast media washout or early halting of the
imaging process. Therefore, the BAT can be used in the evaluation
of hemodynamic changes of veins with late washout, such as in
conditions of dural sinus stenosis and dural sinus thrombosis.

During the DSA imaging, the contrast medium was injected at
the common carotid artery proximal to the stenosis. The amount
of contrast media injected for angiography before and after stent
placement was the same, and it took longer for the contrast media
to travel through the stenotic segment before stent placement. As
a result, the TTP, which represents the contrast transit time, is
significantly longer at the cervical ICA, M1, M2, Al, A2, and
PV before stent placement (Tables 2 and 3). After the stenosis
was relieved by stent placement, the transit time of contrast
media through the previously stenotic segment recovered, and
the washout process was quicker, reflected by a shorter TTP
(Tables 2 and 3).

The carotid stenosis before stent placement not only caused a
longer transit time in the stenotic segment that caused TTP pro-
longation at the ICA, but also caused prolongation of the transit
time in the distal segments of this artery, as shown by the signifi-
cantly longer rTTP (Tables 2 and 3 and Fig 5). Prolongation of the
transit time in the distal segments of this artery indicates that the
blood flow rate was slower distal to the stenosis before stent place-
ment. This finding is compatible with previous transcranial
Doppler sonography demonstrations of reduced peak systolic ve-
locity in the middle cerebral artery on the side of significant inter-
nal carotid artery stenosis.'”

In this experiment, the sampling rate for acquiring DSA im-
ages was 6 frames/s. As a result, the temporal resolution of time-
concentration curves was At = 0.17 seconds. The theoretic SD'®
of this digitized data in measuring BAT is At/\/E = 0.05 sec-
onds, which is relatively small compared with the SD of the BAT
in Tables 2 and 3. The effect of the sampling rate on TTP is more
complicated because we applied curve fitting to the measured
data. Computer simulation is needed to study this effect.'”

CONCLUSIONS

We compared the changes in 8 hemodynamic parameters before
and after stent placement treatment of carotid stenosis. We found
that the stent-placement procedure significantly reduced TTP,
BAT, and WO at all arterial ROIs and FWHM and AUC at some
arterial ROIs. The evaluation of venous structures by using TTP,
r'TTP, FWHM, WI, WO, ME, and AUC was limited if either the
ME fell at the last image or a washout phase in the time-concen-
tration curve was deficient. More images must be obtained for the
late washout veins to evaluate venous ROIs with these 7
parameters.

The BAT showed significant changes not only at all arterial
ROIsbutalso at the PV and SSS. Thus, the BAT can be used for the
evaluation of cerebral circulation of venous structures when the
TTP cannot be measured because of an incomplete time-concen-

AINR Am J Neuroradiol 37:1883-88 Oct 2016 www.ajnr.org 1887



tration curve. This study also found that carotid stenosis resulted

in longer transit times not only in the stenotic segment but also in

the distal intracranial segments.

REFERENCES

1.

1888

Tenjin H, Asakura F, Nakahara Y, et al. Evaluation of intraaneurys-
mal blood velocity by time-density curve analysis and digital sub-
traction angiography. AJNR Am ] Neuroradiol 1998;19:1303-07
Medline

. HungSC, Liang ML, Lin CF, et al. New grading of moyamoya disease

using color-coded parametric quantitative digital subtraction an-
giography. ] Chin Med Assoc 2014;77:437—42 CrossRef Medline

. Golitz P, Struffert T, Liicking H, et al. Parametric color coding of

digital subtraction angiography in the evaluation of carotid cavern-
ous fistulas. Clin Neuroradiol 2013;23:113-20 CrossRef Medline

. Lin CJ, Chang FC, Tsai FY, et al. Stenotic transverse sinus predis-

poses to poststenting hyperperfusion syndrome as evidenced by
quantitative analysis of peritherapeutic cerebral circulation time.
AJNR Am ] Neuroradiol 2014;35:1132-36 CrossRef Medline

. Levitt MR, Morton RP, Haynor DR, et al. Angiographic perfusion

imaging: real-time assessment of endovascular treatment for cere-
bral vasospasm. ] Neuroimaging 2014;24:387-92 CrossRef Medline

. Cover KS, Lagerwaard FJ, van den Berg R, et al. Color intensity pro-

jection of digitally subtracted angiography for the visualization of
brain arteriovenous malformations. Neurosurgery 2007;60:511-14;
discussion 51415 Medline

. Strother CM, Bender F, Deuerling-Zheng Y, et al. Parametric color

coding of digital subtraction angiography. AJNR Am ] Neuroradiol
2010;31:919-24 CrossRef Medline

. Lin CJ, Hung SC, Guo WY, et al. Monitoring peri-therapeutic cere-

bral circulation time: a feasibility study using color-coded quanti-
tative DSA in patients with steno-occlusive arterial disease. AJNR
Am J Neuroradiol 2012;33:1685-90 CrossRef Medline

Teng Oct 2016 www.ajnr.org

10.

11.

12.

15.

16.

18.

. Lin CJ, Luo CB, Hung SC, et al. Application of color-coded digital

subtraction angiography in treatment of indirect carotid-cavern-
ous fistulas: initial experience. ] Chin Med Assoc 2013;76:218-24
CrossRef Medline

Lin CJ, Chang FC, Guo WY, et al. Changes of time-attenuation curve
blood flow parameters in patients with and without carotid steno-
sis. AJNR Am ] Neuroradiol 2015;36:1176—81 CrossRef Medline
Zhang Q, Xu R, Sun Q, et al. Exploring the value of using color-
coded quantitative DSA evaluation on bilateral common carotid
arteries in predicting the reliability of intra-ascending aorta flat
detector CT-CBV maps. AJNR Am ] Neuroradiol 2015;36:960—66
CrossRef Medline

Thompson HK Jr, Starmer CF, Whalen RE, et al. Indicator transit
time considered as a gamma variate. Cir Res 1964;14:502-15
CrossRef Medline

. Coleman TF, Li Y. On the convergence of interior-reflective Newton

methods for nonlinear minimization subject to bounds. Math Prog
1994;67:189-224 CrossRef

. Coleman TF, Li Y. An interior trust region approach for nonlinear

minimization subject to bounds. SIAM ] Optim 1996;6:418—45
CrossRef

Bahn MM. A single-step method for estimation of local cerebral
blood volume from susceptibility contrast MRI images. Magn Reson
Med 1995;33:309—-17 CrossRef Medline

Kenney JF, Keeping ES. Mathematics of Statistics: Part 1. 3rd ed.
Princeton: Van Nostrand; 1962

. Can U, Furie KL, Suwanwela N, et al. Transcranial Doppler ultra-

sound criteria for hemodynamically significant internal carotid ar-
tery stenosis based on residual lumen diameter calculated from en
bloc endarterectomy specimens. Stroke 1997;28:1966—71 CrossRef
Medline

Gray RM, Neuhoff DL. Quantization. IEEE Trans Inf Theory 1998;44:
2325-83 CrossRef


http://www.ncbi.nlm.nih.gov/pubmed/9726473
http://dx.doi.org/10.1016/j.jcma.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/25028291
http://dx.doi.org/10.1007/s00062-012-0184-8
http://www.ncbi.nlm.nih.gov/pubmed/23241650
http://dx.doi.org/10.3174/ajnr.A3838
http://www.ncbi.nlm.nih.gov/pubmed/24436346
http://dx.doi.org/10.1111/jon.12046
http://www.ncbi.nlm.nih.gov/pubmed/24015728
http://www.ncbi.nlm.nih.gov/pubmed/17327796
http://dx.doi.org/10.3174/ajnr.A2020
http://www.ncbi.nlm.nih.gov/pubmed/20167651
http://dx.doi.org/10.3174/ajnr.A3049
http://www.ncbi.nlm.nih.gov/pubmed/22499839
http://dx.doi.org/10.1016/j.jcma.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23557889
http://dx.doi.org/10.3174/ajnr.A4239
http://www.ncbi.nlm.nih.gov/pubmed/25721077
http://dx.doi.org/10.3174/ajnr.A4238
http://www.ncbi.nlm.nih.gov/pubmed/25678483
http://dx.doi.org/10.1161/01.RES.14.6.502
http://www.ncbi.nlm.nih.gov/pubmed/14169969
http://dx.doi.org/10.1007/BF01582221
http://dx.doi.org/10.1137/0806023
http://dx.doi.org/10.1002/mrm.1910330305
http://www.ncbi.nlm.nih.gov/pubmed/7760699
http://dx.doi.org/10.1161/01.STR.28.10.1966
http://www.ncbi.nlm.nih.gov/pubmed/9341705
http://dx.doi.org/10.1109/18.720541

ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Intervention versus Aggressive Medical Therapy for Cognition
in Severe Asymptomatic Carotid Stenosis

I.-H. Lee
O=

C.-J. Lin, “’F.-C. Chang, ““K.-H. Chou, ““P.-C. Tu, ““Y.-H. Lee, ““’/C.-P. Lin, “*P.-N. Wang, and

ABSTRACT

BACKGROUND AND PURPOSE: Asymptomatic carotid stenosis of =70% increases the incidence of microembolism and/or chronic
hypoperfusion, which may consequently impair neurocognition and brain connections. We sought controlled evidence for any cognitive
benefit of aggressive medical therapy and combined carotid revascularization.

MATERIALS AND METHODS: Patients with asymptomatic, unilateral, =70% stenosis of the extracranial ICA chose either aggressive
medical therapy alone or in combination with carotid artery stent placement in this nonrandomized controlled study. They were examined
with a battery of neuropsychological tests, structural MR imaging, DTI, and resting-state fMRI before and 3 months after treatment.

RESULTS: Forty patients were included with 15 in the medical group and 25 in the stent-placement group. Among them, 13 and 21in the
respective groups completed neuroimaging follow-up. The baseline characteristics and the changes in cognitive performance during 3
months showed no differences between treatment groups. Nevertheless, compared with the medical group, the stent-placement group
showed subjective dizziness alleviation (P = .045) and a small increase in fractional anisotropy at the splenium of the corpus callosum and
the posterior periventricular white matter ipsilateral to carotid artery stent placement. Moreover, only the stent-placement group showed
interval improvement in immediate memory and visuospatial performance, which was accompanied by an increase of functional connec-
tivity at the insular cortex of the dorsal attention network and the medial prefrontal cortex of the default mode network.

CONCLUSIONS: Both aggressive medical therapy alone and combined carotid revascularization in Z70% asymptomatic carotid stenosis
similarly preserved cognition during 3-month follow-up, though the latter had the potential for dizziness alleviation and cognitive and
connectivity enhancement.

ABBREVIATIONS: CAS = carotid artery stent placement; FA = fractional anisotropy; Fc = functional connectivity; MCl = mild cognitive impairment; VCIND =

vascular cognitive impairment no dementia

Interventional revascularization for =60% asymptomatic ICA
stenosis has long been debated, given the decreasing annual risk
of ipsilateral ischemic stroke in these patients from 2.3% to 0.5%
with the development of contemporary optimal medical treat-
ment.'* However, some of these patients carry a higher risk of
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stroke than others despite optimal medical treatment. Patients
with detectable embolic signals by transcranial Doppler have a
high annual risk (7%) of stroke.” Stenotic degree of =90%, poor
collaterals, and echolucent plaque texture could also stratify pa-
tients into groups with varying high stroke risk to >4% annu-
ally.®” Thus, interventional revascularization should be considered
in such patients. Recently, long-term randomized trials, the Asymp-
tomatic Carotid Trial® and the Carotid Revascularization Endarter-
ectomy versus Stenting Trial (CREST)” demonstrated that there was
no difference in the rate of late ipsilateral stroke after carotid endar-
terectomy or carotid artery stent placement (CAS) in asymptomatic
and symptomatic patients. Of asymptomatic patients, the 5-year cu-
mulative rate of stroke-free survival was 93.1% in the CAS group and
94.7% in the carotid endarterectomy group.”

Hence, asymptomatic carotid stenosis has been viewed from a
changing perspective from stroke risk to cognitive susceptibil-
ity.'>'! We previously demonstrated that patients with unilateral
asymptomatic carotid stenosis of =70% had more dizziness/
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unsteadiness and poorer verbal memory, executive function, and
visuospatial perception than the healthy controls, accompanied by
extensive widespread disruption of long-range structural and
functional connectivity.'*'* The mechanisms are likely attributed
to microemboli from unstable carotid plaques® and/or chronic
hypoperfusion.'*'® Single-arm studies of carotid revasculariza-
tion accomplished by either carotid endarterectomy or CAS re-
ported the controversial results of cognitive enhancement in pa-
tients with asymptomatic carotid stenosis.'>2° However, there is a
lack of medical-controlled evidence reflecting contemporary medical
improvement and risk-benefit balance of interventions for cognitive
preservation. Here, we investigate the impact of aggressive medical
treatment with or without combined carotid revascularization on
neurocognitive and connectivity outcomes at 3 months after treat-
ment in patients with =70% asymptomatic carotid stenosis.

MATERIALS AND METHODS

Subjects, Treatment, and Neuropsychological Tests

We enrolled patients with asymptomatic, unilateral severe steno-
sis of the extracranial ICA at our dizziness outpatient clinic of
Taipei Veterans General Hospital between March 2010 and July
2015. The inclusion criteria were between 20 and 80 years of age
and ICA stenotic degree of =70% identified by both duplex ul-
trasonography”' and gadolinium-enhanced MR angiography
(North American Symptomatic Carotid Endarterectomy trial cri-
teria).>* The exclusion criteria included transient ischemic attack or
stroke, functional disability (modified Rankin Scale score of =3),
carotid dissection, and the presence of contralateral ICA stenosis of
=50% and comorbidities of dementia, major depression (based on
the Diagnostic and Statistical Manual of Mental Disorders-1V), Par-
kinsonism, multiple sclerosis, brain tumor, congestive heart failure
(left ventricular ejection fraction <40%), chronic obstructive pul-
monary disease, cirrhosis, renal failure (estimated glomerular filtra-
tion rate <30 mL/min/1.73 m?), and malignancy. The medications
of all subjects were recorded. Written informed consent was obtained
from each participant before enrollment. This study was approved by
the ethics committee of the Taipei Veterans General Hospital
(VGHIRB No. 2012—01-016AC).

All patients received aggressive medical treatment (dual anti-
platelets if tolerated or at least 1 antiplatelet, statin therapy goal of
low-density lipoprotein of <100 mg/dL, diabetes treatment goal
of glycated hemoglobin level of <7%, hypertension treatment
goal of systolic blood pressure of <140 mm Hg, smoking cessa-
tion) with or without carotid revascularization treatment in a
nonrandomized fashion tailored for the individual procedure and
preference. For CAS, conventional angiography of the supra-aor-
tic arteries and branches was performed by using a transfemoral
arterial approach. An embolic protection device (FilterWire EX or
EZ; Boston Scientific, Natick, Massachusetts) was carefully navi-
gated through the stenotic lesion and placed in the distal cervical
ICA. Then a self-expandable stent (Wallstent, Boston Scientific;
or Precise; Cordis, Fremont, California) was introduced and ad-
justed to the dimension of the stenotic artery, followed by postdi-
lation with a balloon of 5-6 mm in diameter. Angiography was
repeated for the ICA and its intracranial branches to ensure the
residual stenosis of the target site was <<50% and absence of en-
dovascular complications.
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All subjects were evaluated with a battery of neuropsycholog-
ical tests before and 3 months after treatment by a blinded trained
examiner, including the Dizziness Handicap Inventory,” the
Mini-Mental State Examination, memory tests (verbal selective
reminding test; an auditory verbal learning test, including total
immediate recall and 15-minute delayed recall of 12 items),** ex-
ecutive tests (the Modified Trail-Making Test A and B*%; the
Stroop Color and Word Test*®), an attention test (the Symbol
Digit modalities Test),”” and complex visuospatial perception
tests (the Modified Complex Figure Test with Copy and Recall).

MR Imaging Acquisition

Before and 3 months after the treatment, patients were subjected to
MR imaging and instructed to hold still, keep their eyes open, and
think of nothing in a 3.0 Discovery 750 (GE Healthcare, Milwaukee,
Wisconsin) MR imaging scanner. All images were acquired along
the anteroposterior commissural plane, according to multi-
planar T1-weighted BRAVO anatomica images (http://www3.
gehealthcare.com/en/Products/Categories/Magnetic_Resonance_
Imaging/Neuro_Imaging/BRAVO) (TR = 12.2 ms; TE = 5.2 ms;
flip angle = 12° voxel size = 1 X 1 X 1 mm; FOV = 256 X 256
mm). A series of fluid-attenuated inversion recovery sequences
was acquired to rate leukoaraiosis severity. The stent-placement
group received additional diffusion-weighted imaging and appar-
ent diffusion coefficient imaging within 3 days after the procedure
to exclude any periprocedural insult. For DT, a single-shot dif-
fusion spin-echo echo-planar imaging sequence (TR/TE = 9500/
85.6 ms; thickness = 2 mm; matrix = 128 X 128; FOV = 256 X
256 mm; 30 directions) was adopted. For resting-state fMRI, the
blood oxygen level-dependent signals from a task-free run (124
time points/372 seconds) of a gradient-echo echo-planar imaging
sequence (TR/TE = 3000/30 ms; flip angle = 90°% FOV = 222 X
222 mm; thickness = 3 mm) were recorded.

MR Imaging Processing and Analysis

Ablinded neurologist and a neuroradiologist reviewed all images.
The severity of leukoaraiosis was assessed by the semiquantitative
Scheltens rating scale.?® The hemisphere ipsilateral to the ICA ste-
nosis was flipped to the right side along the midsagittal plane. We
analyzed T1-weighted anatomic images and manually outlined
the bilateral hippocampi to calculate the hippocampal volumes of

each patient**°

and brain volume by using the voxel-based mor-
phometry approach.” Statistical Parametric Mapping software
(SPM3; http://www.fil.ion.ucl.ac.uk/spm/software/spm12) was
used to segment the gray and white matter intensities and normal-
ize them to Montreal Neurological Institute space. The gray and
white matter volumes were compared within each group by
paired ¢ tests with a threshold of P < .05. For DTI, voxelwise
fractional anisotropy (FA) was analyzed after applying prepro-
cessing with Tract-Based Spatial Statistics from the FMRIB Soft-
ware Library (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS), as
previously described.'> We performed a paired  test for within-
group interval changes of the FA maps and then a 2-sample # test
for between-group comparison of the interval changes with a sig-
nificance set at P < .05 with family-wise error rate correction for
multiple comparisons (random permutations, n = 5000).

The mean FA values of the whole brain or each hemisphere, as



Table 1: Baseline characteristics

Statistical Analyses of

Med Med+CAS PValue = Demographic/Neuropsychological

Age (yr) 68888 74+78 348 Variables and Multivariate

Male sex (%) 1(73) 21(84) 687 Regression Models

Education (yr) 12(7.5-12) 10(7-12) 602 SPSS software (Version 18.0; IBM, Ar-

Stenotic degree (%) 813 =120 81.0 9.8 928 monk, New York) was used for the sta-

Total occlusion (No.) (%) 3(20) 0(0) .543 istical anal C . 2bles b

Hypertension (NoJ (%) 12(80) 20(80) 6 tistical analyses. Categoric variables be-
Mean BP (mm Hg) 951+9.5 953 %102 887 tween groups were compared by using

Diabetes mellitus (No.) (%) 7(47) 9(36) 268 X° or Fisher exact tests if the expected
HbAIC (%) ‘ 6.6*12 64x04 254 number was =<5. The baseline dizziness,

Hypercholesterolemia (No) (%) 9(60) 17(68) 444 neuropsychological tests, leukoaraiosis
LDL (mg/dL) 85.3 £ 20.1 891+147 .851 hi 1 vol d th

smoking (No.) (%) 5(33) 9 (36) 54 scores, hippocampal volumes, and the

Atrial fibrillation (No.) (%) 1(6.6) 0(0) 8 mean FA values were compared by

Double antiplatelets (No.) (%) 8(53) 18 (72) 345 2-sample t tests between groups. The

Statins (No.) (%? 8(53) 15(60) 488 within-group interval changes of pa-

Dl.zz'lness Handicap Inve'ntor'y 147 =195 183 £13.8 .541 rameters were compared by paired

Mini-Mental State Examination 28412 282*18 641 .

Verbal memory tests tests. The between-group interval
Total immediate recall 383105 46179 .086 changes of each value were then com-
Delayed recall 73+23 81+123 571 pared by using 2-sample ¢ tests.

Attention tests - Significance was defined as P < .05.
Symbol Dlglt.MOdalltleS Test 455+16.3 419 = 20.1 .559 The significance of 9 neuropsychologi-

Executive function tests 1 dby the B
Modified Trail-Making Test A 16.4 + 8.6 224 +15] 214 cal measures was corrected by the bon-
Modified Trail-Making Test B 436+ 289 531+ 311 455 ferroni method (P < .0056). The
Stroop Color and Word Test 33.£134 329 +146 819 changes of the dizziness scale and neuro-

Complex visu.ospatial perception psychological scores were classified as
Complex F!gure Test (Copy) 164 £12 155+18 109 improvement from the baseline (>0),
Complex Figure Test (Recall) 104 £ 45 9.7+ 42 .631 h —0 dedli <0 d

MCI/VCIND (No.) (%) 6 (40%) 7(28%) 318 no change (= 0), or decline ( ) ), an

Scheltens leukoaraiosis score 52+27 54 *31 889 the percentages of each condition were

Hippocampal volume (mL) 33203 3202 533 compared between groups by using x*

Ipsilateral hemispheric FA 0.50 = 0.01 0.49 = 0.01 AT71 or Fisher exact tests. To investigate the

Contralateral hemispheric FA 0.51 £ 0.01 0.50 = 0.01 375

relationship between the connectivity

Note:—Med indicates medical therapy alone; Med+CAS, medical therapy combined with carotid artery stent place-

ment; BP, blood pressure; LDL, low-density lipoprotein; HbAlc, hemoglobin Alc test.

well as of the focal clusters with significant interval changes, were
extracted in each patient for statistical analysis. For resting-state-
fMRI, preprocessing and analytic procedures were performed as
previously described.'” ROTs with 4-mm radii were defined in the
hemisphere ipsilateral to ICA stenosis (flipped to the right), rep-
resenting the seed regions for 6 resting-state networks, including
the posterior cingulate cortex (0, —50, 22) and the medial pre-
frontal cortex (1, 48, —4) for the default mode network, right
frontal eye field (26, 6, 48) for the dorsal attention network, the
middle frontal gyrus (45, 29, 32) for the frontoparietal network, the
primary motor cortex (41, —20, 62) for the sensorimotor network,
the dorsal anterior cingulate cortex (1, 10, 46) for the salience net-
work, and, last, the primary visual cortex (4, 81, —10) for the visual
network as a control supplied by the vertebrobasilar circulation.'

The temporal correlations between the blood oxygen level-
dependent signals from each ROI and brain-wise voxels were calcu-
lated and presented as Pearson correlation coefficients (r), followed
by a Fisher r-z transformation. Z values from a single ROI in each
network were defined as functional connectivity (Fc) and were com-
puted with 1-sample # tests by using SPM8 to generate the Fc map in
both groups. For within-group analysis, the Fc interval changes in
each group were obtained by a paired ¢ test, followed by false discov-
ery rate correction with a significance defined as g < .05.

measures (ie, FA or Fc) and the neuro-
psychological changes after treatments,
we used a multivariate regression model
adjusted for age, sex, years of education, treatment group, the
stenotic degree, the baseline presence of mild cognitive impair-
ment (MCI), and vascular risk factors. We defined MCI or vascu-
lar cognitive impairment no dementia (MCI/VCIND) with a delayed
verbal recall score of <8 (ie, 1.5 SDs below the mean of the healthy
controls according to the previous literature).' >

RESULTS

Ischemic Events and the Neurocognitive Changes after
Treatment

Forty-seven subjects were consecutively enrolled, with 5 being
excluded due to the presence of =50% stenosis in the bilateral
ICA and 2 beinglost to follow-up. Therefore, 40 subjects, 15 in the
medical group and 25 in the stent-placement group, completed
the neuropsychological follow-up; 34 of them also completed the
neuroimaging follow-up (13 and 21 in respective groups). The
baseline characteristics, scores on the Dizziness Handicap Inven-
tory and neuropsychological tests, percentage of MCI/VCIND,
Scheltens leukoaraiosis score, hippocampal volumes, and hemi-
spheric mean FA values between groups were not different (Table
1). Six of 15 patients in the medical group (40%) and 7 of 25 in the
stent-placement group (28%) were considered to have MCI/
VCIND (P = .318). The stent-placement group had 100% suc-
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FIG 1. A, Procedure-related microemboli based on the diffusion-weighted images are overlaid on a standard Montreal Neurological Institute
template from 12 of 25 patients in the stent-placement group, indicated by different colors. B, The increases (red-yellow) of fractional anisotropy
(the white matter skeleton is shown in green) at 3 months after aggressive medical therapy alone (Med, upper row) or combined carotid artery
stent placement (Med+CAS, middle row) and the between-group comparisons (lower row). The carotid stenotic side was set to the right in all
subjects. The third column from the left represents the high-power views of the insets. Note significant FA increases at the posterior corpus
callosum (arrowheads) and the posterior periventricular white matter ipsilateral to the CAS in the stent-placement group.

cessful carotid revascularization with residual stenosis of <50%
and no periprocedural events, though 12 patients (48%) had
asymptomatic tiny cerebral emboli after the procedure according
to MR imaging (Fig 1A).

At 3 months after treatment, there were no vascular events
among all subjects. There was no between-group difference in the
changes of neurocognitive function, except that the stent-place-

1892 Lin  Oct 2016 www.ajnr.org

ment group showed subjectively better dizziness alleviation (P =
.045) compared with the medical group. However, the stent-
placement group, but not the medical group, had notable within-
group improvement in the total immediate recall of verbal mem-
ory (P =.001, uncorrected; with P <.0056 as significant) and the
visuospatial performance (Complex Figure Test [Copy], P =
.001, uncorrected) (Table 2). In the total immediate recall test, 21



Table 2: Interval changes within and between groups

of MCI/VCIND (Fig 3C) nor the base-

AcChanges Med Med+CAS PValue line stenotic degree predicted the

Dizziness Handicap Inventory —-27+438 —-67 71 .045% changes of either total immediate recall
Neuropsychological tests scores or complex figure recall scores

Mini-Mental State Examination —02%17 01*10 .525 (Fig 3D).

Total immediate recall 22+56 42 *+56° 296

Delayed recall —-03*12 0.6 17 .050

Symbol Digit Modalities Test 17*+52 23*44 710 DI$CUSSION .

Modified Trail-Making Test A —01=81 —26+45 309 This was a nonrandomized controlled

Modified Trail-Making Test B 17 =319 —4.9 =131 405 study of revascularization plus aggres-

Stroop Color and Word Test 17 £58 29+64 .545 sive medical therapy for severe asymp-

Complex F?gure Test (Copy) 02+14 11214 064 tomatic carotid stenosis with respect to

Complex Figure Test (Recall) 01*31 17 £37 157 h ibility of -, d :
Scheltens leukoaraiosis score 0103 02=*05 561 t. ? possibility of cognitive and connec
Ipsilateral hemispheric FA 0.002 = 0.04 0.009 = 0.004 447 tivity enhancement. We found that
Contralateral hemispheric FA 0.002 * 0.05 0.004 == 0.005 681 combined revascularization and aggres-

Note:—Med indicates medical therapy alone.

2 For dizziness and imaging measures, P < .05 was defined as significant. For the 9 neuropsychological tests, P < .0056

was defined as significant with the Bonferroni correction.

of 25 in the stent-placement group (84%) and 9 of 15 in the med-
ical group (60%) showed improvement after treatment (P =
.057), while 3 in the stent-placement group (12%) and 3 in the
medical group (20%) performed worse (P = .199).

Changes of Structural and Functional Connectivity by
Treatment

Most interesting, both groups showed localized FA increases at
the posterior corpus callosum after treatment. The between-
group comparison of the FA changes showed that the stent-place-
ment group had small-but-significant FA increments at the pos-
terior corpus callosum and the posterior periventricular white
matter ipsilateral to the stenosis/CAS compared with the medical
group (Fig 1B). Neither the leukoaraiosis score nor the hemi-
spheric mean FA showed notable changes in both groups (Table
2). On the examined functional networks, we noted within-
group, but no between-group, enhancement of Fc strength in the
stent-placement group, but not in the medical group, between the
posterior cingulate cortex and the medial prefrontal cortex con-
tralateral to the stenosis/CAS in the default mode network as well
as between the frontal eye field and the insular cortex contralateral
to the stenosis/CAS in the dorsal attention network (Fig 2A, -B).

Correlation between Neurocognitive Changes and
Connectivity Measures

Using a multivariate regression model, we found that the baseline
whole-brain mean FA (P = .002) and the treatment technique
(stent-placement better, P = .034) correlated with the decreases
in dizziness (Dizziness Handicap Inventory) (R*> = 0.411) after
adjusting for age, sex, years of education, stenotic degree, pres-
ence of MCI, and vascular risk factors. Figure 3A shows a reverse
linear relationship between the whole-brain mean FA and de-
creases in the Dizziness Handicap Inventory in both groups, sug-
gesting the lower mean connectivity of the patients at baseline and
more dizziness alleviation felt after treatment. With regard to the
variables affecting the total immediate recall scores, age (P = .021)
and interval changes of focal FA at the posterior corpus callosum
(P = .040) correlated with the changes of the total immediate
recall performance (R*> = 0.331) in the stent-placement group,
but not in the medical group (Fig 3B). Neither the baseline status

sive medical treatment significantly alle-
viated subjective dizziness but did not
enhance cognitive performance after 3
months compared with the aggressive
medical treatments alone. The above findings were accompanied
by greater increases of microstructural connectivity at the sp-
lenium of the corpus callosum and the posterior periventricular
white matter ipsilateral to the stenosis/CAS. The baseline whole-
brain mean FA was inversely correlated with the dizziness allevi-
ation. Moreover, only the stent-placement group showed interval
improvement in the short-term verbal memory and visuospatial
performance after 3 months. Most interesting, the higher the FA
increase at the posterior corpus callosum after CAS, the greater
was the improvement in short-term verbal memory, suggesting
that augmented microstructural connectivity of the posterior
white matter might mediate revascularization-related cognitive
changes. The stent-placement group also had focal increases of Fc
at the medial prefrontal cortex in the default mode network and at
the insula in the dorsal attention network contralateral to the
stenosis/CAS, which we previously disclosed as susceptible re-
gions in unilateral severe asymptomatic carotid stenosis pa-
tients."” These Fc changes were not significantly different between
groups but might implicate partial reversibility by a combined
revascularization therapy. Thus, it is important to identify those
asymptomatic patients at risk and offer timely treatment.

A previous uncontrolled case series of uncomplicated carotid
endarterectomy in symptomatic (n = 50) and asymptomatic (n =
30) patients with >70% carotid stenosis showed an increase of the
hemispheric mean FA ipsilateral to the surgery site after 1 month
in association with posttreatment cognitive improvement.> In
contrast, others reported postoperative memory decline in a por-
tion of patients with symptomatic or asymptomatic carotid ste-
nosis 1 month after undergoing carotid endarterectomy or CAS.
The multivariate regression analysis showed that memory decline
was associated with periprocedural microemboli (11/21 = 52%)
and baseline neurologic deficits.>* In our study, a similar propor-
tion (48%) in the stent-placement group was found to have pro-
cedure-related silent microemboli. Nevertheless, we found a
modest memory enhancement instead of decline in the stent-
placement group and no correlation between the microemboli
and cognitive changes at 3 months. The focal FA at the watershed
posterior corpus callosum and the posterior periventricular re-
gion, rather than the hemispheric mean FA, increased, particu-
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FIG 2. A and B, The functional connectivity correlation maps of both groups (Med indicates medical group; Med+CAS, stent placement group)
before (pre) and 3 months after treatment (post). The carotid stenotic side was set to the right. Hollow circles indicate the predefined ROIs for
individual networks at the right brain. Color bars represent T values. Q indicates the false discovery rate—corrected P value. The stent-placement
group, not the medical group, showed within-group enhancement of Fc at the medial prefrontal cortex (MPF, T = 5.27, cluster size = 47,Q =
.027) of the default mode network (DMN) and at the insular cortex (INS; T = 5.35, cluster size = 56, Q = .040) of the dorsal attention network
(DAN) (arrowheads). C, The bar chart of the aforementioned cluster sizes with increased Fc is shown. FPN indicates frontoparietal network.

larly in the stent-placement group. The posterior corpus callosum
(ie, the splenium) is supplied by both the anterior cerebral artery
and the posterior cerebral artery,”” perfusion of which can be
augmented by revascularization therapy. The nearby retrosplenial
cortex is structurally connected with the medial prefrontal cortex
and medial temporal regions and involved in memory process-
ing’® with the precuneus, posterior cingulate cortex, and hip-
pocampus.”” Lesions in the splenium or the retrosplenial cortex
have been reported to result in verbal and visual memory defi-
cits.”®*? The cellular components of the observed FA or Fc in-
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creases are still unknown. They can be attributed to increased
vasodilation and blood flow, improved neurovascular reactiv-
ity,** neural plasticity,*' and/or remyelination®” as suggested by
MR spectroscopic studies.

This study has limitations. The nonrandomized controlled de-
sign was due to the interventional limitations (eg, medical therapy
alone suited patients with total ICA occlusion or those older than
70 years of age with tortuous vessels) and personal hesitation for
intervention. Therefore, currently ongoing large-scale random-
ized controlled trials such as CREST-2 are warranted to determine



FIG 3. Scatterplots of the correlation analyses in the medical (Med) and the stent placement group (Med+CAS). A, The baseline whole-brain
mean fractional anisotropy negatively correlates with dizziness alleviation (decreases in Dizziness Handicap Inventory [DHI]) in both groups. B,
The focal FA increases in the posterior corpus callosum positively correlate with the improvement of immediate verbal memory only in the
stent-placement group. C, The relationship is shown between the baseline presence of mild cognitive impairment/vascular cognitive impair-
ment no dementia and the improvement of immediate verbal memory in the 2 groups. D, The baseline stenotic degree is not related to the

changes of Complex Figure Test (Recall) scores.

long-term differences in efficacy between optimal medical ther-
apy alone and combined revascularization therapy for stroke pre-
vention (primary outcome) and cognitive preservation (second-
ary outcome) in patients with asymptomatic severe carotid
stenosis. However, this small single-center trial provides new ev-
idence of the benefit-risk balance for revascularization therapy
and proposes a possible connectivity target for treating cognitive
dysfunction in these patients. Furthermore, we did not assess the
plaque-related microemboli and cerebrovascular reperfusion.
Successful restoration of cerebral hypoperfusion was shown to

correspond to the cognitive improvement after CAS.'” Additional
transcranial emboli detection and perfusion imaging may help to
elucidate the therapeutic mechanisms underlying cognitive and/or
connectivity changes. Last, we cannot exclude the short-term placebo
effects of subjective dizziness alleviation in the stent-placement
group or a superimposed vestibular component in these patients.

CONCLUSIONS
Patients with severe asymptomatic carotid stenosis showed sub-
jective dizziness alleviation in association with greater increases in
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microstructural connectivity at the posterior corpus callosum and
periventricular white matter by aggressive medical therapy plus
successful revascularization compared with aggressive medical
therapy alone. However, the cognitive benefit was insignificant
between groups at 3 months after treatment in our study. Unlike
neurodegenerative causes of cognitive impairment, vascular dam-
age is preventable and treatable. Our results suggest the feasibility
of combined medical and revascularization treatment in severe
asymptomatic carotid stenosis for limiting cognitive decline, pos-
sibly through ancillary connectivity enhancement. Large long-
term controlled studies are warranted to provide a risk-benefit
assessment for prophylactic carotid revascularization.
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Clinical Significance of the Champagne Bottle Neck Sign
in the Extracranial Carotid Arteries of Patients with
Moyamoya Disease

C. Yasuda, ““'S. Arakawa, ““'T. Shimogawa, Y. Kanazawa, “'T. Sayama, ““’S. Haga, and ““'T. Morioka

ABSTRACT

BACKGROUND AND PURPOSE: The champagne bottle neck sign represents a rapid reduction in the extracranial ICA diameters and is a
characteristic feature of Moyamoya disease. However, the clinical significance of the champagne bottle neck sign is unclear. We investi-
gated the relationship between the champagne bottle neck sign and the clinical and hemodynamic stages of Moyamoya disease.

MATERIALS AND METHODS: We analyzed 14 patients with Moyamoya disease before revascularization (5 men, 9 women; age, 43.2 = 19.3
years). The ratio of the extracranial ICA and common carotid artery diameters was determined using carotid ultrasonography or cerebral
angiography; a ratio of < 0.5 was considered champagne bottle neck sign—positive. The clinical disease stage was determined using the
Suzuki angiographic grading system. CBF and cerebral vasoreactivity also were measured.

RESULTS: The ICA/common carotid artery ratio (expressed as median [interquartile range]) decreased as the clinical stage advanced
(stages I-I1, 0.71[0.60—0.77]; stages llI-IV, 0.49 [0.45—0.57]; stages V-VI, 0.38 [0.34—0.47]; P < .001). Lower ICA/common carotid artery ratio
tended to occur in symptomatic versus asymptomatic arteries (0.47 [0.40—0.53] versus 0.57 [0.40—0.66], respectively; P = .06). Although
the ICA/common carotid artery ratio was not related to cerebral perfusion, it decreased as cerebral vasoreactivity decreased (P < .01). All
champagne bottle neck sign—positive arteries were classified as Suzuki stage =Ill, 73% were symptomatic, and 89% exhibited reduced
cerebral vasoreactivity. In contrast, all champagne bottle neck sign—negative arteries were Suzuki stage <IIl, 67% were asymptomatic, and
all showed preserved cerebral vasoreactivity.

CONCLUSIONS: The champagne bottle neck sign was related to advanced clinical stage, clinical symptoms, and impaired cerebral
vasoreactivity. Thus, detection of the champagne bottle neck sign might be useful in determining the clinical and hemodynamic stages of

Moyamoya disease.

ABBREVIATIONS: CBNS = champagne bottle neck sign; CCA = common carotid artery; CVR = cerebral vasoreactivity; MMD = Moyamoya disease

M oyamoya disease (MMD) is a cerebrovascular disorder
characterized by progressive bilateral stenosis or occlusion
of the distal portion of the ICA and the proximal portion of the
MCAs and anterior cerebral arteries. Affected patients also have
an abnormal vascular network (Moyamoya vessels) at the base of
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the brain. The vascular stenosis extends to the extracranial ICA as
the disease advances.' In 1997, Yang et al* used angiography to
demonstrate stenotic lesions of the extracranial ICA in 60% of
patients with MMD. In 2006, Yasaka et al” reported that carotid
ultrasonography showed rapid reduction of the diameter at the
proximal portion of the ICA, revealing the appearance of a cham-
pagne bottle neck in a patient with MMD. The champagne bottle
neck sign (CBNS), which is easily detected noninvasively via ca-
rotid ultrasonography, is an important morphologic feature of
the extracranial ICA of patients with MMD.? Although the
CBNS is reportedly present in 74% of patients with MMD,’ the
time at which the CBNS begins to appear during the course of
MMD is unclear. In addition, whether the CBNS is related to the
clinical or hemodynamic stage of MMD is unknown. Therefore,
we investigated the relationship between the appearance of the
CBNS and the clinical stage, presence of clinical symptoms, and
hemodynamic stage in patients with MMD.
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MATERIALS AND METHODS

Patients

We retrospectively evaluated 24 patients newly diagnosed with
MMD according to the guidelines proposed by the Ministry of
Health, Labour and Welfare of Japan® at our hospital from April
2007 to October 2012. The inclusion criteria were evaluation of
the patient before revascularization, evaluation of the extracranial
ICA via carotid ultrasonography or DSA, and determination of
the severity of MMD via DSA. These criteria excluded 10 patients
because DSA was not performed (n = 5) or extracranial ICA data
were not available (n = 5). Therefore, 14 patients with 27 affected
arteries were enrolled (bilateral MMD: 13 patients; unilateral
MMD: 1 patient). This study was approved by our institutional
review committee.

Evaluation of the Extracranial ICA

The ratio of the ICA diameter (below the mandibular bone) to the
common carotid artery (CCA) diameter (proximal aspect to bul-
bus) was measured via carotid ultrasonography. Arteries with a
ratio of < 0.5 were defined as CBNS-positive.” In 7 arteries, the
extracranial ICA diameter could not be adequately estimated via
carotid ultrasonography because of the high position of the ca-
rotid bifurcation. Therefore, the DSA findings were used to obtain
the ICA/CCA ratio in these arteries. Evaluation of this sign was
based on visual inspection by 2 experienced neuroradiologists in
our hospital who were blinded to the clinical and imaging data.
No differences in the radiologists’ interpretations were noted on
independent assessments.

Clinical Stage

The clinical stage of MMD was determined according to the Su-
zuki angiographic grading system' as follows: In stage I, the ca-
rotid fork is narrowed with no other abnormalities. In stage I, the
intracerebral main arteries are dilated because of stenosis at the
terminal portion of the ICA. In stage III, the MCAs and anterior
cerebral arteries are narrowed, and the basal Moyamoya is inten-
sified. In stage IV, the occlusion of the ICA extends to the junction
of the posterior communicating artery, resulting in enlargement
of the intraorbital Moyamoya vessels and collateral vessels from
the external carotid artery. In stage V, the basal Moyamoya vessels
shrink, and the MCAs and anterior cerebral arteries disappear;
occlusion of the ICA extends as far as C2 or above C3. In stage VI,
the siphon of the ICA completely disappears.

Clinical Symptoms

Clinical symptoms at diagnosis were investigated. The ICA that
was responsible for symptoms was defined as symptomatic, and
the contralateral side of the ICA was defined as asymptomatic. In
incidentally diagnosed cases, the bilateral ICAs were defined as
asymptomatic.

SPECT

CBF and cerebral vasoreactivity (CVR) to acetazolamide in the
MCA territory were measured by SPECT.”” In this study, 6 pa-
tients (12 arteries) who underwent semiquantitative SPECT with
iodine 123 N-isopropyl-p-iodoamphetamine were included to
evaluate the relationship between the appearance of the CBNS

Patient characteristics

Characteristic

Patients (no.) 14
Age (mean * SD, range) (y) 432 +193,6-71
Sex (no.)
Male 5
Female 9
Clinical diagnoses at onset (no.)
Hemorrhagic stroke 4
Ischemic stroke 5
Transient ischemic attack 4
Asymptomatic 1
Arteries (no.) 27
Suzuki grades (no. of arteries)
Stage | 3
Stage Il 2
Stage Ill 12
Stage IV 4
Stage V 3
Stage VI 3
Evaluation of ICA/CCA ratio (no. of arteries)
Ultrasonography 20
DSA 7
CBNS (no. of arteries)
Positive 15
Negative 12

and impairment of cerebral hemodynamics. CBF was semi-
quantitatively measured before and 15 minutes after intrave-
nous injection of 10 mg/kg acetazolamide on separate days,
with an interval of 2-3 days. ROIs were placed automatically on
the bilateral MCA territories with commercially available soft-
ware (GMS7700R, E.CAM Signature; Toshiba Medical Systems,
Tokyo, Japan). The CBF in the MCA territory was obtained, ex-
cluding ischemic or hemorrhagic lesions. The CVR to acetazol-
amide was calculated as follows:

CVR = 100 X (CBF,, — CBF,_,)/CBF

rest?

where CVR is expressed as a percentage and CBF, ., and CBF,,

represent CBF before and after intravenous injection of acetazol-

rest

amide, respectively. CVR of <20% was defined as reduced
CVR.*?

Data Analysis

The relationships between the ICA/CCA ratio (ie, the CBNS) and
Suzuki grade, the presence of clinical symptoms, and impairment
of cerebral hemodynamics were investigated. Data are expressed
as median (interquartile range). Differences in the ICA/CCA ratio
among clinical stages and between symptomatic and asymptom-
atic arteries were examined by the Kruskal-Wallis test followed by
the Bonferroni multiple comparison and the Mann-Whitney U
test, respectively. Correlation of the ICA/CCA ratio and CVR
were evaluated by using the Pearson correlation coefficient. The
level of statistical significance was set at P < .05. All analyses were
performed with JMP 10 software (SAS Institute, Cary, North
Carolina).

RESULTS
We analyzed 27 arteries of 14 patients (5 men, 9 women [mean
age, 43.2 * 19.3 years; age range, 6—71 years]). Their clinical
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FIG1. Relationship between the ICA/CCA ratio and the clinical stage (Suzuki stage, I-VI [early—advanced]). A, The ICA/CCA ratio decreased as
the clinical stage advanced, and the CBNS was observed in stage IIl or higher. B, The median ICA/CCA ratio, expressed as median (interquartile
range) was 0.71 (0.60—0.77) in stages | and II, 0.49 (0.45—0.57) in stages lll and IV, and 0.38 (0.34—0.47) in stages V and VI (P < .001). The ICA/CCA
ratio was significantly lower in stages V and VI than in stages | and II.
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FIG 2. Relationships between the ICA/CCA ratio and clinical symptoms. A, Symptomatic arteries were more frequently observed in the
CBNS-positive group than in the CBNS-negative group (73% versus 33%, respectively; Fisher exact test, P = .06). B, The median ICA/CCA ratio
in symptomatic arteries tended to be lower than that in asymptomatic arteries (0.47 [interquartile range: 0.40—0.53] versus 0.57 [0.47—0.66],

respectively; P = .06).

diagnoses at onset included hemorrhagic stroke (n = 4), ischemic
stroke (n = 5), and transient ischemic attack (n = 4). The remain-
ing patient was asymptomatic. Suzuki grades were stage I in 3
arteries, stage I in 2 arteries, stage III in 12 arteries, stage IV in 4
arteries, stage V in 3 arteries, and stage VI in 3 arteries. The ICA/
CCA ratio was obtained by carotid ultrasonography in 20 of 27
arteries and DSA in the remaining 7 arteries. We found CBNS
positivity in 15 of the 27 arteries (56%) (Table).

The ICA/CCA ratio decreased as the clinical stage advanced
(Fig 1A). No CBNS was observed in stages I or II, although the
CBNS was observed in 5 of 12 stage III arteries (42%) and in all
stage IV=VI arteries. The median ICA/CCA ratio was 0.71 (0.60—
0.77) in stages I and I, 0.49 (0.45-0.57) in stages III and IV, and
0.38 (0.34—0.47) in stages V and VI (P < .001) (Fig 1B). With
respect to the relationships between the ICA/CCA ratio and clin-
ical symptoms, symptomatic arteries were more frequently ob-

1900 Yasuda Oct 2016 www.ajnr.org

served in the CBNS-positive group (Fig 2A). Of 15 CBNS-positive
arteries, 11 (73%) were symptomatic (ischemic stroke [n = 5],
transient ischemic attack [n = 4], intracerebral hemorrhage [n =
1], and subarachnoid hemorrhage [n = 1]) and 4 (27%) were
asymptomatic. However, of 12 CBNS-negative arteries, 4 (33%)
were symptomatic (ischemic stroke [n = 1], transient ischemic
attack [n = 1], and intracerebral hemorrhage [n = 2]) and 8
(67%) were asymptomatic. The ICA/CCA ratio tended to be
lower in symptomatic arteries than in asymptomatic arteries
(0.47 [0.40-0.53] versus 0.57 [0.47-0.66], respectively; P =
.06) (Fig 2B).

In the 6 patients (12 arteries) who underwent semiquantitative
SPECT with iodine 123 N-isopropyl-p-iodoamphetamine, the
ICA/CCA ratio was not related to cerebral perfusion at rest in the
MCA territory. However, the CVR in the MCA territory decreased
as the ICA/CCA ratio decreased (R = 0.80, P < .01) (Fig 3). Of 9



tracranial major cerebral arteries.'® This
fibrocellular intimal thickening extends
to the extracranial ICA as the disease ad-

vances'; itis also observed in other arter-
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ies, such as the pulmonary, renal, and
coronary arteries.''"'> At the carotid bi-
furcation, there is a transitional zone be-
tween the elastic (>5 mm proximal to
the bifurcation) and muscular (>15
mm distal to the bifurcation) portions of
the carotid arteries, and the elastic arter-
ies typically have thicker walls (1-2 mm)
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FIG 3. Relationship between the ICA/CCA ratio and CVR to acetazolamide in the MCA territory.
The CVR decreased as the ICA/CCA ratio decreased (R = 0.80, P < .01). Of 9 arteries with a CBNS,
8 (89%) exhibited a reduced CVR. Symptomatic arteries exhibited both the CBNS and a reduced

CVR. Asterisk indicates symptomatic arteries.

FIG 4. Representative cases. The left, middle, and right columns show the features of carotid
ultrasonography, a lateral view of DSA of the carotid and intracranial arteries, and an axial SPECT
image from 3 cases: A, A15-year-old girl had a Suzuki stage | artery on the right (asymptomatic) and
a stage Il artery on the left (symptomatic). The CBNS was negative on the right by carotid
ultrasonography and DSA, with preserved CVR (arrows). B, A 37-year-old woman had a stage IlI
artery on the right (symptomatic) and a stage IV artery on the left (asymptomatic). The CBNS was
positive on the right, with a mildly decreased CVR (arrows). C, A 58-year-old woman had a stage
I artery on the right (asymptomatic) and a stage VI artery on the left (symptomatic). The CBNS

was positive on the left, with a markedly decreased CVR (arrows).

arteries with a CBNS, 8 (89%) exhibited a reduced CVR. On the
other hand, all 3 arteries without a CBNS exhibited a preserved
CVR. We observed both the CBNS and a reduced CVR in 6 symp-
tomatic arteries. Of the remaining 6 asymptomatic arteries, only 2
showed both the CBNS and a reduced CVR. Representative cases
are shown in Fig 4.

DISCUSSION
Histopathologic examination of tissue specimens from patients
with MMD reveals eccentrically laminated thickening of the in-

to tolerate the increased pressure.
0.8 Therefore, the muscular portion is
thought to be more commonly affected,
and the narrowing at the transitional
zone results in formation of the CBNS.”

No systematic studies on the rela-
tionship between the presence of the
CBNS and the angiographic Suzuki
grade have been performed. However,
Yasuda et al* reported that the CBNS
might be observed in advanced cases.
Our study clearly demonstrated that the
CBNS was not observed in the early
stage; it began to appear in Suzuki stage
II1, and all higher Suzuki stages showed
the CBNS. The relationships between
the CBNS and the presence of clinical
symptoms or cerebral hemodynamics
also have not been reported. In our
study, CBNS-positive arteries were
more likely to be symptomatic than
CBNS-negative arteries. These findings
support the concept that a cerebral he-
modynamic state with a reduced CVR is
responsible for the occurrence and re-

currence of stroke.'®

'7 Previous reports
regarding the cerebral hemodynamics of
patients with MMD have indicated that
cerebral perfusion at rest is not signifi-
cantly different among the various clin-
ical stages. This is because the blood sup-
ply through collateral pathways can
compensate for the reduced CBF, even
with advancement of the disease."'”

However, CVR tends to diminish as

MMD progresses.'® We also found that
the CBNS was related to impaired CVR, though not to cerebral
perfusion. Our results indicate that the risk of stroke can be
predicted by the presence of the CBNS.

Although MR imaging is a useful technique with which to
evaluate MMD, the extracranial ICAs, unlike the intracranial
ICAs, are not always investigated by MRA. An advantage of ca-
rotid ultrasonography is that it enables direct evaluation of the
extracranial ICAs in real time. Furthermore, it can be noninva-

sively and repeatedly performed on an outpatient basis or at the
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bedside. Because of the increasing number of elderly patients with
MMD, " differential diagnosis between MMD and atherosclerotic
occlusive cerebrovascular disease is becoming more important.
Although advantages of high-resolution MR wall imaging for the
differential diagnosis between MMD and atherosclerosis have
been reported,*® ultrasonography would be helpful to differenti-
ate these 2 diseases with respect to the morphologically different
features of their vessel walls. Especially in young children, seda-
tion is sometimes necessary to perform MR imaging, but not ca-
rotid ultrasonography. Therefore, we believe that carotid ultra-
sonography is useful for screening of MMD and estimation of the
clinical stages of MMD. Notably, however, the CBNS is not ob-
served in the early stages of MMD and can also be seen in other
diseases such as dissection, fibromuscular dysplasia, and intracra-
nial ICA occlusion of other causes.

This study had some limitations. First, the number of patients
was relatively small because we included patients with MMD who
underwent DSA. The prevalence of MMD in the general popula-
tion is low. Furthermore, MMD has recently tended to be more
frequently diagnosed by MR imaging or MRA rather than DSA.
Second, the arteries of patients with lower Suzuki grades were
relatively small. This may suggest bias in the selection process,
leading to over-representation of higher Suzuki grades and infla-
tion of the significance of a positive CBNS. Third, a quarter of
arteries were evaluated by DSA instead of carotid ultrasonography
because of the high position of the carotid bifurcation. However,
in the remaining arteries, the ICA/CCA ratio obtained by carotid
ultrasonography and that obtained by DSA were not different;
therefore, we do not believe that the results were affected.

CONCLUSIONS

The CBNS is related to Suzuki stage III or higher and impaired
CVR with clinical symptoms in patients with MMD. Detection of
the CBNS via carotid ultrasonography is useful for not only
screening of MMD, but also for determining the clinical and he-
modynamic stages of MMD.
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Blood-Labyrinth Barrier Permeability in Meniere Disease
and Idiopathic Sudden Sensorineural Hearing Loss:
Findings on Delayed Postcontrast 3D-FLAIR MRI

M.N. Pakdaman, ““'G. Ishiyama, ““’A. Ishiyama, ““K.A. Peng, ““’H.J. Kim, “’W.B. Pope, and ““’AR. Sepahdari

ABSTRACT

BACKGROUND AND PURPOSE: Meniere disease and idiopathic sudden sensorineural hearing loss can have overlapping clinical presen-
tation and may have similar pathophysiology. Prior studies using postcontrast 3D-FLAIR MR imaging suggest abnormal blood-labyrinth
barrier permeability in both conditions, but the 2 diseases have not been directly compared by using the same imaging techniques. We
hypothesized that delayed postcontrast 3D-FLAIR MR imaging would show differences in blood-labyrinth barrier permeability between
Meniére disease and idiopathic sudden sensorineural hearing loss.

MATERIALS AND METHODS: Patients with unilateral Meniére disease (n = 32) and unilateral idiopathic sudden sensorineural hearing loss
(n = T1) imaged with delayed postcontrast 3D-FLAIR MR imaging were retrospectively studied. Signal intensities of the medulla and
perilymph of the cochlear basal turns of both ears in each patient were measured in a blinded fashion. Cochlea/medulla ratios were
calculated for each ear as a surrogate for blood-labyrinth barrier permeability. The ears were segregated by clinical diagnosis.

RESULTS: Cochlea/medulla ratio was higher in symptomatic ears of patients with Meniére disease (12.6 * 7.4) than in patients with
idiopathic sudden sensorineural hearing loss (5.7 = 2.0) and asymptomatic ears of patients with Meniére disease (8.0 = 3.1), indicating
increased blood-labyrinth barrier permeability in Meniére disease ears. The differences in cochlea/medulla ratio between symptomatic
and asymptomatic ears were significantly higher in Meniére disease than in idiopathic sudden sensorineural hearing loss. Asymptomatic
ears in patients with Meniére disease showed higher cochlea/medulla ratio than symptomatic and asymptomatic ears in patients with
idiopathic sudden sensorineural hearing loss.

CONCLUSIONS: Increased cochlea/medulla ratio indicates increased blood-labyrinth barrier permeability in Meniere disease compared
with idiopathic sudden sensorineural hearing loss. Increased cochlea/medulla ratio in asymptomatic ears of patients with Meniere disease
also suggests an underlying systemic cause of Meniére disease and may provide a pathophysiologic biomarker.

ABBREVIATIONS: BLB = blood-labyrinth barrier; CM = cochlea/medulla; ISSNHL = idiopathic sudden sensorineural hearing loss; MD = Meniére disease

our-hour delayed intravenous contrast-enhanced inner ear
MR imaging is a recently described technique that has been
used to image patients with known or suspected Meniére disease
(MD)."* This technique distinguishes the endolymphatic and
perilymphatic compartments of the inner ear by allowing dilute
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contrast to accumulate within the perilymphatic compartment,
where the blood-labyrinth barrier (BLB) is permeable, outlining
the impermeable endolymphatic compartment. This allows for
demonstration of endolymphatic hydrops, the characteristic
pathologic alteration in MD. Nevertheless, 10%—-33% of patients
with MD do not have MR-demonstrable changes of hydrops.>>°
This clinical-radiologic discrepancy reflects an incomplete under-
standing of the disease process and limitations of imaging.
Additional imaging biomarkers of disease activity in MD may
be helpful beyond visualization of hydrops. One previous study
has explored a relationship between increased BLB permeability
and MD,’ finding increased BLB permeability in the symptomatic
ears of patients with unilateral MD compared with their asymp-
tomatic ears, which is in keeping with findings from animal stud-
ies of hydrops.®” Although BLB permeability in MD is a promis-
ing target for further exploration, it is not clear that these findings
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Table 1: Patient demographics

ISSNHL Menieére Disease
Total, n 1 32
Female, n 3 17
Male, n 8 15
Affected ear—AS, n 4 14
Affected ear—AD, n 7 18
Age (years) 50.1 55.4

Note:—AS indicates left ear; AD, right ear.

are specific for MD. Similar findings have been seen in patients
with idiopathic sudden sensorineural hearing loss (ISSNHL),"°
which can present similarly, and in a series of nonspecific sudden
hearing loss."

The purpose of this study is to compare MD with ISSNHL with
respect to BLB permeability. Our hypothesis is that increased BLB
permeability is a feature more strongly associated with MD than
ISSNHL.

MATERIALS AND METHODS

Patients

Institutional review board approval was obtained for creation of a
prospective data base of patients imaged with delayed intravenous
contrast-enhanced hydrops-protocol inner ear MR imaging, in-
cluding a waiver of Health Insurance Portability and Accountabil-
ity Act authorization and waiver of informed consent. Patients
with ISSNHL or MD imaged between November 2012 and Sep-
tember 2013 were included in the study. Patients with bilateral
disease and patients with unspecified laterality were excluded. All
patients were followed clinically to establish a diagnosis based on
the American Academy of Otolaryngology—Head and Neck Sur-
gery criteria for ISSNHL and MD. A total of 84 patients were
imaged, including 38 patients with definite MD and 12 with
ISSNHL. The remaining patients (n = 34) did not have a clinical
diagnosis of either condition and were excluded. Of the 50 pa-
tients with MD or ISSNHL, 5 patients with MD and 1 patient with
ISSNHL were excluded because of bilateral disease or unspecified
laterality of disease and 1 patient with MD was excluded because
of history of endolymphatic shunt surgery. The final analysis
group included 43 patients, 32 with MD (15 male, 17 female) and
11 with ISSNHL (8 male, 3 female), with an average age of 53.6 *
13.4 years (range, 27—89 years). Demographic data are summa-
rized in Table 1.

Imaging Protocol

Imaging was performed on a 3T Magnetom Skyra unit (Siemens,
Erlangen, Germany) by using a 16-channel head and neck coil 4
hours after an intravenous injection of 0.2 mmol/kg gadopentate
dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals,
Wayne, New Jersey). Scanning consisted of a “cisternographic”
heavily T2-weighted 3D TSE sequence (sampling perfection with
application-optimized contrasts by using different flip angle evo-
lutions [T2 SPACE]; Siemens) and a heavily T2-weighted 3D
FLAIR sequence. The T2 SPACE sequence was acquired with the
following parameters: section thickness, 1 mm; TR/TE, 1430/265
ms; number of averages, 2; echo-train length, 98; flip angle, 140;
matrix, 320 X 320; FOV, 200 X 200 mm. The heavily T2-weighted
FLAIR sequence was acquired with the following parameters: sec-
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tion thickness, 0.8 mm; TR/TE, 9000/534 ms; inversion time,
2350 ms; number of averages, 2; echo-train length, 144; flip angle,
120; matrix, 320 X 260; FOV, 200 X 167 mm. All sequences were
performed as high-resolution axial scans through the inner ear
and internal auditory canals. The imaged volume included both
inner ears.

The T2 SPACE sequence shows bright signal in both the en-
dolymph and perilymph. The heavily T2-weighted FLAIR se-
quence shows bright signal only in the perilymphatic space be-
cause of diffusion of gadolinium into this compartment. The
endolymphatic space remains low in signal on these sequences
because of the impermeability of the tight junctions in the mem-
branous labyrinth.

Measurement of Perilymph Signal as a Surrogate Marker
of BLB Permeability

Increasing perilymph signal intensity on the heavily T2-weighted
FLAIR sequence is related to increased BLB permeability,'*"?
though the exact relationship has not been determined. In an
animal model, the injection of lipopolysaccharide induced an in-
crease in permeability as measured by iron oxide particle extrav-
asation, which correlated with increased gadolinium enhance-
ment in the perilymph.'"* Perilymph signal was evaluated
quantitatively. A postdoctoral research fellow with 3 years of ex-
perience in temporal bone imaging research (M.N.P.) performed
all measurements, which were reviewed by a subspecialty-certi-
fied diagnostic neuroradiologist (A.R.S.) with 10 years of experi-
ence in MR imaging interpretation who interprets all hydrops-
protocol MRIs at our institution. A freehand polygonal ROI was
set manually in the basal turn of the cochlea on the heavily T2-
weighted FLAIR image to include as much of the perilymph as
possible, with size of approximately 5 mm?. A 50-mm? circular
ROI in the same plane as the cochlear basal turn was drawn in the
medulla. The mean signal intensity was recorded for each ROIL
The cochlea/medulla (CM) ratio was defined as the signal inten-
sity of the basal turn divided by that of the medulla. The mean CM
ratio of all affected and unaffected ears was calculated for all pa-
tients. An example ROI is shown in Fig 1.

Evaluation of Hydrops

Each ear was evaluated for the presence or absence of hydrops by
using quantitative criteria. At the time of initial scan acquisition,
the images were reconstructed as 3D maximum intensity projec-
tions. The neuroradiologist (A.R.S.), who was blind to the diag-
nosis and side of symptoms, outlined the endolymph and vesti-
bule with freehand ROIs. The endolymph/vestibule ratio was
calculated. Endolymph occupying >50% of the vestibule was
graded as positive for hydrops, as per the criteria of Sepahdari
etal.”

Statistical Analysis

Ears were segregated into 4 groups: symptomatic MD ears,
asymptomatic ears in patients with MD, symptomatic ISSNHL
ears, and asymptomatic ears in patients with ISSNHL. Descriptive
statistics of mean and standard deviation were obtained. A least-
squares difference method was used to compare groups; ANOVA
was performed initially, with subsequent Student ¢ test between



FIG 1. 3D-FLAIR MR imaging signal intensity measurements. Measurement of signal intensity was
performed by drawing an elliptical ROI at the basal turn of each cochlea and a circular ROl at the
medulla. The average intensity of each ROI was used to calculate the CM ratio.

FIG 2. CM ratio for all groups. Box plots show median and interquar-
tile ranges, with bars depicting range. Note the significant increase in
CM ratio among symptomatic MD ears when compared with all other
ears and increased CM ratio in asymptomatic ears of patients with
MD.

FIG 3. Receiver operating characteristic curve for CM ratio, compar-
ing symptomatic MD ears to symptomatic ISSNHL ears. This curve
demonstrates high discriminatory power of increased signal for MD. A
CM ratio > 7.3 was 81% sensitive and 91% specific for MD.
groups. P < .05 was used as the threshold for statistical
significance.

A mixed-effect model with a random intercept was used to test

the differences in perilymph signal in-
tensity between the affected and nonaf-
fected ear and between the MD and
ISSNHL groups after Box-Cox transfor-
mation for normality in the intensity.
Patients were used as a random effect.

Receiver operating characteristic
analysis was used to determine the per-
formance of various CM ratios for iden-
tifying MD. For receiver operating char-
acteristic analysis, the asymptomatic ear
of patients with ISSNHL was set as a
control value. This determination was
based on the fact that there are no
known or previously proposed MR im-
aging abnormalities in the asymptom-
atic ear of patients with ISSNHL.

The signal intensity ratios of symp-
tomatic ears and asymptomatic ears in
the same patients were also compared.
Finally, the relationship between CM ra-
tio and endolymphatic space dilation was assessed in a descriptive
categoric fashion and quantitatively by using Spearman rank or-
der correlation.

RESULTS

CM Ratio in All Ears

ANOVA showed significant differences across the 4 groups (F =
10.1, P <.0001). The results are shown graphically in Fig 2. Symp-
tomatic MD ears showed the highest CM ratio (mean and
standard deviation of 12.6 = 7.4), indicative of the highest per-
meability. This was significantly higher than all other ears, with
statistically significant differences compared with asymptomatic
ears in patients with MD (8.0 = 3.1, P = .0002), symptomatic
ISSNHL ears (5.7 = 2.0, P < .0001), and asymptomatic ears in
patients with ISSNHL (5.0 = 1.5, P < .0001). Among the 11 pa-
tients with ISSNHL, a paired ¢ test revealed no significant differ-
ence between affected and unaffected sides. Receiver operating
characteristic analysis for CM ratio demonstrated 0.91 area under
the curve in differentiating MD from ISSNHL in the symptomatic
ear (Fig 3). A CM ratio > 7.3 was 81% sensitive and 91% specific
for MD. Other CM ratios and their associated sensitivities and
specificities for MD are provided in Table 2.

Mean intensity of perilymph signal was significantly different
between the symptomatic and nonsymptomatic ear (P < .001)
and between the MD and ISSNHL group (P < .001) with 4.99 and
3.57 perilymph signal ratios, respectively. After adding an inter-
action between MD versus ISSNHL group and symptomatic ver-
sus nonsymptomatic in the model, the mean intensity was still
significant between the clinical groups (MD versus ISSNHL, P <
.001) and the interaction (P = .041). The mean intensity was 3.9
times higher for the symptomatic ear in the MD group compared
with the intensity from all other ears.

CM Ratio Asymmetry in MD versus ISSNHL
Patients with MD showed a greater degree of asymmetry of the
affected ear to the unaffected ear compared with patients with
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Table 2: CM ratios and associated performance for diagnosing
MD compared with a control group of asymptomatic ears of
patients with ISSNHL

CM Ratio Sensitivity Specificity
>45 100% 55%
>55 91% 73%
>6.5 84% 82%
>7.5 81% 9%
>8.5 75% 100%

FIG 4. Comparison of symptomatic and asymptomatic perilymph
signal ratios between MD and ISSNHL. Patients with MD had a signif-
icantly greater asymmetry (P = .03), though 11 of 32 patients with MD
showed virtually no asymmetry. Five patients had greater than double
the perilymph signal intensity in the symptomatic ear.

ISSNHL. The symptomatic/asymptomatic CM ratio was 1.6 £ 0.7
in patients with MD, compared with 1.2 = 0.2 in patients with
ISSNHL (P = .04) (Fig4). Although there was greater asymmetry
between symptomatic and asymptomatic ears in MD compared
with ISSNHL with respect to CM ratio, the effect was blunted by
the often bilateral nature of CM ratio elevation in the setting of
MD. As a result, the area under the receiver operating character-
istic curve was only 0.75 when comparing MD to ISSNHL based
on the degree of symptomatic/asymptomatic CM ratio asymme-
try. A symptomatic/asymptomatic ratio of >1.4 was 50% sensi-
tive and 90% specific in differentiating MD from ISSNHL.

CM Ratio in Asymptomatic Ears: Comparison of MD and
ISSNHL

For asymptomatic ears, the mean CM ratio was higher in patients
with MD than in patients with ISSNHL (8.0 = 3.1 in patients with
MD versus 5.0 = 1.5 in patients with ISSNHL; P = .003) (Fig 2).
Elevated CM ratio in both ears was seen in 1 patient with right-
sided MD who subsequently developed symptoms in the left ear
with confirmatory imaging evidence of hydrops (Fig 5). CM ratio
also was higher in asymptomatic MD ears than in symptomatic
ISSNHL ears (P = .02).

Relationship between Hydrops, CM Ratio, and Diagnosis

Endolymph/vestibule ratio of >50% was present in 22 of 32 pa-
tients with MD for a sensitivity of 69%. This finding was 100%
specific for symptomatic hydrops (ie, none of the asymptomatic
ears in patients with MD and none of the 11 symptomatic or 11
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FIG 5. Initial and follow-up studies in a patient with unilateral right
MD that progressed to bilateral disease. A and B, Initial MR imaging
shows hydrops involving the right vestibule (short arrow) and cochlea
(long arrow). There is increased perilymph signal intensity in both
ears, but the left ear (B) is asymptomatic and shows no hydrops. The
patient underwent right vestibular neurectomy, with improvement in
symptoms. C and D, Follow-up study 18 months after A and B, per-
formed because of new symptoms of aural fullness in the left ear,
shows new hydrops involving the left vestibule (short arrow). Hy-
drops in the right vestibule has improved, though there is persistent
hydrops in the right cochlea (long arrow).

asymptomatic ears in patients with a clinical diagnosis of ISSNHL
showed hydrops). Of the 10 patients with a clinical diagnosis of
MD but no MR evidence of hydrops, 5 had CM ratio > 10.8 in the
symptomatic ear, which was greater than the maximum CM ratio
of the ISSNHL group. There was no relationship between the CM
ratio and the degree of hydrops as measured quantitatively from
3D maximum intensity projections (Spearman r = 0.08, P = .71).

DISCUSSION

Increased postcontrast signal intensity in the cochlear basal turn
has been shown to reflect BLB breakdown with associated in-
creased contrast permeability.'>'® This permeability increase has
been identified in patients with MD and in patients with
ISSNHL,”'” but these conditions have not previously been com-
pared with each other in a quantitative manner with respect to this
finding. Our results show that increased BLB permeability is a
feature that is more clearly associated with MD than with
ISSNHL. We also observed increased average permeability of
asymptomatic ears of patients with MD compared with asymp-
tomatic ears of patients with ISSNHL. Furthermore, in the subset
of patients with MD without MR evidence of hydrops, 50% (5/10)
showed markedly increased BLB permeability.

There are several implications of our results. First, these results
could improve the ability to confirm a clinical suspicion of MD by
using delayed intravenous contrast-enhanced 3D-FLAIR MR im-
aging. The actual diagnostic performance of this test and its inter-
pretation are incompletely understood. Although some previous
studies have reported 90% sensitivity of delayed intravenous con-



trast-enhanced 3D-FLAIR MR imaging for identifying ballooning
of the endolymphatic system in the setting of MD,>° those results
must be interpreted with caution. These studies did not include a
sufficient control group of patients without MD, and they report
hydrops in asymptomatic contralateral ears of patients with MD
at a frequency of 22%-75%.”° Although it is certainly possible
that hydrops may be present in asymptomatic ears of patients
with MD, such findings could also reflect a systematic overcalling
of hydrops. Our 69% sensitivity for hydrops in clinically involved
MD ears is lower than other studies, but we did not observe hy-
drops in ears that were not clinically involved by MD. This may
reflect more stringent criteria for calling hydrops and a lower rate
of false-positives. Specifically, we do not identify hydrops if there
is not involvement of the vestibule, as we find that evaluation of
cochlear hydrops is inconsistent. It is clear that radiologic assess-
ments of hydrops are sometimes discordant from the clinical di-
agnosis of MD, which itself can be controversial. The addition of
imaging information related to increased BLB permeability in
these patients could reduce this discrepancy.

A second implication of these results is that increased BLB
permeability may be a biomarker of disease status in MD. This
does not replace clinical evaluation, but could be complementary
to clinical evaluation, particularly when assessing the effectiveness
of various treatments. Clinical symptoms in MD are known to
fluctuate or even burn out completely, and the clinical course does
not always indicate whether an apparent response to treatment
truly reflects modification of the disease process versus the natural
course of the disease.'® Further follow-up of patients imaged with
hydrops-protocol MR imaging is essential for answering these
questions.

The finding of increased BLB permeability in asymptomatic
ears of patients with MD also suggests that MD may be a systemic
process that involves both ears to some degree. This is supported
by clinical data showing that many patients with MD suffer bilat-
eral disease, with onset of symptoms in each ear often occurring at
different times."” Although the true rate of bilateral involvement
by MD is difficult to determine, it is undoubtedly sufficiently high
as to eliminate the possibility that MD reflects an entirely random
event localized to the inner ear. Anecdotally, we have clinically
observed patients with bilateral disease who only have apparent
hydrops in 1 ear. The current study was limited to patients with
unilateral clinical disease, but future systematic analysis of pa-
tients with clinically bilateral disease may further clarify these
issues.

Our data show a wide distribution of signal intensities in the
asymptomatic ears of patients with MD. In contrast, we observed
a tight distribution of signal intensities in asymptomatic ears of
patients with ISSNHL. One patient with MD in our cohort
showed increased permeability in both the symptomatic ear and
asymptomatic contralateral ear and subsequently developed MD
symptoms in the contralateral ear with imaging evidence of hy-
drops on a follow-up study (Fig 5). Although this was just a single
case, it suggests that increased signal in the asymptomatic ear
could predict progression to bilateral disease. Further follow-up
of this cohort would help elucidate the relationship between
changes in signal intensity and clinical course. In addition, studies

on larger groups of patients would help increase the specificity of
the CM ratio in differentiating MD from ISSNHL.

Limitations

The major limitation of this study is that it lacked a control group
of asymptomatic healthy patients. The asymptomatic ear was
used as an internal control in all cases, but systemic processes may
affect BLB permeability in both ears and, therefore, may mask
abnormalities in the symptomatic ears. A second limitation was
the relatively small number of patients and relatively short fol-
low-up period. We cannot exclude the possibility that some pa-
tients with apparent ISSNHL had incipient MD with monosymp-
tomatic onset. This could produce factitious overlap between the
MD and ISSNHL groups. Analysis of larger groups of patients,
imaging of normal controls, and further clinical follow-up are
necessary to confirm our findings and establish their significance.
A third limitation is that imaging was obtained at only a single
time point without obtaining precontrast 3D-FLAIR sequences or
postcontrast sequences at multiple time points. In theory, in-
creased signal on the 4-hour delay postcontrast 3D-FLAIR se-
quence could reflect a process other than increased permeability.
For example, intrinsic precontrast hyperintensity can relate to
proteinaceous signal contents, a phenomenon that has been
noted in vestibular schwannoma?”?!' and in ISSNHL.?? However,
precontrast FLAIR hyperintensity has not been described in MD.
Therefore, we think it is unlikely that the apparent BLB permea-
bility increase in patients with MD in our study was influenced by
precontrast asymmetries. Alternatively, increased basal turn per-
ilymph signal could reflect impaired reabsorption of contrast
from the inner ear or more inhomogeneous contrast distribution
throughout the inner ear rather than excessive permeability. A
final limitation is that the precise relationship between perilymph
signal intensity and gadolinium concentration by using the heav-
ily T2-weighted FLAIR pulse sequence is not known. It would be
helpful to establish the mathematical relationship between peri-
lymph signal and gadolinium concentration for this particular
sequence and contrast agent so that the results could be applied to
other centers.

CONCLUSIONS

We found that apparent BLB permeability was higher in MD than
ISSNHL. This apparent permeability increase was seen in the ab-
sence of hydrops in some patients with clinical diagnoses of defi-
nite MD and in the asymptomatic ears of some patients with uni-
lateral MD, suggesting a systemic abnormality in MD. BLB
permeability may prove to be a biomarker of MD.

Disclosures: Whitney B. Pope—UNRELATED: Consultancy: Celldex Therapeutics,
Tocagen; Payment for Lectures (including service on Speakers Bureaus): Blue Earth
Diagnostics.
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Evaluating Instantaneous Perfusion Responses of Parotid
Glands to Gustatory Stimulation Using High-Temporal-
Resolution Echo-Planar Diffusion-Weighted Imaging

T.-W. Chiu, Y- Liu, ““H.-C. Chang, ““Y.-H. Lee, ““J.-C. Lee, ““K. Hsu, ““/C.-W. Wang,

H.-H. Hsu, and

J.-M. Yang,
C.-J). Juan

ABSTRACT

BACKGROUND AND PURPOSE: Parotid glands secrete and empty saliva into the oral cavity rapidly after gustatory stimulation. However,
the role of the temporal resolution of DWI in investigating parotid gland function remains uncertain. Our aim was to design a high-
temporal-resolution echo-planar DWI pulse sequence and to evaluate the instantaneous MR perfusion responses of the parotid glands to
gustatory stimulation.

MATERIALS AND METHODS: This prospective study enrolled 21 healthy volunteers (M/F = 2:1; mean age, 45.2 = 12.9 years). All partici-
pants underwent echo-planar DWI (total scan time, 304 seconds; temporal resolution, 4 s/scan) on a 1.5T MR imaging scanner. T2WI (b =
0 s/mm?) and DWI (b = 200 s/mm?) were qualitatively assessed. Signal intensity of the parotid glands on T2WI, DWI, and ADC was
quantitatively analyzed. One-way ANOVA with post hoc group comparisons with Bonferroni correction was used for statistical analysis.
P < .05 was statistically significant.

RESULTS: Almost perfect interobserver agreement was achieved (k = 0.656). The parotid glands had magnetic susceptibility artifacts in
14.3% (3 of 21) of volunteers during swallowing on DWI but were free from perceptible artifacts at the baseline and at the end of scans on
all images. Increased ADC and reduced signal intensity of the parotid glands on T2WI and DWI occurred immediately after oral adminis-
tration of lemon juice. Maximal signal change of ADC (24.8% = 10.8%) was significantly higher than that of T2WI(—10.1% * 5.2%, P < .001).
The recovery ratio of ADC (100.71% * 42.34%) was also significantly higher than that of T2WI (22.36% = 15.54%, P < .00I).

CONCLUSIONS: Instantaneous parotid perfusion responses to gustatory stimulation can be quantified by ADC by using high-temporal-

resolution echo-planar DWI.

ABBREVIATIONS: MSC = maximal signal change; RR = recovery ratio

uantification of normal salivary gland function is of para-
Qmount clinical importance because it is the foundation of
accurately evaluating disease-related salivary gland functional im-
pairment. Salivary gland function can be estimated by several
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methods such as saliva collection," laboratory measurement of the
chemical and biochemical components,” scintigraphy,” single-
photon emission CT," and positron-emission tomography.” MR
imaging is superior to saliva collection and laboratory and bio-
logic studies by providing morphologic and functional informa-
tion of the parotid glands simultaneously and specifically for in-
dividual salivary glands. On the other hand, MR imaging is also
superior to scintigraphy, SPECT, and PET because of its high
spatial resolution and radiation-free nature.

In recent decades, DWT has been increasingly applied to probe
salivary gland function in addition to evaluating tumors,® "' con-

nective tissue disorders,'? Sjogren syndrome,'>'*

15-19

and postradio-
therapy change of the parotid glands. However, 2 mutually
opposed trends of parotid apparent diffusion coefficient changes
after gustatory stimulation have been observed in different study
groups, even in healthy volunteers. While some researchers dem-
onstrated an increase of parotid ADC after gustatory stimula-

14,16,20-23

tion, others showed a decrease of parotid ADC after this
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stimulation.">** Such discrepancy has been partially attributed to
the different types and dosages of the stimulators.'® Nevertheless,
the discrepancy of diffusional responses to gustatory stimulation
in the aforementioned DWI studies has raised concern for
whether the normal salivary gland function has been evaluated
appropriately with DWIL.

The role of the temporal resolution of DWI, which might po-
tentially influence researchers in interpreting parotid gland func-
tion, has not been documented to date, to our knowledge. Via
parasympathetic innervation, salivary glands secrete and empty
saliva into the oral cavity rapidly after gustatory stimulation. Cur-
rent DWI studies might have limitations in catching the instanta-
neous responses of the parotid glands due to insufficient temporal
resolution. We hypothesized that the parotid glands respond to
the oral administration of lemon juice on the order of seconds.
The aim of our study was to design a high-temporal-resolution
echo-planar pulse sequence for DWI and to quantify the instan-
taneous MR perfusion responses of the parotid glands to gusta-
tory stimulation.

MATERIALS AND METHODS

This prospective study was approved by the institutional review
board at Tri-Service General Hospital. Written informed consent
was obtained.

Subjects

This study initially enrolled 22 healthy volunteers who were free
from tumor, inflammation, autoimmune disease, operations, and
radiation therapy involving any parotid gland. One subject was
excluded due to severe imaging distortion related to a fixed me-
tallic dental brace. Finally, 21 healthy volunteers were enrolled,
including 14 men and 7 women (mean age, 45.2 = 12.9 years).
Saliva production of each volunteer was quantified 1 hour before
DWI by using the Saxon test."

MR Imaging Protocol

All MR images were performed on a 1.5T whole-body scanner
(Signa HDx; GE Healthcare, Milwaukee, Wisconsin) by using an
8NV head and neck array coil. Three-plane orthogonal gradient-
echo images were acquired for anatomic localization. Single-shot
echo-planar DWI (TR/TE/NEX, 2000/53.3 ms/1) with fat satura-
tion was performed on axial planes with diffusion-probing gradi-
ents (b=0 and 200 s/mm?) applied on each of 3 orthogonal direc-
tions alternatively. We intentionally chose a b-value of 200 s/mm?*
for 3 reasons: First, a b-value higher than 200 s/mm? has been
shown to be perfusion-insensitive in ADC measurements.*>*°
Accordingly, choosing a b-value of 200 s/mm” allows better eval-
uation of perfusion-sensitive changes of the parotid glands than
by using a b-value of 300 s/mm? or higher. Second, apparent bulk
motion artifacts have been demonstrated in dynamic scans on
DWI with a high b-value of 1000 s/mm? in the parotid glands.*”
On the contrary, DWI with a low b-value of 200 s/mm? has a
higher signal-to-noise ratio®® and is theoretically less susceptible
to bulk motion artifacts than with higher b-values. Third, al-
though it has been documented that b-values lower than 200
s/mm? are critical to obtain perfusion-sensitive information from
DWI, there is no consensus on the magnitude of b-values that
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FIG1. Demonstration of data acquisition and arrangement of DWI. A,
The first 2 images were discarded. T2-weighted images (b,) and diffu-
sion-weighted images (b,oo) Were arranged alternatively for 75 dy-
namic scans. For DWI, diffusion gradients were applied along the x, y,
and z axes periodically. B, Lemon juice was introduced into the oral
cavity via a connecting tube at the Tith scan and swallowed at 21st
scan. Figure 1B is courtesy of Cheng-Hsuan Juan.

should be applied.”® We chose a b-value of 200 s/mm? rather than
100 s/mm? to reduce potential contamination of signal loss from
the faster flow of small arteries or veins. Other MR imaging pa-
rameters included an FOV of 240 X 240 mm, matrix size of 256 X
256, echo-train length of 76, bandwidth of 1953 Hz/pixel, and
section thickness of 5 mm. Each DWI examination contained 152
excitations. Each excitation obtained 14 sections covering from
the cerebellum to the submandibular glands. The total scan time
was 5 minutes 4 seconds.

MR Imaging Acquisition

T2WI (b = 0 s/mm?) and DWI (b = 200 s/mm?) were acquired
alternatively. The first 2 excitations were discarded. The direction
of the diffusion gradients was changed periodically in the order of
the x, y, and z axes, allowing acquisition of a series of T2WI-
DWI-T2WI-DWIL -T2WI-DWI, scans for the rest of the 150 ex-
citations as illustrated in Fig 1A. Accordingly, 75 dynamic scans
were used for analysis with each dynamic scan containing a T2WI
and a DWI. The temporal resolution was 4 seconds per scan.

Gustatory Stimulation by Lemon Juice

As shown in Fig 1B, 10 mL of commercial lemon juice was admin-
istrated via a connecting tube into the oral cavity at the 11th dy-
namic scan. Each subject was instructed to swallow the lemon
juice at the 21st scan. The duration of lemon juice stasis in the oral
cavity was 40 seconds.

Qualitative Assessment of Imaging Quality

All MR imaging data were processed by software developed in-
house (T.-W.C,, Y.-H.L,, and C.-].J.) by using Matlab (Math-
Works, Natick, Massachusetts). Magnetic susceptibility artifacts
on T2WI and DWI were qualitatively and independently evalu-
ated by 2 neuroradiologists (C.-J.J. and C.-W.W. with >10 and 3
years’ experience in head and neck MR imaging interpretation,
respectively) by using a 4-point grading score system (0, severe
magnetic susceptibility artifacts: distortion and signal loss that
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FIG 2. Signal intensity—time curves before and after fifth-order But-
terworth low-pass filtering on DWI (b200). High-frequency noises
(gray peaks) are apparently reduced, while the trend of time-series
data in response to gustatory stimulation is preserved. a.u. indicates
arbitrary unit.

involved the entire image; 1, moderate magnetic susceptibility
artifacts: distortion and signal loss involving the parotid glands; 2,
mild magnetic susceptibility artifacts: distortion and signal loss
involving the oral cavity, nasal cavity, oropharynx, maxillary si-
nuses, or masticator spaces but sparing the parotid glands; and 3,
no magnetic susceptibility artifacts). Qualitative analysis was per-
formed on T2WI and DWI at baseline, during swallowing, and at
the end of dynamic scans, respectively.

Imaging Processing and Quantitative Data Analysis
Quantitative analysis was performed on 3 contiguous sections
covering the largest areas of the parotid glands, respectively.
Polygonal ROIs were drawn within the bilateral parotid glands on
the T2WTs, respectively, avoiding the partial volume effects from
visible vessels and adjacent tissues. These ROIs were then auto-
matically copied to the DWI for concurrent measurement of sig-
nal intensity. Time signal data of T2WI and DWI were treated by
afifth-order Butterworth low-pass filter with a cutoff frequency of
0.025Hz (Fig 2) to eliminate high-frequency noise that occurred
during the dynamic scans.
ADC was calculated on the basis of the following equation:

Sy — S
1) ADC = ln%,

where S,,, and S, were signal intensities of images with b-values
of 200 s/mm” and 0 s/mm?, respectively. Signal intensity—time
curves for T2WI, DWI, and ADC maps were plotted. In addition,
signal intensity—time curves were further normalized according to
equation 2:

(SI; — SI,)

2) SCo=""5p.

where SC,, was the normalized signal change, SI; was the signal
intensity at the ith scan, and SI, was the baseline signal intensity
averaged from the first 9 (first to ninth) scans. Salivary parame-
ters, including maximal signal change (MSC), time to peak, and
recovery ratio (RR), were further derived from the normalized
signal change—time curves, respectively, to characterize the indi-

Magnetic susceptibility artifact scores of T2WI and DWI
At the Baseline During Swallowing At the End

MSA Score Rater1 Rater2 Rater1 Rater2 Rater1 Rater2

T2WI (b)

0 0 0 0 0 0 0

1 0 1 0 1 0 1

2 20 19 20 19 20 19

3 1 1 1 1 1 1
DWI (b00)

0 0 0 0 0 0

1 0 0 3 2 0 0

2 20 20 17 18 20 20

Note:—MSA indicates magnetic susceptibility artifacts.

vidual parotid responses to gustatory stimulation. MSC was de-
fined as the maximal normalized signal change, TTP referred to
the time interval from the start of dynamic scans to the time of
MSC, and RR was calculated according to equation 3:

o = (MSC=5Ca)

3) MSC

where SC,, 4 refers to the normalized signal change averaged from
the last 9 (67th to 75th) scans.

Statistical Analysis

Statistical analysis was performed by using SPSS software (SPSS
20.0; IBM, Armonk, New York) and MedCalc for Windows
(MedCalc Software, Mariakerke, Belgium). Interobserver reliabil-
ity for imaging distortion was evaluated by linear-weighted « sta-
tistics. The normality of baseline signal intensity and salivary pa-
rameters was analyzed by Kolmogorov-Smirnov tests. A paired
Student ¢ test was used for comparisons between the left and right
parotid glands. Salivary parameters were analyzed by 1-way
ANOVA; and post hoc group comparisons, with a Bonferroni
correction. A P value < .05 was statistically significant.

RESULTS

The saliva collected within 2 minutes was 5.78 = 2.61 g (mean *
standard deviation). Results of qualitative analysis of T2WI and
DWI were summarized in the Table. Linear-weighted «k analysis
revealed substantial agreement between the 2 raters with a k value
of 0.656 on all T2WIs and almost perfect agreement, with a
value ranging from 0.842 (during swallowing) to 1 (at baseline
and at the end of dynamic scans) on DWI. The parotid glands
were free from perceptible artifacts at the baseline or at the end of
scans on both T2WI and DWI (Fig 3). However, the parotid
glands had magnetic susceptibility artifacts on DWI during swal-
lowing in 14.3% (3 of 21) of volunteers who had metallic dental
implants (Fig 4).

The left parotid glands did not differ from the right parotid
glands in baseline signal intensity on either T2WT (P = .148) or
DWI (P = .227). Therefore, data of both parotid glands of each
subject were averaged to represent each individual in further anal-
ysis. Averaged signal intensity—time curves of the parotid glands
on T2WI, DWI, and ADC were plotted in Fig 5. On both T2WI
and DWI, the signal intensity decreased immediately after oral
administration of lemon juice and kept declining during the gus-
tatory stimulation. After swallowing, the signal intensity began to
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FIG 3. Magnetic susceptibility artifacts on T2WI and DWI. Mild dis-
tortion and signal loss involving the bilateral maxillary sinuses (stars)
occur on all T2WI and DWI scans. During swallowing, the parotid
glands are still free from artifacts, though more extensive artifacts
involve the nasal cavity, oropharynx, and bilateral masticator spaces
(circles). The anterior margins of the parotid glands are indicated by
arrows. S indicates magnetic susceptibility artifact score.

FIG 4. Magnetic susceptibility artifacts involving the bilateral masti-
cator spaces and parotid glands (long arrows) are observed during
swallowing on DWI in a volunteer with metallic dental implants. Arti-
facts involving the oral cavity (stars) and left masticator space (short
arrows) are evident on all T2WI and DWI. S indicates magnetic sus-
ceptibility artifact score.

increase slowly on DWI but further dropped without perceptible
recovery on T2WI (Fig 5A). On the contrary, the ADC increased
abruptly during the lemon juice stimulation, reached the peak at
swallowing, and then declined to the baseline level at the end of
scans (Fig 5B).

Figure 6 demonstrates the normalized signal change—time
curves of the parotid glands. The normalized signal change—time
curves of the parotid glands on T2WI (Fig 6A), DWI (Fig 6B), and
ADC (Fig 6C) revealed trends similar to signal intensity—time
curves, respectively. One-way ANOVA showed significant differ-
ences in all salivary parameters, including MSC, TTP, and RR
among T2WI, DWI, and ADC, respectively (all, P < .001). The
results of post hoc analysis with Bonferroni correction of salivary
parameters are described below. The MSC of ADC (24.8% =+
10.8%) was significantly higher than that of T2WI (—10.1% =
5.2%; P < .001) and DWI (—14.2% = 5.5%; P < .001). The MSC
of T2WI did not differ from that of DWI (P = .437). TTP was
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significantly higher in T2WI (47.0 £ 17.3 scans) than in DWI
(31.0 == 16.4 scans; P < .001) and ADC (21.6 = 11.1 scans; P =
.004). There was no difference in TTP between DWI and ADC
(P=.132). The RRof ADC (100.71% = 42.34%) was significantly
higher than in T2WI (22.36% = 15.54%; P < .001) and DWI
(42.3% *+21.7%; P < .001). There was no difference in RR be-
tween the T2WI and DWI (P = .143).

DISCUSSION

Temporal resolution is an important factor in analyzing immedi-
ate responses of the parotid glands to gustatory stimulation. Such
immediate responses have not been emphasized in prior re-
search,'*'*2°2* in which DWI was performed without concur-
rent gustatory stimulation and the temporal resolution of DWI
was rather low, ranging from 74 seconds per scan®' to 162 seconds
per scan.'® Discrepant observations of parotid responses to the
gustatory stimulation in prior research (ie, decreased ADC after
gustatory stimulation in some studies'>** but increased ADC in
others'*'2%>*) might be partly affected by the time gap between
the gustatory stimulation and the poststimulation DWT and the
low temporal resolution of DWI. Both factors limit DWT in de-
tecting the maximal change of parotid ADC after gustatory
stimulation.

In this prospective study, we successfully demonstrated the
instantaneous responses of the parotid glands to gustatory stim-
ulation by using echo-planar DWT at a high temporal resolution
of 4 seconds. The overall signal intensity of the parotid glands on
T2WI and DWI was altered at the start of stimulation, as was the
parotid ADC. Our results support the hypothesis that the re-
sponse of the parotid glands to gustatory stimulation occurs in
seconds after oral intake of lemon juice.

On T2WI, the rapid reduction of signal intensity of the parotid
glands might indirectly reflect an immediate reduction of saliva in
the parotid glands after gustatory stimulation. Our result is con-
sistent with the observations of quantitative salivary gland scinti-
graphic studies with a temporal resolution of 15 seconds per
scan.”® The immediate reduction of parotid radioactivity and
accumulation of oral radioactivity following stimulation®®>!
supports saliva being emptied from the parotid glands imme-
diately after the stimulation. After swallowing, the parotid
glands showed persistent low signal intensity without recovery
in averaged signal intensity—time curves and showed an RR of
22.36%, derived from individual signal intensity—time curves.
Our results suggest that the refill of the water component of the
parotid gland is a process longer than 3 minutes after removing
the stimulator.

Because the signal intensity of vascular flow is attenuated rap-
idly under low b-values,”> ADC calculated from low b-values (0
s/mm? and 200 s/mm?) can be considered perfusion-sensitive in
our study. Our study showed a maximal increase of 24.8% in
the parotid ADC at 44.6 seconds (TTP = 21.6 scans) after the
start of lemon juice stimulation. Such a rapid increase of pa-
rotid ADC implies an instantaneous increase of parotid perfu-
sion after gustatory stimulation. The parotid response to gus-
tatory stimulation has been recently investigated by arterial
spin-labeling perfusion-weighted MR imaging,’” showing a
mean increase of 62% of parotid blood flow. However, arterial
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on T2WI, increases slowly on DWI, and reduces rapidly on ADC.

spin-labeling MR imaging is also limited in depicting the in-
stantaneous response of the parotid glands due to its low tem-
poral resolution of 160 seconds per scan.”” Evaluation of pa-
rotid gland function by using blood oxygen level-dependent
MR imaging showed an initial drop of signal intensity after
gustatory stimulation by using ascorbic acid.”* In addition to
the aforementioned MR imaging techniques, dynamic con-
trast-enhanced MR imaging has also been applied to evaluate
the perfusion change caused by salivary stimulation recently.””
After swallowing, the parotid glands showed rapid reduction of
ADC toward the baseline with an RR 0f 100% in our study. Our
results reflect rapid reduction of parotid perfusion after swal-
lowing lemon juice. The parotid ADC showed significantly
higher RR than T2WTI (P < .001). Our results suggest that the
parotid perfusion has returned to the baseline level at the end
of the dynamic scans, while the water refill of the parotid
glands has not.

Our results also show apparent intersubject variations regard-
ing all salivary parameters, especially after swallowing lemon
juice. The intersubject variations might reflect the biologic diver-
sity. If one takes TTP for example, possible reasons for the varia-
tions of TTP include residual lemon juice in the oral cavity, re-

peated swallowing, and other involuntary motions or background
noises during dynamic scanning.

Our study has several potential limitations. First, there is a
trade-off between temporal resolution and signal-to-noise ratio
in our study. Therefore, we performed an analysis of imaging
quality to examine the severity of magnetic susceptibility artifacts.
Our results showed that the parotid glands were free from mag-
netic susceptibility artifacts at baseline and at the end of dynamic
scans with substantial-to-almost perfect interobserver agreement.
Second, the signal intensity of DWI might be influenced by bulk
motion in our study. Therefore, we applied a low-pass filter to
reduce the high-frequency signal fluctuations. Our results are
consistent with the aforementioned quantitative salivary gland

scintigraphic studies”*"

regarding rapid emptying of saliva and
arterial spin-labeling MR imaging studies® regarding increased
blood flow after gustatory stimulation. Third, signal intensity on
T2WI and DWI might be not only attributed to water molecules
but also affected by fat molecules.’>*” To verify the change of the
water component in response to gustatory stimulation, another
high-temporal-resolution echo-planar dual-echo MR imaging
pulse sequence has been designed for direct measurement of the

proton density of the parotid glands.
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NCLUSIONS

Instantaneous parotid perfusion responses to gustatory stimula-

tion can be quantified by ADC by using high-temporal-resolution
echo-planar DWL
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The CT Prevalence of Arrested Pneumatization of the
Sphenoid Sinus in Patients with Sickle Cell Disease

A.V. Prabhu and ““'B.F. Branstetter IV

ABSTRACT

BACKGROUND AND PURPOSE: Arrested sphenoid pneumatization is an incidental radiologic finding on CT and MR imaging that may be
confused with more aggressive pathologic conditions. No definite etiology for arrested sphenoid pneumatization has been established,
though changes in regional blood flow during childhood, as is seen with sickle cell disease, have been proposed. The purpose of our study
was to compare the prevalence of arrested pneumatization of the sphenoid sinus in patients with and without sickle cell disease.

MATERIALS AND METHODS: We retrospectively identified 146 patients with sickle cell disease who had undergone CT scans of the skull
base between January 1990 and May 2015. We identified 292 control patients without sickle cell disease matched for age and sex in a1:2
ratio. We tabulated the prevalence of arrested pneumatization as well as the location and size of the lesions. We used the Fisher exact test
to correlate sickle cell disease with arrested pneumatization of the sphenoid sinus and the t test to correlate sickle cell disease with lesion size.

RESULTS: Of the 146 patients with sickle cell disease, 14 (9.6%) had arrested pneumatization of the sphenoid sinus. In the 292 control
patients, 6 (2.1%) had arrested pneumatization. Patients with sickle cell disease had a statistically significant higher rate of arrested
pneumatization compared with patients without sickle cell disease (P < .001). There was no statistically significant correlation between
lesion size and diagnosis of sickle cell disease.

CONCLUSIONS: Patients with sickle cell disease have a greater prevalence of arrested pneumatization of the sphenoid sinus than patients
without sickle cell disease. This supports the theory that either regional blood flow anomalies or increased serum erythropoietin causes

arrested sinus pneumatization.

ABBREVIATION: SCD = sickle cell disease

he normal development of the sphenoid sinus is preceded by

a phase of fatty transformation and fat involution in the bone
marrow, followed by aeration of the marrow that then results in
full pneumatization." This process begins at 4 months of age and
usually ends at 10—14 years of age.”* This process may be inter-
rupted, leaving atypical fatty marrow that persists into adulthood.

Change in regional blood flow has been suggested as a poten-
tial stimulus for fatty marrow conversion.” If this theory is correct,
then diseases that produce aberrant regional blood flow might
predispose a person to arrested sinus pneumatization. Sickle cell
disease (SCD) is an example of a disorder that produces regional
blood flow changes in childhood, but no study has investigated
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the correlation between arrested sphenoid pneumatization and
SCD.

We hypothesized that there is an increased prevalence of ar-
rested pneumatization of the sphenoid sinus in patients with SCD
compared with those without SCD.

MATERIALS AND METHODS

Study Participants

The institutional review board at the University of Pittsburgh
Medical Center approved this retrospective study of existing im-
aging data, and written consent was waived. We retrospectively
searched our electronic medical records to identify CT scans of
the face, orbit, sinuses, and temporal bones obtained between
January 1990 and May 2015, each performed on a different pa-
tient at least 1 year of age.

We identified 146 patients with SCD (cohort group) and then
identified 292 patients from the same date range without SCD
(control group) matched for age and sex at a 1:2 ratio. The diag-
nosis of SCD was confirmed with genetic testing for every patient
in the cohort group. Patients were excluded if they had undergone
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FIGURE. Axial (A) and sagittal (B) contrast-enhanced CT images show a nonexpansile lesion

imaging. The location of the lesion and
greatest axial length were recorded. Both
observers were blinded to the clinical
history of the patient and the SCD
status.

Using guidelines from Welker et al,®
arrested pneumatization was defined on
CT as a nonexpansile lesion located at a
normal sphenoid sinus pneumatization
site with a thin cortical margin, internal
fatty content, and curvilinear internal
calcifications (Figure). The lesion must
respect the margins of adjacent neural
foramina and lack a normal trabecular
pattern.

(arrows) located at a normal left sphenoid sinus pneumatization site with a thin cortical margin,

internal fatty content, and curvilinear internal calcifications. This is the characteristic appearance

and location for arrested pneumatization of the sphenoid sinus.

Table 1: Frequency and size of sphenoid fibro-osseous lesions
visualized on head CT

Group Frequency (%) Size® = SD (mm)
SCD (n = 146) 14 (9.6%) 143 =10.2
Control (n = 292) 6(2.1%) 885+ 5.6

2 Size is the maximal axial dimension. There was a statistically significant relationship
(P < .001) between presence of SCD and frequency of sphenoid fibro-osseous le-
sions. There was no statistically significant relationship between lesion size and SCD
status (P = .24).

Table 2: Location of sphenoid fibro-osseous lesions in patients
with and without SCD

Frequency
Patients  Patients
with without Total
Location scb? scb? Frequency?®

Left greater sphenoid wing 7 (50) 4(67) 11(55)
Right greater sphenoid wing 3(21) 2(33) 5(25)
Bilateral sphenoid wings 4(29) 0(0) 4(20)
Total 14 (70) 6(30) 20 (100)

? Data presented as number of patients (%).

surgery or radiation to the skull base, if the scans demonstrated
skull base pathology, if there was inadequate scan coverage of the
skull base, or if streak artifact prevented clear evaluation of the
region of the sphenoid sinuses.

Imaging

CT was performed on a 64-channel scanner (VCT, HD, and Op-
tima LightSpeed systems; GE Healthcare, Milwaukee, Wisconsin)
with variable mA, kVP of 120, section thickness reconstructed at
1.25 mm, and section spacing of either 1.25 mm or 0.625 mm.
Display field of view varied with patient size but was approxi-
mately 25 mm. Coronal and sagittal reformatted images were rou-
tinely obtained but were not used in this evaluation.

Each examination was evaluated in random order by a medical
student trained to identify sphenoid lesions. The medical student
intentionally interpreted the examinations with very high sensi-
tivity so that no true lesions would be overlooked. Each case with
a possible lesion was then re-evaluated by a fellowship-trained
neuroradiologist with Certificate of Added Qualification in neu-
roradiology and 13 years of dedicated experience in head and neck

Statistical Tests

The percentage of patients with arrested
sphenoid pneumatization in each group was tabulated. The Fisher
exact test was used to determine correlation between a diagnosis
of SCD and arrested pneumatization of the sphenoid sinus. The
test was 2-sided, and a P value of .05 was chosen as the threshold
for statistical significance. A f test was used to determine any re-
lationship between a diagnosis of SCD and maximum axial di-
mension of the sphenoid lesions, again by using a P-value thresh-
old of .05.

RESULTS

The 146 patients in the cohort group included 58 male (39.7%)
and 88 female patients (60.3%), with a median age of 30 years
(mean, 35.0 years; range, 1-100 years). Of the 146 patients, 5 (3%)
were 1-4 years old, and 15 (10%) were 5-14 years old. The same
demographic percentages applied to the matched control group.

Of the 146 patients with SCD, 14 (9.6%) had arrested pneu-
matization of the sphenoid sinus. In the 292 control patients, 6
(2.1%) had arrested pneumatization (P < .001). The size of the
lesions (mean = SD) was 14.3 * 10.2 mm in patients with SCD
and 8.85 * 5.6 mm in patients without SCD (Table 1). The most
frequent location of the lesions was the left greater wing of the
sphenoid bone (11 of 20 patients, 55%) (Table 2).

A Fisher exact test demonstrated that patients with SCD had a
statistically significant higher rate of arrested pneumatization
compared with patients without SCD (P < .001). A ¢ test showed
no significant relationship between a diagnosis of SCD and the
size of the lesions (P = .24).

DISCUSSION

The normal pneumatization process of the sphenoid sinus begins
after birth and usually ends at 10—14 years of age with the forma-
tion of a fully pneumatized sinus lined by respiratory epithe-
lium.>* This process can be interrupted for unclear reasons, es-
pecially in the sphenoid sinus. The most familiar etiology is
chronic inflammation, as seen in patients with cystic fibrosis,”™
but other factors can produce a similar result. It is also unclear
why arrested pneumatization has been shown to occur most often
in the sphenoid sinuses, though it may be because of greater vari-
ation in the extent of aeration in the sphenoid sinus compared
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with other paranasal sinuses.® Regarding arrested pneumatiza-
tion, there is a theory that aeration triggers the fatty marrow con-
version in the sphenoid sinus," whereas another theory suggests
that the ratio of trabecular to cortical bone is the driving mecha-
nism.'® Yonestu et al® suggested a subsequent theory of regional
blood flow changes as the reason for atypical fatty marrow that
persists into adulthood.

It is important to note that the theory of regional blood flow
has not been proved. Using MR signal intensity changes on TIWI,
Yonetsu et al > showed sphenoid marrow conversion before 1 year
of age, when aeration of the sphenoid bone does not occur.*"!
This suggested that factors other than air supply, such as blood
supply, play an important role in conversion of the marrow.’
Humoral factors also may play a role in arrested pneumatization
of the sphenoid sinus, considering that serum erythropoietin
levels have been shown to be elevated in patients with SCD."? The
elevated erythropoietin may interrupt the conversion of hemato-
poietic to fatty marrow.

The phrase “arrested pneumatization” makes an assumption
about the etiology of the sphenoid lesions that has not been
proved. In fact, radiologists may be uncomfortable using the
phrase because it is only one of several theories for the etiology of
these fibro-osseous lesions. Our study supports this terminology
and the theory of regional blood flow anomalies or increased
serum erythropoietin as a potential cause of arrested sinus
pneumatization.

The differential diagnosis for a mass in a normal sphenoid
sinus pneumatization site includes fibrous dysplasia, clival chor-
doma, chondrosarcoma, intraosseous lipoma, intraosseous hem-
angioma, hamartoma, ossifying fibroma, enchondroma, and
fibrous osteoma.”'’'® Arrested pneumatization may be distin-
guished from these entities as a nonexpansile lesion with a thin
cortical margin, internal fatty content, and curvilinear internal
calcifications (Figure).® These calcifications differ from the “ring
and arc” calcifications seen with chondroid tumors.'” Intraosse-
ous lipomas share some imaging characteristics with arrested si-
nus pneumatization,'* leading to the theory that these entities are
of similar etiology. However, our findings do not support this
theory. In particular, arrested pneumatization should not be con-
fused with ossifying fibroma. Whereas the internal matrix of ar-
rested pneumatization is characterized by curvilinear calcification
and fatty contents, ossifying fibromas exhibit ground-glass mar-
row on CT, often with an overlying radial pattern of calcifica-
tion.'” Ossifying fibromas are also expansile and may be exo-
phytic into the sinus itself."®

Our study has some important limitations. The study was ret-
rospective, and all the patients in the study were imaged for vari-
ous clinical reasons. The number of patients was too small to
break down our results by age to determine when these lesions
formed and determine whether age is predictive of prevalence.
Although the control patients were matched for age and sex, pa-
tient race was not reliably available to us, so we could not account
for this potential confounder. Serial CT scans could provide more
information about the usual development of arrested sphenoid
pneumatization, but in our series, no patients with lesions had
serial scans. Although the total number of patients in our series
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who had arrested pneumatization was small, the statistical results
comparing the 2 groups were robust, with a P value less than .001.
Our study included some patients younger than 14 years of
age, when the development of the sphenoid sinuses is still ongo-
ing. Although these patients may be less likely to have fibro-osse-
ous lesions, we felt justified to include these patients because 2
patients with SCD (ages 8 and 14 years) had evidence of arrested
sphenoid pneumatization. Additionally, the case-control format
of our study would prevent this from biasing our overall results.

CONCLUSIONS

Patients with SCD exhibit a higher prevalence of arrested pneu-
matization of the sphenoid sinus than patients without SCD. This
supports the theories that either regional blood flow anomalies or
increased serum erythropoietin cause arrested sinus pneumatiza-
tion and supports the continued use of this terminology.
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High-Resolution MRI Findings following Trigeminal Rhizotomy

B.G. Northcutt, ““'D.P. Seeburg, ““J. Shin, D.A. Herzka, ““D. Theodros, ““’C.R. Goodwin, ““'C. Bettegowda,

M. Lim, and ““’AM. Blitz

N. Aygun,

ABSTRACT

BACKGROUND AND PURPOSE: Patients with trigeminal neuralgia often undergo trigeminal rhizotomy via radiofrequency thermocoag-
ulation or glycerol injection for treatment of symptoms. To date, radiologic changes in patients with trigeminal neuralgia post-rhizotomy
have not been described, to our knowledge. The aim of this study was to evaluate patients after trigeminal rhizotomy to characterize
post-rhizotomy changes on 3D high-resolution MR imaging.

MATERIALS AND METHODS: A retrospective review of trigeminal neuralgia protocol studies was performed in 26 patients after rhizo-
tomy compared with 54 treatment-naive subjects with trigeminal neuralgia. Examinations were reviewed independently by 2 neuroradi-
ologists blinded to the side of symptoms and treatment history. The symmetry of Meckel’s cave on constructive interference in steady-
state and the presence of contrast enhancement within the trigeminal nerves on volumetric interpolated breath-hold examination images
were assessed subjectively. The signal intensity of Meckel’s cave was measured on coronal noncontrast constructive interference in
steady-state imaging on each side.

RESULTS: Post-rhizotomy changes included subjective clumping of nerve roots and/or decreased constructive interference in steady-
state signal intensity within Meckel’s cave, which was identified in 17/26 (65%) patients after rhizotomy and 3/54 (6%) treatment-naive
patients (P < .001). Constructive interference in steady-state signal intensity within Meckel’s cave was, on average, 13% lower on the side
of the rhizotomy in patients posttreatment compared with a 1% difference in controls (P < .001). Small regions of temporal encephaloma-
lacia were noted in 8/26 (31%) patients after rhizotomy and 0/54 (0%) treatment-naive patients (P < .001).

CONCLUSIONS: Post-trigeminal rhizotomy findings frequently include nerve clumping and decreased constructive interference in
steady-state signal intensity in Meckel’s cave. Small areas of temporal lobe encephalomalacia are encountered less frequently.

ABBREVIATIONS: CISS = constructive interference in steady-state; SI = signal intensity; VIBE = volumetric interpolated breath-hold examination; SPACE =

sampling perfection with application-optimized contrasts by using different flip angle evolution

rigeminal neuralgia is a debilitating condition characterized

by sharp pain in the distribution of the trigeminal nerve. First
described in 1773 by John Fothergill, trigeminal neuralgia is now
a widely recognized and frequently encountered condition with a
prevalence as high as 200/100,000 individuals and an overall inci-
dence 0f2.7/100,000/year.' > First-line treatment commonly con-
sists of medical management with carbamazepine, followed by
additional second- and third-line medical treatments."® If medi-
cal management fails, imaging of the trigeminal nerves is often
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performed to assess causes such as compression of the cisternal
segment of the trigeminal nerve from vascular structures or, less
commonly, mass lesions along the course of this nerve.

Trigeminal rhizotomy, which is performed by percutaneous
insertion of a needle through the foramen ovale into Meckel’s
cave to damage the nerve by balloon compression, glycerol in-
jection, or radiofrequency thermocoagulation, is often per-
formed as a first-line procedure and may be the only procedure
available to patients unable to undergo the more invasive sur-
gical intervention of microvascular decompression. Microvas-
cular decompression is an invasive method of treatment with
reported higher patient satisfaction and an overall lower symp-
tom recurrence rate compared with rhizotomy, but it requires
an open neurosurgical approach.”®

High-resolution MR imaging of the trigeminal nerves has al-
lowed radiologists to see the cisternal and Meckel’s cave segments
of the trigeminal nerve with exquisite detail. In particular, con-
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structive interference in steady-state (CISS) imaging, a free pre-
cession technique with intrinsic flow suppression and high signal-
to-noise ratio, allows visualization of fine structures, including
individual rootlets of the trigeminal nerve in Meckel’s cave. We
have also observed that CISS is sensitive to small perturbations in
the content of fluid and can demonstrate reduced signal com-
pared with CSF, even when differences are not visualized on spin-
echo-based imaging. Because patients can have high-resolution
imaging after trigeminal rhizotomy for a number of indications,

Table 1: Subject age and sex

Post-Rhizotomy Treatment-Naive P Value

No. of Subjects 26 54

Age (mean) (range) (yr) 60 (27-85) 55 (29-74) .09

Sex 6 Men, 20 Men, 31
20 women 34 women

Table 2: Frequency of findings within Meckel’s cave in treatment-
naive versus post-rhizotomy patients®

Treatment-
Post-Rhizotomy  Naive P Value
Subjective clumping 16/26(62%)  3/54(6%) <<.001
Decreased CISS 13/26 (50%) 3/54(6%) <.001
Subjective clumping without  4/26 (15%) 0/54(0%) .01
decreased CISS S|
| CISS SI without clumping 1/26 (4%) 0/54 (0%) 33
Subjective nerve clumping 12/26 (46%)  3/54(6%) <<.001
and | CISS S|
Subjective nerve clumping 17/26 (65%)  3/54(6%) <<.001

and/or |, CISS SI

Note:— | indicates decrease.
2 Interobserver agreement = 90%, k = 0.69.

FIG 1. Coronal CISS precontrast images at the level of Meckel’s cave. A, Decreased T2 signal
intensity and poorly delineated nerve rootlets in the left Meckel’s cave after rhizotomy. Note a
normal-appearing right Meckel’s cave. B, A different patient with clumping of the nerve rootlets
inferiorly within the left Meckel's cave post-rhizotomy. C, Central clumping of nerve rootlets in
the right Meckel’s cave post-rhizotomy. D, A different patient with more subtle clumping of the
nerve rootlets in the left Meckel's cave and subtle decreased CISS Sl post-rhizotomy.

including recurrence of symptoms, the goal of this study was to
determine the findings expected on postprocedural imaging fol-
lowing percutaneous rhizotomy.

Given the postulated mechanism of action of rhizotomy—that
is, changes in osmolarity and resulting demyelination and neurol-
ysis with glycerol or direct heat neurolysis with radiofrequency
thermocoagulation—we hypothesized the following: the rootlets
of the trigeminal nerve in the region of the injection would dem-
onstrate visible changes in their course due to clumping and ad-
hesion; and the signal on CISS imaging would be reduced within
Meckel’s cave due to injectate and/or inflammatory debris.” In
addition, we sought to evaluate whether enhancement of the tri-
geminal nerve or Meckel’s cave should be expected following rhi-
zotomy. The rates of other changes to surrounding structures and
the muscles of mastication that are innervated by the mandibular
division of the trigeminal nerve (cranial nerve V.3) were recorded.

MATERIALS AND METHODS
Patient Sample
A retrospective review of dedicated high-resolution 3D trigeminal
neuralgia protocol MR imaging studies was performed from 2011
to 2014. The study was approved by the institutional review board
and was Health Insurance Portability and Accountability Act—
compliant. Three hundred ten examinations were performed on
261 patients during the study period. Subjects were stratified into
preprocedural trigeminal neuralgia and post-rhizotomy groups.
Subjects were included in the post-rhizotomy group if they had a
documented history of either glycerol and/or radiofrequency
thermocoagulation rhizotomy before imaging. All rhizotomies
were performed with fluoroscopic image guidance. Subjects were
excluded from both groups if they had
symptoms atypical for trigeminal neu-
ralgia (n = 51), mass lesions in Meckel’s
cave (n = 11), and a history of microvas-
65) or
gamma knife treatment (n = 4) before

cular decompression (n =

imaging. Twenty-six studies qualified
for the post-rhizotomy group. One hun-
dred fifty-three examinations qualified
for the preprocedural trigeminal neural-
gia control group, of which 54 were se-
lected at random at approximately 2
controls per case with no statistically sig-
nificant difference between age and sex
compared with the post-rhizotomy

group.

Imaging Technique

All studies were conducted at our insti-
tution on Verio or Trio 3T scanners (75
examinations) or Magnetom Espree or
Avanto 1.5T scanners (3 examinations)
(Siemens, Erlangen, Germany) by using
a high-resolution trigeminal neuralgia
protocol. The protocol consisted of a
sagittal T1, isovolumetric T2 sampling
perfection with application-optimized
contrasts by using different flip angle
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evolution sequence (SPACE; Siemens), FLAIR, and axial diffu-
sion-weighted images of the brain. High-resolution sequences
were acquired, including CISS pre- and postcontrast (section
thickness, 0.6 mm; matrix, 256/256; FOV, 16.9 X 24.6) and volu-
metric interpolated breath-hold examination (VIBE) pre- and
postcontrast (section thickness, 0.8 mm; matrix, 256/256; FOV,
16.9 X 24.6), with fat saturation applied on the postcontrast VIBE
imaging. Postcontrast images were acquired after administration
of 0.1 mL/kg of gadobutrol (Gadavist; Bayer Schering Pharma,
Berlin, German) if the glomerular filtration rate was above 60, and
half-dose of gadobenate dimeglumine (MultiHance; Bracco Di-
agnostics, Princeton, New Jersey) was used if the glomerular fil-
tration rate was below 60, per institutional protocol. 3D-time-of-
flight MRA of the circle of Willis was also performed as part of the
high-resolution trigeminal neuralgia protocol.

Image and Data Analysis

The selected treatment-naive and post-rhizotomy studies were
intermixed and reviewed independently by 2 neuroradiologists
(with >5 years experience) blinded to a history of prior treat-
ment. All study sequences were reviewed on a PACS. Meckel’s
caves were evaluated subjectively for asymmetry, including
clumping of the nerve roots and altered signal intensity on both
non-contrast-enhanced and contrast-enhanced CISS sequences.
Trigeminal nerves were assessed for enhancement on postcon-
trast VIBE images. The signal intensity of Meckel’s cave was ob-

Table 3: Ratio of CISS Sl in treatment-naive versus post-
rhizotomy patients

Control Right  Rhizotomy MC/
MC/Left Contralateral
MC (mean MC (mean
ratio = SD) ratio = SD) P Value
Ratio of CISS SI 0.99 (£0.09) 0.87 (+0.15) <.001

Note:—MC indicates Meckel cave.

15

jectively measured by a central freehand ROI within the largest
area of Meckel’s cave on coronal non-contrast-enhanced CISS
imaging for each case, avoiding Meckel’s cave borders. Post-
procedural changes in the adjacent structures were evaluated
on pre- and postcontrast CISS and VIBE sequences. These ad-
jacent structures included cranial nerves III and VI as they are
readily visualized; however, cranial nerve IV was not assessed
as it is not well-visualized routinely. Additionally, the medial
temporal lobes were assessed as they closely approximate and
often abut the lateral dural margin of the Meckel’s cave and can
be penetrated by piercing the lateral dura of Meckel’s cave.'*"!
The adjacent petrous and cavernous segments of the internal
carotid arteries and cavernous sinuses were also assessed on 3D
TOF MRA.

Statistical Analysis

Patients in the control and post-rhizotomy groups were com-
pared for age by using a ¢ test of independent samples, assum-
ing unequal variances, and compared for sex with the Fisher
exact test with MedCalc for Windows, Version 15.8 (MedCalc
Software; Mariakerke, Belgium). A P value <.05 was consid-
ered significant.

The sensitivity, specificity, and positive and negative
predictive values of subjective nerve clumping or decreased
CISS signal intensity (SI) for post-rhizotomy were calculated.
Statistical significance was calculated via the Fisher exact test.
Interobserver agreement and k were calculated between ob-
servers.

A ttest of independent samples assuming unequal variance
was performed to compare measurements of CISS SI between
groups on the basis of the ROI SI values. The Fisher exact test
and interobserver agreement were calculated for changes of
the structures adjacent to Meckel’s cave, including hematoma,
encephalomalacia, atrophy of muscles of mastication, cranial
nerve [1I, V, and VI enhancement, and
vascular injury of the adjacent petrous

1.4 |

and cavernous internal carotid artery,
or cavernous-carotid fistula. A P value

1.3 00

<.05 was considered significant.

RESULTS

1.2

1.1

Twenty-six unique subjects were in-

1.0

cluded in the post-rhizotomy group, 12
with glycerol treatment and 14 receiving

both glycerol rhizotomy and radiofre-

quency thermocoagulation rhizotomy

0.9

Ratio CISS SI

0.8

before imaging. Fifty-four subjects were

included in the trigeminal neuralgia

0.7

I
o
T

procedure-naive group. There were no

0.6

statistically significant differences in age
or sex between groups (Table 1).

" C—

Subjective nerve clumping or de-

0.5

creased CISS SI was present in 17/26

Control Right Meckel's Cave/
Left Meckel's Cave

FIG 2. Graph showing the ratio of CISS Sl of the right and left Meckel’s caves in control patients
and rhizotomy/nonrhizotomy in Meckel’s caves in post-rhizotomy patients. The control group
ratio was 0.99 compared with 0.87 for patients who underwent rhizotomy (P < .001).
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Rhizotomy Meckel's Cave/
Non-Rhizotomy Meckel's Cave

(65%) patients after rhizotomy, compared
with only 3/54 (6%) treatment-naive pa-
tients (P < .001) (Table 2 and Fig 1). Of
the 17 patients with changes in Meckel’s
cave after rhizotomy, 12/17 (71%) had a



combination of clumping and decreased overall subjective CISS sig-
nal intensity, 4/17 (24%) demonstrated only subjective clumping of
nerve rootlets, and 1/17 (5%) demonstrated only decreased subjec-
tive CISS signal intensity. All 3 treatment-naive patients with subjec-
tive changes in Meckel’s cave demonstrated both clumping and de-
creased CISS signal. No nerve clumping or altered signal was noted in
Meckel’s cave on VIBE precontrast and postcontrast sequences or
FLAIR sequences, though clumping was identified in 2 patients after
rhizotomy on T2 SPACE sequences by both reviewers.

In the patients having undergone rhizotomy, objective mea-
surements of CISS SI by ROI in Meckel’s cave demonstrated a
statistically significant decrease in CISS SI on the side of the rhi-
zotomy compared with the contralateral side and with control
groups, with an average 13% decreased CISS SI on the side of the
rhizotomy (Table 3 and Fig 2). Encephalomalacia of the adjacent
temporal lobe was present in 8/26 (31%) patients post-rhizotomy
compared with 0/54 (0%) patients in the treatment-naive group
(P < .001) (Fig 3). One small hematoma was present in the post-
rhizotomy group (4%), with no hematoma present in the treat-
ment-naive group (P = .33). All cases of noted encephalomalacia
and hematoma on CISS were also identified on FLAIR, VIBE, and
T2 SPACE sequences by both reviewers. Atrophy of the muscles of
mastication was present in both groups, 3/26 (12%) in the rhizo-
tomy group and 3/54 (6%) in the treatment-naive group (P =
.38). Cranial nerve enhancement (of CN III, V, and VI) was not
present in either group, nor was there damage to the adjacent
petrous or cavernous internal carotid arteries or evidence of cav-
ernous carotid fistula (P = 1) (Table 4).

The average time of imaging after the most recent rhizot-
omy was 17.2 months, with a range of 1-63 months. The av-
erage time of follow-up of patients with nerve clumping or

FIG 3. Coronal CISS precontrast at the level of Meckel’s caves. En-
cephalomalacia of the medial left temporal lobe (straight arrow) ad-
jacent to Meckel’s cave. Also note clumping of the nerve rootlets in
the left Meckel's cave (curved arrow) status post rhizotomy.

Table 4: Frequency of findings in the adjacent structures in treatment-naive versus post-

rhizotomy patients

decreased CISS signal was 16.5 months, compared with 18.4
months in those patients without clumping or CISS signal
change (P = .56). The average number of rhizotomy treat-
ments in patients with subjective clumping or decreased CISS
SI'was 2.9, compared with 1.3 treatments for those who did not
have clumping or decreased CISS SI (P < .01). Seven of 12
(58%) patients who had undergone rhizotomy with only glyc-
erol treatment had subjective changes in Meckel’s cave, while
10/14 (63%) patients who had glycerol and radiofrequency
treatment had subjective changes (P = .68). All subjects in our
sample treated with radiofrequency rhizotomy had also under-
gone glycerol rhizotomy. The average number of rhizotomies
in those with encephalomalacia was 3.8, compared with 1.5 for
those without encephalomalacia (P = .03). Three of 12 (25%)
patients who had only glycerol treatment had encephalomala-
cia compared with 6/14 (42%) patients who had a combination
of glycerol and radiofrequency treatment (P = .43).

DISCUSSION

Studies to date on patients post-rhizotomy have primarily fo-
cused on clinical outcomes, notably comparison of different
forms of rhizotomy with each other and with microvascular de-
compression. While these articles offer occasional images of com-
plications associated with rhizotomy, no studies to date, to the
authors’ knowledge, have evaluated patients after rhizotomy in an
effort to describe postprocedural findings on MR imaging. This
study was performed to determine what findings can be encoun-
tered on postprocedural MR imaging.

Subjective changes, such as decreased CISS SI and clumping
of nerve roots, are commonly encountered (65%) after rhizo-
tomy; however, these changes are rarely seen in treatment-
naive patients (6%). These results suggest that the radiologic
findings are associated with the rhizotomy procedure rather
than the underlying pathophysiology of trigeminal neuralgia.
Objective measurements of signal intensity in Meckel’s cave
support our subjective findings by showing a statistically sig-
nificant decrease in CISS SI in Meckel’s cave after rhizotomy.
The mechanism underlying these changes is presumed to be
the result of chemical- or heat-induced neurolysis of the nerve
rootlets in Meckel’s cave. Notably, the patients with changes in
Meckel’s cave had undergone, on average, more rhizotomy
treatments (n = 2.9) compared with those who did not have
such changes (n = 1.3). Although the cause is unknown, sim-
ilar changes demonstrated in procedure-naive patients could
reflect a prior inflammatory event predating the development
of trigeminal neuralgia. Conversely, there could be recall bias
in our study, with the possibility that some subjects failed to
report their rhizotomy at another in-
stitution to the clinician.

Post-Rhizotomy Treatment-Naive P Value

Small foci of encephalomalacia of the

Encephalomalacia 8/26 (31%) 0/54 (0%) <.001

Hematoma 1/26 (4%) 0/54 (0%) 33

Atrophy of muscles of 3/26 (10%) 3/54 (4%) 38
mastication

CN V enhancement 0/26 (0%) 0/54 (0%) 1.00

Vascular injury 0/26 (0%) 0/54 (0%) 1.00

Interobserver temporal lobe adjacent to Meckel’s cave
Agreement K . .

were encountered in 31% of patients post-

98.8% 0.93 . .
100% ] rhizotomy and not in the control group.
963% 064  One such focus demonstrated minimal
blood products. These findings could be
100% 1 due to the adjacent temporal lobe being
100% 1 within the thermal zone of the radiofre-

Note:—CN indicates cranial nerve.

quency probe and/or direct surgical ma-
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nipulation.'®"" No adverse clinical signs or symptoms related to the
temporal lobe encephalomalacia were reported in these patients.

Weakness of muscles of mastication frequently occurs after
trigeminal rhizotomy, with a recent review noting weakness in
16% of patients, which is often transient lasting 6—12 months.'”
In our review, atrophy of the muscles of mastication was present
in patients with and without rhizotomy, with no statistically sig-
nificant difference between groups. No enhancement of trigemi-
nal nerve roots was encountered after treatment, though it is un-
clear whether more immediate postprocedural imaging would
perhaps reveal enhancement in the acute injury phase after treat-
ment. Additional complications such as vascular injury (cavern-
ous carotid fistula, internal carotid artery pseudoaneurysms), ab-
scess, meningitis, and cranial nerve III and VI injury, noted in
previous publications, were not encountered clinically or on im-
aging in our series.'*"'®

There were several limitations in this study, including the inher-
ent biases associated with the retrospective study design. Subjects
were grouped according to a review of the medical record, depending
on whether the patient was documented as having previously under-
gone rhizotomy. The patients were seen by experienced clinicians in
a dedicated trigeminal neuralgia clinic, and documentation of prior
procedures is standard, but we cannot exclude the possibility that
subjects had undergone rhizotomy at another institution and failed
to report this to the clinician. All patients in our study who had rhi-
zotomy underwent glycerol rhizotomy or glycerol in combination
with radiofrequency thermocoagulation rhizotomy. No patients had
balloon compression rhizotomy, a method not used at our institu-
tion due to the preference of the surgeons. Another limitation of this
retrospective study was lack of pre-rhizotomy imaging in those pa-
tients who underwent rhizotomy, with the exception of 1 patient. In
the case of the 1 patient who underwent high-resolution imaging
both before and after treatment, no difference was noted within
Meckel’s cave or the adjacent structures between studies. Addition-
ally, no correlation between the degree of clumping or decreased
CISS SIin Meckel’s cave and the degree of symptoms could be made
due to the retrospective nature of the study and in the absence of
clinically reported grading of symptoms.

The timing of imaging after rhizotomy greatly varied, which
could potentially influence the degree of changes seen in Meckel’s
cave, though the average time of imaging in those with and without
nerve clumping was similar. Additionally, more acute changes within
Meckel’s cave after rhizotomy (<1 month) could not be accurately
assessed. Last, the pain of trigeminal neuralgia is known to recur
frequently following rhizotomy. Many of the subjects imaged after
rhizotomy experienced recurrence of symptoms. Because patients
who responded positively to trigeminal rhizotomy are unlikely to
have undergone follow-up imaging, whether or to what extent these
findings might correlate with degree or duration of therapeutic re-
sponse remains a subject for further investigation.

CONCLUSIONS

Post-trigeminal rhizotomy changes in patients with trigeminal neu-
ralgia frequently include nerve clumping and decreased CISS SI
within Meckel’s cave, findings that are not commonly encountered
in patients before treatment. Tiny foci of encephalomalacia can also
be seen in the adjacent temporal lobe. Further investigation is neces-
sary to determine whether and how such findings are related to the
extent and durability of pain relief following rhizotomy.
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CLINICAL REPORT
HEAD & NECK

Imaging Appearance of SMARCBI (INI1)-Deficient Sinonasal
Carcinoma: A Newly Described Sinonasal Malignancy

D.R. Shatzkes, ““L.E. Ginsberg,

ABSTRACT

M. Wong,

AH. Aiken, ““'B.F. Branstetter IV, ““/M.A. Michel, and “*'N. Aygun

k=

SUMMARY: SMARCBI (INl1)-deficient sinonasal carcinomas were first described in 2014, and this series of 17 cases represents the first
imaging description. This tumor is part of a larger group of SMARCBI-deficient neoplasms, characterized by aggressive behavior and a

rhabdoid cytopathologic appearance, that affect multiple anatomic sites. Clinical and imaging features overlap considerably with other

aggressive sinonasal malignancies such as sinonasal undifferentiated carcinoma, which represents a common initial pathologic diagnosis in

this entity. SMARCBI (INI1)-deficient sinonasal tumors occurred most frequently in the nasoethmoidal region with invasion of the adjacent

orbit and anterior cranial fossa. Avid contrast enhancement, intermediate to low T2 signal, and FDG avidity were frequent imaging features.

Approximately half of the lesions demonstrated calcification, some with an unusual “hair on end” appearance, suggesting aggressive

periosteal reaction.

M alignancy of the sinonasal cavity is characterized by consid-
erably greater heterogeneity than malignancy of the upper
aerodigestive tract, where squamous cell carcinoma predomi-
nates. Though squamous cell carcinoma remains the most com-
mon sinonasal malignancy (approximately 60% of cases), there is
a diverse and growing array of additional histologies, including
tumors of epithelial, neuroectodermal, lymphoproliferatve, and
mesenchymal origins.'* Though imaging features of the various
histologies overlap considerably, some tumors demonstrate char-
acteristic findings that support a particular diagnosis, such as T1
shortening in melanoma or chondroid calcification in chondro-
sarcoma. Other tumors might demonstrate findings that, though
not specific to a single diagnosis, suggest their aggressive nature.
Ultimately, tissue sampling is necessary to confirm pathologic
diagnosis before treatment planning. Nevertheless, most sinona-
sal masses present with very nonspecific clinical findings indistin-
guishable from rhinosinusitis, and the ability of the radiologist to
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suggest an underlying malignancy is useful in directing short-
term management, including the need for further imaging and
tissue sampling.’”®

SMARCBI (INI1) is a tumor-suppressor gene that has been
implicated in a growing number of malignancies involving mul-
tiple anatomic sites, including the kidneys, soft tissues, and
CNS.">?7'! The first reports of SMARCBI (INI1)-deficient tu-
mors of the sinonasal cavity appeared in the pathology literature
in 2014,"? followed by an additional small case series in 2015.> To
our knowledge, there have been 16 cases reported in the world
literature. However, the imaging appearance of SMARCBI
(INT1)-deficient sinonasal tumors has not yet been described. By
analyzing a case series of 17 patients collected from 6 different
centers, some of whom were included in the pathologic reports
listed above, we aimed to provide a comprehensive description of
the appearance of these tumors on CT, MR imaging, and PET/CT
studies. We also hoped to increase awareness of this relatively new
entity among both radiologists and clinicians to facilitate its diag-
nosis when encountered in clinical practice.

MATERIALS AND METHODS

This retrospective case series was performed with institutional
review board approval and exemption from informed consent
following the guidelines of the Health Insurance Portability and
Accountability Act. Records of cases presented at our multidisci-
plinary tumor board since 2014 were reviewed for the pathologic
diagnosis of SMARCBI (INI1)-deficient sinonasal tumors. In ad-
dition, cases were solicited from head and neck radiologists at
other medical centers. In all, 17 cases were collected from 6 cen-
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Patient demographics

Patient  Age (y) Sex Original Pathology Diagnosis Stage Reference® Clinical Status Published?
1 35 Female Poorly differentiated carcinoma with squamoid T4bNOMO NED at 10 months N
features
2 51 Male Poorly differentiated carcinoma with glandular T4aNOMO NED at 1 month N
differentiation
3 45 Male Poorly differentiated adenocarcinoma T4b NED at 48 months N
4 50 Female Poorly differentiated SCC with papillary features T4aNOMO NED at 9 months N
5 72 Male SMARCBI (INI1)-deficient sinonasal carcinoma T4aNOMO NED at 12 months N
6 43 Male Poorly differentiated SCC T NED at 9 months N
7 59 Male NA NA NED at 12 months Bishop et al’
8 54 Female SNUC T4b AWD at 6 months  Bishop et al’
9 44 Male Poorly differentiated basaloid SCC T4bNO NED at 18 months Bishop et al’
10 78 Female  Myoepithelial carcinoma NOMO NED at 24 months  Bishop et al’
1 77 Male Myoepithelial carcinoma T4bNOMO DOD at12 months  Bishop et al’
12 32 Male SNUC T4b AWD at 24 months  Bishop et al’
3 64 Female  SNUC T4bNOMO AWD at 13months  Belletal’
14 75 Male Basaloid SCC T4bNOMO NA Bell et al®
15 33 Female  High-grade mixed germ cell tumor T4bNOMO DODat12months  Bell et al®
16 51 Female SNUC T4NOMO DOD at 24 months  Bell et al®
17 62 Male SNUC T4bNOMI NED at 3 months N

Note:—AWD indicates alive with disease; DOD, dead of disease; N, not previously published; NA, not available; NED, no evidence of disease; SCC, squamous cell carcinoma;

SNUC, sinonasal undifferentiated carcinoma.
#Based on American Joint Commission on Cancer, 7th Edition.

ters, 10 of which were included in prior case series.”” In most
cases, the diagnosis of SMARCBI (INI1)-deficient carcinoma rep-
resented an amendment of an initial alternate diagnosis. Patient
demographics, original pathologic diagnoses, cancer stage, cur-
rent clinical status, and publication history (where applicable) are
summarized in the Table.

All available pretreatment CT, MR imaging, and/or PET/CT
studies were reviewed on a PACS or DICOM viewer by a single
radiologist with over 20 years of experience in head and neck
imaging. MR and PET/CT imaging were available in 14 and 11
patients, respectively. CT images, either as a stand-alone exami-
nation or as part of a PET/CT examination, were available in 13
patients. Tumor characteristics compiled were specific location
within the sinonasal cavity; the presence of any intracranial, or-
bital, or perineural extension; and the presence of regional nodal
or distant metastases. Imaging parameters included CT attenua-
tion, enhancement, and calcification patterns; MR signal charac-
teristics and enhancement pattern; and the predominant pattern
of osseous change. Osseous change was characterized as expan-
sion, erosion, or a combination of both by review of both CT and
MR images. PET/CT studies were reviewed for tumor FDG avidity
and for the presence of regional nodal or distant metastases. Stan-
dard uptake values were unavailable for most of the imaging stud-
ies and were not recorded. Similarly, CT and MR imaging techni-
cal parameters were not recorded because most imaging was
performed at facilities outside of the tertiary centers where the
patients were referred for treatment.

RESULTS

Patient Characteristics

Patient characteristics are summarized in the Table. There were
10 men and 7 women, with an average age of 54 years (range,
33-78 years; median 51 years). The initial pathologic diagnoses
were sinonasal undifferentiated carcinoma in 5 patients, poorly
differentiated carcinoma (squamous, basaloid, adeno, or not oth-
erwise specified) in 6, myoepithelial carcinoma in 2, high-grade
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mixed germ cell tumor in 1, and SMARCBI (INI1) sinonasal car-
cinoma in 1. All but 1 patient presented with T4 disease (n = 15,
T-stage was not available for 2 patients). There were no regional
nodal metastases detected in the 12 patients for whom preopera-
tive PET/CT was available. A contralateral mandibular lesion in
patient 17 represented the only distant metastasis identified in this
subgroup of 12 patients. All patients underwent surgery and vari-
able chemoradiation regimens, and 10 patients were alive without
evidence of disease at last available follow-up (average follow-up
interval, 14.6 months; range, 1-48 months; median, 11 months).
In patient 3, with a follow-up interval of 48 months, the initial
pathology was reviewed at the time of suspected recurrence and
the diagnosis amended from poorly differentiated adenocarci-
noma to SMARCBI (INI1)-deficient carcinoma. To date, 4 pa-
tients with recurrence are alive and 3 have died.

Tumor Characteristics
Tumor characteristics are summarized in the On-line Table, and
representative images are provided in Figs 1 and 2. The most
common tumor location was nasoethmoidal (n = 8), followed by
nasal (n = 5) and sphenoethmoidal (n = 2), and 1 tumor was
centered in the frontoethmoidal region with a large supraorbital
component. Another very extensive tumor had components in
the nasal cavity and ethmoid, sphenoid, and maxillary sinuses.
There was epidural intracranial extension in 8 tumors and intra-
dural extension in 3. Orbital invasion, present in 9 patients, was
characterized as extraconal and/or conal in all. In patient 16, a
tumor was identified in the cavernous sinus and foramen ovale;
this tumor originated in the sphenoethmoidal region, and direct
cavernous sinus invasion was suspected. In patient 10, only
PET/CT was available and deemed insufficient to accurately assess
potential intracranial, intraorbital, or perineural extension. In 2
other patients, imaging was deemed to be of insufficient quality to
assess for perineural spread.

Precontrast CT images were available in 8 patients, and the
tumor was isoattenuated to skeletal muscle in 6. Contrast en-



FIG 1. Patient 1. A, Coronal enhanced CT image shows moderately enhancing tumor in the nasoethmoidal region eroding the cribriform plate
and ethmoid roof, with intracranial extension more conspicuous on the left (dashed arrow). There is also erosion through the right lamina
papyracea with contact to the right superior oblique muscle (solid arrow). Bone changes in this case were deemed primarily erosive rather than
expansile. B, Coronal enhanced and fat-suppressed TIWI shows avid heterogeneous enhancement in the transcranial mass. C, Coronal T2WI
shows mild T2 hyperintensity of the transcranial mass compared with the cerebral cortex. Though there is signal abnormality in the left frontal

lobe, no intradural disease was identified during surgical resection.

FIG 2. Patient 2. A, Coronal enhanced and fat-suppressed TIWI shows avid heterogeneous enhancement in right nasal cavity mass. There is no
intracranial or orbital extension, and this mass was characterized as expansile. B, On this coronal STIR image, the mass is approximately isointense
to cerebral cortex and can be distinguished from obstructive secretions in the adjacent ethmoid and maxillary sinuses. C, Coronal fused image
from PET/CT examination demonstrates avid uptake in the right nasal cavity mass.

FIG3. Calcification. A, Patient 9. Coronal CT bone image demonstrates spiculated, “hair on end” calcification along right medial orbital wall, with
permeative lytic change in the adjacent bone (arrows). B, Patient 13. There is a similar pattern of “hair on end” calcification involving the floor of
the right frontal sinus on this coronal CT image (arrows). In both patients, the involved bone is demineralized but not destroyed. C, Patient 1.
There is a more solid, floccular pattern of calcification along the right medial orbital wall on this axial CT image (arrows).

hancement of the tumor was identified in all 7 patients for whom
both pre- and postcontrast CT images were available. This was
graded as moderate in 6 patients and avid in 1 and further char-
acterized as heterogeneous in 6. Calcification was present in 6
of the 13 patients for whom CT imaging was available. In 3 pa-

tients, there was a spiculated “hair on end” pattern of calcification
along the interface, with adjacent bone suggesting aggressive peri-
osteal reaction (Fig 3). In patient 11, floccular calcification pres-
ent along the margin of the tumor with the medial orbital wall was
deemed to potentially represent a more solid pattern of periosteal
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reaction. In 2 patients, stippled and curvilinear calcifications were
present within the tumor, thought to likely represent retained
bone fragments within a background of bone destruction. The
impact on adjacent bony structures was assessed on both CT and
MR imaging. Bone changes were classified as predominantly ero-
sive in 9 patients, expansile in 5, and a combination of expansile
and erosive in 3.

The tumor was isointense to cortex in 11 of the 14 patients for
whom precontrast TIWT was available. In the remaining 3 pa-
tients, the tumor was graded as mildly hypointense. The tumor
was variably mildly hypointense (n = 4), isointense (n = 4), mod-
erately hyperintense (n = 3), and mildly hyperintense (n = 3) to
cortex on T2WI. Enhancement was graded as avid in 11 of the 14
patients for whom postcontrast MR imaging was available, with
the remaining tumors demonstrating moderate enhancement.
Enhancement was additionally characterized as heterogeneous
(n = 7) and homogeneous (n = 7). DWI was available for 9
patients. Most lesions (n = 7) showed moderate diffusion
restriction.

FDG uptake was demonstrated in all 12 patients who under-
went PET/CT scanning. Radiotracer uptake was graded as avid in
9 patients and moderate in 3.

DISCUSSION

SMARCBI is a tumor-suppressor gene located on chromosome
22q11.2.5*%'° Deficiency of SMARCBI (INI1) was first impli-
cated in malignant rhabdoid tumors of infancy, followed by rh-
abdoid tumor of the CNS, kidney, and soft tissue.">”'* This list
has since grown to include a diverse group of neoplasms in mul-
tiple anatomic sites, all of which are characterized by a rhabdoid
appearance on cytopathologic examination and generally aggres-
sive behavior.">”'? The first descriptions of SMARCBI (INI1)-
deficient neoplasms of the sinonasal tract were published simul-
taneously in the pathology literature by 2 separate groups in
September 2014."” A third case series, completing a total of 16
reported cases, was published in September 2015.> Our series,
with an additional 7 cases, represents the fourth report and the
first detailed imaging description of this entity.

It is difficult to estimate the prevalence of this disease because
most cases were initially diagnosed as other high-grade malignant
tumors, most commonly sinonasal undifferentiated carcinoma
and other poorly differentiated carcinomas often qualified as hav-
ing rhabdoid or basaloid features. In their review of their own
cases and those previously reported, Bell et al* found that
SMARCBI (INI1)-deficient sinonasal carcinomas represented
3.3% of a combined series of 484 sinonasal primary tumors. How-
ever, Bishop et al” noted that SMARCBI (INI1)-deficient sinona-
sal carcinomas represented 14% of previously diagnosed sinona-
sal undifferentiated carcinomas.” More accurate estimates will
likely be available once the diagnosis is more widely known in the
head and neck oncologic community.

There are few sinonasal tumors with highly characteristic or
pathognomonic imaging or clinical features, and this tumor is no
exception. With regard to patient demographics, the wide age
range and median age of 51 years overlap with virtually all sino-
nasal malignancies except those found in pediatric age groups,
such as juvenile nasopharyngeal angiofibroma and rhabdomyo-
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sarcoma. A clear predilection for late-stage presentation was iden-
tified in our series, with only 1 patient staged below T4. However,
this is the case in most aggressive sinonasal malignancies.®®'*"?
We found a predilection for central structures, with 13 of 17 tu-
mors described as nasal or nasoethmoidal in origin, with frequent
invasion into the adjacent orbital and intracranial compartments.
Other sinonasal malignancies such as sinonasal undifferentiated
carcinoma, esthesioneuroblastoma, lymphoma, and melanoma
arise most frequently in the superior nasal cavity with similar
patterns of invasion. The tendency toward avid enhancement,
intermediate T2 signal intensity, moderate diffusion restriction,
and FDG avidity demonstrated in our series is characteristic for
sinonasal undifferentiated carcinoma and squamous cell carci-
noma, which, though occurring most commonly in the paranasal
sinuses (75%), must still be considered when nasal cavity masses
are identified because of the high relative prevalence of this diag-
nosis."*7'* CT imaging demonstrated associated calcification in
close to half of the tumors (6 of 13), though no tumor calcification
was reported on histopathologic analysis. In considering this dis-
crepancy, we felt that calcification might reflect retained bone
fragments in 2 patients and an aggressive periosteal reaction in 4.
Nevertheless, our observed frequency of calcification on CT ex-
ceeds that reported in the literature, and the perpendicular “hair
on end” appearance suggesting aggressive periosteal reaction is a
particularly unusual feature.>”>'>'* A more accurate estimation
of the incidence of this and other imaging features, and of their
potential utility as indicators of this disease, will require a larger
sample size.

Limitations

In addition to the small sample size, other substantial limitations
are related to the pooling of data from multiple centers. Much of
the imaging reviewed was performed outside of these tertiary re-
ferral centers, and both imaging protocols and quality varied
widely. Technical specifications of scanners and specifics of pulse
sequence parameters were generally unavailable and were not
compiled. There were similar limitations on the availability of
clinical information, and length of follow-up was necessarily lim-
ited because of the short interval after initial description of the
entity. There are few prospectively acquired data regarding imag-
ing appearance of sinonasal malignancies, and available informa-
tion is largely limited to relatively small case series such as ours.
Therefore, comparisons with other sinonasal malignancies are
fraught with similar limitations of small sample size and hetero-
geneous data.

CONCLUSIONS

The recently described entity of SMARCBI (INI1)-deficient sino-
nasal carcinoma should be included in the differential diagnosis of
a central sinonasal mass demonstrating aggressive imaging fea-
tures, particularly when there is associated calcification. Overlap
in clinical and imaging features of SMARCBI (INI1)-deficient
carcinoma with other sinonasal malignancies, such as sinonasal
undifferentiated carcinoma, underscores the challenges currently
faced in diagnosis of these entities. The presence of rhabdoid fea-
tures on cytopathologic examination will help alert pathologists
and clinicians to the possibility of this diagnosis so confirmation



can be achieved using appropriate testing. As the diagnosis be-
comes more widely known, we anticipate the opportunity for
larger series and more accurate assessment of clinical and imaging
features of this disease.
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MRI Evaluation of Non-Necrotic T2-Hyperintense Foci in
Pediatric Diffuse Intrinsic Pontine Glioma

O. Clerk-Lamalice,

ABSTRACT

W.E. Reddick,

X. Li, Y. Li, “A. Edwards, ““).O. Glass, and ““'Z. Patay

O=

BACKGROUND AND PURPOSE: The conventional MR imaging appearance of diffuse intrinsic pontine glioma suggests intralesional histopatho-
logic heterogeneity, and various distinct lesion components, including T2-hypointense foci, have been described. Here we report the prevalence,
conventional MR imaging semiology, and advanced MR imaging features of non-necrotic T2-hyperintense foci in diffuse intrinsic pontine glioma.

MATERIALS AND METHODS: Twenty-five patients with diffuse intrinsic pontine gliomas were included in this study. MR imaging was
performed at 3T by using conventional and advanced MR imaging sequences. Perfusion (CBV), vascular permeability (v, K™"), and
diffusion (ADC) metrics were calculated and used to characterize non-necrotic T2-hyperintense foci in comparison with other lesion
components, namely necrotic T2-hyperintense foci, T2-hypointense foci, peritumoral edema, and normal brain stem. Statistical analysis
was performed by using Kruskal-Wallis and Wilcoxon rank sum tests.

RESULTS: Sixteen non-necrotic T2-hyperintense foci were found in 12 tumors. In these foci, ADC values were significantly higher than
those in either T2-hypointense foci (P = .002) or normal parenchyma (P = .0002), and relative CBV values were significantly lower than
those in either T2-hypointense (P = .0002) or necrotic T2-hyperintense (P = .006) foci. Volume transfer coefficient values in T2-hyperin-
tense foci were lower than those in T2-hypointense (P = .0005) or necrotic T2-hyperintense (P = .0348) foci.

CONCLUSIONS: Non-necrotic T2-hyperintense foci are common, distinct lesion components within diffuse intrinsic pontine gliomas.
Advanced MR imaging data suggest low cellularity and an early stage of angioneogenesis with leaky vessels resulting in expansion of the
extracellular space. Because of the lack of biopsy validation, the underlying histoarchitectural and pathophysiologic changes remain
unclear; therefore, these foci may correspond to a poorly understood biologic event in tumor evolution.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; DIPG = diffuse intrinsic pontine glioma; K" = volume transfer coefficient; rCBV = relative cerebral blood

volume; T2, = T2-hypointense foci; T2""F = T2-hyperintense foci; v, = fractional volume of the extravascular extracellular space

ost pediatric brain stem tumors are of glial origin." The
largest subgroup of brain stem gliomas is diffusely infiltra-
tive; those originating from the pons are referred to as diffuse
intrinsic pontine glioma (DIPG), and their outcomes are among
the worst in pediatric neuro-oncology, with a median survival of
<1 year from diagnosis.”™*
The diagnosis of DIPG relies heavily on conventional MR imag-
ing, which has remarkably high accuracy for this purpose (approxi-
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mately 95%-97%). The typical DIPG appears as a poorly margin-
ated, intra-axial mass lesion that is centered on the ventral pons,
involves >70% of the cross-sectional area of the brain stem, and
exhibits ventral exophytism with more or less engulfment of the basi-
lar artery.

The MR imaging appearance of DIPG suggests intralesional
heterogeneity, and it is conceivable that all apparent lesion com-
ponents and areas in heterogeneous tumors may not have the
same pathologic relevance and diagnostic imaging significance.
The prognostic value of conventional MR imaging features is con-
troversial. Recently, investigators found that ring enhancement
and small tumor size at diagnosis are associated with poor out-
come.”® Other MR imaging features, such as necrosis, intratu-
moral hemorrhage, and tumor extensions beyond the pons, while
important at diagnosis, were not found to have predictive value
for outcomes, likely because they are nonspecific for neoplastic
processes and difficult to interpret, representing crude, indirect
approximations of actual changes in tumor biology and burden.”


http://orcid.org/0000-0002-1204-2385
http://orcid.org/0000-0002-1054-1201
http://orcid.org/0000-0003-1653-4886
http://orcid.org/0000-0002-7046-4316
http://orcid.org/0000-0003-2979-5508
http://orcid.org/0000-0001-9679-2054
http://orcid.org/0000-0003-1479-9864

Alternatively, advanced imaging characterization of distinct le-
sion components (“building blocks”) with potentially distinct
histopathologic and/or pathophysiologic interpretation may be
more valuable, allowing a more direct and selective modular ap-
proach to the imaging evaluation of DIPG.

Several distinct lesion components or MR imaging features
reflecting different forms or types of lesion heterogeneity in DIPG
and other tumors, such as cysts, necrosis, and edema, have been
described.” Furthermore, intratumoral T2-hypointense foci
(T24405) characterized by low ADC and high CBV values have
been reported in 11.6% of patients and have been putatively at-
tributed to foci of anaplasia.® Also, a peculiar form of postcontrast
T1 signal enhancement (“occult enhancement”) has been de-
scribed in subtraction postcontrast T1-weighted images and was
found to be associated with increased CBV?; hence, this type of
enhancement is thought to correspond to the MR imaging sub-
strate of intratumoral angioneogenesis.

A systematic review of a cohort of pediatric patients enrolled in
a clinical trial for the treatment of DIPG led us to recognize a
previously unreported lesion component in DIPG: solitary or
multiple, relatively well-defined, intratumoral, non-necrotic T2-
hyperintense foci (T2""™) that are typically associated with local
mass effect. We, therefore, set out to evaluate and describe the
prevalence, conventional MR imaging semiology, and advanced
MR imaging features of non-necrotic T2™F in DIPG in compar-

2HrF

ison with those of T2y, -, necrotic T , peritumoral edema, and

normal brain stem.

MATERIALS AND METHODS

Patients

We reviewed and analyzed the baseline conventional and ad-
vanced MR imaging data of patients with newly diagnosed DIPG
who were enrolled in an institutional review board-approved
prospective phase I clinical trial (PDGEFR [platelet-derived growth
factor receptor| Inhibitor Crenolanib in Children/Young Adults
With Diffuse Intrinsic Pontine Glioma or Recurrent High-Grade
Glioma [SJPDGF]) in our institution between July 2011 and De-
cember 2013. The primary objective of that clinical trial was to
evaluate the toxicity of crenolanib, an inhibitor of platelet-derived
growth factor receptor—kinase, in children and young adults with
newly diagnosed DIPG (or recurrent, progressive, or refractory
high-grade gliomas, including DIPG). Consent was obtained
from patients or legal representatives before enrollment. The full
description of the SJPDGF trial protocol is available on-line
(http://clinicaltrials.gov/ct2/show/NCT01393912).

Twenty-eight patients with newly diagnosed DIPG were ini-
tially enrolled in the SJPDGF study; however, after reviewing the
available images, advanced MR imaging datasets, and the partic-
ipants’ medical records, we excluded 3 patients from the current
study. Two patients were excluded because the MR imaging fea-
tures and clinical evolution were uncharacteristic of DIPG and, in
retrospect, more suggestive of a lower grade astrocytoma (ie, the
patient was still alive 3 years after the initial diagnosis; tumor
regressed and was stable after treatment). One other patient was
excluded because of a very hemorrhagic tumor, which led to sub-
optimal DSC perfusion MR imaging datasets. Thus, 25 patients
were included in the current study (14 females and 11 males;

mean age, 6.94 years; age range, 2.08 —17 years). No biopsies were
performed; therefore, no histopathologic data were available for
any of these patients at enrollment.

Normative MR Imaging Data of the Pons

To establish normative diffusion and DSC perfusion values for
the pons in children, we used advanced MR imaging data from an
age-matched (mean age, 5.23 years; age range, 2—12 years) cohort
of patients (n = 17) who had MR imaging studies for supraten-
torial CNS malignancies (5 pineoblastomas, 1 ependymoma, 1
astrocytoma, 1 anaplastic ganglioma, 1 choroid plexus carcinoma,
1 high-grade glioma, 3 primitive neuroectodermal tumors, and 4
atypical teratoid/rhabdoid tumors) at the time of initial diagnosis
and who had no visible structural abnormalities in the posterior
fossa. Conventional MR images were screened for any visible ab-
normality before analysis of advanced MR imaging data, and find-
ings were unremarkable. The small SD of the ADC and CBV values in
this cohort suggests homogeneity of the normative dataset.

Conventional MR Imaging and IV Contrast Injection

While patients were under sedation or general anesthesia, all MR
imaging studies were performed on 3T scanners (Magnetom Trio or
Skyra; Siemens, Erlangen, Germany) by using 32-channel (Trio) or
20-channel (Skyra) phased array head coils. The standard conven-
tional MR imaging protocol included axial T2-weighted turbo spin-
echo (TR/TE = 3800/83 ms), pre- and postcontrast axial T1-
weighted gradient-echo (TR/TE = 236/2.31 ms), and postcontrast
FLAIR (TR/TE = 10,000/108 ms; TI = 2600 ms) sequences with a
section thickness of 4 mm. Axial susceptibility-weighted images (TR/
TE = 56/25 ms) had a section thickness of 2 mm. A total of 0.2 mL/kg
(0.1 mmol/kg) of gadopentetate dimeglumine (Magnevist; Bayer
HealthCare Pharmaceuticals, Wayne, New Jersey) was administered
in all patients in 2 equally divided doses for the dynamic contrast-
enhanced (DCE) and DSC perfusion MR imaging studies (see
below) before performing the postcontrast T1-weighted imaging
sequences. In all cases and for all contrast-enhanced sequences,
Gd-DTPA was injected intravenously at a rate of 2 mL/s through
a22-ga IV catheter by using an infusion pump synchronized with
the MR imaging scanner. A saline flush of 20 mL, also adminis-
tered at a rate of 2 mL/s, followed each Gd-DTPA injection.

Advanced MR Imaging

DCE-MRImaging. First, 3 series of 3D gradient-echo images were
collected to calculate T1 maps in the brain parenchyma (TR/TE =
5.3/3.2 ms; flip angle = 2°, 10°, and 20°). Subsequently, a total of
50 dynamic series of 16 images covering the brain stem and pos-
terior fossa were acquired by using a 3D gradient-echo sequence
with parallel imaging (TR/TE = 5/3.2 ms, generalized autocali-
brating partially parallel acquisition accelerating factor R = 2, 24
reference lines, average = 1, flip angle = 15°, 16 sections, section
thickness = 4 mm [no gap], matrix size = 128 X 128, in-plane
resolution = 1.8 X 1.8 mm, temporal sampling = 6.84 seconds).
The IV injection of Gd-DTPA (0.1 mL/kg) started 20 seconds after
the initiation of the DCE sequence.

DSC-MR Imaging. The first dose of Gd-DTPA used for the
DCE-MR imaging study served as preloading to allow leakage
correction.'®'> DSC-MR imaging data were obtained after a sec-
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FIG 1. Axial MR images centered on the pons and showing non-necrotic T2™* (long arrow).
T2-weighted image (A), ADC map (B), TI-weighted postcontrast subtraction image (C), and CBV
within the left hemipons (a
smaller similar lesion may be present on the right side, too), which is associated with mass effect,
slightly increased signal in ADC (B), lack of contrast enhancement after IV gadolinium injection (C),

map (D). These images show a well-defined, fairly voluminous T2

and moderately increased CBV (D).

FIG 2. Axial (A) and sagittal (B) T2-weighted MR images of a DIPG with both non-necrotic T2

(arrowhead) and T2,,¢ (long arrow).

ond dose of Gd-DTPA (0.1 mL/kg) was injected 10 seconds after
the beginning of the DSC sequence (single-shot free induction
decay EPIL, TR/TE = 1980/50 ms [Trio] and 2030/52 ms [Skyra],
average = 1, flip angle = 90°, 16 contiguous sections, section
thickness = 4 mm, matrix size = 256 X 256, in-plane resolu-
tion = 0.82 X 0.82 mm, 50 image sets, temporal sampling = 2.06
seconds).

Diffusion Imaging. Diffusion data were acquired by using a
single-shot spin-echo EPI sequence (TR/TE = 6500/120 [Trio]
and 7500/120 ms [Skyra], b=700 ms, section thickness = 3
mm, no gap, matrix size = 128 X 128, in-plane resolution =
1.5 X 1.5 mm). Twelve noncoplanar, noncollinear diffusion
gradient directions and 4 acquisitions were used to calculate
the diffusion tensor for each voxel within the images. ADC
values were derived from the DTI dataset.

Image Analysis: Conventional MR Images

Conventional MR images were jointly evaluated on a PACS worksta-
tion by a board-certified neuroradiologist (25 years of experience
interpreting pediatric MR imaging studies) and a radiology resident
(3 years of experience interpreting pediatric brain MR imaging stud-
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ies). Before the extraction of advanced MR
imaging data and statistical analysis, all
MR imaging studies were reviewed twice,
with a 1-week interval between reviews, to
ensure consistency of results and mini-
mize interobservation variance. Because
of satisfactory correspondence, the latter
was not further evaluated statistically.

Bidimensional tumor measurements
were made at the level of the largest pon-
tine cross-sectional lesion area by using
a PACS workstation. Volumetric evalu-
ations of the tumor lesions were made by
using an in-house—developed C++
program to segment the tumor area
on axial T2-weighted images from the
pontomesencephalic-through-the-pon-
tomedullary junction.

T2 was defined as a well-margin-
ated,
(compared with the surrounding domi-

relative T2-hyperintense area

nant “mean” T2-hyperintense signal)
within the pontine lesion area. A distinc-
tion was made between necrotic and
non-necrotic T27™. A T2"™ was con-
sidered necrotic if its geometry and mar-
gins were irregular; the lesion typically
had a thin, somewhat T2-hypointense
rim with signal enhancement on post-
contrast T1-weighted images. The pres-
ence of multiple prominent hypointen-
sities (blood-degradation products) in
the T2™™ on susceptibility-weighted
images was also considered suggestive of

necrosis. Conversely, a T2™"

was con-
sidered non-necrotic if the relative T2-
hyperintense area was rounded or slightly oval, well-marginated
without a T2-hypointense rim, free of hemorrhagic stigmata in
susceptibility-weighted images, and without perceptible signal
enhancement on postcontrast T1-weighted images. Non-ne-
crotic T2""™F appear to be somewhat expansile; this appearance
is best shown by the splaying of transverse pontine fibers or
vertical transpontine fiber bundles in their proximity (Fig 1).
Necrotic and non-necrotic T2 and T2y, are not mutually
exclusive: They may be seen in the same patient (Fig 2), and
multiple foci of each type can be seen in the same tumor.

Postprocessing of Advanced MR Imaging Data
Quantitative T1 maps, calculated from the variable flip angle im-
ages acquired before IV contrast administration, were used with a
2-compartment pharmacokinetic model'” and an experimentally
derived population-based arterial input function,'* to analyze the
DCE dataset and generate parametric maps of volume transfer
coefficient (K"*"*) and fractional volume of the extravascular ex-
tracellular space (v,).

For the DSC perfusion datasets, an iterative automated pro-
cess by using a Kohonen self-organizing map was used to identify



the arterial input function from a constrained set of images at the
level of the basilar artery."> Additional DSC perfusion MR imag-
ing data-processing was performed by a truncated, single-value
deconvolution combined with a standard Tikhonov regulariza-
tion and generalized cross-validation to yield parametric maps of
CBV.

Voxelwise calculations of the diffusion datasets were per-
formed by using the DTT toolkit in SPM8 (http://www.fil.ion.
ucl.ac.uk/spm/). Parametric maps of ADC values were generated
from these datasets.

Segmentation of the entire tumor lesion area in the pons was
performed on axial T2-weighted images by using an in-house—
developed C++ program.

To allow us to work in a common space and retrieve advanced
imaging data, we coregistered raw images obtained from the DCE,
DSC, and diffusion acquisitions to respective T2-weighted images
by using FSL (http://www.fmrib.ox.ac.uk/fsl). To accommodate
misregistration between T2 and echo-planar images, we used a
kernel of 5 X 5 to erode the pons ROI to ensure alignment with
the spatially normalized parametric maps.

Image Analysis: Advanced MR Imaging

The mean and SD of each advanced MR imaging parametric value
were calculated for 4 types of ROIs within the pontine tumor
lesion: non-necrotic T2, T2, necrotic T2, and “none of
the previous” (believed to correspond to edema). Also, mean nor-
mative ADC and CBV values for the entire pons of control pa-
tients were calculated.

All ROIs were manually drawn on T2 images by using in-
house software coded in C+ +. Visual inspection of postcontrast
T1 images was performed, when useful, to help more confidently
classify and delimit the different foci. If a T2-hypointense or -hy-
perintense focus was appreciated on multiple axial T2 images,
then the image passing by the center of the lesion was used to draw
the representative ROI. We also calculated the mean sizes of all
ROIs.

The ROIs drawn were then superimposed on the coregistered
ADC, CBV, K"*™, and v, maps to calculate the mean values of
each corresponding focus. To reduce CBV value variations related
to technical and physiologic variations among patients, we cre-
ated relative CBV (rCBV) values by normalizing CBV values
within the ROIs to those of ROIs placed within normal-appearing
cerebellar white matter. This normalization was performed by
using an ROI drawn at the level of one of the middle cerebellar
peduncles on axial T2 images and subsequently coregistered with
CBV perfusion maps.

Statistical Analysis

Perfusion (rCBV), tissue permeability (v, K**"), and diffusion
(ADC) metrics of the 4 ROI types were calculated and used in
conjunction with normative brain stem values to characterize
each of the 4 types of ROIs. The Kruskal-Wallis test was used to
evaluate whether ADC, rCBV, K"*", and v, values were signifi-
cantly different among the different ROI types. Pair-wise compar-
isons through a Wilcoxon rank sum test adjusted by Bonferroni
multiple testing correction were also performed. A P value < .05
was considered significant. Bidimensional and volumetric tumor

measurements and ROI areas are reported as mean values = SD
(range). Poisson regression models were used to determine
whether there was any association between the patient’s’ age or
tumor size and the number of non-necrotic T2, All statistical
analyses were performed by using SAS 9.3 software (SAS Institute,
Cary, North Carolina).

RESULTS

Conventional MR Imaging Results

Data from 25 tumors were used in this study. In all, 16 non-
necrotic T2 were found in 12 patients (48% of patients); of
these 12 patients, 2 patients had 2 T2 and 1 had 3 T2, Fur-
thermore, 13 T2, were found in 8 patients (32%), and 9 ne-
crotic T2 were found in 8 patients (32%) at initial diagnosis.
The mean of non-necrotic T2, T2, ., and necrotic T2 were
299.19 = 358.40 mm? (range, 24.22-1086.08 mm?), 367.10 =+
450.74 mm?> (range, 40.37-1249.60 mm?),and 1216.18 + 1215.06
mm? (range, 102.28-2788.49 mm?), respectively.

The mean bidimensional measurements of the tumors were
4.48 * 0.67 cm (range, 2.78-5.97 cm) X 3.62 = 0.65 cm (range,
2.72-5.22 cm). The mean pontine tumor volume in our cohort
was 29.65 = 9.21 cm” (range, 9.56—49.56 cm?). In addition to
conventional features of DIPG (poorly marginated intra-axial
mass lesion, involving >70% of the cross-sectional area of the
pons, exhibiting ventral exophytism with, in some cases, engulf-
ment of the basilar artery), we found that 12 patients (48%) had
noticeable signal enhancement on conventional postcontrast T1-
weighted images. In addition, no association was seen between the
number of non-necrotic T2 fociand age (P = .1297) or tumor size
(P =.5727).

Advanced MR Imaging Results

The Table shows the quantitative values (mean * SD) for each
of the 4 advanced MR imaging—based surrogate biomarkers
(ADC, rCBV, K", v,) in all 4 ROI categories: peritumoral
edema, non-necrotic T2, T2, and necrotic T2HF For
normal brain stem parenchyma, only ADC and rCBV data were
available.

ADC values in non-necrotic T2"™™ were significantly higher
than those in T2, (P = .002) or even normal brain parenchyma
(P = .0002) and quite similar to values in peritumoral edema.
Relative CBV values in non-necrotic T2"™™ were significantly
lower than those in T2, (P = .0002) or necrotic T2""" (P =
.006), similar to those in normal brain stem parenchyma and
somewhat higher than those in perilesional edema. K™ values in
T2 ™ were significantly lower than those in T2, (P = .0005) or
necrotic T2 (P = .0348) but only moderately higher than those
in perilesional edema. For v,, no significant differences were seen
between non-necrotic T2™F
nents (Table and Fig 3).

and other evaluated lesion compo-

DISCUSSION

To allow more consistency in therapeutic trials (especially
multicenter ones), standardization of reproducible and quan-
tifiable imaging criteria is indispensable.'® Simultaneously,
there is a growing need for using more robust, quantitative
advanced MR imaging—based biomarkers, which have more or
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Measurement of advanced MRI-based surrogate biomarkers in 5 regions®

fore, evaluating a lesion as an all-inclu-

ADC sive whole may “dilute” critical informa-
Region (x107> mm?/s) rCBV K" (min™) Ve tion. To avoid this issue, one needs to
Normal brain stem  0.75 = 0.04 136 £ 0.21 NA NA define selective, targeted ROIs and draw
(r' =1) them on specific parts of the tumor le-
b b P p

Peritumoral edema 142 +0.27 1.04 = 0.31 0.0028 = 0.0020 0.0035 *+ 0.0030 . .
(n = 22) sion. To define relevant, meaningful
Non-necrotic T2"F 148 + 0.41>¢ 138 +0.68°¢ 0.0034 + 0.0025%¢ 0.0057 +0.0042  ROIs, we need to improve our ability to
(n=16) recognize distinct building blocks of tu-
2o (N =13) 0.82*016%¢ 382+132°¢  0.0M2+00071° 00163 00184°  mors (eg, clones of densely packed tu-

Necrotic T2H"* 147 £023°  361+163%¢ 00108 =0.0072°  0.0171 = 0.0132°

(=9

mor cells, areas of angioneogenesis,

Note:—NA indicates not applicable.

#Mean values * SD are shown. Statistical differences between groups (P < .05) are signified as follows:

®Normal brain stem.
“Thior

9 Necrotic T2,

€ Edema.

FIG 3. Boxplots of ADC, rCBV, K", and v,, for the different ROI types analyzed in DIPG. The
y-axis of boxplots was rescaled for rCBV, K™, and v,. Error bars represent SDs. Statistical
differences between groups (P < .05) are signified as follows: The asterisk indicates normal brain

stem, ¥, T2,,.¢ 1, necrotic T2™; §, edema.

less validated histopathologic and/or pathophysiologic inter-
pretation and which take into account microenvironmental
factors such as blood supply, oxygenation, and metabolic ac-
tivity, which are also known to influence drug delivery and
therapeutic outcome.'”

Recently, quantitative MR imaging—based biomarkers, which
have more or less validated histopathologic and/or pathophysio-
logic interpretation, have become robust enough to be feasible in
clinical settings. For example, DSC perfusion MR imaging—based
biomarkers, rCBV in particular, are surrogate markers to quanti-
tatively assess the vascular support system (ie, angioneogenesis) in
tumors. ADC is a well-established surrogate for cell density in
neoplastic processes. In addition, permeability metrics, such as
K™ and v,, characterize vessel wall integrity and the flux of bulk
water from intravascular space into the extracellular compart-
ment, allowing quantitation of vessel wall leakiness and resultant
vasogenic edema.

The necessary next step is recognizing that tumors are not
histopathologically or pathophysiologically homogeneous; there-
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hemorrhage, and edema) on the basis of
their conventional MR imaging appear-
ance and to use advanced MR imaging
techniques to characterize them. Previ-
ous investigators have already advocated
this “modular approach” and described
such “building blocks” that represent
key histopathologic or pathophysiologic
processes in DIPG, including T2, (fo-
cal anaplasia), “occult” enhancement

(angioneogenesis),  and
9,18

petechial
hemorrhages.

Recently, histogram analysis has
been used with success to quantify intra-
tumoral heterogeneity. Histogram-de-
rived parameters such as skewness, kur-
tosis, and percentiles have been found to
be useful in differentiating types of glio-
mas.'” Other investigators found that
rCBV histograms correspond with gli-

oma grades,*”

and ADC histograms can
stratify progression-free survival in glio-
blastomas.?"** A similar technique has
been used in DIPG to demonstrate sig-
nificant intratumoral and interpatient
mean diffusivity heterogeneity,”> and
shorter overall survival was found to be
associated with increased ADC histo-
gram skewness.”* Although these studies have undeniable merits,
in this research, we took a different approach. We believe that it is
important to identify distinct “building blocks” in tumors on the
basis of their conventional features, characterize those by using
advanced MR imaging techniques, and provide putative histo-
pathologic and pathophysiologic interpretations.

Our advanced MR imaging data allow some speculation about
the underlying histoarchitectural and pathophysiologic mecha-
nisms occurring intrinsically within these foci. Our data suggest
that non-necrotic T2™F are potentially evaluable distinct lesion
components in DIPG (and possibly in other tumors of the CNS).
Non-necrotic T2""F appear to be more common than are T2,
or necrotic T2™"F, Non-necrotic and necrotic T2"™ may exhibit
similarities other than T2 hypersignal on conventional MR imag-
ing, such as mass effect splaying transverse pontine fibers. How-
ever, non-necrotic T2"™ typically do not show peripheral en-
hancement or punctate microhemorrhagic foci, which are
common in necrotic foci.



FIG 4. Feature comparison of the 4 ROIls. A, Normal brain stem. B, A non-necrotic T

2" is a well-circumscribed intratumoral area

exhibiting high T2 signal and is often associated with local mass effect on surrounding structures, shown by splaying transverse ponto-

cerebellar fibers. C, T2,,, are characterized by low T2 signal and are locally expansile. D, Necrotic T2"" exhibit irregular margins, central

T2 hypersignal, peripheral T2 hyFPosignal, and postcontrast signal enhancement. On the basis of their advanced MR imaging features, we
r

speculate that non-necrotic T2
tumor cell populations (clones).

Previous work in adult supratentorial glioma®® and in
DIPG?® suggested that higher ADC values correlate with lower
tumor cellularity and grade. Furthermore, patients with DIPG
having higher ADC values seem to have longer survival
times.?” Because of the high frequency of such foci in DIPG, it
is reasonable to speculate that non-necrotic T2"""™" might con-
tribute to higher ADC values within DIPG and represent a
relatively “good” prognostic biomarker. Conversely, T2"°F
may indicate the presence of more aggressive tumor cell pop-
ulations (focal anaplasia).® Elevated ADC may indicate low

2"F and/or considerable va-

relative cellular density within T
sogenic edema, which could indicate the presence of a small-
but-aggressive population of tumor cells, possibly undergoing
malignant transformation.

A positive correlation between histologic grade and rCBV in
adult supratentorial gliomas has been established by other inves-
tigators.”**° In our study, perfusion metrics (rCBV) showed a
relatively broad range within non-necrotic T2, Overall, they
were higher than those in edema and, in some individual cases (4
patients), than in normal brain stem parenchyma (Fig 1). Relative

29F are not elevated as much as in

CBYV values in non-necrotic T
T2, This could be interpreted as an early stage of angioneogen-
esis in non-necrotic T2"™, despite the lack of apparent “occult”
enhancement.

Elevated K" values in T2 and necrotic T2™™" indicate
higher tumor grade.”"**> Volume transfer constants between
the intravascular plasma and extravascular, interstitial com-

partments in non-necrotic T2"™

are somewhat higher than
those in edema but not as high as those in T2}, or necrotic
T2M. Quite remarkably, extravascular extracellular space vol-
ume fraction (v,) values increase almost linearly from edema

2HrF tissues; this

to non-necrotic T2™F to T2y, to necrotic T
increase suggests a trend in global vessel wall permeability, in
other words, an increasing proportion of leaky vessels, charac-
teristic of angioneogenesis.

On the basis of this information, one cannot help speculat-

HrF HrF
25T 2571,

ing that non-necrotic T , T24,p and necrotic T
though possibly coexisting, may indicate sequential steps in
the evolution of tumor cell populations (clones). When a bi-
opsy is performed, initial diagnostic specimens in DIPG often
indicate fibrillary astrocytoma,’” but postmortem specimens
almost invariably correspond to high-grade glioma.>* We,

2HrF

therefore, hypothesize that non-necrotic T may be a pre-

F T2,,0r and necrotic T2"F, while possibly coexisting, may indicate sequential steps in the evolution of

cursor of T2y, which may thereafter evolve to necrotic
T2, Non-necrotic T2 would correspond to an emerging
clone of cells undergoing malignant transformation, with yet
relatively low density of aggressive, highly edematigenous cells,

2HF edema

inducing early angioneogenesis. In non-necrotic T
may be the dominant pathophysiologic phenomenon associ-
ated with expansion of the extracellular space and the resultant
local mass effect. As cellular density increases, a T2, devel-
ops and angioneogenesis leads to a dense microvascular net-
work, which is seen as occult enhancement in postcontrast
subtraction T1-weighted images. As the vascular support sys-
tem becomes insufficient, T2, ultimately undergo necrosis;

hence, necrotic T2™F develop (Fig 4).

Limitations

Besides its obvious virtues (prospective design, relatively large
patient cohort), this study has several limitations, most impor-
tant, the lack of histopathologic correlations and longitudinal
follow-up data. In our center, diagnostic biopsies are rarely per-
formed at the initial diagnosis of DIPG. We evaluated
non-necrotic T2™F (and other distinct lesion foci) only at baseline
because all patients were enrolled in a clinical trial using a new inves-
tigational drug (crenolanib) in addition to conformal radiation ther-
apy. These therapies are expected to alter tumor biology and hence
represent confounders rendering the assessment of the natural evo-
lution of various lesion components impossible. Therefore, our pro-
posal of the sequential nature of the various distinct lesion foci re-
mains speculative, though supported by advanced MR imaging data
obtained by us and other investigators.

CONCLUSIONS

Our data and previous reports by other investigators advocate
the value of the “modular” approach to the MR imaging eval-
uation of DIPG, by using multiparametric quantitative analy-
sis of distinct lesion components for staging and, possibly,
monitoring during treatment. We postulate that non-necrotic
T2 are common, distinct, lesion components within DIPG.
Advanced MR imaging data suggest that they are characterized
by relatively low cellularity, and somewhat increased vascular
permeability without substantial increase in the blood volume
fraction, the latter suggesting an early stage of angioneogenesis
with leaky vessels. We speculate that these foci may correspond
to poorly understood biologic events in tumor evolution, pos-
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sibly representing clones of transforming cell populations
evolving toward foci of anaplasia. Future work is needed to
acquire histopathologic validation of our findings and the de-
rived hypotheses and to determine the value of various distinct
tumor components (eg, T2, T2, ;) in the prognostication
of key outcome metrics, such as progression-free survival and
overall survival.
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Volumetric Description of Brain Atrophy in Neuronal Ceroid
Lipofuscinosis 2: Supratentorial Gray Matter Shows Uniform

U. Lébel, ). Sedlacik, “’M. Nickel,

ABSTRACT

S. Lezius,

Disease Progression

J. Fiehler, A. Kohlschuitter, and ““’A. Schulz

o=

I. Nestrasil,

BACKGROUND AND PURPOSE: Experimental therapies for ceroid lipofuscinosis, neuronal, 2 (CLN2), a genetic disorder of childhood
associated with progressive brain atrophy, are currently being developed. Because quantitative descriptions of the natural course of brain
volume loss are needed to evaluate novel therapies, we performed MR imaging volumetry of patients with CLN2 to identify a suitable MR
imaging marker of disease progression.

MATERIALS AND METHODS: Thirteen patients (8 females, 5 males) were recruited from a prospective natural disease cohort of patients
with neuronal ceroid lipofuscinosis. Repeated MR imaging volumetric analysis (29 datasets) was performed by using the FreeSurfer
Software Suite. Follow-up time ranged from 8 months to 5.3 years. MR imaging—segmented brain volumes were correlated to patient age
and clinical scores.

RESULTS: Segmented brain volumes correlated significantly with patient age (lateral ventricles, r = 0.606, P = .001; supratentorial cortical
GM,r = —0.913, P <.001; supratentorial WM, r = —0.865, P < .001; basal ganglia/thalamus, r = —0.832, P < .001; cerebellar GM,r = —0.659,
P < .00T; cerebellar WM, r = —0.830, P < .001) and clinical scores (lateral ventricles, r = —0.692, P < .001; supratentorial cortical GM, r =
0.862, P < .00T; supratentorial WM, r = 0.735, P < .001; basal ganglia/thalamus, r = 0.758, P < .001; cerebellar GM, r = 0.609, P = .001,
cerebellar WM, r = 0.638, P < .001). Notably, supratentorial cortical GM showed a uniform decline across the patient cohort. During late
stages of the disease when the clinical score was zero, segmented brain volumes still correlated with patient age; this finding suggests that
MR imaging volumetry allows quantitative assessment of disease progression at stages when it cannot be detected by clinical assessment
alone.

CONCLUSIONS: Automated MR imaging volumetry, as a nonsubjective and highly sensitive tool, is feasible in CLN2 disease and provides

a quantitative basis to evaluate novel experimental therapies.

ABBREVIATIONS: CLN = ceroid lipofuscinosis, neuronal; NCL = neuronal ceroid lipofuscinoses; TPP1 = tripeptidyl-peptidase-1

euronal ceroid lipofuscinoses (NCL) are a group of neuro-
degenerative disorders with onset in childhood and are typ-
ically inherited in an autosomal recessive fashion. Their incidence
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in European countries ranges from 1:14,000 to 1:100,000." To
date, at least 13 different genetic defects, ceroid lipofuscinosis
neuronal (CLN) 1-14, are known.” They form the basis of a novel
classification system that includes the genetic defect and the time
of disease onset (eg, CLN2, late-infantile).’

CLN?2 is one of the most common forms of NCL (MIM No.
204500). It is caused by mutations in the CLN2 gene, which codes
for the lysosomal enzyme tripeptidyl-peptidase-1 (TPP1). TPP1is
a serine protease responsible for the breakdown of certain neuro-
peptides. A deficiency of TPP1 leads to an accumulation of lyso-
somal storage material in different cell types, including neurons,
astrocytes, vascular endothelial and smooth-muscle cells, fibro-
blasts, adipocytes, and skeletal muscle.” CLN2 disease subse-
quently leads to neuronal degeneration and brain atrophy. Pa-
tients with CLN2 have epilepsy and a decline in cognition,
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language, and gross motor function starting at 2—4 years of age.
The disease rapidly progresses, with loss of vision due to optic
atrophy and macular and retinal changes occurring in later dis-
ease stages.* Nonclassic presentations (ie, juvenile, adult, or in-
fantile onset) exist as well.>>®

On conventional MR imaging, a marked supratentorial and
infratentorial atrophy with ventriculomegaly is the typical find-
ing. In addition, a progressive-but-mild increase of WM signal
intensity on T2WI and increased ADC values are observed.”'’
These findings have been largely related to myelin loss and glio-
sis'" and contrast with the decreasing ADC values observed dur-
ing normal brain maturation and myelination.'”> Longitudinal
MR imaging is rarely performed in patients with NCL because
therapeutic options do not exist. Longitudinal MR brain volu-
metric studies have only been reported for CLN3 disease,'” and
only 1 cross-sectional study in patients with CLN2, focusing on
the size of CSF spaces, is available.'*

The purpose of our study was to test our hypothesis that MR
imaging brain volumetry provides a quantitative tool to assess the
natural course of disease progression in CLN2 disease. More spe-
cifically, we hypothesized that GM volumes would be more
strongly linked to the clinical disease course compared with WM
regions and CSF spaces because CLN2 primarily involves the de-
generation of neurons in the cerebral and cerebellar cortices. We
aimed to establish reference values for current and future clinical
studies (intraventricular enzyme replacement [NCT01907087],
gene therapy [NCT01414985]; www.clinicaltrials.gov).

MATERIALS AND METHODS

Patients

Thirteen patients with confirmed defects of the CLN2 gene un-
derwent MR imaging between 2008 and 2015 (On-line Table).
Two patients are identical twins (457-1 and 457-2). Approval
from the local ethics committee and written informed consent
from the parents were obtained before inclusion of the patients
into the study.

Clinical Scoring

The clinical course was assessed by using an established clinical
rating scale for CLN2 disease.'” The scale represents a 12-point
inventory of disease-based clinical assessments. The original scale
consists of 4 functional domains: motor, language, vision, and
tonic-clonic seizures. Within each domain, scores ranging from 0
to 3 are given, with 0 representing the absence of function and 3,
the age-appropriate normal function. The clinical score for tonic-
clonic seizures may be strongly influenced by the individual phar-
macologic management of each patient and may show high vari-
ability. Therefore, it was not used in this study. To address the
period before the diagnosis of CLN2 disease, we performed rat-
ings retrospectively on the basis of patient charts and parent in-
terviews. Once the diagnosis of CLN2 was established, ratings
were obtained prospectively at 6-month intervals at the NCL spe-
cialty clinic in Hamburg. Three independent raters performed the
clinical scoring, and the average score of all 3 raters was used for
the final result. Patient characteristics and clinical scores are sum-
marized in the On-line Table.

Imaging

MR imaging was performed on a 1.5T scanner (Avanto; Siemens,
Erlangen, Germany). Most children required either sedation or
general anesthesia to obtain adequate images. The imaging pro-
tocol included conventional MR imaging sequences (ie, FLAIR,
T2WI, DWI) and a 3D-T1-weighted MPRAGE sequence (TR/TE/
TI/flip angle, 1900/2.97/1100 ms/15°% matrix, 256 X 176; voxel
size, 1 X 1 X 1 mm?>; whole-brain coverage), which was used for
the volumetric analysis. Initially, the 3D-T1-weighted MPRAGE
sequence was acquired in the axial plane. Due to relatively long
observation periods and updates to the software of the scanner,
scans were later acquired in the sagittal plane (TR/TE/T1/flip
angle, 2280/3.64/1000 ms/8° matrix, 256 X 256; voxel size, 1 X
1 X 1 mm?>).

Data Evaluation

We performed brain segmentation by using the FreeSurfer Soft-
ware Suite (stable Version 5.3.0, May 15, 2013; http:/surfer.
nmr.mgh.harvard.edu), while disabling the skull-stripping option of
FreeSurfer.'®

Before the segmentation in FreeSurfer, soft tissue and skull
were removed by using the Brain Extraction Tool in FSL (BET,
Version 2.1, FSL release 5.0, September 2012; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/BET)."” Several options for brain extraction
were tested for each dataset, including robust brain center estima-
tion, bias field and neck cleanup, and different fractional intensity
threshold “f” values for the “standard_space_roi” command. We
found that an optimal brain extraction, defined as removal of as
much extracranial tissue as possible without removing brain tis-
sue, could be achieved by using either robust brain estimation or
the standard_space_roi command at f = 0.15. For patients with
>1 study, the longitudinal processing pipeline was used with an
intraindividual consistent skull-stripping mask. After segmenta-
tion, all datasets were checked visually for major segmentation
errors (ie, obvious errors of GM and WM segmentation, inclusion
of large amounts of dural venous sinuses or soft tissue). Such
studies would have resulted in exclusion from the final analysis.
No manual corrections for small segmentation errors were per-
formed to ensure standardized processing.

Of the large number of brain structures segmented by Free-
Surfer, the following regions were used for further evaluation
based on our hypothesis: supratentorial cortical GM (ie, total cor-
tical GM volume), supratentorial WM (ie, total cortical WM vol-
ume), deep GM structures (sum of segmented regions of caudate
nucleus, putamen, pallidum, and thalamus), cerebellar GM, cer-
ebellar WM, and lateral ventricles (sum of the lateral ventricles
and choroid plexus).

Statistical Analysis

For the assessment of correlation between different variables, the
Pearson correlation coefficient (r) was calculated. A linear corre-
lation was assumed. The first step included the calculation of a
correlation of volumetric data and clinical scoring with the age of
the patients. Then, a correlation analysis of volumetric data to the
overall clinical scoring was performed. Because the clinical score
was zero for 15 of 29 data points, the analysis was also performed
for clinical scores of <1 to demonstrate the ability of the volumet-
ric data to deliver reliable measurements of disease progression,
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FIG 1. Progressive brain atrophy in CLN2 disease. Baseline 3D-TI-weighted MPRAGE images in
axial, coronal, and sagittal planes (left to right) of patient 4571 (A), segmented brain volumes (B),

and segmented brain volumes 4 years later (C).

even at the late stages of the disease. All comparisons were performed
at a = .05, without adjustment for multiplicity. Patient 467—1 was
not included in the statistical analysis due to his unusual clinical pre-
sentation (see “Results”). For graphic depiction of the data, we used
logarithmic fit functions and confidence intervals and calculated 7%,
again assuming a logarithmic relationship.

RESULTS

Clinical Data

Individual clinical disease scores of each patient at the time of
baseline and follow-up MR imaging are given in the On-line Ta-
ble. Most patients had a highly predictable disease course with
symptom onset between 2 and 4 years of age and disease progres-
sion with complete loss of motor, language, and visual functions
by 4-7.5 years of age. Patient 467—1 showed a very different dis-
ease course with late-onset and slower disease progression.

MR Imaging

Thirty-one 3D-T1-weighted MPRAGE datasets were available for
the 13 patients included in this study. Two datasets could not be
processed in FreeSurfer because Talairach transform did not run;
this scenario resulted in 29 datasets available for the final data
analysis.
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Volumes of supratentorial cortical
GM, basal ganglia/thalamus, cerebellar
GM, and cerebellar WM decreased with
age, while the size of the lateral ventricles
increased (Figs 1 and 2).

We found that supratentorial corti-
cal GM showed a very uniform decline
across the patient cohort. Also, the re-
gions of basal ganglia/thalamus and in-
fratentorial WM showed a strong de-
cline, while the decline was less uniform
for cerebellar GM. Supratentorial WM
remained relatively stable with time (Fig
2). Patient 467—1, who presented with a
juvenile disease onset and first seizures
at 8.8 years of age, showed larger brain
volumes at 14 years of age compared
with all other patients and was, there-
fore, not included in the statistical
analysis.

Correlation of MR Imaging
Volumetry with Patient Age and
Clinical Scores

The correlation of volumetric data with
patient age was statistically significant
for all regions studied but was strongest
for supratentorial cortical GM (r =
—0.913, P <.001) (Table 1). Strong cor-
relations were also observed for the basal
ganglia/thalamus (r = —0.832, P <
.001) and cerebellar WM (r = —0.830,
P < .001). Correlations of segmented
volumes with patient age were signifi-
cant but less marked for the lateral ven-
tricles (r = 0.606, P = .001) and cerebellar GM (r = —0.659, P <
.001).

The correlation of volumetric data with clinical scores resulted
in high r values for the supratentorial cortical GM (r = 0.862, P <
.001) and the basal ganglia/thalamus (r = 0.758, P <.001), but the
correlation was significant for all regions studied. In addition,
clinical scores also correlated significantly with patient age
(r=—0.781, P <.001).

Correlation of MR Volumetry with Patient Age and
Clinical Scores for Scores of Less Than 1

Generally, clinical motor-language-visual scores of <1 were ob-
served in the late disease stages and in older patients (6—7 years and
older). Looking at MR imaging scans of patients with clinical scores
of zero, we found that patient age was significantly correlated with
volumes of supratentorial cortical GM, basal ganglia/thalamus, cer-
ebellar GM, and cerebellar WM, but not with the lateral ventricles
and supratentorial WM (Table 2).

DISCUSSION

MR imaging brain volumes of patients with genetically confirmed
CLN2 disease showed a marked decline with age for all brain
regions studied, while ventricular volumes increased. Segmented
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FIG 2. Age dependence of segmented brain volumes, logarithmic fit functions, and confidence

intervals.

brain volumes were strongly correlated to patient age and, though
to a lesser extent, to a disease-specific clinical score. In line with
our hypothesis, we observed the strongest correlation with age
and clinical scores for GM regions, more specifically, supratento-
rial cortical GM and basal ganglia/thalamus. In addition, we cor-
related brain volumes with the age of the patient during the late
stages of the disease when the clinical scoring cannot assess disease
progression because the combined motor, language, and visual
scores were zero. We found that in those patients, brain volumes
were still significantly correlated with age for supratentorial cor-
tical GM, basal ganglia/thalamus, cerebellar GM, and cerebellar
WM. A single patient, who presented with a juvenile disease onset,
showed much higher brain volumes compared with patients with
late-infantile presentation.

The strong correlation of GM volumes to patient age and clin-
ical scores implies that GM regions are more suitable to assess
disease progression in CLN2 disease compared with the size of
lateral ventricles or supratentorial WM used previously.'>'*'® Of
GM regions studied, the supratentorial cortical GM showed the
highest correlation to age and clinical scoring but also a relatively
uniform decline across the patient cohort. Therefore, supratento-

Age [years]

Logarithmic regression
495-1 95% confidence interval

mentation artifacts, which are most
likely due to small cerebellar volumes
and tight folding compared with the ce-
rebrum (see Fig 1B, -C, column far
right). The finding that MR imaging
brain volumes correlated with age, even
at disease stages when clinical scores
were zero, suggests that MR imaging
volumetry provides a quantitative tool to assess disease progression
even at late stages of the disease when progression cannot be detected
by clinical scoring.

Patient 467—1 was an outlier with a juvenile disease onset at 8
years of age. Patients with CLN2 usually present between 2 and 4
years of age. The different phenotype may be explained by the pa-
tient’s genetic background (compound heterozygous mutation with
¢.509-1G>C/c.1439T>G). The ¢.509-1G>C mutation usually oc-
curs in patients with the classic late-infantile phenotypes, while the
¢.1439T>G mutation has been reported in patients with early juve-
nile disease.”®

The most suitable study for a comparison of our data with that of
healthy volunteers was published in 2012.>° A comparison of brain
volumes of our patients for whole-brain GM and WM, whole cere-
bellum, and ventricles starting at 4.8 years of age revealed distinc-
tively smaller volumes for whole-brain GM, whole-brain WM, and
the cerebellum compared with healthy controls. In contrast, the size
of the lateral ventricles was increased. These differences were much
more pronounced for older patients.

Previously, longitudinal brain atrophy in CLN2 has only been
assessed indirectly by using the size of CSF spaces.'* CSF space was
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Table 1: Correlation of brain volumes with patient age and clinical motor-language-visual

clinical changes. Our data suggest that

scores - — MR imaging volumetry is an objective
Galsuitise Clinical Score and highly sensitive tool to quantita-
Correlation Correlation tively describe disease progression and
Coefficient r P Value® Coefficient r P Value® :
to assess the efficacy of experimental
ROI - .
Lateral ventricles 0.606 001 ~0.692 <oo  therapiesinallstages of CLN2 disease.
Supratentorial cortical GM —0.913 <.001 0.862 <.001 ACKNOWLEDGMENTS
Supratentorial WM —0.865 <.001 0.735 <.001 We would like to extend our gratitude
Basal ganglia/thalamus —0.832 <.001 0.758 <.001 . ;
Cerebellar GM 0659 <001 0.609 001 to Waltraud Hubert (chlldre‘n s nu.rse/
Cerebellar WM —0830 <001 0.638 <001 study nurse) for her outstanding patient
Clinical score —0.781 <.001 NA care. We thank all patients and families

Note:—NA indicates not applicable.
@ All P values are statistically significant.

as well as referring physicians for giving
us the opportunity to collect these data.

Table 2: Correlation of brain volumes with patient age and clinical motor-language-visual

scores for patients with very low clinical scores (<1)

Disclosures: Miriam Nickel—RELATED: Grant: DEM-

Patient Age

CHILD* (A Treatment-Oriented Research Project of

Clinical Scores <1
NCL Disorders as a Major Cause of Dementia in

Correlation

Correlation

Childhood); UNRELATED: Consultancy: BioMarin,

Coefficient r P Value Coefficient r P Value Spark Therapeutics. Jens Fiehler—UNRELATED:

ROI Consultancy: Acandis, Medina Medical/Medtronic,
Lateral ventricles —0.068 .810 NA NA ijquent Medfal’ stryker; Grants/Grants ,Pendwg'

. . A icroVention*; Payment for Lectures (including
Supratentorial cortical GM —0.903 <.001 NA NA service on Speakers Bureaus): Boehringer Ingelheim,
Supratentorial WM 0. 695 NA NA Covidien/Medtronic, Penumbra; Travel/Accom-
Basal ganglia/thalamus —0.822 <.001" NA NA modations/Meeting Expenses Unrelated to Ac-
Cerebellar GM —0.548 .035% NA NA tivities Listed: Medtronic. Igor Nestrasil—UNRE-
Cerebellar WM —0.795 <.001? NA NA LATED: Consultancy: BioMarin, ArmaGen; Grants/
Clinical score NA NA NA NA Grants Pending: BioMarin,* Shire* Genzyme.*

Note:—NA indicates not applicable.
2 Statistically significant.

inversely correlated with the clinical scoring. However, the corre-
lations of brain volume changes of GM and WM regions in our
cohort were stronger; this finding suggests that whole-brain seg-
mentation is more suitable to assess disease progression.

Some limitations of our study need to be addressed. The recruit-
ment of patients and collection of clinical and MR imaging data were
initiated in a prospective fashion. However, 3D-T1WI parameters
(ie, primary imaging plane, TR, TE, water excitation) of the datasets
used in this report varied due to the long observation period and
adjustments due to scanner software updates. This may have resulted
in a higher variability of segmentation results, especially during the
late stages of the disease. Here, optimization of sequence parameters,
including the use of multieccho MPRAGE, may improve the segmen-
tation process in patients with severe atrophy. However, the decline
of GM volumes was very homogeneous, especially for supratentorial
cortical GM. It can, therefore, be concluded that slight changes to the
sequence parameters may not strongly affect volumetric outcomes in
our patients with CLN2. Possibly, the use of a more standardized
dataset may have provided significant correlations to the clinical
scores for supratentorial WM regions as well.

CONCLUSIONS

The MR imaging assessment of brain volumes in patients with
genetically confirmed CLN2 disease revealed a very uniform
progression of brain atrophy, strongly related to patient age.
Brain volumes also correlated with the clinical score, but to a
slightly lesser extent. MR imaging volumetry allows the assess-
ment of progressive brain volume loss even during late stages
of the disease when the clinical disease score cannot depict any
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Alfried Kohlschitter—UNELATED: Consultancy:
BioMarin, Comments: consulting on the natural clin-
ical course of the disease in question and on a clin-
ical trial with an experimental drug; Travel/Accom-
modations/Meeting  Expenses  Unrelated to
Activities Listed: BioMarin Pharmaceuticals. Angela Schulz—RELATED: Grant: Euro-
pean Commission (FP7 Project DEM-CHILD)*; UNRELATED: Consultancy: BioMarin,*
Spark Therapeutics*; Grants/Grants Pending: BioMarin,* Comments: grant to sup-
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the institution.
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MR Imaging of the Cervical Spine in Nonaccidental Trauma:
A Tertiary Institution Experience

R. Jacob, ““'M. Cox, ‘““K. Koral, “’C. Greenwell, “'Y. Xi, ““L. Vinson, ““K. Reeder, ““'B. Weprin, ““R. Huang, and ““'T.N. Booth

ABSTRACT

BACKGROUND AND PURPOSE: Cervical MR imaging has demonstrated a utility for detecting soft tissue injury in nonaccidental trauma.
The purpose of this study was to identify the incidence and types of cervical spine injury on MR imaging in nonaccidental trauma and to

correlate cervical spine injury with parenchymal injury on brain MR imaging and findings on head CT.

MATERIALS AND METHODS: A retrospective review of children diagnosed with nonaccidental trauma in a tertiary referral pediatric
hospital over 8 years was performed. Inclusion criteria were children younger than 5 years of age, a confirmed diagnosis of nonaccidental
trauma, and cervical spine MR imaging within 1week of presentation. Brain and cervical spine MR imaging, head CT, cervical radiographs, and

skeletal surveys were reviewed.

RESULTS: There were 89 patients included in this study (48 males; mean age, 9.1 months [range, 1-59 months]). Cervical spine injury on MR
imaging was found in 61 patients (69%). Ligamentous injury was seen in 60 patients (67%), with interspinous ligaments being most commonly
involved. Abnormal capsular fluid (atlanto-occipital and atlantoaxial) was present in 28 patients (32%). Cervical spine injury on MR imaging
was significantly associated with parenchymal restricted diffusion on brain MR imaging and parenchymal injury on head CT (P = .0004 and
P = .0104, respectively). Children with restricted diffusion on brain MR imaging were 6.22 (point estimate) times more likely to have cervical

spine injury on MR imaging.

CONCLUSIONS: There is a high incidence of cervical spine injury in pediatric nonaccidental trauma. Positive findings may affect man-

agement and suggest a traumatic etiology.

ABBREVIATIONS: AHT = abusive head trauma; CSI = cervical spine injury; NAT = nonaccidental trauma

C ervical spine injury (CSI) is uncommon in children, account-
ing for only 1-2% of pediatric trauma." There is a higher
prevalence of upper cervical injury in infants and toddlers, sec-
ondary to mechanism of injury and physiologic immaturity.
Younger children are also more likely to have a ligamentous injury
than fractures.” A high clinical suspicion and the appropriate use
of imaging are the key factors in identifying CSI. Ligamentous
injury to the cervical spine is a well-recognized but likely under-
documented condition in pediatric cervical spine trauma, espe-
cially when accompanied by complex coexistent injuries or a delay
in clinical symptoms.’
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Recent literature suggests ligamentous injury documented on
cervical MR imaging is commonly found in children with abusive
head trauma (AHT).*® Spinal injuries in AHT described in vari-
ous studies include compression fractures, ligamentous injury,
cord injury, and subdural hematoma.®® The ligamentous injury
is believed to be secondary to a hyperflexion/hyperextension
mechanism of injury, and the younger the child, the more likely
the upper cervical spine is at risk for injury. The infant or young
child’s physical features increase the risk of ligamentous CSI be-
cause of the presence of a relatively large head size, ligamentous
laxity, and poorly developed paraspinal musculature."* The inci-
dence of CSI is likely underestimated because cervical MR imag-
ing is not generally part of the routine evaluation of nonaccidental
trauma (NAT) with or without evidence of AHT. This is fre-
quently secondary to the absence of abnormalities on radiographs
that are part of the routine NAT evaluation. The lack of clinical
suspicion of CSI, along with coexistent head injuries, increases the
risk of masking the clinical detection of CSL

The purpose of our study was to identify the incidence and
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types of CSI on MR imaging in a cohort of pediatric patients
diagnosed with NAT with or without AHT and to correlate CSI
with parenchymal injury on brain MR imaging and findings on
head CT.

MATERIALS AND METHODS

Patients

This was a Health Insurance Portability and Accountability Act—
compliant descriptive retrospective study performed after ap-
proval from the institutional review board at a pediatric tertiary
referral center. Using the center’s trauma registry, a query was
generated to provide a study data base including all children
younger than 5 years of age who presented with NAT from July
2004 through September 2012. The trauma registry is a disease-
specific data collection composed of a file of uniform data ele-
ments designed to capture data. From the generated query results,
charts were evaluated thoroughly to determine study eligibility.
Children with spinal injuries resulting from mechanisms other
than NAT were not included. Only the patients in whom NAT had
been documented by the child abuse team were included in the
study data base. The presence of AHT was not a requirement for
inclusion, but the diagnosis of NAT was. The discharge status was
evaluated to identify mortality related to NAT in this cohort.

The inclusion criteria were children younger than 5 years of
age presenting during the study period with a diagnosis of NAT
and sagittal STIR cervical spine MR imaging performed within 1
week of presentation. Patients with nondiagnostic sagittal STIR
images were excluded. Children with NAT admitted to the inpa-
tient service or intensive care unit typically had cervical MR im-
aging performed along with brain MR imaging. All records from
the study data base labeled as NAT were reevaluated by the med-
ical providers with training and experience in child abuse pediat-
rics. All patients were evaluated based on the criteria adapted from
Feldman et al'® in 2001 for classifying children with head trauma
as either abusive or accidental. Based on this classification
schema, which takes into account other injuries, the developmen-
tal level of the child, the history of trauma provided, and whether
a witness was present, cases found to be highly likely abusive and
definitely abusive were included in our final study data base.
Highly likely abusive was defined as injuries of different ages and
not appropriate for given history, absent history, or developmen-
tally unlikely history. Definitely abusive was defined as a corrob-
orated, witnessed, or confessed event. Definitely abusive was also
defined as multiple injuries that are incompatible with normal,
unintentional childhood injury. Children classified as likely
abused or indeterminate were not included because the diagnosis
was less than certain.

MR imaging of the cervical spine and brain was reviewed by
consensus of 2 experienced pediatric neuroradiologists with 13
and 17 years of experience. Cervical radiographs, skeletal surveys,
and available brain imaging were also reviewed.

Imaging Analysis

Cervical spine MR imaging was performed at 1.5T or 3T. Imaging
sequences obtained for a routine trauma cervical spine MR imag-
ing include sagittal STIR images, sagittal T1WTs, axial T2WTs, and
axial T2 gradient-echo images. Image quality was assessed with

attention to SNR, extent of fat suppression on STIR images, and
motion artifacts. The studies were subjectively categorized as
nondiagnostic, diagnostic, and superior; nondiagnostic studies
were excluded from evaluation.

MR imaging evaluation of the cervical spine included the
presence or absence of cord edema or hemorrhage, ligamen-
tous injury, joint capsule fluid (atlanto-occipital and atlanto-
axial) with or without distension, marrow edema, and sub-
dural and epidural hemorrhage or fluid. Craniocervical
ligamentous structures evaluated included tectorial and atlan-
to-occipital (anterior and posterior) membranes. Lower cervi-
cal ligamentous structures included anterior and posterior
longitudinal ligament and ligamentum flavum. Interspinous
ligaments were deemed abnormal when abnormal increased
T2 signal was present in the interspinous location and classi-
fied as cervical or upper thoracic. Injury to the nuchal ligament
was identified when fluid signal intensity was seen both ante-
rior and posterior to the structure. CSI by MR imaging was
defined when one of the following was present: bone marrow
edema, ligamentous injury, joint capsular fluid, regional soft
tissue edema including epidural fluid, or spinal cord edema/
hemorrhage. Subdural hemorrhage was not included because
this most likely resulted from redistribution of intracranial
subdural hemorrhage.

Cervical spine radiographs were classified as diagnostic or
nondiagnostic. The quality of the study was evaluated based on
proper positioning of the patient, visibility of 7 cervical vertebrae,
and image quality. Cervical spine radiographs were evaluated for
alignment, prevertebral swelling, and fractures.

The brain MR imaging was evaluated for the presence of pa-
renchymal restricted diffusion. The restricted diffusion was clas-
sified as focal, multifocal, or diffuse. A focal injury was defined as
an injury in 1 or 2 lobes. A multifocal injury was defined as an
injury in more than 2 lobes. A diffuse pattern injury was defined as
diffuse bilateral distribution, suggesting a hypoxic-ischemic in-
sult. There were 4 patients who had a cervical MR imaging, but no
brain MR imaging.

Baseline head CT was available for all patients and assessed for
presence of parenchymal injury, SAH, subdural hemorrhage or
fluid, and fractures. If present, subdural hemorrhage was evalu-
ated and classified based on its attenuation into hypoattenuated
(hygroma), mixed (hypo- and hyperattenuated components),
and hyperattenuated subdural hemorrhage. When available, fol-
low-up head CT was evaluated for presence of redistribution of
subdural hemorrhage. Redistribution was defined as an increase
in the dependent located subdural hemorrhage with a corre-
sponding decrease in the volume of subdural hemorrhage located
anterior and superior.

Skeletal surveys were evaluated for the presence of fractures,
which were classified as acute, healing, and mixed age.

Statistical Analysis

Univariate tests (Wilcoxon rank-sum test and Fisher exact test)
were performed to characterize the age of the patient on measured
parameters including the presence of spinal injury diagnosed by
MR imaging, bone marrow edema, ligamentous injury, restricted
diffusion in brain, and subdural hematoma on head CT. In addi-
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FIG 1. Three-month-old patient. A, Axial CT demonstrates interhemispheric subdural hem-
orrhage (arrowhead) and symmetric edema of the bilateral occipital lobes (arrows). There is

RESULTS

Clinical

The retrospective review of medical re-
cords of children with MR imaging of
the cervical spine performed within 1
week of admission identified 94 patients,
of which 5 were excluded either because
of absence of a sagittal STIR sequence
(n = 3) or nondiagnostic quality of the
study (n = 2). The established criteria
were met by 89 patients (48 males). The
median and mean ages were 5 and 9.1
1-59
months). There was 5% mortality dur-

months, respectively (range,
ing the hospital stay (n = 5). Abusive
head trauma was present in 92% (n =
82) of patients. In the remainder of cases
(n = 7), the diagnosis of NAT was made
based on evidence of other non-neuro-

logic injuries.

abnormal low attenuation in the basal ganglia. Superior frontal parietal edema is present as

well (not shown). B, Sagittal midline STIR image shows interspinous ligamentous injury at all
cervical levels (arrows), paraspinous muscular injury, nuchal ligament injury (arrowhead), and
marrow edema involving the lower cervical and upper thoracic vertebral bodies, most prom-

inent at T1 (long arrow).

FIG 2. Five-month-old patient. Sagittal midline STIR image shows a
dens fracture (arrowhead) and disruption of the inferior tectorial
ligament anterior longitudinal ligament junction (short arrow). Ex-
tensive injury to the Cl-2 interspinous ligamentous structures
(long arrow) and edema in the posterior paraspinal musculature
are present. Diffuse parenchymal injury was present on CT and MR
imaging (not shown).

tion, CSI diagnosed by MR imaging was correlated with age, pa-
renchymal injury on CT and MR imaging, subdural collections,
and skull fracture. A stepwise logistic regression model was per-
formed, accounting for the significant univariate parameters. All
analyses were performed with the SAS 9.3 system (SAS Institute,
Cary, North Carolina). All P values < .05 were considered statis-
tically significant.
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Imaging Findings

In this study, 85 children (96%) with
NAT admitted to the inpatient service
or intensive care unit had cervical MR
imaging performed; brain MR imaging was used to further
evaluate NAT. Of the 4 patients without a brain MR imaging,
head CT was normal in 1 and showed subdural hemorrhage in
3. All patients were imaged with a head CT, which was inter-
preted as normal in 9% of patients (n = 8). Of these patients
with a normal CT, brain MR imaging was obtained in 7; 6
patients demonstrated normal brain MR findings and re-
stricted diffusion was seen in 1 patient.

Cervical MR imaging was performed on a 1.5T magnet in 82%
of the cases. The quality of the MR imaging was superior in 43%
and diagnostic in 57% of the cases. CSI diagnosed by MR imaging
was present in 69% (n = 61). The mean age of children with CSI
by imaging was 9.4 months, and the mean age of children without
CSI by imaging was 8.54 months (P = .46). Bone marrow edema
was more commonly seen in older children (mean age, 14.9
months; P = .028), and capsular injury was seen in younger chil-
dren (mean age, 5.5 months; P = .0064). Of the patients who
displayed CSI by MR imaging, 64% had diagnostic-quality cervi-
cal radiographs. Only 10% of patients in this group had abnormal
findings on the cervical radiograph, most commonly nonspecific
prevertebral soft tissue prominence greater than one-half of adja-
cent vertebral body at C2-3. Only 2 patients had an abnormal
basion-dens interval measuring greater than 12 mm. No cervical
fractures were present.

Ligamentous injury was seen in 67% of patients (n = 60).
The most common types of ligamentous injury were cervical
interspinous ligaments (65%), upper thoracic interspinous lig-
aments (46%), and nuchal ligament (39%) (Fig 1). There were
3 patients with tectorial membrane injury (Fig 2), 2 with liga-
mentum flavum injury, and 1 with posterior atlanto-occipital
membrane injury. There were no cases of transverse ligament,
anterior longitudinal ligament, or posterior longitudinal liga-



FIG3. Two-month-old patient. A, Axial trace DWI shows diffuse restricted diffusion involving the
bilateral cerebral hemispheres. B, Sagittal paramidline STIR image shows abnormal fluid within the
atlanto-occipital joint space with mild distension (arrow), consistent with capsular injury.

FIG 4. Four-month-old patient. Sagittal midline T2WI shows abnor-
mal posterior extradural fluid within the cervical and thoracic region
(arrows). The fluid was isointense to CSF on T1-weighted images. In-
terspinous ligamentous injury is present (not shown).

ment injury. Joint capsule fluid at the craniocervical junction
was present in 32% (n = 28), which was associated with cap-
sular distention in 13% out of the 28 patients with joint fluid.
Patients with restricted diffusion on brain MR imaging were
associated with joint capsule fluid at the craniocervical junc-
tion (43% versus 11%, P = .0032) (Fig 3). Bone marrow edema
was present in 9% of the patients (n = 8). Cord hemorrhage
was seen in 5% (n = 4) of the cases. Epidural fluid/epidural
edema was present in 10% (n = 9) (Fig 4). Interspinous liga-
mentous injury was present in 89% of patients with abnormal
epidural fluid. Subdural hemorrhage in the cervical and upper
thoracic spinal canal was present in 18% of the patients (n =
16) and was always associated with intracranial subdural hem-
orrhage (Fig 5).

Parenchymal restricted diffusion on the brain MR imaging
was identified in 65% of the patients (n = 58). Patients with re-

stricted diffusion on brain MR imaging
were associated with CSI by imaging
(81% versus 41%, P = .0004) (Fig 3).
However, for patients with restricted
diffusion in the brain, we did not find
statistical evidence that different types of
restricted diffusion distribution were as-
sociated with CSI by imaging (P = 1)
(Fig 6). Of the patients with restricted
diffusion, diffuse distribution of the re-
stricted diffusion was present in 70%,
multifocal pattern in 15%, and focal pat-
tern in 15%.

All patients had head CT performed
at admission. Parenchymal injury was
seen in 56% of the patients (n = 50), of
whom global parenchymal injury was
seen in 76%. Normal head CT with no
evidence of intracranial injury was
noted for 8 patients, and 3 of these patients had evidence of CSI.
Of these 3 patients, 1 had parenchymal restricted diffusion on
brain MR imaging and 2 showed no intracranial injury on MR
imaging. Documentation of additional non-neurologic injuries
allowed a diagnosis of NAT in the patients without evidence of
AHT on either CT or MR imaging. Patients with parenchymal
injury on CT were associated with spine injury by imaging (82%
versus 51%, P = .0027) (Fig 1). Patients with global parenchymal
injury on head CT were associated with CSI by imaging (84%
versus 57%, P = .0104). Patients with global parenchymal injury
on head CT were also associated with joint capsule fluid at the
craniocervical junction (45% versus 22%, P = .0233). Intracranial
subdural hematomas were present in 85% of the patients (n =
76). The most common pattern of subdural hematomas was hy-
perattenuated (44%). Mixed-attenuation subdural hematomas
were present in 36% of the patients, and hypoattenuated subdural
collections were present in 5%. There was no statistically signifi-
cant association between subdural hemorrhage on head CT and
spine injury on imaging. However, there was a statistically signif-
icant association between the types of subdural hematoma and
spine injury by imaging, with mixed-attenuation and hyperat-
tenuated subdural hemorrhage being more common in children
with spine injury by imaging (P = .0253). A follow-up CT was
performed in 56 patients (63%), of which 21 (38%) showed
redistribution of the subdural hemorrhage.

The skeletal survey was positive for fractures other than skull
in 36% of the patients (n = 32). Of the fractures found on skeletal
survey, healing fractures were most common (47%). Skull frac-
tures were present in 29% of the patients (n = 29). Of the patients
with skull fractures, linear skull fractures (18%) were more com-
mon than comminuted fractures (11%). There was no statistically
significant association between presence of skull fracture on head
CT and presence of spine injury on imaging.

Logistic regression with stepwise variable selection method
was used to select the most predictive variables for each outcome
of interest, including spine injury by imaging, joint capsule fluid
at craniocervical junction, and presence of any ligamentous in-
jury. Restricted diffusion on brain MR imaging was the most pre-
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dictive variable of CSI on MR imaging (P = .0004) and ligamen-
tous injury (P = .0001). Children with restricted diffusion on
brain MR imaging were 6.22 (point estimate) times more likely to
have CSI by imaging and 7.26 times more likely to have ligamen-
tous injury as the finding on MR imaging (Fig 7). No other vari-
ables, including parenchymal injury on CT, presence of subdural
hemorrhage on CT, and skull fracture, had a significant addition
in prediction power. Restricted diffusion (P = .0057) and age
(P = .0390) were the 2 most predictive variables of joint capsule
fluid at the craniocervical junction.

DISCUSSION

To date, this study includes the largest number of patients (n =
89) with verified NAT, originating from a trauma registry, with
CSI evaluated on MR imaging. Each of the patients’ records were
reevaluated independently, based on the criteria adapted from a
classification schema developed by Feldman et al'® in 2001, by
medical providers trained and certified in child abuse pediatrics.
The only patients included in this study were those who had a
verified clinical diagnosis of NAT. Typically, children with clini-

FIG 5. Three-month-old patient. Sagittal midline TIWI shows intra-
cranial and intraspinal T1 hyperintense subdural hemorrhage (arrows).

FIG 6. Seven-month-old patient. A, Axial DWI shows focal restricted diffusion in the left parietal
lobe (arrow). B, Sagittal midline STIR image demonstrates interspinous ligamentous injury (ar-

rows) and injury to the nuchal ligament (arrowhead)).
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cally suspected CSI are evaluated initially with cervical radio-
graphs. In our series, we found that only 64% of the patients who
had CSI by MR imaging had diagnostic-quality cervical radio-
graphs, with few demonstrating abnormal findings.

Cervical radiographs were performed at a tertiary pediatric
hospital by technologists with experience in pediatric emergency
radiography. This emphasizes both the difficulty in obtaining
quality cervical radiographs in patients with NAT and the inher-
ent low sensitivity of the technique in diagnosing ligamentous and
soft tissue injury. It has been reported that cervical radiographs
have a borderline sensitivity of 78% in the general pediatric
trauma population, but this is compared with cervical CT, which
is insensitive for soft tissue injury."" A relatively low incidence of
skull fractures was also present in our patient group. This may be
because of the lack of an impact injury, which has been reported to
occur in NAT and the subset of children with AHT."*

Most patients in our study were infants and toddlers. Only 2 (2%)
children were older than 3 years, and 73% were younger than 1 year
of age. Only 43% of patients had MR imaging studies of superior
quality. This highlights the challenge of performing MR imaging in
this particular population, where many of the children are critically
sick and/or unstable. The small size of the patients, presence of a
cervical collar, and multiple life support devices complicate the image
acquisition. Sagittal STIR sequences were found to be most useful for
assessing the presence of CSI in this cohort, similar to previous re-
ports.”"? Axial T2WIs were used to confirm cord edema and evaluate
the integrity of the transverse ligament. Sagittal TIWTIs and axial gra-
dient-echo T2WIs were optimal for the evaluation of extra- and in-
tramedullary hemorrhage, respectively.>'?

In our cohort, we found CSI by MR imaging in 69% of pa-
tients. Katz et al'* examined the prevalence of cervical injury as-
sociated with head trauma from all causes in infants and found
only 2 of the 905 infants (0.2%) in their cohort had spine injury;
both of the infants had head injury secondary to NAT. The study
by Katz et al'* study was limited by the small number of patients
evaluated by MR imaging (1%). A study of children with AHT by
Kadom et al* found 36% of 38 children had CSI by MR imaging.
Choudhary et al°® found a higher incidence (78%) in children
evaluated with AHT and a higher frequency of CSI compared with
an accidental cohort. The study also re-
viewed cervical MR imaging examina-
tions in a nontraumatic cohort and
found only 5 of 70 patients had abnor-
mal imaging examinations, with 4 ex-
plained by other mechanisms. Only 1
patient had imaging findings not read-
ily explained, and the authors postu-
lated tonic-clonic seizures as a poten-
tial etiology. This study offers evidence
that the findings demonstrated on cer-
vical MR imaging are not normal vari-
ants and, in fact, relate to pathology.
The latter 2 studies found an associa-
tion between brain injury and CSI. In-
jury of the tectorial membrane was un-
common in our group (3%) and has
not been previously reported in the



FIG7. Seven-month-old patient. A, Axial DWI shows diffuse cerebral restricted diffusion, worse
on the left. There is mild midline shift, left to right, caused by a left hemispheric convexity
subdural hemorrhage (not shown). B, Sagittal midline STIR image demonstrates interspinous (long
arrows) and nuchal ligament injury (short arrow). There is also prevertebral edema (arrowhead).

setting of NAT.*¢ Although not evaluated with MR imaging,
injury to the tectorial membrane may be inferred in the study
by Silvera et al,'> where 14% of their abusive head trauma
cohort had retroclival epidural hemorrhage. Most of the liga-
mentous injuries in our cohort, as well as previously reported

studies,®®

were cervical interspinous and nuchal ligament
injuries.

Abnormal capsular fluid was seen in 32% of patients, with
distention seen in 13% of these patients. This finding was reported
by Choudhary et al,® but was more commonly seen in our patient
group (22% versus 32%). Most of our patients with abnormal
capsular fluid were infants (mean age, 5.6 months), highlighting
that the fluid at the craniocervical junction may be related to a
flexion/hyperextension mechanism of injury. Interestingly, mar-
row edema was significantly associated with an older age group
(mean age, 14.9 months). There also was a significant relationship
between restricted diffusion on brain MR imaging and capsular
fluid at the craniocervical junction. The presence of CSI as diag-
nosed with MR imaging may suggest a traumatic cause to findings
demonstrated on head imaging and, thus, is potentially important
in the investigation of these cases. It is important to note that 3
cases of CSI were found in 8 patients with a normal head CT.

Spinal subdural hemorrhage was seen in 18% (n = 16) of
patients in our study, all of whom also had subdural hemorrhage
on brain CT. This finding has been noted by other authors and
may be related to redistribution of intracranial blood products
into the spinal canal.>'® Redistribution of intracranial subdural
blood was commonly found in our group of patients. Imaging the
entire spine may provide an advantage over imaging the cervical
spine alone because hemorrhage has been shown to layer within
the subdural space of the thoracolumbar spine in cases of abusive
head trauma. None of our patients had subdural hemorrhage
confined to the spine; however, the presence of spinal subdural
hemorrhage is uncommon in the accidental trauma population
and may suggest NAT.”

Mixed-attenuation and hyperattenuated intracranial subdural
hemorrhage were statistically associated with CSI by MR imaging.

Hypoattenuated collections may be
caused by a more remote traumatic
event and were not associated with CSI,
possibly because of normal resolution of
the MR imaging findings. Spinal epidu-
ral fluid was seen in 10% (n = 9) of the
patients and was commonly associated
with interspinous ligamentous injury.
This finding has been described previ-
ously as a possible postmortem arti-
fact.”'” We suggest that abnormal epi-
dural fluid collections are likely the
result of trauma; however, a history of a
recent lumbar puncture should be ex-
cluded before attributing epidural fluid
collections to trauma.'®

Restricted diffusion in brain MR im-
aging had a very strong association with
spine injury and any ligamentous injury.
This finding highlights the importance of
obtaining cervical spine MR imaging in
patients with abnormal restricted diffusion on brain MR imaging.
Future studies would help evaluate any association between the pat-
tern of restricted diffusion in the brain and presence of spine injury.
We did not find an association between the type of parenchymal
injury and CSI; however, this may be because of the predominance of
diffuse parenchymal injury and the relatively small number of cases
with focal or multifocal parenchymal injury. Global parenchymal
injury on CT was statistically associated with spine injury by MR
imaging. These results support the hypothesis that injury to the cer-
vical spine can result in occult injury to the brain stem or upper cord,
resulting in a hypoxic-ischemic insult.

Limitations of our study include a retrospective design and a
case selection bias, in that patients with lower severity of injuries
or normal head CT may not have had brain or cervical MR imag-
ing performed. The patients included in our study were more
likely to have experienced severe trauma, with most admitted to
the intensive care unit. Another challenge was the lack of a uni-
form protocol for spine imaging, along with the fact that the pres-
ence of comorbidity made early MR imaging difficult to perform.
Finally, to date, there is no published certified tool to use when
determining NAT. Our study employed the expertise of the med-
ical providers trained and certified in child abuse pediatrics, who
based their diagnosis on a classification schema from a paper pub-
lished by Feldman et al'® in 2001.

CONCLUSIONS

The children we evaluated with cervical MR imaging for NAT had a
high incidence of CSI. Children with head CT or MR imaging evi-
dence of parenchymal injury or restricted diffusion on brain MR
imaging have an increased incidence of CSI diagnosed by MR imag-
ing. Although the presence of parenchymal injury is associated with
CSIin NAT, a large number of patients without parenchymal injury
had evidence of CSI on MR imaging. Especially important is the small
group of children who had normal head imaging and evidence of
CSI. Our evidence suggests that including cervical spine MR imaging
should be included as part of the armamentarium of tests performed
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while working up a child with NAT. The presence of CSI may be
additional evidence of a traumatic etiology. In addition, performing

cervical MR imaging would further enhance the understanding and

characterization of spinal injuries in children with NAT.
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CT Fluoroscopy—Guided Blood Patching of Ventral CSF Leaks
by Direct Needle Placement in the Ventral Epidural Space
Using a Transforaminal Approach

TJ. Amrhein, ““N.T. Befera, ““L. Gray, and ““P.G. Kranz

ABSTRACT

BACKGROUND AND PURPOSE: Epidural blood patch treatment of spontaneous intracranial hypotension arising from ventral CSF leaks
can be difficult secondary to challenges in achieving ventral spread of patching material. The purpose of this study was to determine the
technical success rates and safety profile of direct needle placement into the ventral epidural space via a posterior transforaminal
approach.

MATERIALS AND METHODS: We retrospectively reviewed consecutive CT fluoroscopy—guided epidural blood patches from June
2013 through July 2015. Cases were included if a posterior transforaminal approach was taken to place the needle directly in the
ventral epidural space. Rates of technical success (defined as contrast in the spinal canal ventral epidural space) and optimal
epidurogram (defined as contrast spreading into or beyond the middle third of the spinal canal ventral epidural space) were
determined. Factors influencing these rates were assessed. All complications, inadvertent intravascular injections, and intrathecal
punctures were recorded.

RESULTS: A total of 72 ventral epidural blood patches were identified; immediate technical success was achieved in 95.8% and an optimal
epidurogram in 47.2%. Needle position within the spinal canal ventral epidural space was associated with obtaining an optimal epidurogram
(P = .005). Inadvertent intravascular injection was identified in 29.3% of cases, but all were venous. There were no inadvertent intrathecal
punctures or complications.

CONCLUSIONS: Direct needle placement in the ventral epidural space via a transforaminal approach for treatment of ventral CSF leaks
has an excellent technical success rate and safety profile. This technique can be considered as a treatment option in selected patients with
ventral CSF leaks for whom traditional techniques are unsuccessful.

ABBREVIATIONS: EBP = epidural blood patch; VES = ventral epidural space

S pontaneous intracranial hypotension is thought to be the result
of CSF hypovolemia, most commonly secondary to spinal CSF
leaks arising from dural defects. These defects can occur in a variety of
locations, including along the nerve root sleeves and the ventral dural
surface (Fig 1)."~ CSF leaks arising from the ventral dural surface are
difficult to treat given the considerable challenges in gaining access to
thislocation during both surgery and imaging-guided epidural blood
patching.* Conventional imaging-guided epidural blood patch
(EBP) approaches do not always result in ventral epidural spread of
patching material. Improved ventral epidural spread can be achieved
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with alternative approaches, which could potentially result in im-
proved efficacy for treatment of ventral CSF leaks.

Previously described imaging-guided EBP approaches include
posterior interlaminar needle placement in the dorsal epidural
space of the spinal canal and transforaminal placement of the
needle posterior to the spinal nerve root. Both of these methods
can fail to result in ventral epidural spread of injectate.”” Im-
proved ventral spread can be achieved by placing the needle tip
directly within the ventral epidural space (VES). A group of in-
vestigators has recognized the potential utility of this needle po-
sitioning, publishing single-case reports describing transforam-
inal and anterior transintervertebral disc techniques.®” However,
no larger case series have been published evaluating the technical
efficacy and safety of direct ventral EBP techniques.

The purpose of this study was to determine the technical suc-
cess rates and safety profile of direct needle placement into the
VES via a posterior transforaminal approach.
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FIG 1. A 55-year-old woman with spontaneous intracranial hypoten-
sion secondary to a CSF leak. A, Postmyelogram CT at the level of the
T7-8 disc interspace demonstrates a ventral CSF leak (white arrow)
containing contrast with an attenuation slightly less than that of in-
trathecal contrast. A small spiculated osteophyte (white arrowhead)
is the presumed cause for the leak. B, Lateral projection dynamic
myelogram of the midthoracic spine confirms the origin of the CSF
leak at T7—-8. Note the split of the contrast column at this level con-
sistent with a ventral CSF leak (white arrow).

FIG 2. Needle-tip placement in the ipsilateral third of the spinal canal
ventral epidural space via right T8—9 posterior transforaminal ap-
proach for epidural blood patch treatment of a ventral CSF leak con-
firmed via dynamic thoracic myelogram (not shown). All of the pa-
tient’s symptoms resolved after the procedure.

MATERIALS AND METHODS

Study Cohort

We retrospectively reviewed consecutive CT fluoroscopy—guided
targeted EBPs performed on patients diagnosed with spontaneous
intracranial hypotension (based on the criteria outlined by
Schievink et al'®) from June 2013 through July 2015. The elec-
tronic medical records and departmental procedure schedules
were reviewed to identify cases. Cases were included if a posterior
transforaminal approach was taken to place the needle tip directly
in the VES of the neuroforamen or the spinal canal (Fig 2). All
patients had imaging findings concerning for a ventral CSF leak.
Data analysis was performed on a single needle placement basis
(ie, if a patient underwent 2 posterior transforaminal approach
VES needle placements at different locations during the same pro-
cedure, each individual needle placement would be considered a
separate case).
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Our local institutional review board approved this Health In-
surance Portability and Accountability Act—compliant study and
granted a waiver of informed consent.

Ventral Epidural Blood Patch Technique

All procedures were performed on the same CT fluoroscopy—
equipped scanner (LightSpeed 16; GE Healthcare, Milwaukee,
Wisconsin) by 1 of 3 neuroradiologists with 5, 8, or 10 years of
experience performing CT-guided EBPs, respectively. The stan-
dard CT fluoroscopy—guided posterior transforaminal epidural
approach was taken as previously described, but with a slight
modification: for these procedures, a 22-gauge Quincke point
needle (BD Medical, Franklin Lakes, New Jersey) was advanced
through the neuroforamen such that the tip terminated within the
VES.""'* Once in the VES, approximately 0.2 mL of contrast ma-
terial (iopamidol, Isovue-M 200; Bracco, Princeton, New Jersey)
was injected to assess needle-tip position and potential spread of
patching material and to exclude intravascular injection (Fig 3).
Intravascular injection was excluded by using the previously de-
scribed “double-tap” technique.'” After confirmation of both sat-
isfactory needle positioning and absence of inadvertent intravas-
cular injection, patching material (typically a total volume of 1-5
mL of autologous blood with fibrin glue [Tisseel; Baxter, Deer-
field, Illinois|) was injected.

Image Analysis

Procedural images from the study cohort were reviewed by a
board-certified radiologist with a Certificate of Added Qualifica-
tion in neuroradiology and 5 years of experience performing CT
fluoroscopy—guided targeted patching for spontaneous intracra-
nial hypotension. The following information was recorded: neu-
roforamen level and laterality, the angle of the needle approach as
measured from the long axis of the vertebral body spinous pro-
cess, z-axis position of the needle within the neuroforamen (infe-
rior third, middle third, or superior third), needle-tip location,
the extent of the resultant contrast epidurogram, the presence of
inadvertent intrathecal puncture or intravascular injection, and
any procedural complications or adverse events.

We categorized the extent of the resultant contrast epiduro-
gram by presence of the leading edge of contrast within 1 of 5
anatomic zones: 1) extraforaminal space; 2) foraminal VES; 3)
ipsilateral third of the spinal canal VES; 4) middle third of the
spinal canal VES; or 5) contralateral third of the spinal canal VES
(Fig 4). Immediate technical success was defined as the presence
of contrast within the spinal canal VES. Technically successful
procedures were further characterized as exhibiting an optimal
epidurogram if contrast extended into or beyond the middle third
of the spinal canal VES (Fig 3). Needle-tip position was catego-
rized by using the same anatomic zones as for the contrast
epidurogram.

Inadvertent intravascular injection was classified as definitely
venous, probably venous, indeterminate, probably arterial, or
definitely arterial by using previously described criteria.'” An in-
advertent intrathecal puncture was deemed present if contrast
was identified within the thecal sac on the procedural images or if
such an event was documented in the procedural report (eg, CSF
return during needle placement).



FIG 3. Examples of successful ventral epidural spread of contrast (optimal epidurograms). A, A 48-year-old woman with a ventral CSF leak
treated via left T7—8 transforaminal approach ventral patch. Contrast spreads to the contralateral third of the ventral epidural space (white
arrow). B, A 41-year-old man with a ventral CSF leak treated via left T8—9 transforaminal approach ventral patch. Contrast spreads past the
midline in the ventral epidural space (white arrow). C, A 54-year-old woman with a ventral CSF leak treated via left T7—8 transforaminal approach
ventral patch. Contrast spreads into the middle third of the ventral epidural space (white arrow).

FIG 4. Classification scheme for both final needle-tip position and
determining the extent of the contrast epidurogram. Example is for a
right-sided transforaminal approach to the VES at T8-9. The final
needle-tip position or the leading edge of the contrast epidurogram
was classified as terminating within 1 of 5 zones: 1) extraforaminal
space; 2) foraminal VES (defined as between the medial and lateral
margins of the pedicle); 3) ipsilateral third of the spinal canal VES; 4)
middle third of the spinal canal VES; or 5) contralateral third of the
spinal canal VES.

Patient Outcomes

Patient outcomes were determined by a retrospective review of
the patient’s electronic medical record. A successful ventral epi-
dural patch was defined as absence of the patient’s presenting
symptoms at 2 months after the procedure. Patients who received
a subsequent patch within 2 months were automatically deemed
treatment failures.

Statistics

A Mann-Whitney test was used to compare needle angles between
patients with an optimal epidurogram and those without an op-
timal epidurogram. Two-tailed Fisher exact tests were used to
assess for factors predictive of an optimal epidurogram, including
needle-tip position, neuroforaminal level, and needle laterality.

Two-tailed Fisher exact tests also were used to assess for factors
predictive of inadvertent intravascular injection, including nee-
dle-tip position, neuroforaminal level, needle laterality, and the
presence of an optimal epidurogram. A x* test was used to com-
pare the incidence of inadvertent intravascular injection between
different needle z-axis locations within the neuroforamen.

All statistical analyses were conducted by using GraphPad
Prism software (Version 6.0b; GraphPad Software, San Diego,
California). Statistical significance was considered at a threshold
of P < .05.

RESULTS

Study Cohort

A total of 1116 procedures were reviewed during the study period,
and 72 ventral EBPs were identified (occurring during 39 separate
procedure encounters). These ventral EBPs were performed in 35
patients, all with imaging findings concerning for a ventral CSF
leak. This patient group included 25 women (71.4%) and 10 men
(28.6%) with a mean age of 47.3 years (range, 15—81 years). Most
cases (89%) were performed after failure of at least 1 prior con-
ventional EBP. There were no major complications or adverse
events in any patient.

Image Analysis

Most needle placements were performed in the thoracic spine (71
0f 72 [98.6%]; 1 at L3—4), and there were nearly equal numbers of
right- and left-sided approaches (38 and 34, respectively).

Immediate technical success was achieved in 95.8% (69 of 72)
of needle placements. An optimal epidurogram, defined as con-
trast reaching or extending beyond the middle third of the spinal
canal VES, was achieved in 47.2% (34 of 72) of needle placements.
Contrast reached the contralateral third of the spinal canal VES in
13.9% (10 of 72) of needle placements.

An optimal epidurogram was achieved more commonly when
the needle tip was placed into the spinal canal VES compared with
the foraminal VES (P = .005) (Table). There was a trend toward
increased needle angle (indicating a shallower approach) result-
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Factors associated with achieving an optimal epidurogram®

repeat patch within 2 months of the ven-

Optimal Epidurogram tral patch attempt. Thirteen patients
Achieved? (37%) underwent surgical repair of their
Factor Yes (n = 34) No (n =38) P Value CSF leak. No patients were lost to
Needle angle (mean [SD]) 482(7.3) 452 (6.8) .08 follow-up.
Foraminal level (% [n]) .80
Upper thoracic (T3—4 to T6-7) 37 (13 of 35) 63 (22 of 35)
Lower thoracic (T7-8 to TI2-L1) 56 (20 of 36) 4416 of 36) DISCUSSION = .
L e [ CT fluoroscopy—guided EBP via direct
aterality (% [n]) 16 > ]
Right 55 (21 of 38) 45 (17 of 38) needle placement in the VES by using a
Left 38 (13 of 34) 62 (210f 34) transforaminal approach has an excel-
Needle-tip position (% [n]) 005 lent technical success rate. In 72 needle
Foraminal VES 29(10 of 34) 63 (24 of 38) placements, 95.8% were technically suc-
Spinal canal VES 71(24 of 34) 37 (14 of 38)

cessful, and nearly half (47.2%) resulted

 Optimal epidurogram is defined as reaching the middle third of the spinal canal VES.

FIG 5. Incidence of optimal epidurogram and inadvertent intravascular injection per needle
z-axis location in the neuroforamen. Asterisk indicates significant increase in inadvertent intra-

vascular injection (P = .01).

ing in optimal epidurograms, though this did not reach statistical
significance (P = .08). Neither the side of injection nor the foram-
inal level was a significant predictor for achieving an optimal epi-
durogram (P = .16 and P = .80, respectively).

Inadvertent intravascular injection during the epidurogram
was identified in 29.3% (22 of 75) of needle placements, necessi-
tating needle repositioning before injection of patching material.
All cases were considered venous (13 probably venous, 9 defi-
nitely venous). None were indeterminate or considered arterial.
There was no significant association between inadvertent in-
travascular injection and side of injection (P = 1), achieving an
optimal epidurogram (P = 1), foraminal level (P = .43), or
needle-tip position (P = .80). There was a significantly in-
creased likelihood of inadvertent intravascular injection when the
needle traversed the middle third of the neuroforamen in the
z-axis (P = .01) (Fig 5). There were no cases of inadvertent intra-
thecal puncture.

Patient Outcomes

Forty-one percent (16 of 39) of ventral epidural patches resulted
in successful resolution of patient symptoms for at least 2 months
after the procedure. In 8 cases (21%), there was a subsequent
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in an optimal epidurogram. Given these
findings, we conclude that this tech-
nique can result in substantial spread of
patching material throughout the ven-
tral epidural space.

This technique should be considered
when treating patients with a CSF leak
arising from the ventral dural surface,
particularly in cases refractory to con-
ventional blood patch methods. In these
patients, surgery is often the only
remaining possibility for treatment.
Though potentially curative, such surgi-
cal interventions carry with them the
risk of significant morbidity as well as
higher costs and longer recovery times,
all of which could be avoided with a suc-
cessful ventral EBP.'*"”

Previously described methods for
imaging-guided EBPs typically involve
either a posterior interlaminar epidural
approach or a posterior transforaminal
approach, analogous to those used with
corticosteroid injections.'®'” These techniques result in needle-
tip placement within the dorsal epidural space of the spinal canal
or the dorsal epidural space of the neuroforamen, respectively. In
either case, the needle tip remains far removed from the dural
defect responsible for a ventral CSF leak. Prior studies investigat-
ing the spread of epidurographic contrast by using a posterior
interlaminar approach during corticosteroid injections have con-
sistently demonstrated relatively poor spread to the VES.>” For
example, Botwin et al® found that only 36% of interlaminar injec-
tions resulted in ventral epidural spread despite using 5 mL of
contrast (significantly more than used in this study). Prior studies
of transforaminal approaches have demonstrated slightly better
rates of success, ranging from 61.4%—88%.>'®'? However, it is
important to note that in all of these studies, “ventral” was defined
as the anterior aspect of the neuroforamen. This was because the
investigators were interested in the efficacy of corticosteroid in-
jections for nerve origin pain. Furthermore, these investigations
all involved procedures guided by conventional fluoroscopy,
which limited their ability to assess for contrast spread into the
spinal canal VES rather than simply the neuroforaminal VES.
Therefore, it is impossible to know what percentage of these cases



would be considered as either technically successful or optimal
epidurograms according to the metrics defined in our study; pre-
sumably, it would be considerably less than the percentages pre-
viously reported. Achieving contrast spread into the spinal canal
VES is important when treating a ventral CSF leak because an
inability to deliver patching material to the site of the dural tear
will preclude successful treatment.

Importantly, there were no complications in any of our cases.
A potential risk of this procedure might include injection into a
radiculomedullary artery, given the transforaminal approach
used. Transforaminal epidural needle placement, performed dur-
ing corticosteroid injections for pain, has been associated with
rare but serious reported complications, including paralysis,
stroke, and death.?*"** These events are thought to be the result of
either embolic injection into, or direct vascular injury to, a radicu-
lomedullary artery supplying the spinal cord. Embolic injection is
the more likely mechanism, considering that no catastrophic
events have been reported with nonparticulate corticosteroids.*
We performed 72 needle placements without a complication.
Furthermore, we found no cases of intra-arterial contrast injec-
tion. We did identify an inadvertent intravascular injection rate of
29.3%, which is slightly higher than the reported rates in the lit-
erature for posterior interlaminar and transforaminal needle

13:26-28 The rich epidural venous plexus within the

placements.
spinal canal is presumably responsible for the relatively increased
incidence of vascular cannulation in our study. The fact that all of
these incidents were classified as either “definitely venous” or
“probably venous” supports this supposition. We recommend an
approach through the inferior third of the neuroforamen, where
possible, for 2 reasons. First, there was a relatively increased inci-
dence of inadvertent venous injection when the needle traversed
the middle third of the foramen. Second, a radiculomedullary
artery will usually be located anterior to the nerve root within the
superior third of the neuroforamen within the thoracic spine.*”*°
Therefore, an inferior approach will help to avoid it. Of course,
any potential risk associated with placement of a needle in the
ventral epidural space via a posterior transforaminal approach
should be considered in the context of the available alternative
treatment options. For patients with ventral CSF leaks that have
failed conventional treatments, it is often the case that the sole
remaining option is a complex and challenging surgical interven-
tion with significant morbidity and potential mortality.

In limited case reports, prior investigators have recognized the
potential benefit of direct, targeted placement of patching mate-
rial within the ventral epidural space. Park and Villablanca® pub-
lished a single-case report of an anterior approach through the
C5-6 intervertebral disc under conventional fluoroscopic guid-
ance. This anterior needle approach courses between the pretra-
cheal fascia and the carotid sheath and is commonly used during
cervical discography and disc biopsy.”! Given the presence of the
mediastinal structures and the lungs, this technique would not be
feasible in the thoracic spine, which is where most ventral CSF
leaks occur. Furthermore, the technique is not without significant
risk because of the need to displace the carotid artery as well as
avoid the vertebral artery. In fact, multiple complications have
been previously reported, including hemorrhage, vertebral artery
injury, damage to the spinal cord, and injury to the trachea and

carotid artery.”> Zaw et al® reported a single case of successful
epidural blood patch achieved by placement of the needle tip in a
ventral epidural collection at T6 via a posterior transforaminal
approach. This procedure was performed after several failed con-
ventional blood patch attempts. Similarly, most of our cases also
were performed after failure to achieve a durable treatment with
more conventional methods. Our study is the first to investigate
this transforaminal approach to the ventral epidural space in a
large series of patients. Furthermore, it includes new information
about the extent of ventral epidural spread of patching material
and provides insight into the safety profile of this approach.

There are several limitations to our investigation. First, this
was a retrospective study of a relatively limited number of proce-
dures performed by highly experienced interventionalists. We
recommend caution for proceduralists with limited experience.
In addition, rare complications could have been missed given the
number of patients. However, 72 consecutive needle placements
without a complication suggests that the incidence of such ad-
verse events is likely very low. Second, we did not perform a direct
comparison of the contrast epidurograms achieved by using con-
ventional CT fluoroscopy—guided patching methods (ie, inter-
laminar and traditional transforaminal approaches) with the ex-
perimental technique outlined in this manuscript. There might be
a different and more efficacious mechanism for achieving an op-
timal epidurogram in the VES. However, prior studies suggested
that conventional interlaminar and transforaminal approaches
under fluoroscopic guidance do not result in adequate spread to
the ventral epidural space of the spinal canal.>”'®* Finally,
though we noted that 41% of patches resulted in successful reso-
lution of patient symptoms for at least 2 months, prospective
patient outcomes were not assessed in this investigation. A more
structured evaluation with validated headache outcome measures
could be included in a future prospective investigation. Further-
more, a study comparing patient outcomes for interlaminar epi-
dural, transforaminal epidural, and ventral epidural approaches is
needed to justify more widespread adoption of this technique in
patients with ventral CSF leaks.

CONCLUSIONS

This study confirms that direct needle placement in the VES via a
transforaminal approach for treatment of ventral CSF leaks has an
excellent technical success rate. Furthermore, it demonstrates an
acceptable risk profile given the absence of complications in 72
consecutive needle placements. This technique can be considered
as a treatment option in selected patients with ventral CSF leaks
for whom traditional techniques are unsuccessful. Further pro-
spective studies comparing patient outcomes when using this
technique with those for alternative treatments of ventral CSF
leaks are warranted.
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Automated Quantitation of Spinal CSF Volume and
Measurement of Craniospinal CSF Redistribution following
Lumbar Withdrawal in Idiopathic Intracranial Hypertension

N. Alperin, ““ A.M. Bagci, ““’S.H. Lee, and ““B.L. Lam

ABSTRACT

BACKGROUND AND PURPOSE: Automated methods for quantitation of tissue and CSF volumes by MR imaging are available for the
cranial but not the spinal compartment. We developed an iterative method for delineation of the spinal CSF spaces for automated
measurements of CSF and cord volumes and applied it to study craniospinal CSF redistribution following lumbar withdrawal in patients

with idiopathic intracranial hypertension.

MATERIALS AND METHODS: MR imaging data were obtained from 2 healthy subjects and 8 patients with idiopathic intracranial hypertension
who were scanned before, immediately after, and 2 weeks after diagnostic lumbar puncture. Imaging included Tl-weighted and T2-weighted
sequences of the brain and T2-weighted scans of the spine. Repeat scans in 4 subjects were used to assess measurement reproducibility. Whole

CNS CSF volumes measured prior to and following lumbar puncture were compared with the withdrawn amounts of CSF.

RESULTS: CSF and cord volume measurements were highly reproducible with mean variabilities of —0.7% * 1.4% and —0.7% = 1.0%,
respectively. Mean spinal CSF volume was 77.5 * 8.4 mL. The imaging-based pre- to post-CSF volume differences were consistently smaller
and strongly correlated with the amounts removed (R = 0.86, P = .006), primarily from the lumbosacral region. These differences are

explained by net CSF formation of 0.41 = 0.18 mL/min between withdrawal and imaging.

CONCLUSIONS: Automated measurements of the craniospinal CSF redistribution following lumbar withdrawal in idiopathic intracranial
hypertension reveal that the drop in intracranial pressure following lumbar puncture is primarily related to the increase in spinal compli-

ance and not cranial compliance due to the reduced spinal CSF volume and the nearly unchanged cranial CSF volume.

ABBREVIATIONS: IIH = idiopathic intracranial hypertension; LP = lumbar puncture

he total amount of CSF and its craniospinal distribution are

important for understanding of CSF-related brain and spinal
cord disorders and CSF physiology in general. Changes in CSF
circulation or distribution between the cranium and spinal canal
or both have been observed in several neurologic disorders, in-
cluding Alzheimer disease," idiopathic normal pressure hydro-
cephalus,” idiopathic intracranial hypertension (IIH),” and even
during pregnancy.” A change in body posture also affects the cra-
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niospinal CSF distribution, with a shift from the cranium to the
spinal canal contributing to the lower intracranial pressure ob-
served in the upright-versus-supine postures.” CSF volume in the
spinal canal is also influenced by abdominal compression and
hyperventilation.® In addition, the amount of CSF in the thecal
sac has been shown to influence the effectiveness of spinal anes-
thesia.” Not only the spinal CSF volume but also the spinal cord
volume is of clinical relevance, especially for cord atrophy pro-
gression such as in multiple sclerosis.”®

MR imaging—based automated methods of quantitation of
brain tissues and intracranial CSF volumes”'® have consider-
ably advanced the quantitative-based diagnostic capability of
many neurologic problems, yet comparable methods for the
spinal cord and the spinal CSF volumes are not widely avail-
able. Measurement of the spinal CSF volume in MR imaging is
challenging because of the overall smaller volumes compared
with the brain and cranial volumes and due to the length of the
spinal canal, which necessitates the use of multiple overlapping
acquisitions with potentially varying image nonuniformity.
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evaluation of the method. Written in-
formed consent was obtained on enroll-
ment, and the study was approved by the
institutional review board. Each of the 8
patients underwent 3 MR imaging scans,
immediately before and after (22 * 7
minutes) diagnostic lumbar puncture
and a follow-up scan 15 = 5 days (range,
8-23 days) after lumbar puncture. In 4
subjects, MR imaging was repeated to
assess measurement reproducibility and
as a control for the subjects who under-
went CSF withdrawal between scans.

Lumbar punctures were performed
as a routine clinical procedure by a neu-
rologist by using a 20-ga needle. The
procedure was performed in a room ad-
jacent to the MR imaging suite, with the
patient in a lateral recumbent position.
The CSF drainage was continued until
15-20 mL of fluid was collected or until
the flow stopped. Following LP, all pa-
tients reported improvement of symp-
toms with no relapse at the follow-up
MR imaging, and none
post-LP headache.

reported

FIG1. Flow chart of the CSF segmentation method. T1- and T2-weighted brain images are used to

obtain the ventricular and intracranial CSF volumes by using publicly available software packages.
Spinal CSF and cord volumes are obtained using the 3 T2-weighted scans with a custom-devel-

oped software.

Previous studies on dose response in epidural anesthesia fo-
cused on measurements of the CSF volumes in the low thoracic
and lumbosacral regions.*®'" The CSF volume in the whole spi-
nal canal was reported only in a small number of studies that were
constrained by limited image resolution and manual delineation
of the CSF space.'"'* A recent advancement toward automated
spinal CSF volume measurements is the development of a method
that uses thresholding and voxel connectivity.'? Recent effort in
the assessment of spinal cord atrophy in multiple sclerosis in-
cludes semiautomated approaches for the measurement of the
cord cross-sectional areas in both cervical and thoracic regions.'*

This article describes an iterative method of delineating the
CSF spaces and the spinal cord throughout the spinal canal. Mea-
surement reproducibility was assessed from repeat measurements
in the same subjects. The method efficacy is demonstrated by its
application to studying the impact of CSF withdrawal by lumbar
puncture (LP) on the craniospinal CSF redistribution in ITH.
Only limited information on CSF redistribution following with-
drawal is available, even though this is a commonly used diagnos-
tic procedure in CSF-related disorders.

MATERIALS AND METHODS

Study Participants

Data from a cohort of 8 overweight women (age 29 = 6 years;
range, 19-37 years; mean body mass index: 34 = 7 kg/m?; range,
26-43 kg/m?) who underwent lumbar puncture for the suspected
diagnosis of ITH and from 2 healthy female subjects (ages, 27 and
31 years; body mass index, 20 and 27 kg/m?) were used in the
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MR Imaging Acquisition

MR imaging studies were performed by
with a 1.5T scanner (Symphony; Sie-
mens, Erlangen, Germany) and the scanner-integrated Tim
head, neck, and spine coils. Volumetric assessment of the cra-
nial compartments was obtained from 3D T1-weighted and
T2-weighted MPRAGE and sampling perfection with applica-
tion-optimized contrasts by using different flip angle evolu-
tion (SPACE; Siemens) sequences, respectively. Imaging pa-
rameters of the T1-weighted scans included TR/TE/TT of 2200/
2.37/1000 ms, flip angle of 8°, FOV of 25.6 X 22.4 cm, 1-mm
isotropic resolution, and scan duration of 4 minutes and 15
seconds. Imaging parameters for the T2-weighted scan in-
cluded the following: TR/TE of 1800/193 ms, flip angle of 150°,
FOV of 25.0 X 23.8 cm, 1-mm isotropic resolution with scan
duration of 3 minutes and 15 seconds. The spinal column was
imaged by using 2 separate 3D T2-weighted scans with approx-
imately 10% overlap in coverage with TR/TE of 1500/245 ms;
flip angle of 120°% FOV of 30 X 30 c¢m; acquisition matrix of
330 X 330 with no zero-filling, yielding 0.9-mm isotropic vox-
els; and scan duration of 5 minutes each. Images were acquired
in the sagittal orientation.

Segmentation of the Craniospinal CSF Volume

The flowchart of the procedure for segmentation of the entire
spinal canal CSF and spinal cord is shown in Fig 1. The
ventricular and intracranial CSF volumes were quantified by
using the publicly available FreeSurfer (http://surfer.nmr.mgh.
harvard.edu) and SPM8 software (http://www.filion.ucl.ac.uk/

9,10

spm/) packages,”'" respectively. The method for the segmenta-



tion of the spinal CSF and cord volumes was implemented in
Matlab, Version 2015a (MathWorks, Natick, Massachusetts).

Segmentation of Intracranial CSF Volume

Delineation of the ventricles was obtained from T1-weighted se-
quences with the FreeSurfer software,” which uses an atlas-based
method as prior information in a Bayesian parameter estimation
framework to identify several brain regions, including the ventric-
ular system.

Intracranial CSF was obtained with the New Segment tool in
SPM8 software, which allows multitechnique segmentation by
using both T1-weighted and T2-weighted images and incorpo-
rates a priori spatial information by using tissue probability

maps.'?

Regions outside the cranium with image intensity like
CSF (eg, vitreous humor) were removed from the final segmen-
tation by using a skull mask generated by the FSL Brain Extraction
Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET)."> The coordi-
nates of the most inferior axial section containing CSF segmenta-
tion are automatically determined and used to initialize the auto-

mated segmentation of the spinal CSF.

Segmentation of Spinal CSF and Spinal Cord

Before spinal canal CSF segmentation, T2-weighted scans of the
cranium and cervical-thoracic and thoracic-lumbar regions were
merged on the basis of the patient coordinates. The CSF and cord
segmentation was initialized at the coordinates of the most infe-
rior voxels of CSF from intracranial segmentation. The segmen-
tation was performed automatically on axial reformatted sections,
superior-to-inferior. A Laplacian of Gaussian filter (o = 1.2 mm,
filter size = 9 X 9 mm) was then applied to enhance the CSF/cord
edge pixels. The resulting edge-enhanced image is then convolved
with 2D-matched filters to detect the size and the position of the
cord. The filter kernels, optimized to detect elliptic structures,
varied from 5- to 15-mm diameter and were elliptic with varying
aspect ratios from 1:1 to 1:2. The shape, location, and size of the
cord are determined on the basis of the filter kernel with the high-
est frequency response. This initial boundary is further refined by
moving the boundary pixels to the zero-crossings on the edge-
enhanced image within a 1-mm range. The spinal CSF is seg-
mented by using an active contour algorithm'® on the edge-en-
hanced image. Segmentation of the consecutive sections is
separated into 2 different regions: the cervical and thoracic re-
gions that include a cord and a lumbar region that does not in-
clude a cord. The location of the center voxel of the CSF segmen-
tation serves as the initialization point for segmentation on the
next axial slide. The volume of the CSF in the spinal canal is then
obtained by summation of the voxels identified as spinal canal
CSF. Additionally, the cross-sectional area of the CSF spaces along
the spinal column was determined to assess the redistribution of
CSF along the spinal canal following CSF withdrawal.

Assessment of CSF Volumes before and after Lumbar
Puncture

The cranial and spinal CSF volumes measured by MR imaging
before the lumbar puncture scan were compared with values mea-
sured after lumbar puncture and follow-up scans. The locations
along the space where there was a change in the CSF volume were

identified by plotting the mean difference between pre- and post-
lumbar puncture cross-sectional areas with respect to the distance
from the foramen magnum. The amount of CSF collected during
lumbar puncture was compared with differences in the CSF vol-
ume measured by MR imaging pre- to post and pre- to follow-up
scans. The effective CSF formation rate was estimated to account
for CSF formed between the lumbar puncture and the MR imag-
ing acquisition.

Measurement Reproducibility and Accuracy

Measurement reproducibility of spinal canal CSF and cord vol-
ume was assessed by calculating the mean and SD of the relative
and absolute differences between the 2 repeat scans. Calibration
of the volume measurement was assessed by using a CSF canal-
like water phantom built by using a 42-cm rod with a diameter of
1.2 cm inserted into a 56-cm-long hollow tube with an inner di-
ameter of 2.6 cm. The phantom was filled with 252.5 mL of water,
as measured with a graduated cylinder. The phantom was scanned
by using the same imaging parameters as those used for subjects.

Statistical Analysis

The within-subject differences in CSF and cord volumes were
tested for statistical significance by using paired ¢ tests following
testing for normality by using the Shapiro-Wilk test. Associations
between pre- to post-lumbar puncture differences in CSF volume
and the amounts withdrawn were tested by calculating the Pear-
son correlation coefficient. A P value < .05 was considered signif-
icant. The intersubject variability for CSF volume of each com-
partment was calculated as the ratio of its mean to SD. The
repeatability coefficient (ie, the maximum difference that is ex-
pected to occur between repeat measurements) was calculated as
1.96 times the SD of the differences between the repeat measure-
ments. All results are expressed as mean = SD. All statistical anal-
yses were performed by using MedCalc for Windows, Version
15.8 (MedCalc Software, Mariakerke, Belgium).

RESULTS

The mean and SD of the relative and absolute differences in CSF
volume measurements between repeat scans were —0.5 = 1.0 and
0.8 £ 0.7 mL, respectively, which correspond to a percentage
difference of —0.7 £ 1.4% and 1.1 = 0.9%, respectively, and a
repeatability coefficient of 1.9 mL. The mean and SD and percent-
age differences in cord volume were 0.1 = 0.2 mL and —0.7 *
1.0%, respectively, with a repeatability coefficient of 0.4 mL. Ab-
solute volume measurements obtained with the spine phantom
demonstrated good accuracy with a small error of only 0.4%.

An example of whole craniospinal CSF segmentation is shown
in Fig 2. Sample segmented spinal CSF spaces and cord segmen-
tations in regions with and without cord are shown in Fig 3. Pre-
lumbar puncture cranial CSF (intra- and extraventricular), spinal
CSF, and cord volumes measured in each of the 8 patients are
listed in Table 1. The mean total craniospinal CSF volume mea-
sured in the patient cohort was 258 = 35.6 mL, with 164 * 32 mL
in the extraventricular (sulcal) cranial CSF spaces, 16.2 = 6.0 mL
in the ventricles, and 77.5 = 8.4 mL in the spinal canal. CSF
volumes in the different compartments varied among individuals,
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FIG 2. A mid-sagittal image demonstrating complete coverage of
the CNS generated by merging 3 separate acquisitions (A) with
overlapping coverage indicated by red bars on the left. B, Segmen-
tation of cranial (blue), ventricular (yellow), and spinal (red) CSF
and cord (green).

with the largest variability found in the ventricular CSF volume
(37%) and smallest variability in the spinal CSF volume (11%).
The mean cord volume was 21.0 = 2.0 mL, with a relatively small
interindividual variability of 10%.

The differences between the pre- and post-LP measurements
of intracranial pressure and CSF volumes at the various cranio-
spinal compartments for each of the 8 patients are listed in Table
2. Following lumbar puncture, closing pressure was significantly
lower with a mean pressure change of —17 = 8.6 cm H,O (P =
.002), and the measured total CSF volume was significantly re-
duced, as expected, by an average of —7.5 = 2.9 mL (P = .0002).
Most of the change in CSF volume occurred in the spinal canal,
with a mean value of —6.7 = 3.2 mL (P = .0007). A plot of the
mean CSF cross-sectional area as a function of the distance from
the foramen magnum obtained before and after lumbar puncture
is shown in Fig 4A. The difference between these 2 plots is shown
in Fig 4B, demonstrating that the reduction is primarily localized
at the lumbosacral region. The spinal CSF volume measured at the
2-week post-LP-scan follow-up was still significantly lower than
that of the pre-lumbar puncture by an average of 1.9 = 1.7 mL
(P =.016). No significant differences were observed in the other
compartments. As expected, no significant differences were mea-
sured in the cord volume between scans. Mean differences be-
tween the pre- and post-LP and the pre- and 2-week follow-up
scans were —0.3 * 0.5 and +0.1 * 0.5 mL, respectively.

The difference in measured CSF volume in the spinal canal
between the pre- and post-LP scans and the 2-week follow-up
scan were linearly correlated with the withdrawn amount of CSF
with strong correlation coefficients of R = 0.86, P = .006,and R =
0.75, P = .03, respectively. The scatterplots for these relationships
are shown in Fig 5. The measured pre- to post-LP difference of
7.5 = 2.9 mL was lower than the withdrawn amount of 15.8 = 3.9

mL. Assuming that this difference is, in part, due to net CSF

FIG 3. Sample CSF (red outline) and cord (green) segmentations along the spinal column at the level of C3, C7, T6, T10, L2, and L5 vertebrae.
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Table 1: Compartmental CSF volumes measured before lumbar puncture in patients

Opening
Pressure EVC CSF Ventricular SC CSF Total CSF Cord
Age (yr) BMI (cm H,0) Vol (mL) CSF Vol (mL) Vol (mL) Vol (mL) Vol (mL)
Subject No.
1 28 34 39 164 18.9 86.7 269 20.8
2 37 33 45 169 15.6 83.1 268 235
3 19 26 17 157 16.4 76.8 250 219
4 33 27 29 7 1.6 773 260 20.7
5 28 43 34 213 12.8 67.6 293 19.9
6 32 40 34 166 289 89.8 285 239
7 30 4] 25 176 15.8 68.9 261 18.8
8 22 30 40 98 9.2 69.9 177 18.6
Mean 29+ 6 3467 33+091 164 + 31.8 16.2 £ 6.0 775+ 84 258 + 35.6 21.0 =20
Variability (SD/Mean) 19% 37% Nn% 14% 10%

Note:—BMI indicates body mass index; EVC, extraventricular cranial; SC, spinal canal; Vol, volume.

Table 2: Pre- to post-lumbar puncture changes in ICP and CSF volume differences in the various compartments, amounts of CSF

withdrawn, and the calculated effective CSF production rates

EVC CSF Ventricular SC CSF Total CSF Amount of Effective
Closing-Opening Vol Change CSF Vol Vol Change Vol Change CSF Collected CSF Production
Pressure (cm H,0) (mL) Change (mL) (mL) (mL) (mL) Rate (mL/min)
Subject No.
1 NA -1.6 0.0 —53 —6.9 —16.0 0.25
2 —26 —2.0 —01 —6.2 —8.2 —16.0 0.24
3 -3 —3.6 —0.1 —6.0 —9.6 —14.0 NA?
4 —15 0.7 0.2 -33 —-25 —14.0 0.65
5 —16 2.0 0.1 —12.7 —10.5 —210 043
6 —20 -6 —-0.6 —8.1 —10.3 —20.0 0.63
7 -12 -1.0 —-0.2 =27 -39 —85 0.24
8 —28 0.8 0.1 —91 —8.2 —=17.0 0.40
Mean —17 = 8.6 —08*18 —01%£0.2 —67 32 —75*+29 —15.8 =39 041+ 0.18
P value .002° 24 45 .0007° .0002°

Note:—ICP indicates intracranial pressure; NA, not available; EVC, extraventricular cranial; SC, spinal canal; Vol, volume.
2 Effective CSF production rate for subject 3 was not calculated because the lumbar puncture time was not available.

® Significant.

FIG4. Average CSF cross-sectional area before and after lumbar puncture (A) and average change
in CSF cross-sectional area following CSF withdrawal with respect to the distance from the

foramen magnum to the caudal end of the thecal sac (B).

formed between the LP and MR imaging, we calculated a mean
effective net CSF formation rate of 0.41 = 0.18 mL/min. The calcu-
lated net CSF production rates for each subject are listed in Table 2.

DISCUSSION

The method for segmentation of the spinal CSF spaces and spinal
cord demonstrated highly reproducible measurements with a
measurement variability of around 1% for both the spinal CSF
and cord volumes. This method, in combination with existing
methods for segmentation of the cranial CSF and brain tissue

volumes, provides means for determin-
ing normative and altered spinal CSF
volumes in the healthy and disease
states, respectively. The improved per-
formance of the method is attributed to
the iterative approach to overcome bi-
ases due to image nonuniformities asso-
ciated with large anatomic coverage.

The mean spinal CSF volume mea-
sured in a cohort of patients with ITH of
77.5 = 8.4 mL is comparable with a pre-
viously reported value of 76 = 23 mL
measured in a healthy cohort of mixed
sex (5 men/7 women) and a wide age
range (25-84 years).'” The much wider
SD measured in that study is likely due
to the mixed sex and wider age range. A
slightly larger spinal CSF volume of 81 = 13 mL was reported in
22 healthy elderly subjects (11 men/11 women) (70 * 4 years),
but most interesting, the cord volume of 20 £ 3 mL measured
manually in that study'? is similar to the value of 21.0 * 2.0 mL
measured in the current cohort.

The automated measurement of the spinal CSF volumes was
applied to investigate interindividual variability in different com-
partments and the redistribution of the CSF volume in the cra-
niospinal system following removal via lumbar puncture. Inter-
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FIG 5. The relationship between the CSF volume withdrawn during lumbar puncture and CSF
volume change in the spinal canal between the pre- and post-lumbar puncture scan (A) and the
pre- and the 2-week follow-up scan (B) as measured by the proposed method.

estingly, the interindividual variability in CSF volumes in the ITH
cohort was largest in the ventricles and smallest in the spinal canal.
Automated whole CNS segmentation provides the means to de-
termine the role of the spinal CSF volume in various diseases.

Craniospinal redistribution of the CSF volumes following
withdrawal of CSF has not been reported previously. A small re-
duction of 1.4% in ventricular volume was reported following
high-volume CSF withdrawal in elderly patients with normal
pressure hydrocephalus.” In contrast, in our study of younger
patients with ITH, the ventricular volume was unchanged follow-
ing CSF withdrawal. This finding can be partly attributed to the
much smaller ventricular volume (16.2 versus 160 mL) and the
smaller amount of CSF removed (15.8 versus 35 mL) in the cur-
rent study.

This study provides important insight into the pathophysiol-
ogy of ITH. The reduction in CSF volume following lumbar punc-
ture was predominantly from the spinal compartment, with
nearly unchanged CSF volume in the cranial compartment. This
finding implies that the drop in opening pressure following LP in
ITH while the patients are in the supine posture is primarily due to
an increase in the spinal canal compliance and less due to changes
in the cranial compartment. The increased spinal canal compli-
ance measured in the supine posture has implications for the up-
right posture because it allows larger amounts of CSF to shift from
the cranium into the spinal canal following a change from a su-
pine to an upright posture. This result, in turn, leads to a larger
decrease in intracranial pressure in the upright posture. This ob-
servation that CSF volume reduction following LP is primarily
from the spinal canal is consistent with a previous report that
obesity-related ITH is associated with reduced spinal canal com-
pliance.'” It seems that the therapeutic effect of CSF withdrawal
by LP in ITH is achieved by improving the impaired spinal canal
compliance.

The reduction in the spinal CSF volume was found to be lo-
calized primarily to the lumbar region. This finding is consistent
with previous findings that regional compliance varies along the
spinal canal, with the lumbar region providing the largest contri-
bution to the overall spinal compliance.'® This is also consistent
with radionuclide cisternography studies in which tracer injected
into the lumbar region demonstrated slow dispersion along the
spinal canal and the tracer distribution after 30 minutes was still
localized to the lower lumbar region,'? similar to the pattern of
volume difference shown in Fig 4B in our study. The possibility of
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changing the spinal canal compliance
locally by CSF withdrawal demonstrated
in this study has important implica-
tions for the delivery of spinal anesthe-
sia because the magnitude of the com-
pliance at the lumbar region strongly
influences the rate of dispersion of in-
jected material in the CSF spaces.

Measurements of the entire CSF vol-
ume before and after CSF withdrawal in
conjunction with other approaches for
measurement of CSF formation rates™
are potentially useful for understanding
the impact of treatment on CSF homeo-
stasis in IIH. The imaging-based mea-
surements of reduction in the craniospinal CSF volumes were
consistently smaller than the withdrawn amounts. This outcome
is not likely due to a measurement error, which would have re-
sulted in both positive and negative changes. The most likely ex-
planation for the smaller measured differences is a net CSF for-
mation that occurred during nearly half an hour between the LP
and the post-LP MR imaging. The effective increase in the net rate
of CSF formation is well-explained by a lower CSF absorption rate
caused by the lower intracranial pressure.”' An effective net for-
mation rate was derived on the basis of the differences between the
withdrawn and measured CSF volumes. The estimated mean ef-
fective formation rate of 0.41 = 0.18 mL/min is larger than the
normative value of 0.30 = 0.14 mL/min reported in healthy sub-
jects”® but similar to the CSF formation rate of 0.44 = 0.28 mL/
min previously reported in 11 female patients with ITH and obe-
sity.”> Another interesting finding is that the measured pre- to
post-lumbar puncture differences in the CSF volumes were
strongly correlated with the amount withdrawn, even at the
2-week follow-up MR imaging; this finding is consistent with re-
ports in the literature of improved symptoms for 2 weeks follow-
ing lumbar puncture.”

Limitations of this study are the relatively small number of
patients, with one patient not meeting the modified Dandy crite-
ria for ITH due to normal opening pressure. Another possible
limitation is the lack of comparison with manually segmented
CSF spaces. On the other hand, manual segmentations are not
only time-consuming but also highly variable; thus, they may not
be a reliable criterion standard. The use of a phantom, repeat
measurements in the same subjects, and measurement before and
after lumbar withdrawals provided an alternative approach for
assessment of the reliability of the method. Finally, performing
the CSF volume measurements in only the supine posture is an-
other limitation of the study.

CONCLUSIONS

An automated method for delineation of the spinal CSF spaces has
been developed and applied to study the effect of lumbar CSF
withdrawal on the craniospinal CSF redistribution in ITH. The
study reveals that the drop in the opening pressure following CSF
withdrawal is related to an increase in the spinal canal compliance
caused by reduction in spinal CSF volume localized to the lumbar
region. The study demonstrates the importance of the spinal com-



partment in intracranial pressure regulation and the benefit of

automated craniospinal CSF volumetry to further elucidate the

pathophysiology of CSF-related diseases.

Disclosures: Noam Alperin—UNRELATED: Board Membership: Alperin Noninvasive
Diagnostics. Byron L. Lam—RELATED: Grant: North American Neuro-Ophthalmol-
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We read with great interest the
article published by Morotti
et al, “Effect of CTA Tube Current on
Spot Sign Detection and Accuracy for
Prediction of Intracerebral Hemorrhage
Expansion.”’ We agree with the authors
that the spot sign and also the newly de-

scribed “leakage sign™?

represent very
useful signs to predict expansion of in-
tracranial hemorrhage of different ori-
gins. However, the optimal CT protocol
to detect the spot sign is still unknown,
and it is not known if new techniques
such as dual energy will improve its de-
tection. This is of great importance be-
cause the spot sign has changed the way
patients with intracranial hemorrhage
are managed acutely. It is well known
that dual-energy CT increases the sensi-
tivity for the detection of ischemia in pa- M8 B)

tients after mechanical thrombectomy,’

and it is also very useful to differentiate between hemorrhage and
contrast media.* The question is, what about the spot sign and
dual energy?

We have to pay attention to the use of new technologies such as
dual-energy CT and these signs because the spot or leakage sign
corresponds to leakage of contrast medium, and these might dis-
appear with dual energy in a patient with hemorrhage (Fig 1).
Further, the nonvisualization of the spot sign or low sensitivity on
CTA (53%) as described by Orito et al* might be due to the CTA
being done in dual energy.
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Dual-Energy CT and Spot Sign

FIG 1. CT (80 Kv) performed with a Siemens machine after contrast agent shows the spot sign in a
patient with intracerebral hemorrhage (A, arrow). The spot sign disappears on the virtual unenhanced
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REPLY:

e thank Drs Vargas and Lovblad for their interest and com-

ments on our article investigating the influence of CTA
tube current on spot sign detection and prediction of intracere-
bral hemorrhage expansion. The role of dual-energy CT (DECT)
in spot sign identification has not been extensively and systemat-
ically investigated, to our knowledge, and we agree that more
research on the use of this technique is needed. DECT can distin-
guish different types of materials with high sensitivity and speci-
ficity."> As shown in the figure provided by Drs Vargas and
Lovblad, DECT can remove spots of iodine extraction from the
virtual noncontrast images and map them to the iodine-overlay
images. The degree to which this separation is effective and the
minimum concentration of extravasated iodine separable from
hematoma, in situ, are currently unknown. Therefore, how the
single-energy CT spot sign should be translated in the context of
dual-energy remains a topic of research. For example, it is not
clear whether one should be counting the number of spots on the
iodine-overlay images or computing the total amount of extrav-
asated iodine in the iodine-overlay images. We would like to high-
light the following additional points:

1) There is great heterogeneity in the CTA acquisition proto-
col,? and several factors such as the time from stroke onset to CTA
and acquisition of delayed images*” can influence the rate of spot
sign identification and its ability to identify patients at high risk of
hematoma expansion. Therefore, the relatively low sensitivity
(53%) reported by Du et al® in a recent meta-analysis cannot be
directly attributed to the use of DECT.

2) It is difficult to compare the frequency and diagnostic per-
formance of the spot sign across different studies because several
definitions of spot sign and hematoma expansion have been re-
ported and used in clinical practice.*

3) DECT has the ability to reduce artifacts and to remodel the
signal-to-noise ratio’ and may therefore provide an additional
diagnostic value in case of poor-quality scans.

4) Vascular and nonvascular cerebral lesions like aneurysms or
calcifications can mimic the spot sign,® and DECT appears supe-
rior to conventional CTA in the identification of these mimics.”

5) There are multiple implementations of DECT, and not all of
them are dose-neutral compared with a single-energy CT scan. In
general, the advantages of DECT use need to be balanced against
the risk of increased radiation delivery.’

http://dx.doi.org/10.3174/ajnr.A4887
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In conclusion, DECT is a promising technique, but its role in
spot sign identification is still unclear.
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Comment on “SAPHO Syndrome: Imaging Findings of

have read with great interest the article by McGauvran et al'

regarding an MR imaging study in patients with synovitis, acne,
pustulosis, hyperostosis, and osteitis (SAPHO) syndrome. I fully
agree with the authors both that the differentiation of SAPHO
syndrome from spondyloarthropathies (SpA), especially psoriatic
arthritis (PsA), is mandatory and that MR imaging could improve
the understanding of the course of the disease and lead to an
earlier diagnosis.

SAPHO syndrome is actually considered a rare disease, but
growing awareness among dermatologists, radiologists, and rheu-
matologists is going to increase its diagnosis.

The peculiar bone involvement, represented by osteitis, is the
common denominator of SAPHO syndrome, either by its radio-
logic appearance or its pathologic features (Table). In a case series
described in Arthritis and Rheumatism, my colleagues and I indi-
cated that sternocostoclavicular hyperostosis (SCCH) repre-
sented the first symptom in 70% of patients and was involved in
about 80% of the cases.” In addition, many patients had a history
of several admissions to the emergency department for a sus-
pected acute cardiac event. It is of basic importance to distinguish
patients with psoriatic arthritis from those with SAPHO syn-
drome with psoriasis. The paravertebral ossification seen in SA-
PHO syndrome is completely different from syndesmophytes; in
fact, close observation of the published pictures may enable them
to be properly defined as enthesophytes. Moreover, spine lesions
are segmental in SAPHO syndrome. Besides, in SAPHO syn-
drome, the most typical symptom is a precocious anterior chest
wall involvement, while inflammatory low back pain represents
the most relevant clinical symptom in only a minority of patients.
SCCH is the typical manifestation of SAPHO syndrome, repre-
senting the mainstay for diagnosis, but it is not pathognomonic
for the disease. A similar involvement may also be seen in PsA. In
PsA, however, SCCH is more frequently a late complication of the
disease and does not usually involve the medial end of the clavic-
ulae. Thus, osteitis/hyperostosis of this difficult anatomic site
(anterior chest wall) should be regarded as a distinguishing fea-
ture of SAPHO syndrome. In up to 20% of cases, cutaneous le-

http://dx.doi.org/10.3174/ajnr.A4912

Vertebral Involvement”

Proposed classification criteria of SAPHO syndrome (from
Kahn MF,* 2003 ACR 67th Annual Scientific Meeting)

Classification Criteria

Inclusion
Bone = joint involvement associated with PPP and PV
Bone = joint involvement associated with severe acne
Isolated sterile hyperostosis/osteitis (adults)®
Chronic recurrent multifocal osteomyelitis (children)
Bone = joint involvement associated with chronic bowel

diseases

Exclusion
Infectious osteitis
Tumoral conditions of bone
Noninflammatory condensing lesions of bone

@ With the exception of P acnes.

sions may be lacking; thus, this form represents a purely rheuma-
tologic variant of the disease.

I also agree with McGauvran et al' that misinterpretation of
MR imaging usually leads to unnecessary biopsies. Nevertheless,
the diagnosis of SAPHO syndrome could be challenging, and it is
very important to be cautious in cases with involvement of soft
tissues because it is necessary to exclude a malignancy.” Besides, in
these cases, the biopsy may also be useful for directing the treat-
ment in case of isolation of pathogens.

Although it has repeatedly been related to the SpA family, the
emerging evidence suggests that SAPHO syndrome may be a
primitive inflammatory osteitis. Different stimuli have been im-
plicated as inciting factors, in particular the low-virulence patho-
gen Propionibacterium acnes, either alive or as dead antigens, but
autoimmune or autoinflammatory mechanisms have not been
ruled out. However, the etiopathogenesis of SAPHO syndrome
and its nosology still remain largely enigmatic. If one combines
bacteriologic, immunologic, and genetic data, an appealing hypoth-
esis involves a pathogenetic sequence in which an opportunistic germ
such as P acnes, a skin saprophyte, takes advantage of genetically
determined deficiencies in antibacterial mechanisms and subse-
quently induces an autoamplification of the inflammatory response,
supporting the concept of SAPHO syndrome as a reactive osteitis.
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REPLY:

e thank Dr Colina for his comments regarding our recent
Warticle “SAPHO Syndrome: Imaging Findings of Vertebral
Involvement.”" We agree that growing awareness of SAPHO syn-
drome and its clinical and imaging findings will lead to earlier
diagnosis.

In response to the comment that sternocostoclavicular hyper-
ostosis represented the first symptom in 70% of the patients re-
ported in the study by Colina et al,” 39% of the patients in our
series had concurrent sternoclavicular involvement and 22% in-
volvement of the first costovertebral joint, supporting this being a
common symptom. We believe knowledge of the typical vertebral
findings is critical in making an appropriate diagnosis in the sub-
stantial minority of patients who do not present with sternocos-
toclavicular hyperostosis.

Because our article focused on the unique spinal manifesta-
tions of SAPHO syndrome, we did not investigate the frequency
with which patients in our series presented to the emergency de-
partment with chest pain or a coronary work-up. This would be
an interesting area for further investigation.

Finally, we agree that the diagnosis of SAPHO syndrome is

http://dx.doi.org/10.3174/ajnr.A4913

challenging and requires a multidisciplinary approach. In patients
presenting with the unique curvilinear or semicircular pattern of
contiguous vertebral involvement that we described along with
sclerosis along ligamentous attachment sites and the absence of
abnormal T2 hyperintensity and enhancement of the interverte-
bral disc, SAPHO syndrome should be included in the differential
diagnosis. A search for the concurrent sternoclavicular involve-
ment and consultation with dermatology and/or rheumatology
colleagues to identify the typical skin manifestations may prevent
misinterpretation of the imaging findings as discitis/osteomyelitis
or metastases, with subsequent potential reduction in the number
of unnecessary biopsies and delayed diagnoses.
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LETTERS

Synthetic MR Imaging Sequence in Daily Clinical Practice

e read with great interest the article published in June by
Granberg et al, “Clinical Feasibility of Synthetic MRI in
Multiple Sclerosis: A Diagnostic and Volumetric Validation
Study.”! At the moment, another technique called MR finger-
printing allows quantitative T1, T2, and proton density measure-
ments (and potentially other parameters such as diffusion) and
has been presented at most MR imaging international meetings as
very promising. Indeed, MR imaging quantification (through the
MR fingerprinting method) was clearly expected to be “more ac-
curate and reproducible than traditional MR imaging” by the Eu-
ropean Society of Radiology.” However, its use in clinical daily
practice is, at the moment, not consistently evaluated. Synthetic
MR imaging is yielding identical outcomes for radiologists, which
is, in our opinion, an enormous advantage. This is a more readily
available technique which already gives us access to these quanti-
fied parameters on a daily basis thus allowing us to evaluate this
future evolution of MR in today’s clinical practice. In addition,
synthetic MR imaging has the ability to produce morphologic
conventional sequences, particularly in diseases such as multiple
sclerosis, with considerable time-savings. Other clinical applica-
tions of this sequence, in our opinion, will be in oncologic patients
and the assessment of hydrocephaly and the syndrome of the tre-
phined,” due to its ability to efficiently and reliably quantify le-
sions in the brain parenchyma and also to detect increased or
decreased volume of CSF.
Further developments are necessary, nevertheless, until its use
in clinical routine and replacement of conventional sequences can
be a reality. For instance, technical developments are needed, as

http://dx.doi.org/10.3174/ajnr.A4895
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mentioned in the article, to solve problems related to artifacts
such as partial volume effects in FLAIR sequences, which may
mimic a subarachnoid hemorrhage (this effect was also reported
with MR fingerprinting methodology) (Fig 1).*

Finally, with the technical improvements likely to take place,
we think this sequence could be applied to other organ systems for
selected pathologies and that the related findings will be essential
for the evolution to systematic quantitative MR imaging.
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FIG1. Four consecutive sections acquired with a synthetic MR imaging T2 FLAIR sequence (left) and a conventional FLAIR sequence (right) in the
same patient at the same time. Note hyperintensities within and adjacent to the cerebral cortex on the synthetic sequence mimicking a
subarachnoid hemorrhage. These abnormalities disappear on the conventional FLAIR sequence.
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REPLY:

e thank Vargas et al for their interest in our work and agree
Wthat synthetic MR imaging indeed is a promising technique
with many potential applications for both clinical practice and
research. As the authors mention, there are similarities between
synthetic MR imaging and MR fingerprinting in their potential to
reduce scanning time and provide quantitative MR imaging mea-
surements to more objectively characterize tissue properties.’

In terms of clinical applications, SyMRI (SyntheticMR,
Linkoping, Sweden) has come far in making the sequence avail-
able on clinical scanners and integrating the analysis software in
the clinical PACS system, making it feasible for clinical practice.”
Further validations of the technique are expected, and recently its
quantification of proton-density, T1, and T2 have been shown to
be accurate and reproducible, even with different coils.” These
results are promising for multicenter and longitudinal use. A pre-
cision study of synthetic MR imaging across scanners and field
strengths would, therefore, be especially valuable for future stud-
ies and is planned. There are also areas for future developments of
the technique, in which FLAIR artifacts are currently being ad-
dressed. 3D and further accelerated acquisitions remain on the
wish list. In our group, we are currently evaluating nonconven-
tional synthetic contrast weightings, such as phase-sensitive in-
version recovery for detecting cortical involvement in multiple
sclerosis, and more advanced tissue modeling based on the relax-
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ometry. Other likely future applications include spinal imaging
and body imaging, such as musculoskeletal imaging.

Meanwhile, MR fingerprinting is still in the early phases of
development with many promising applications. How and where
these techniques can be applied and provide clinically important
and possibly complementing information remains to be explored.
As often found in MR imaging, the main bottleneck in terms of
possibilities for both techniques is our imagination.*
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