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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
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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
serenity. ASNR is delighted to provide a
“4D" focus for this meeting, as depicted
by our meeting logo: Discovery and
Didactics for The Foundation of the ASNR
Symposium 2017: Diagnosis and Delivery
for the ensuing Annual Meeting Program.

Centered on Discovery and Didactics, the
symposium will feature sessions on “What's
New?”in the role neuroimaging plays
defining CNS disease mechanisms and how
to best prepare for “What's Next?” for our
subspecialty in terms of training, teaching,
and leading the process of lifelong learning.
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
and consider cost. Our discussions will
consider how to navigate the changing
landscape of healthcare reform and
reimbursement as subspecialists in a field
that is changing at an equally “fast
forward” pace!

Hyatt Regency Long Beach  Westin Long Beach
© Hyatt Regency Long Beach ©The Westin Long Beach
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AMA Preferred Provider Offers and Services

AMA Preferred Provider Offers and Services

Special offers that fit you and
your practice’s needs.

Which savings would benefit you the most? Discounts on
pharmaceuticals, medical supplies and equipment? Or on
travel, practice financing, and financial and insurance services?
Now physicians can save in all of these professional and
personal categories and more through the AMA Preferred
Provider Offers and Services program.

Please activate your 2016 AMA membership by calling
(800) 262-3211 or visit ama-assn.org/go/join.

() Mercedes-Benz  Hertz. @

YaHENRY SCHEIN® AMA% INSURANCE'

MEDICAL

* Subsidiary of the American Medical Association.

© 2016 American Medical Association. All rights reserved.
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American Society of
Head & Neck Radiology

American Society of

Head & Neck Radiology

Comprehensive Head and Neck Imaging: 50 Years of Progress

September 7 - 11, 2016

Hyatt Regency Washington on Capitol Hill
Washington, D.C.

29.25 AMA PRA Category 1 Credit(s)™

Four sessions of the meeting program will be
submitted for SAM qualification.

Hands-on US and US-Guided Biopsy Seminar
Saturday, September 10, 2016

Separate Registration Required
Registration is Limited to 20 Attendees Per Session.

Not accredited for AMA PRA Category 1 Credit(s)™

Please contact Educational Symposia at 813-806-1000 or ASHNR@edusymp.com
or visit www.ASHNR.org for additional information.



AXS Catalyst™ Distal Access Catheter
See package insert for lete indicati

p andi ions for use.

INTENDED USE/INDICATIONS FOR USE

The AXS Catalyst Distal Access Catheter is indicated

for use in facilitating the insertion and guidance of
appropriately sized interventional devices into a selected
blood vessel in the peripheral and neurovascular systems.
The AXS Catalyst Distal Access Catheter is also indicated
for use as a conduit for retrieval devices.

CONTRAINDICATIONS
None known.

ADVERSE EVENTS

Potential adverse events associated with the use of

catheters or with the endovascular procedures include,

but are not limited to: access site complications, allergic

reaction, aneurysm perforation, aneurysm rupture, death,

embolism (air, foreign body, plaque, thrombus), hematoma,
hemorrhage, infection, ischemia, neurological deficits,
pseudoaneurysm, stroke, transient ischemic attack,
vasospasm, vessel dissection, vessel occlusion, vessel
perforation, vessel rupture, and vessel thrombosis.

WARNING

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.

o Limited testing has been performed with solutions such
as contrast media, and saline. The use of these catheters
for delivery of solutions other than the types that have
been tested for compatibility is not recommended.

 Not intended for use with power injectors.

o |f flow through catheter becomes restricted, do not
attempt to clear catheter lumen by infusion. Doing so may
cause catheter damage or patient injury. Remove and
replace catheter.

Copyright © 2016 Stryker
NV00020190.AA

Target® Detachable Coil

See|

insert for
i ings and i

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 Other neurovascular abnormalities such as arteriovenous
malformations and arteriovenous fistulae

o 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

t0: anesthetic and contrast media risks, hypotension,

hypertension, access site complications.

WARNINGS

o Contents supplied STERILE using an ethylene oxide
(EO) 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.

Copyright © 2016 Stryker
NV00018669.AA

© Never advance or withdraw an intravascular device
against resistance until the cause of the resistance is
determined by fluoroscopy. Movement of the device
against resistance could dislodge a clot, perforate a
vessel wall, or damage the device.

PRECAUTIONS

 Carefully inspect all devices prior to use. Verify size,
length, and condition are suitable for the specific
procedure. Do not use a device that has been damaged in
any way. Damaged device may cause complications.

© To control the proper introduction, movement, positioning
and removal of the catheter within the vascular system,
users should employ standard clinical angiographic and
fluoroscopic practices and techniques throughout the
interventional procedure.

* Use the product prior to the “Use By" date printed on
the label.

* To prevent thrombus formation and contrast media crystal
formation, maintain a constant infusion of appropriate
flush solution through catheter lumen.

 Torquing the catheter may cause damage which could
result in kinking or separation of the catheter shaft.

Trevo® XP ProVue Retrievers

See package insert for comp
complications, warnings, and instructions for use.

INDICATIONS FOR USE

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

COMPLICATIONS

Procedures requiring percutaneous catheter introduction
should not be attempted by physicians unfamiliar with
possible complications which may occur during or after
the procedure. Possible complications include, but are
not limited to, the following: air embolism; hematoma or
hemorrhage at puncture site; infection; distal embolization;
pain/headache; vessel spasm, thrombosis, dissection, or
perforation; emboli; acute occlusion; ischemia; intracranial
hemorrhage; false aneurysm formation; neurological
deficits including stroke; and death.

COMPATIBILITY

3x20mm retrievers are compatible with

Trevo® Pro 14 Microcatheters (REF 90231) and

Trevo® Pro 18 Microcatheters (REF 90238).

4x20mm retrievers are compatible with Trevo® Pro 18

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

* This device should only be used by physicians
who have received appropriate training in_

inter | ,,ormm
i

r y and pr

use of this devnce as estahllshed hy 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 cails, 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.

* |n 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

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 (REF 22260).

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

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

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

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

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

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

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

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

— Do not rotate or torque Retriever.

— Use caution when passing Retriever through stented
arteries.

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

* 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

marker when the fluoro-saver marker reaches the
microcatheter hub.

« If 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
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.

« \lerify 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.

« \lerify 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.

© 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.

 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
to 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.

 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

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.

o Store in cool, dry, dark place.

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.

o

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com
Date of Release: MAY/2016
EX_EN_US

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.

* Failure to remove the introducer sheath after inserting
the delivery wire into the RHV of the microcatheter will
interrupt normal infusion of flush solution and allow back
flow of blood into the microcatheter.

* 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.

 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.

o [f 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.

-

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com
Date of Release: MAR/2016
EX_EN_US
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A 360-Degree Approach to Performance Based Solutions
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MICROVENTION is a registered trademark of MicroVention, Inc. Scientific and clinical data related to this document are on file at MicroVention, Inc.
Refer to Instructions for Use for additional information. Federal (USA) law restricts this device for sale by or on the order of a physician.
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stryker

Neurovascular
Purposeful innovation in mind.

Take on tortuosity.

The AXS Catalyst™ Distal Access Catheter family is
designed for easy navigation in challenging cases.

AXS Catalyst 6
DISTAL ACCESS CATHETER

for rapid revascularization with
Trevo® XP ProVue Retriever

AXS Catalyst S5
DISTAL ACCESS CATHETER

for flow diversion support

Copyright © 2016 Stryker
NV00020190.AA
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ENGINEERING STROKE SOLUTIONS

ACCLINO® flex Stent

Not for sale within the territory of the United States

HIGH FLEXIBILITY

* For microcatheters with 0.017“ ID (@ 3.5 and 4.5 mm)
and 0.021“ ID (@ 6.5 mm)
* Repositionable up to 90 %

www.acandis.com
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AMERICAN JOURNAL OF NEURORADIOLOGY

AUGUST 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 8 and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
WWW.AJNR.ORG latest research in neuroimaging.

1383 PERSPECTIVES B. Thomas

REVIEW ARTICLE
O=[3] 1384 Imaging of Neurovascular Compression Syndromes: Trigeminal ADULT BRAIN

Neuralgia, Hemifacial Spasm, Vestibular Paroxysmia, and
Glossopharyngeal Neuralgia s. Haller, et al.

GENERAL CONTENTS

o 1393 Multimodal CT Imaging: Time to Treatment and Outcomes in the IMS Il ADULT BRAIN
- Trial A Vagal et al

1399 Performance of CT ASPECTS and Collateral Score in Risk Stratification: ADULT BRAIN
Can Target Perfusion Profiles Be Predicted without Perfusion Imaging?
S. Dehkharghani, et al.

£] 1405 MR Imaging in Spinocerebellar Ataxias: A Systematic Review A. Klges, etal. ~ ADULT BRAIN

1413  Geometric Parameter Analysis of Ruptured and Unruptured Aneurysmsin ~ ADULT BRAIN
Patients with Symmetric Bilateral Intracranial Aneurysms: A Multicenter CT  INTERVENTIONAL
Angiography Study Z-Q. Huang, et al.
=1 @) 1418  MRI Appearance of Intracerebral lodinated Contrast Agents: Is It ADULT BRAIN
Possible to Distinguish Extravasated Contrast Agent from Hemorrhage? =~ INTERVENTIONAL
O. Nikoubashman, et al.

£ 1422 Prevalence of Intracranial Aneurysms in Patients with Connective Tissue =~ ADULT BRAIN
Diseases: A Retrospective Study S.T. Kim, et al.

I 1427 T Signal-Intensity Increase in the Dentate Nucleus after Multiple ADULT BRAIN
— Exposures to Gadodiamide: Intraindividual Comparison between 2
Commonly Used Sequences /. Ramalho, et dl.
O= 211432 Characteristics of Diffusional Kurtosis in Chronic Ischemia of Adult ADULT BRAIN

Moyamoya Disease: Comparing Diffusional Kurtosis and Diffusion
Tensor Imaging K Kazumata, et al.

x Ka 1440 Improved Leakage Correction for Single-Echo Dynamic Susceptibility ADULT BRAIN
- Contrast Perfusion MRI Estimates of Relative Cerebral Blood Volume in ~ FUNCTIONAL
High-Grade Gliomas by Accounting for Bidirectional Contrast Agent
Exchange K Leu etal
O« =] [@§] 1447 Lesion Heterogeneity on High-Field Susceptibility MRI Is Associated ADULT BRAIN
with Multiple Sclerosis Severity D.M. Harrison, et al.
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Cortical Perfusion Alteration in Normal-Appearing Gray Matter Is Most
Sensitive to Disease Progression in Relapsing-Remitting Multiple
Sclerosis  S.-P. Hojjat, et al.

A Diffusion Tensor Imaging Study on White Matter Abnormalities in
Patients with Type 2 Diabetes Using Tract-Based Spatial Statistics
Y. Xiong, et al.

Electrophysiologic Validation of Diffusion Tensor Imaging Tractography
during Deep Brain Stimulation Surgery V.A. Coenen, et al.

Neurovascular Manifestations of Hereditary Hemorrhagic Telangiectasia: A
Consecutive Series of 376 Patients during 15 Years W. Brinjikji, et al.

Reduced Myelin Water in the White Matter Tracts of Patients with
Niemann-Pick Disease Type C /. Davies-Thompson, et al.

Fate of Coiled Aneurysms with Minor Recanalization at 6 Months: Rate of
Progression to Further Recanalization and Related Risk Factors /.. jeon, et al.

Prediction of Carotid Intraplaque Hemorrhage Using Adventitial
Calcification and Plaque Thickness on CTA  L.B. Eisenmenger, et al.

Do Radiologists Report the TNM Staging in Radiology Reports for Head
and Neck Cancers? A National Survey Study 8. Ko, et al.

Reduced Field-of-View Diffusion Tensor Imaging of the Optic Nerve in
Retinitis Pigmentosa at 3T Y. Zhang, et al.

A New Ultrasound Marker for Bedside Monitoring of Preterm Brain
Growth JA Roelants, et al.

MR Imaging of the Pituitary Gland and Postsphenoid Ossification in
Fetal Specimens 7M. Mehemed, et dl.

Quiet TI-Weighted Pointwise Encoding Time Reduction with Radial
Acquisition for Assessing Myelination in the Pediatric Brain  N. Aidg, et al.

Cranial Ultrasonography in Infantile Encephalitic Beriberi: A Useful
First-Line Imaging Tool for Screening and Diagnosis in Suspected Cases
N.A. Wani, et al.

Spectrum of Clinical and Associated MR Imaging Findings in Children
with Olfactory Anomalies T.N. Booth, et al.

Reduction of Oxygen-Induced CSF Hyperintensity on FLAIR MR Images
in Sedated Children: Usefulness of Magnetization-Prepared FLAIR
Imaging H.-K Jeong, et al.

Effect of the Suboccipital Musculature on Symptom Severity and
Recovery after Mild Traumatic Brain Injury S Fakhran, et al.

Evaluation of Focal Cervical Spinal Cord Lesions in Multiple Sclerosis:
Comparison of White Matter—Suppressed T1 Inversion Recovery
Sequence versus Conventional STIR and Proton Density—Weighted
Turbo Spin-Echo Sequences DK Sundarakumar, et al.

SAPHO Syndrome: Imaging Findings of Vertebral Involvement
AM. McGauvran, et al.
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Please visit www.ajnrblog.org to read and comment on Book Reviews.

Indicates Editor’s
b€l Choices selection

. Indicates open access to non-
subscribers at www.ajnr.org

&, Indicates Fellows’
= Journal Club selection

Indicates article with

supplemental on-line video

Evidence-Based
Medicine Level 1

Indicates article with
supplemental on-line photo

Indicates article with
supplemental on-line table

Evidence-Based
Medicine Level 2

ADULT BRAIN

ADULT BRAIN

ADULT BRAIN

ADULT BRAIN
INTERVENTIONAL
PEDIATRICS

ADULT BRAIN
PEDIATRICS

INTERVENTIONAL
ADULT BRAIN

EXTRACRANIAL
VASCULAR

ADULT BRAIN
FUNCTIONAL

PEDIATRICS

PEDIATRICS

PEDIATRICS

PEDIATRICS

PEDIATRICS

PEDIATRICS

SPINE
ADULT BRAIN

SPINE

SPINE



Official Journal:

American Society of Neuroradiology
American Society of Functional Neuroradiology
American Society of Head and Neck Radiology
American Society of Pediatric Neuroradiology
American Society of Spine Radiology

EDITOR-IN-CHIEF

Jeffrey S. Ross, MD

Professor of Radiology, Department of Radiology,
Mayo Clinic College of Medicine, Phoenix, AZ

SENIOR EDITORS

Harry J. Cloft, MD, PhD

Professor of Radiology and Neurosurgery,
Department of Radiology, Mayo Clinic College of
Medicine, Rochester, MN

Thierry A.G.M. Huisman, MD

Professor of Radiology, Pediatrics, Neurology, and
Neurosurgery, Chairman, Department of Imaging
and Imaging Science, Johns Hopkins Bayview,
Director, Pediatric Radiology and Pediatric
Neuroradiology, Johns Hopkins Hospital,
Baltimore, MD

C.D. Phillips, MD, FACR

Professor of Radiology, Weill Cornell Medical
College, Director of Head and Neck Imaging,
New York-Presbyterian Hospital, New York, NY

Pamela W. Schaefer, MD

Clinical Director of MRI and Associate Director of
Neuroradiology, Massachusetts General Hospital,
Boston, Massachusetts, Associate Professor,
Radiology, Harvard Medical School, Cambridge, MA
Charles M. Strother, MD

Professor of Radiology, Emeritus, University of
Wisconsin, Madison, WI

Jody Tanabe, MD

Professor of Radiology and Psychiatry,

Chief of Neuroradiology,

University of Colorado, Denver, CO

STATISTICAL SENIOR EDITOR

Bryan A. Comstock, MS

Senior Biostatistician,

Department of Biostatistics,
University of Washington, Seattle, WA

AMERICAN JOURNAL OF NEURORADIOLOGY

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

latest research in neuroimaging.

AUGUST 2016 ¢« VOLUME 37 « NUMBER 8 « WWW.AJNR.ORG

EDITORIAL BOARD

Ashley H. Aiken, Atlanta, GA

Lea M. Alhilali, Phoenix, AZ

John D. Barr, Dallas, TX

Ari Blitz, Baltimore, MD

Barton F. Branstetter IV, Pittsburgh, PA
Jonathan L. Brisman, Lake Success, NY
Julie Bykowski, San Diego, CA

Keith Cauley, Danville, PA

Asim F. Choudhri, Memphis, TN
Alessandro Cianfoni, Lugano, Switzerland
J. Matthew Debnam, Houston, TX
Seena Dehkharghani, New York, NY
Colin Derdeyn, lowa City, IA

Rahul S. Desikan, San Francisco, CA
Yonghong Ding, Rochester, MN
Clifford ). Eskey, Hanover, NH

Saeed Fakhran, Phoenix, AZ

Massimo Filippi, Milan, Italy

Allan J. Fox, Toronto, Ontario, Canada
Wende N. Gibbs, Los Angeles, CA
Christine M. Glastonbury, San Francisco, CA
John L. Go, Los Angeles, CA

Allison Grayev, Madison, WI

Brent Griffith, Detroit, Ml

Wan-Yuo Guo, Taipei, Taiwan

Ajay Gupta, New York, NY

Rakesh K. Gupta, Lucknow, India

Lotfi Hacein-Bey, Sacramento, CA
Christopher P. Hess, San Francisco, CA
Andrei Holodny, New York, NY
Benjamin Huang, Chapel Hill, NC
George J. Hunter, Boston, MA

Mahesh V. Jayaraman, Providence, Rl
Valerie Jewells, Chapel Hill, NC
Christof Karmonik, Houston, TX
Timothy J. Kaufmann, Rochester, MN
Hillary R. Kelly, Boston, MA

Toshibumi Kinoshita, Akita, Japan
Kennith F. Layton, Dallas, TX

Michael M. Lell, Niirnberg, Germany
Michael Lev, Boston, MA

Karl-Olof Lovblad, Geneva, Switzerland
Franklin A. Marden, Chicago, IL

M. Gisele Matheus, Charleston, SC
Joseph C. McGowan, Merion Station, PA
Stephan Meckel, Freiburg, Germany
Christopher J. Moran, St. Louis, MO
Takahisa Mori, Kamakura City, Japan
Suresh Mukherji, Ann Arbor, MI
Amanda Murphy, Toronto, Ontario, Canada
Alexander J. Nemeth, Chicago, IL
Sasan Partovi, Cleveland, OH

Laurent Pierot, Reims, France

Jay J. Pillai, Baltimore, MD

Whitney B. Pope, Los Angeles, CA

Andrea Poretti, Baltimore, MD

M. Judith Donovan Post, Miami, FL

Tina Young Poussaint, Boston, MA

Joana Ramalho, Lisbon, Portugal

Otto Rapalino, Boston, MA

Alex Rovira-Cafiellas, Barcelona, Spain
Paul M. Ruggieri, Cleveland, OH

Zoran Rumboldt, Rijeka, Croatia

Amit M. Saindane, Atlanta, GA

Erin Simon Schwartz, Philadelphia, PA
Lubdha M. Shah, Salt Lake City, UT
Aseem Sharma, St. Louis, MO

J. Keith Smith, Chapel Hill, NC

Maria Vittoria Spampinato, Charleston, SC
Gordon K. Sze, New Haven, CT
Krishnamoorthy Thamburaj, Hershey, PA
Cheng Hong Toh, Taipei, Taiwan
Thomas A. Tomsick, Cincinnati, OH
Aquilla S. Turk, Charleston, SC

Willem Jan van Rooij, Tilburg, Netherlands
Arastoo Vossough, Philadelphia, PA

Elysa Widjaja, Toronto, Ontario, Canada
Max Wintermark, Stanford, CA

Ronald L. Wolf, Philadelphia, PA

Kei Yamada, Kyoto, Japan

Carlos Zamora, Chapel Hill, NC

EDITORIAL FELLOW

Daniel S. Chow, San Francisco, CA

SPECIAL CONSULTANTS TO THE EDITOR
AJNR Blog Editor

Neil Lall, Denver, CO

Case of the Month Editor

Nicholas Stence, Aurora, CO

Case of the Week Editors

Juan Pablo Cruz, Santiago, Chile

Sapna Rawal, Toronto, Ontario, Canada
Classic Case Editor

Sandy Cheng-Yu Chen, Taipei, Taiwan
Facebook Editor

Peter Yi Shen, Sacramento, CA

Health Care and Socioeconomics Editor
Pina C. Sanelli, New York, NY

Physics Editor

Greg Zaharchuk, Stanford, CA

Podcast Editor

Yvonne Lui, New York, NY

Twitter Editor

Ryan Fitzgerald, Little Rock, AR

YOUNG PROFESSIONALS
ADVISORY COMMITTEE

Asim K. Bag, Birmingham, AL

Anna E. Nidecker, Sacramento, CA
Peter Yi Shen, Sacramento, CA

Founding Editor

Juan M. Taveras

Editors Emeriti

Mauricio Castillo, Robert I. Grossman,
Michael S. Huckman, Robert M. Quencer

Managing Editor

Karen Halm

Assistant Managing Editor

Laura Wilhelm

Executive Director, ASNR

James B. Gantenberg

Director of Communications, ASNR
Angelo Artemakis



PERSPECTIVES

Title: Backwater Cruise in God's Own Country. Acrylic on canvas, 15” X 12”. More of Dr. Thomas’ work can be viewed at http://bejoythomas.weebly.com/.
Bejoy Thomas, MD, DNB, PDCC, Trivandrum, Kerala, India

AINR Am J Neuroradiol 37:1383  Aug 2016  www.ajnr.org 1383



REVIEW ARTICLE

Imaging of Neurovascular Compression Syndromes: Trigeminal
Neuralgia, Hemifacial Spasm, Vestibular Paroxysmia, and
Glossopharyngeal Neuralgia

S. Haller,

H. Urbach, and ““’M. Becker

o~[x]

L. Etienne, ““'E. K&vari, ““’A.D. Varoquaux,

ABSTRACT

SUMMARY: Neurovascular compression syndromes are usually caused by arteries that directly contact the cisternal portion of a
cranial nerve. Not all cases of neurovascular contact are clinically symptomatic. The transition zone between the central and
peripheral myelin is the most vulnerable region for symptomatic neurovascular compression syndromes. Trigeminal neuralgia
(cranial nerve V) has an incidence of 4-20/100,000, a transition zone of 4 mm, with symptomatic neurovascular compression
typically proximal. Hemifacial spasm (cranial nerve VII) has an incidence of 1/100,000, a transition zone of 2.5 mm, with symptomatic
neurovascular compression typically proximal. Vestibular paroxysmia (cranial nerve VIII) has an unknown incidence, a transition zone
of 11 mm, with symptomatic neurovascular compression typically at the internal auditory canal. Glossopharyngeal neuralgia (cranial
nerve IX) has an incidence of 0.5/100,000, a transition zone of 1.5 mm, with symptomatic neurovascular compression typically
proximal. The transition zone overlaps the root entry zone close to the brain stem in cranial nerves V, VII, and IX, yet it is more distal
and does not overlap the root entry zone in cranial nerve VIII. Although symptomatic neurovascular compression syndromes may
also occur if the neurovascular contact is outside the transition zone, symptomatic neurovascular compression syndromes are more
common if the neurovascular contact occurs at the transition zone or central myelin section, in particular when associated with
nerve displacement and atrophy.

ABBREVIATIONS: AICA = anterior inferior cerebellar artery; CN = cranial nerve; GN = glossopharyngeal neuralgia; HFS = hemifacial spasm; NVC = neurovascular

compression; NVCS = neurovascular compression syndrome; REZ = root entry/exit zone; TN = trigeminal neuralgia; TZ = transition zone

eurovascular compression syndrome (NVCS) is defined as a

direct contact with mechanical irritation of cranial nerves
(CNs) by blood vessels.'> The most common neurovascular
compression syndromes are trigeminal neuralgia (TN; compres-
sion of CN V), hemifacial spasm (HFS; CN VII), vestibuloco-
chlear neuralgia (CN VIII), and glossopharyngeal neuralgia (GN;
CN IX). Because neurovascular contacts are frequent imaging
findings in asymptomatic patients, several factors will determine
whether a neurovascular contact may become symptomatic. First,
arteries are more likely to cause symptomatic NVCS than veins,
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presumably due to the higher pressure and pulsatility.>° Second,
the anatomic location of the neurovascular contact can also be a
relevant factor.

Cranial nerves are surrounded by a myelin sheath, which pro-
vides insulating and metabolic support for the axon. Oligoden-
drocytes form the myelin in the central nervous system, whereas
Schwann cells form the myelin in the peripheral nervous system.
The transition zone (TZ) between central and peripheral myelin”
is an anatomic area with increased mechanical vulnerability,
which is of particular interest in the context of symptomatic
NVCS.® Skinner” already demonstrated in 1931 that the length
and location of the TZ varies between cranial nerves, with CN VIII
having a long and distal TZ in comparison with CNs V, VII, and
IX. The term “root entry/exit zone” (REZ) is often used in the
context of NVCS."'” In some publications, the term “REZ” is used
as a synonym for TZ, whereas in other publications, the term
“REZ” is used to define the portion of the nerve that includes the
TZ, the central myelin root portion, and the adjacent brain stem
surface'’; the 2 terms should, therefore, not be used interchange-
ably.® The TZ appears to be the more relevant and vulnerable
anatomic structure, and it is not always located in the same posi-
tion as the REZ. For example, in the vestibulocochlear nerve (CN


http://orcid.org/0000-0001-7433-0203
http://orcid.org/0000-0001-9076-6381
http://orcid.org/0000-0002-6277-1279
http://orcid.org/0000-0002-7824-5142
http://orcid.org/0000-0001-7264-4807
http://orcid.org/0000-0001-9644-9053

FIG 1. Histologic images of the transition zone of the trigeminal (CN V, A), facial (CN VII, B),
vestibulocochlear (CN VIII, C), and glossopharyngeal (CN IX, D) nerves. Note the very distal TZ of
CN VIII, which is beyond the field that can be analyzed with the current methodology compared
with CNs V, VII, and IX (hematoxylin-eosin, scale bar on D = 0.5 mm).

FIG 2. Normal anatomy of the cisternal segment of CN V obtained at 3T. Axial 0.6-mm thin-
section (A), coronal (B), and sagittal (C) 2D reconstructions (same thickness) from a 3D T2-
weighted balanced steady-state free precession sequence. Note that multiple individual nerve
fibers can be identified in both cisternal CN Vs. The short arrow in C points to the motor root of

the left CN V, while the long arrow points to the sensory root.

VIII), the TZ is clearly distal to the REZ. In the current article, we,
therefore, focus on the TZ.

Exact anatomic knowledge of the position and morphology
of the TZ is of fundamental importance for the interpretation
of neuroimaging findings in suspected NVCS (Fig 1). This re-
view highlights current evidence regarding the TZ and impli-
cations for imaging. We also provide illustrative cases of nor-
mal anatomy and histologic sections from postmortem
specimens for the understanding of the etiology of NVCS, as
well as surgically proven cases of NVCS involving CNs V, VII,
VIII, and IX.

Imaging Recommendations

The combination of high-resolution 3D T2-weighted imaging
with 3D time-of-flight angiography and 3D T1-weighted gadolin-
ium-enhanced sequences is considered the standard of reference
for the detection of neurovascular compression (NVC).">'° This
combination can successfully guide neurosurgical treatment and
may predict treatment response.'””'” A variety of high-resolution
3D heavily T2-weighted sequences is currently available, includ-

ing CISS; FIESTA; balanced steady-state
free precession; driven equilibrium and
radiofrequency reset pulse; and sam-
pling perfection with application-opti-
mized contrasts by using different flip
angle evolution (SPACE sequence; Sie-
mens, Erlangen, Germany), providing
accurate visualization of the cisternal
portion of the involved CN. Multiplanar
oblique reconstructions and fusion of
3D T2-weighted sequences with corre-
sponding TOF images or 3D TI-
weighted gadolinium-enhanced images
are very useful in the preoperative con-
text. More recently, diffusion tensor im-
aging with tractography has been in-
creasingly used, mainly in trigeminal

neuralgia.'>?%!

Trigeminal Nerve (CN V)

Anatomic Considerations. CN V is a
mixed nerve responsible for the sensory
innervation of the face and motor func-
tions of the masticatory muscles and
tensor veli palatine muscle. It has 3 main
branches: the ophthalmic (V1), the
maxillary (V2), and the mandibular
(V3) nerve. These 3 branches join the
Gasserian ganglion in the Meckel cave.
The Gasserian ganglion transmits the
sensory information to the brain stem
via the cisternal portion (Figs 2 and 3).
NVCS occurs at the cisternal portion.
The cisternal portion measures between
8 and 15 mm in length, and the zone
with central myelin (distance from brain
stem to the TZ) is shorter on the medial
side of the nerve (1.13 mm) than on its lateral side (2.47 mm).® A
histologic study in fresh cadavers has shown that the TZ measures
about 2 mm in length and the most distal part of the TZ is at
4.19 = 0.81 mm away from the brain stem (Fig 1 and Table 1).""
The reported volume of the normal cisternal CN V measured on
3T MR imaging in vivo is 77.4~78 mm”’ in men and 66.1—66.4
mm® in women, with no statistically significant difference found
between the left and right.”> With current MR imaging technol-
ogy, it is also possible to visualize 1 (51.2%), 2 (37.5%) or even 3
(11.2%) small motor roots that typically emerge from the pons
anterosuperomedially to the entry point of the large sensory root
(Fig2)."?

Trigeminal Neuralgia. The most common cause of trigeminal
neuralgia is NVCS; however, other etiologies, such as neoplastic,
inflammatory, and infectious conditions or trauma, may exist as
well. Patients with “classic” or “idiopathic” TN have recurrent
episodes of stabbing pain in the territory of V1 or V2. The pain is
triggered by mild stimulation of a small area of the face (“trigger
zone”) by everyday activities, such as brushing teeth, shaving, eat-
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FIG 3. NVCS in a 55-year-old woman with right TN. Fusion of CISS (0.6-mm sections) and TOF
angiography sequences (A, axial; C, coronal; E, sagittal) show contact between the duplicated
superior cerebellar artery and the superior portion of the cisternal CN V (arrows). Tractography
reconstruction from DTI (B, superior view; D, right CN V; F, left CN V) shows a slightly diminished
number of fibers on the right, as opposed to the left. Fiber color-coding is the following: antero-
posterior = green; left-right = red; craniocaudal = blue. Fractional anisotropy measurements

show diminished values on the right.

Table 1: Cisternal length and transition zone of cranial nerves V, VII, Viil, and IX*

present a steady component or mild sen-
sory loss between the attacks, the term
“atypical TN” is used.”” The overall
prevalence of TN is estimated to be in
the range of 4-20/100,000,>"*> and
women are affected more often than
men (Table 2).>>*° Although rare, pedi-
atric cases have been described as well.>

NVCS of CN V is usually caused by a
neighboring elongated superior cerebel-
lar artery coming from above (Fig 3 and
On-line Video) or by an anterior infe-
rior cerebellar artery (AICA) coming
from below,"" with the superior cerebel-
lar artery being more common (88%
alone or in association) than the AICA
(=25%).” Both the superior cerebellar
artery and AICA usually compress the
nerve in its superomedial portion (60%)
(Fig 3).” Less often, CN 'V is compressed
by the basilar and vertebral arteries,">'®
by a saccular aneurysm, a persistent tri-
geminal artery, an arteriovenous mal-
formation,>”*® or a petrous vein (Figs 4
and 5). A small cerebellopontine an-
gle cistern appears to predispose to
NVCS.* Histologically, in patients with
TN, the cisternal CN V shows focal de-

Cisternal Length

myelination in the region of vascular

L compression.*?*?*?! TN has been re-

CN V: trigeminal nerve 8-15 mm®

13.11 £ 112 mm (range, 11.9-15.2 mm)*©

Motor root, 2-20 mm?
CN VII: facial nerve

lateral side®
CN VIII: vestibulocochlear nerve
CN IX: glossopharyngeal nerve

17.93 = 2.29 mm (range, 14.8-20.9 mm)“
9.9 * 3.03 mm (range, 4.78-20.13 mm)

16.48 = 178 mm (range, 14.2-19.2 mm)*
16.36 = 2.53 mm (range, 14.2-19.9 mm)°©

113 mm (medial)®
2.47 mm (lateral)®
419 = 0.81Tmm*
2.86 £119 mm*©
19 £114¢

ported to be more frequent in proximal
(<3 mm) than in distal NVC.?? Accord-
ing to Peker et al,’ the TZ of CN V is
<2.5 mm away from the brain stem,

. while according to Guclu et al,'' the TZ
.50 = 1.56 mm

is at approximately 4.19 * 0.81 mm
1.51 = 0.39 mm*

away. Therefore, the proposed practical

?Values are mean = standard deviation in mm (and range in mm).
5 peker et al.®
¢Guclu et al”
d \'% 3
ousry et al.
© Tomii et al.*®
fGuclu et al >

Table 2: Incidence of symptomatic neurovascular compression
syndromes

NVCSs Incidence
CNV Trigeminal neuralgia 4.3/100,000°
4-20/100,000°
CN VIl Hemifacial spasm 0.77/100,000°
CN VI Vestibular paroxysmia -
CNIX Glossopharyngeal neuralgia 0.062/100,000¢

0.2-0.7/100,000°

2Katusic et al.>*

®Manzoni and Torelli.?®
< Auger and Whisnant.*
9 Spurling and Grantham.®

ing, or applying makeup. Typically, no neurologic deficits are
clinically evident. Between attacks, most patients are usually pain-
free. However, the longer the TN lasts, the more intense the pain
becomes and the more frequent the attacks are. When patients

1386 Haller Aug2016 www.ajnr.org

cutoff of 3 mm for the location of the TZ

with respect to the nerve entry/exit is a

reasonable compromise. It is certainly

an oversimplification to assume that

NVCS can occur only at the TZ because
nerve compression has been described in the proximal cisternal,
midcisternal, and juxtapetrous nerve segments.'” Furthermore,
in a series of 579 patients with TN, NVCS was found to be equally
frequent in the proximal and in the mid-third cisternal CN, while
it was clearly less frequent in the Meckel cave.”

In most patients with classic TN, surgical decompression of
the CN V root produces immediate intraoperative improvement
in nerve conduction and rapid symptom relief (Fig 4). This phe-
nomenon is thought to reflect the reversal of a compression-in-
duced conduction block in larger myelinated fibers outside the
region of demyelination.>” Immediate postoperative pain relief is
between 87% and 98%. Approximately 80% of patients with mi-
crovascular decompression are symptom-free 1 year after the pro-
cedure; however, 810 years later, this percentage decreases to
58%—68%.>*?* Immediate postoperative remission is an inde-
pendent predictive factor for good long-term outcome after mi-



FIG 4. Right TN in a 45-year-old man caused by venous compression. Axial (A) and coronal (C) 2D
reconstruction from CISS (0.7-mm thin sections). Contrast-enhanced 3D Tl-weighted recon-
structed images (0.9 mm) in the axial (B) and coronal (D) planes. Intraoperative views before (E) and
after (F) the operation. MR imaging shows bifocal CN V (white arrows) compression by the Dandy
vein (white short arrows) and by a transverse pontine vein (black arrows), respectively. Teflon
(Dupont, Wilmington, Delaware) (asterisk, F) was interposed between CN V (white arrow, F) and
the Dandy vein (white arrowhead, F). The transverse pontine vein was coagulated (black arrow,
F). Intraoperative images are courtesy of Dr Arnaud Deveze, MD, Department of Ear, Nose and
Throat Surgery, University Hospital, Hépital Nord, Marseille, France.

FIG 5. NVCS in a 70-year-old man with left TN. Axial T2-weighted image (A, 0.5 mm). Contrast-
enhanced Tl-weighted image (B, 0.5 mm). Fusion of 3D T2 and TOF angiography sequences (C and
D, sagittal; Eand F, coronal sections). Note contact between the tortuous vertebral arteries (white
arrowheads), the left AICA (black arrows), the superior cerebellar artery (white arrows), and the
cisternal left CN 'V (black arrowheads). Note that the TZ of CN V is thinned, while the more distal
portion of CN V close to the Meckel cave has a normal rounded shape. Gray arrowhead points
to the right CN V.
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crovascular decompression.” Before
considering microvascular decompres-
sion, patients usually undergo pharma-
cologic treatment with carbamazepine,
oxcarbazepine, or, in selected cases,
baclofen, gabapentin, and other anti-
convulsants. Further treatment op-
tions in TN include stereotactic radio-
surgery (also called “gamma knife”),
which is increasingly performed, espe-
cially in elderly patients.
Neurovascular contacts due to vessel
juxtaposition along CN V also occur in a
non-negligible percentage of asymp-
tomatic subjects (31.9% of control sub-
jects and 48.9% on the contralateral
asymptomatic side in patients with
TN).”” In a combined MR imaging and
specimen study, the superior cerebellar
artery and AICA had contact with the
sensory CN V root in 45.5% of all MR
imaging examinations and in 42.9% of
specimens.’” Asymptomatic contact is
more common more distal to the brain
stem (3.85 £ 2.69 mm), compared with
symptomatic NVC, which is typically
proximal (0.94 = 1.27 mm).”* A cutoff
value of 3 mm from the brain stem has
been proposed because TN symptoms
occur in 83.1% (103/124) of cases with
neurovascular contact at a distance of
<3 mm, but only in 19.6% (9/46) of pa-
tients with a distance of >3 mm.””
Similar results were found by other
authors: Neurovascular contact oc-
curred in the proximal part (REZ in this
study) in 76% of symptomatic and 17%
of asymptomatic nerves.”® These obser-
vations indicate that proximal NVCs are
more likely symptomatic than distal
NVCs, yet the pure presence or absence
of an NVC is insufficient to accurately
predict symptomatic NVCS. Conse-
quently, additional parameters may de-
termine whether a neurovascular con-

3
17 assessed

tact is symptomatic. Tash et a
85 asymptomatic patients and found
30% of 170 CN Vs with a neurovascular
contact in the REZ, but only 2% of these
asymptomatic cases had a deformity of
the nerve. Correspondingly, the pres-
ence of nerve displacement by the vessel
or focal atrophy was observed more
commonly in symptomatic (52%)
compared with asymptomatic (9%)

nerves.”®
Atrophy of CN V in patients with

classic TN has been observed intra-
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operatively and at MR imaging (Fig 4).>”**' Erbay et al’® found
that the nerve diameter and cross-sectional area were 20% and
28% smaller on the symptomatic side compared with the asymp-
tomatic side. Horinek et al*® found that the volume of the affected
nerve was, on average, 28% smaller than that of the unaffected
nerve; however, only 7 of the 18 patients with TN were diagnosed

FIG 6. TN in an 81-year-old man treated with stereotactic radiosur-
gery. Axial images (0.5 mm) obtained by fusion of CISS and TOF an-
giography sequences (A and B) and contrast-enhanced 3D TI-
weighted volumetric interpolated brain examination (C and D, 0.6
mm) show NVCS caused by the superior cerebellar artery (arrow-
heads). There is contrast enhancement of the right CN V at the ste-
reotactic radiosurgery site (arrow, D). Contrast enhancement on fol-
low-up examinations disappeared gradually.

FIG7. HFS caused by a posterior inferior cerebellar artery (PICA) loop in a 54-year-old man. Axial
oblique (A) and coronal oblique (B) reformatted images obtained by fusion of CISS (0.6 mm) and
TOF angiography sequences show NVC of CN VIl (arrows, A and B) by the PICA at the presumed
TZ (arrowhead). 3D MIP reconstruction of the TOF sequence (C) shows a PICA loop on the right,

responsible for HFS. Findings were confirmed surgically.

1388 Haller Aug2016 www.ajnr.org

with nerve atrophy on the basis of MR imaging volumetry. Al-
though CN V atrophy can be observed in TN, the low sensitivity of
this finding does not warrant its routine use for the diagnosis of
trigeminal NVCS. Nevertheless, according to Antonini et al, in
2014,° nerve atrophy and displacement are highly specific (97%)
signs with good negative (82%—87%) and positive (81%—86%)
predictive values. In summary, anatomic abnormalities such as
deformity and atrophy of the cisternal CN V and a small cerebel-
lopontine angle cistern are more frequent in symptomatic NVCS
and—whenever present—should be used as additional diagnostic
signs.

DTI in severe TN may reveal a loss of anisotropy due to
tissue damage associated with demyelination.’****>*> A re-
duction of fractional anisotropy, increase in radial diffusivity
and apparent diffusion coefficient, and a trend toward in-
creased mean diffusivity can be observed in NVCS. Further-
more, reversibility of an abnormally low fractional anisotropy
has been reported after successful microvascular decompres-

sion.?®

DTI metrics also appear to correlate with clinical pa-
rameters, such as disease duration and the visual analog scale
of pain.*” Therefore, it has been suggested that correlation
between fractional anisotropy reduction and the visual analog
scale suggests fractional anisotropy as a potential objective MR
imaging biomarker to correlate with clinical severity.** How-
ever, these observations have not been confirmed by other au-
thors and, therefore, require further investigation.44

MR imaging can also be used to assess padding or other
morphologic and functional changes after microvascular de-
compression* or stereotactic radiosurgery (gamma knife) for
TN. After stereotactic radiosurgery, the affected nerve may
show focal contrast enhancement (Fig 6), and gradual decrease
of nerve volume occurs with time. Park et al*” found CN V
atrophy of the affected side in 96% of patients with TN treated
by stereotactic radiosurgery, with a mean reduction in CN V
volume of 39%.

Facial Nerve (CN VII)

Anatomy. CN VII is a mixed nerve,
which essentially controls the muscles of
facial expression, transmits taste sensa-
tions from the anterior two-thirds of the
tongue, and supplies parasympathetic
fibers to the nasal mucosa, submandib-
ular, sublingual, and lacrimal glands.
The motor component is of particular
relevance in the context of the current
review. CN VII exits the brain stem as a
single entity forming the cisternal seg-
ment (Fig 1). Analogous to CN V, most
cases of NVCS also occur in the cisternal
segment. According to one study,'' the
length of the cisternal segment was
17.93 = 2.29 mm (range, 14.8-20.9
mm). In another study,*® the TZ was
described at 1.9 mm from the nerve
entry/exit into the brain stem, which
is about one-tenth of its cisternal



FIG 8. Right HFS caused by an AICA loop in a 60-year-old man. Fusion of 3D T2 and TOF angiog-
raphy sequences (0.6-mm thin sections; A, axial; B and C, coronal sections). Axial oblique refor-
matted T2-weighted image along the cisternal CN VII (D). Coronal oblique reformatted contrast-
enhanced Tl-weighted image (E). Note contact between an AICA loop and the presumed TZ of
CN VIl (white arrows), which is slightly indented. There is a second contact between the AICA and
the more distal CN VII (arrowheads). Black arrows point to CN VII. NVCS due to the AICA loop
impinging on the TZ was confirmed surgically. After the operation, symptoms disappeared.

FIG 9. NVC in a 70-year-old man with tinnitus and vertigo. A, Axial oblique reformatted T2-
weighted image (0.5 mm). Coronal oblique T2-weighted images (0.5 mm; B, anterior section; C,

terior inferior cerebellar artery (31%)
and vertebral artery (23%).° NVCS can
occur either at the REZ (10%-96% de-
pending on study),”>>" adjacent cister-
nal segment (up to 64%),° TZ (22%), or
other cisternal portions (3%).® Ac-
cording to Dou et al,>* attrition of the
neurovascular interface yields action
potentials from the demyelinated fa-
cial nerves and therefore causes HES
symptoms. As shown by Sindou
et al,”" microvascular decompression
is highly effective in HFS and symp-
toms disappear after an operation in
90%-95% of cases; however, recur-
rence is seen in up to 25% of patients.
In the long term, 75%—85% of patients
remain symptom-free.

Vestibulocochlear Nerve (CN VIii)

Anatomic Considerations. CN VIII is a
sensory nerve carrying information
from the spiral auditory organ (cochlear
nerve) and the labyrinth (vestibular
nerve) to the brain stem. It has a long
cisternal segment, which extends from
the brain stem to the internal acoustic
14.2-19.2
mm).>” The distance of the most distal

meatus (total distance =

part of the TZ from the brain stem has
been measured at 9.28—-13.84 mm (Fig
1). Most acoustic schwannomas origi-
nate from the internal auditory canal or
its porus area,”” which is colocalized
with the TZ. Consequently, it was postu-
lated that acoustic schwannomas might
originate from the glio-Schwannian
junction.”® The alternative hypothesis is
that the origin of many acoustic schwan-
nomas is the ganglion of Scarpa, which is
also colocalized in this region.>*

posterior section). Note the tortuous AICA (arrows) displacing and indenting the cochlear nerve

(B) and the vestibular nerve (C). Brain and temporal bone MR imaging and high-resolution tem-

poral bone CT findings were otherwise normal.

length.*” Another study reported that the most distal part of
the TZ is 2.86 mm away from the brain stem.'" By interpolating
these data, we can estimate the length of the TZ to be about
0.96 mm (range, 2.86—1.9 mm). Similar to CN V, the medial

portion of the TZ is also shorter than the lateral portion.*®*”

Hemifacial Spasm. Hemifacial spasm is characterized by unilat-
eral, intermittent contractions of the muscles of facial expression,
typically beginning in the orbicularis oculi and spreading to the
other muscles.*® Primary HFS is triggered by NVC, whereas sec-
ondary HFS comprises all other causes of CN VII damage. HFS
has an incidence of 0.77/10,000.*° The AICA (43%) is the most
common vessel causing NVC (Figs 7 and 8), followed by the pos-

NVC of CN VIII (Vestibular Paroxysmia). In
contrast to the clearly established
NVCS of CN V and VII, NVCS of CN
VIII is more controversial.”® The site of NVC can vary between
0.0 and 10.2 mm from the brain stem, and in most cases (75%),

the AICA is the compressing vessel.”®

The recording of action
potentials of the cochlear nerve during microvascular decom-
pression has demonstrated that the site of NVC correlates well
with clinical symptoms.”® Ryu et al’® have shown that vertigo
appears to be associated with vascular compression of the ros-
troventral nerve (vestibular nerve), while tinnitus appears to
be associated with compression of the caudal surface (cochlear
nerve) of the nerve (Fig 9). In patients with both vertigo and
tinnitus, the authors found compression of both the vestibular
and cochlear nerves.”
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FIG 10. GN caused by a tortuous vertebral artery in a 64-year-old man. Axial T2-weighted (A),
fused T2-weighted and TOF (B) images, and contrast-enhanced 3D TI gradient recalled-echo
image (C) show displacement and contact between CN IX (long arrows) and a tortuous vertebral
artery (short arrows). Note that in B, 2 contact points are seen, 1 proximal and 1 more distal. Black
arrows point to the contralateral IX—X nerve complex. Findings were confirmed surgically.

FIG 1. Left invalidating GN caused by a posterior inferior cerebellar
artery (PICA) loop in an 80-year-old otherwise healthy female patient.
Fusion of 3D T2 and TOF angiography sequences (A, axial; B, coronal
oblique) reveals displacement of CN IX (white arrows) and contact
between the TZ of CN IX and the left PICA (arrowheads). Right CN IX
is indicated by a black arrowhead.

CNV

CN VI

CMIII
=

CN IX

0 10 16 mm

FIG 12. Schematic illustration of the cisternal length and location of
the transition zone for CN V, VII, VIII, and IX.

Glossopharyngeal Nerve (CN IX)

Anatomy. CN IX isa mixed sensory, motor, and parasympathetic
nerve. Sensory information comes from the posterior tongue and
oropharyngeal and ear region, while chemo- and baroreceptor

1390 Haller Aug2016 www.ajnr.org

input comes from the carotid body and
carotid sinuses. The motor component
supplies the stylopharyngeal muscle and
the secretomotor fibers of the ipsilateral
parotid gland. As opposed to CN V and
VII, CN IX exits as 3-5 rootlets, which
later unite to form the cisternal CN IX.
The length of CN IX from the medulla
oblongata to the jugular foramen varies
between 14.2 and 19.9 mm (mean,
16.36 * 2.53 mm)."" The TZ is located
at 1.51 * 0.39 mm'" and has a typical
cone shape (Fig 1).”

Glossopharyngeal Neuralgia. Glossopharyngeal neuralgia is
characterized by severe paroxysmal episodes of pain localized in
the posterior tongue, tonsil, throat, or external ear canal. The pain
is similar to that experienced by patients with TN and can be
triggered by eating, swallowing, and speaking.’” Life-threatening
complications due to cardiac instability, syncope, and convul-
sions are well-documented. The overall incidence of GN appears
to be considerably lower than that of TN and is estimated at 0.2—
0.7 cases per 100,000 person-years>> and 0.062/100,000 (Fig 7).
However, some authors believe that the true incidence of GN may
be higher due to lack of awareness of the disease and difficulties in
diagnosis. In general, GN is caused by NVC, while in a minority of
cases, trauma, neoplasms, infection, or an elongated styloid pro-
cess (Eagle syndrome) can be identified. Because symptoms are
not always straightforward, imaging is usually performed to ex-
clude a neoplasm in the pharynx or larynx or to look for an elon-
gated styloid process. Analogous to CN 'V and VII, in patients with
GN caused by NVCS, MR imaging allows precise assessment of
the relationship between CN IX and the conflicting artery in the
supraolivary fossette (Figs 10 and 11). GN caused by NVC occurs
almost exclusively (95%) in the proximal REZ,”® which overlaps
the proximal location of the TZ of 1.51 = 0.39 mm."" The poste-
rior inferior cerebellar artery and, less frequently, the AICA are
responsible for nerve compression.®>®" The low incidence of GN
in comparison with CN V and CN VII is probably related to the
proximal position of the TZ and the short central myelin portion
in CN IX.'®"!

CONCLUSIONS

TZ length and location vary between cranial nerves (Fig 12).
While the TZ is close to the brain stem and overlaps the REZ in
CNV, VI, and IX, it is longer, located more distally, and does not
overlap the REZ in CN VIIL® Although symptomatic NVCS can
occur outside the TZ, most NVCSs are seen at the TZ. MR imag-
ing with high-resolution heavily T2-weighted sequences and an-
giography sequences plays a major role in the identification of the
compressing vessel, its precise location, and ruling out other
causes of pain that may mimic NVCS. DTI with tractography is a
potential biomarker in TN.

Disclosures: Sven Haller—UNRELATED: Grants/Grants Pending: Swiss National Sci-
ence Foundation,* Comments: project on real-time fMRI neurofeedback. *Money
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Multimodal CT Imaging: Time to Treatment and Outcomes in
the IMS Il Trial

A. Vagal, ““L.D. Foster, ““’B. Menon, ““A. Livorine, ““J. Shi, ““E. Qazi, ““'S.D. Yeatts, ““/AM. Demchuk, ““’M.D. Hill,
T.A. Tomsick, and ““’M. Goyal
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ABSTRACT

BACKGROUND AND PURPOSE: The importance of time in acute stroke is well-established. Using the Interventional Management of
Stroke Ill trial data, we explored the effect of multimodal imaging (CT perfusion and/or CT angiography) versus noncontrast CT alone on
time to treatment and outcomes.

MATERIALS AND METHODS: We examined 3 groups: 1) subjects with baseline CTP and CTA (CTP+CTA), 2) subjects with baseline CTA
without CTP (CTA), and 3) subjects with noncontrast head CT alone. The demographics, treatment time intervals, and clinical outcomes in
these groups were studied.

RESULTS: Of 656 subjects enrolled in the Interventional Management of Stroke Il trial, 90 (13.7%) received CTP and CTA, 216 (32.9%)
received CTA (without CTP), and 342 (52.1%) received NCCT alone. Median times for the CTP+CTA, CTA, and NCCT groups were as follows:
stroke onset to IV tPA (120.5 versus 117.5 versus 120 minutes; P = .5762), IV tPA to groin puncture (77.5 versus 81 versus 91 minutes; P = .0043),
groin puncture to endovascular therapy start (30 versus 38 versus 44 minutes; P = .0001), and endovascular therapy start to end (63 versus
46 versus 74 minutes; P < .0001). Compared with NCCT, the CTA group had better outcomes in the endovascular arm (OR, 2.12; 95% Cl,
1.36-3.31; adjusted for age, NIHSS score, and time from onset to IV tPA). The CTP+ CTA group did not have better outcomes compared with
the NCCT group.

CONCLUSIONS: Use of CTA with or without CTP did not delay IV tPA or endovascular therapy compared with NCCT in the Interventional

Management of Stroke Il trial.

ABBREVIATIONS: ED = emergency department; EVT = endovascular therapy; IMS Il = Interventional Management of Stroke Ill trial

he importance of time is well-established in acute ischemic
stroke. Ample evidence suggests that the benefit of treatment
decreases with increasing time to treatment in intravenous and
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endovascular therapy (EVT).' It is critical to minimize time de-
lays in stroke treatment workflow components, including imag-
ing time delays. However, imaging protocols vary by institution,
and there is no nationally or internationally recognized standard
imaging protocol for evaluating patients with acute stroke.
Multimodal imaging, including CT angiography, CT perfusion,
or MR angiography and MR perfusion may provide useful infor-
mation on arterial occlusion, collateral flow, and tissue viability.
On the contrary, these imaging techniques may also delay initia-
tion of revascularization therapies. Recent endovascular stroke
trials (Multicenter Randomized CLinical trial of Endovascular
treatment for Acute ischemic stroke in the Netherlands [MR
CLEAN],* Endovascular Treatment for Small Core and Proximal
Occlusion Ischemic Stroke [ESCAPE],” Extending the Time for
Thrombolysis in Emergency Neurological Deficits—Intra-Arterial
[EXTEND-IA],® Solitaire With the Intention For Thrombectomy
as Primary Endovascular Treatment [SWIFT PRIME] ,” Endovas-
cular Revascularization With Solitaire Device Versus Best Medical
Therapy in Anterior Circulation Stroke Within 8 Hours [REVAS-
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Table 1: Demographic characteristics

Additional time intervals were calcu-

CTP+CTA CTA NCCT lated for the endovascular treatment
(n=90) (n =216) (n=342) PValue arm: 1) IV tPA initiation to groin
Age (median) (IQR) 69 (59-75)  70(58-77)  68(57-76)  .6719 puncture, 2) groin puncture to the
Male (NO.) (%) i ' 47 (52.2) né (53.7) 17 (50) .6885 start of EVT, and 3) the duration of
Blaclé/a/:]g!iciaarr: (ﬁlrge)zz;jn/Afrlcan 12(13.3) 13(6) 44(12.9) .0258 EVT (for subjects who received endo-
Hispanic or Latino (No.) (%) 4(44) 7(3.2) 12(3.9) 8727 vascular treatment).
Baseline NIHSS score? (median) (IQR) 17(13-20)  16(13-20)  17(13-21)  .5262 Baseline imaging time was defined as
ASPECTS 8-10° (No.) (%) 51(57.3)  126(58.9)  197(583) 9679 the time of the first imaging performed.
Trel\a/ttrrF:Znt almEN 0 29 (322) 66306  12306) 4006 EVT initiation was defined as the start
only (No.) (% . . . . .
Endovasc lj/lar (No) (%) 61(678)  150(694) 219 (64) of 1ntra—arter{al tPA/balloon occlusion/
Received endovascular treatment (No.) (%) 49 (80.3) 123 (82.0) 161(73.5) 1349 thrombus aspiration or the first deploy-

Note:—IQR indicates interquartile range.
@ Two subjects have missing data (CTP+CTA, n =1, CTA, n = 1).

® Denominators for percentages do not include subjects with missing data (CTP+CTA,n =1, CTA, n = 2;NCCT,n = 4).

CAT],® Assess the Penumbra System in the Treatment of Acute
Stroke [THERAPY],” and Trial and Cost Effectiveness Evaluation
of Intra-arterial Thrombectomy in Acute Ischemic Stroke
[THRACE]'?) demonstrating the benefit of endovascular therapy
have used supplementary imaging, in addition to noncontrast CT,
for patient selection. It is therefore imperative to understand
whether additional imaging causes delays in the initiation of treat-
ment of patients with acute ischemic stroke.

The Interventional Management of Stroke III (IMS III) trial
was a phase III randomized trial of endovascular treatment after
intravenous tPA versus IV tPA alone.'' Multimodal imaging was
available in a subgroup of patients at the discretion of the enroll-
ing site. Our objective was to explore the effect of multimodal
imaging: CTP+CTA or CTA (without CTP) versus NCCT on
time to treatment and outcomes in the IMS III trial.

MATERIALS AND METHODS

Study Population

IMS IIT was a multicenter, phase III, randomized, open-label clin-
ical trial testing the approach of IV tPA followed by endovascular
treatment, compared with standard IV tPA alone, determined by
the primary outcome of a modified Rankin Scale score of 02 at
90 days. Details of the design, methodology, and outcomes of the
IMS 111 trial have been published."!

A noncontrast head CT was the only required baseline im-
aging. Additional imaging, including CTP and/or CTA, was
not a prerequisite for entry or patient selection in the IMS III
trial. However CTA or CTP was performed at a few study sites
at their discretion.

Imaging Subgroups

The analysis consisted of 3 subgroups based on baseline imaging:
1) subjects with baseline CTP and CTA (CTP+CTA), 2) subjects
with CTA (without a concurrent CTP study), and 3) subjects
without CTA or CTP (noncontrast head CT alone). The baseline
demographics, time intervals, and outcomes in these 3 groups
were studied.

Time Intervals

The following intervals were calculated for all subjects: 1) stroke
onset to emergency department (ED) arrival, 2) ED arrival to
start of imaging, and 3) start of imaging to IV tPA initiation.
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ment of the device, depending on the
type of endovascular therapy adminis-
tered. Similarly, the EVT end time was
defined as the time of the last deploy-
ment, time of last thrombus aspiration attempt, or time of the end
of intra-arterial infusion.

Statistical Analysis

Because the time intervals described above did not follow a
normal distribution, descriptive statistics are reported as median
(interquartile range). Normality was assessed graphically via
histogram and quantile-quantile plot. The Hodges-Lehmann esti-
mator of location shift was used to calculate differences, with confi-
dence intervals, in time intervals between groups. To compare the 3
groups (CTP+CTA versus CTA versus NCCT), we used the Kruskal-
Wallis test for continuous variables and the x* test for categoric vari-
ables. The primary clinical outcome (mRS 0-2 at 90 days) was ana-
lyzed via a logistic regression model to estimate adjusted odds ratios.
The linearity in the log assumption was confirmed for continuous
covariates. All tests were conducted at the .05 level of signifi-
cance. If there was a significant association, pair-wise compar-
ison was also performed between the CTP+CTA and CTA
groups. Because this analysis is exploratory, P values were not
adjusted for multiple testing. Because the endovascular group
was of particular interest in light of recent trial results, separate
models were created to estimate odds ratios by treatment. Sta-
tistical analysis was performed in SAS, Version 9.3T (SAS In-
stitute, Cary, North Carolina).

RESULTS

Population Demographics

Of 656 subjects enrolled in the IMS III trial, 90 (13.7%) received
CTP and CTA, 216 (32.9%) received CTA (without CTP), and
342 (52.1%) did not receive CTP or CTA (NCCT). Eight subjects
with CTP performed without CTA were excluded from the anal-
ysis to increase the homogeneity within groups. Demographic
characteristics are provided in Table 1.

Time Intervals

The time intervals for the 3 imaging groups are provided in
Table 2. The use of CTP or CTA imaging did not cause delays in
IV tPA (Fig 1) or endovascular treatment (Fig 2). Time from the
start of imaging to IV tPA initiation was shorter in the CTP+CTA
and CTA groups, compared with NCCT (6 minutes [95% CI, 1-11
minutes] and 8 minutes [95% CI, 4—12 minutes] shorter, respec-



Table 2: Time intervals for the 3 imaging groups

IV tPA bolus (P = .5568). Times from im-

Time (min) (Median) (IQR)

CTP+CTA (n=90) CTA (n=216) NCCT (n=342) P Value

aging to groin puncture and groin punc-

Onset to ED arrival 55.5% (41-80) 51(38-69) 48 (33-67) .0216 ture to the start of EVT were still shorter in
ED arrival to start of imaging 19.5 (14-26) 21 (14-28) 18 (10-25) .0016 the CTP+CTA and CTA populations
Imaging start to I.V.t'PA. initiation 407 (29-54) 38 (24-51) 47 (33-64) .0001 (P = .0088 and P = .0006, respectively).
Onset to IV tPA initiation 1205 (100-160)  T17.5(96-145) 120 (97-145) 5762 . S

ED to IV tPA initiation 62 (50-75) 59.5(47-77)  65.5 (49-86) 1554 The high-enrolling sites (defined as
IV tPA start to groin puncture®  77.5(58.5-1055) 81 (65-96)  91(66-T15) 0043 sites that enrolled >6 subjects) were iden-
Imaging to groin puncture® 1242 (97-155.5) 119 (95-140) 142 (115-170.5) <.0001 tified because these are usually high-vol-
ED to groin puncture® 146.5 (118.5-182.5) 144 (120-167) 160 (132-191) .0008 ume, experienced stroke centers and tend
Groin puncture to E.VT start® 30% (26-45) 38%(25-56) 44 (34-60) .0001 to have established systems of care with
EVT start to EVT finish® 63 (20-115) 467 (14-83)  74(42-119)  <.0001

Note:—IQR indicates interquartile range.
@ Significant pair-wise difference between the imaging subgroup and the NCCT group.

© Applicable only to subjects with groin puncture: CTP+CTA (n = 60), CTA (n = 150), NCCT (n = 210).
< Applicable only to subjects who received endovascular therapy with non-missing start time: CTP+CTA (n = 49), CTA

(n = 17), NCCT (n = 159).

FIG 1. Time intervals of 3 imaging subgroups in the IV tPA treatment arm.

tively). Door to IV tPA initiation was not significantly different
among groups. Time from baseline imaging to puncture was shorter
in the CTP+CTA and CTA groups compared with NCCT (17 min-
utes [95% CI, 4—29 minutes] and 22 minutes [95% CI, 14-30 min-
utes] shorter, respectively). Groin puncture to EVT start was faster in
the CTP+CTA and CTA groups, compared with the NCCT group
(12 minutes [95% CI, 7-18 minutes] and 7 minutes [95% CI, 2-12
minutes] faster, respectively). EVT duration was 26 minutes (95% CI
14-37) faster in the CTA compared with the NCCT group,
though the CTP+CTA and NCCT groups were not significantly
different. Total ED arrival to puncture time was shorter in the
CTP+CTA and CTA groups compared with the NCCT group (14
minutes [95% CI, 0—27 minutes] and 17 minutes [95% CI, 8-26
minutes] shorter, respectively).

There were no significant pair-wise time interval differences
between the CTP +CTA and CTA groups. The rate of mother ship
enrollment (direct admit of patient to tertiary stroke center) differed
by subgroup: 97% in CTP+CTA group, 94% in CTA group, and
77% in NCCT group. When transfer subjects were removed, no sta-
tistical difference remained among groups for the time from onset to

streamlined workflows. There was no dif-
ference in the proportion of subjects from
high-enrolling sites by imaging subgroups
(85% CTP+CTA, 88% CTA, 86% NCCT;
X*> P = .7947). The sites were grouped by
the ability to perform CTP, defined as hav-
ing at least 1 subject in the CTP+CTA
group, and we compared time to treat-
ment and outcome. There were no signif-
icant differences between CTP sites and
non-CTP sites in time from ED to IV tPA
initiation, time from ED to groin punc-
ture, or 90-day mRS of 0-2 (Table 3).

Outcomes

In the IV tPA treatment arm, there was
not a significant difference in good clin-
ical outcome in the 3 imaging subgroups
(34.5% in CTP+CTA versus 40.9% in
CTA versus 38.2% in NCCT; P = .8338).
In the endovascular arm, more good
outcomes were observed with CTA
(39.3% in CTP+CTA versus 52.0% in
CTA versus 33.8% in NCCT; P = .0022).
In the endovascular arm, subjects with
CTA had about twice the odds of good
clinical outcome compared with sub-
jects with NCCT, after adjustment for
age, NTHSS strata, and time from onset to IV tPA initiation (ad-
justed OR, 2.12; 95% CI, 1.36-3.31; Table 4).

DISCUSSION

The principal finding of our study is that additional imaging, in-
cluding CT angiography with or without CT perfusion, did not
delay treatment times compared with noncontrast CT in the IMS
III trial. In fact, the imaging algorithms of NCCT + CTP + CTA
or NCCT + CTA are possible with faster treatment times than
NCCT alone.

The guiding principle of stroke therapy is rapid treatment be-
cause potential benefits and less adverse events are greatest with
earlier reperfusion. Recently, multiple acute stroke trials have
demonstrated that endovascular therapy improves functional
outcomes in subjects with major arterial occlusions compared
with standard therapy, including IV tPA.* ' These trials included
CTA and/or CTP imaging techniques to identify patients who
would be likely to benefit from endovascular therapy. The MR
CLEAN and REVASCAT trials used CTA to identify proximal
vessel occlusion; ESCAPE evaluated vessel occlusion and collat-
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FIG 2. Time intervals of 3 imaging subgroups in the endovascular treatment arm.

Table 3: Time intervals and outcome for CTP and non-CTP sites

port the findings of these trials by sug-
gesting benefits with the use of CTA with
or without CTP in the work-up of pa-
tients with ischemic stroke.

We found that the CTA group of
subjects was associated with better clin-
ical outcome in the endovascular arm,
likely a marker of faster treatment times
among more advanced stroke centers. In
a previous analysis by using data from
the IMS II1 trial, we found that the odds
of favorable outcome in subjects with
baseline CTA were higher.'>"* In this
study, we have further explored this
group by adding CTP to the imaging
analysis. In a prior study involving a
multicenter, prospective, single-arm
thrombectomy trial, our group demon-
strated that multimodal CT-based im-
aging did not affect workflow.” Our re-
sults are consistent with a single-center
experience in which change in acute
stroke imaging protocol to include mul-

CTP Sites® Non-CTP Sites timodal CT did not delay administra-

(20 Sites/266 Subjects) (38 Sites/382 Subjects) tion of IV tPA.' Our ﬁndings differed

ED to IV tPA initiation® (median) (IQR) 63 (47.5-76) 63 (49-87) from those in a retrospective, multi-in-

ED to groin puncture (median) 145 (122.5-176) 157 (128-185) stitutional study, in which advanced im-
90-Day mRS 0-2 (No.) (%) 114 (42.9%) 146 (38.2%)

aging was associated with delays in en-

Note:—IQR indicates interquartile range.
2 Sites that performed at least 1 baseline CTP.

© Two subjects were missing from the CTP sites; 4 subjects were missing from the non-CTP sites.
< Applicable only to subjects with groin puncture: 172 subjects from the CTP sites, 249 subjects from the non-CTP sites.

Table 4: Logistic regression for outcome (mRS 0-2 at 90 days) by treatment category

dovascular treatment without added
benefit in outcomes.'®> However, there
are considerable differences between the
2 studies. The study by Sheth et al'> was

Unadjusted OR (95% Cl)

Adjusted® OR (95% ClI)

a retrospective analysis of both CT and

Endovascular

CTP+CTA vs NCCT 127 (0.71-2.28); P = 4218

MR imaging, which included only sub-
jects with endovascular treatment; per-

1.32(0.71-2.44); P = 3765

CTA vs NCCT 212 (1.39-3.25); P = .0005 212 (1.36-3.31); P = .0010

CTA vs CTP +CTA 1.67 (0.91-3.06); P = .0968 1.60 (0.85-3.03); P = .1444
IV tPA only

CTP+CTA vs NCCT 0.85(0.37-2.06); P = .7093 0.93 (0.38-2.29); P = .8708

CTA vs NCCT 1.12 (0.61-2.06); P = .7172 1.29 (0.66-2.49); P = .4557

CTA vs CTP +CTA 132(0.53-3.27); P = .5547 139 (0.53-3.62); P = 5053

fusion imaging was used for decision-
making, and the study did not address
the vascular imaging times and time to
IV tPA.

Most surprising, in our study, the

@ Adjusted for age, NIHSS score, and onset to IV treatment time.

eral circulation by using multiphase CTA; EXTEND-IA used CTA
and CTP with automated perfusion processing; and the SWIFT
PRIME study started with CTA/CTP or MRA/MR perfusion but
amended the imaging protocol to a CT/CTA/MRA strategy to
accommodate more sites. Multimodal imaging selection in these
trials may lead to a paradigm shift in the use of imaging in acute
ischemic stroke work-up. Investigation of workflow while using
these imaging algorithms is even more important in the current
era.

The strength of our study is that we have analyzed time to
treatment with 3 different imaging paradigms in the setting of a
large, randomized multicenter acute stroke trial (IMS III). The
recent endovascular stroke trials selected patients on the basis of
additional imaging, including CTA, multiphase CTA, or CTP.
These trials do not have a control NCCT-alone group for similar
workflow comparisons, as we have in our study. Our results sup-
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NCCT group had longer treatment
times, including imaging to IV tPA ini-
tiation and imaging to endovascular treatment times. This may be
multifactorial. A CTA study can be advantageous for endovascu-
lar therapy planning, adding valuable information regarding the
presence or absence of large-vessel occlusion, the exact site of the
occlusion, anatomic details of the vessels, and the presence of
atherosclerotic plaque, and as a result, CTA can potentially reduce
procedural time."? In addition, institution-specific practice and
workflow patterns may translate into faster treatments. Experi-
enced, high-volume stroke centers may have parallel processes in
place, whereby the treatment decisions are made in the CT con-
sole, including administration of IV tPA (if appropriate) after
NCCT."® A workflow that offers IV tPA administration in parallel
to imaging and rapid activation of the interventional team has the
potential to reduce treatment times.

Perfusion may provide information regarding tissue viability.
However, in our analysis the addition of CTP did not add an



outcome benefit compared with CTA alone. Potential reasons for
this observation include the following: 1) CTP was not always
used for treatment decisions; 2) there is marked variability in CTP
postprocessing, and its ability to reliably identify nonviable tissue
likely varies substantially across centers; and 3) there is a high
potential for selection bias, and patients who underwent addi-
tional CTP imaging may have had different baseline characteris-
tics from those who did not.

Limitations

Our study has several important limitations, including the heter-
ogeneity of imaging protocols in the IMS III centers. Our data did
notaddress the institutional variables affecting workflow, which is
critical in understanding the differences in time parameters. In-
stitutional practice variability due not only to the large number of
participating IMS III centers (58 centers) but also changes in prac-
tice during the trial (2006-2012) confound analysis of center-
specific practice patterns. Institution-specific data on workflow
details around IV tPA administration, neurointervention team
activation, and time taken for study consent were not available.
We also acknowledge that other unmeasured variables, including
general-versus-local anesthesia and complete-versus-focused an-
giograms, can influence the time intervals.

Itis likely that multimodal imaging (CTA and/or CTP) did not
necessarily lead to faster treatment but was simply performed in
centers that were generally faster. High-volume stroke centers
that perform CTA and CTP routinely may have expedited work-
flows leading to shorter times to revascularization. The recent
ESCAPE trial had aggressive time targets (median time from im-
aging to first reperfusion of 84 minutes), and most of subjects
were enrolled at endovascular centers that successfully imple-
mented well-organized workflow and imaging processes.”

Although CTA and CTP can be performed quickly with the
new-generation scanners (median time to perform CTP+CTA
and CTA was 9 and 5 minutes, respectively, in our study), data
postprocessing and interpretation and decision-making to acti-
vate endovascular teams can cause time delays, and we could not
analyze this step of the workflow. Ideally, the image processing
and interpretation should be performed in parallel with other
workflow steps rather than being a sequential flow, to minimize
delays.

Another limitation of our study is that it is unclear whether
CTA/CTP imaging was used for treatment decisions with poten-
tial impact on outcomes, particularly in the endovascular arm,
though as per the study protocol, advanced imaging was not used
for treatment decisions. We acknowledge that there are con-
straints in the data that particularly limit what can be said about
the role and importance of CTP. The key ones are the relatively
small number of patients who underwent CTP and the lack of
information about how the CTP data were processed or used in
the study.

We did not analyze the MR imaging—based paradigms due to
a very small number of subjects who underwent baseline MR im-
aging in IMS III. Although MR imaging has obvious diagnostic
advantages, it can cause delays in treatment compared with CT-
based paradigms.®'”'® Finally, this is a post hoc analysis and
additional confounding factors and baseline differences may

account for the differences in outcome, thus limiting the general-
izability of our results. The outcome differences should be viewed
with caution and in the context of limitations of a post hoc
analysis.

CONCLUSIONS

Use of CTA with or without CTP did not delay IV tPA throm-
bolysis or endovascular therapy compared with NCCT in the
IMS I trial. Efficient institutional protocols and expedited
workflows to allow rapid neuroimaging for patient selection
without delaying treatment are very relevant in the current
landscape.
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ORIGINAL RESEARCH
ADULT BRAIN

Performance of CT ASPECTS and Collateral Score in Risk
Stratification: Can Target Perfusion Profiles Be Predicted
without Perfusion Imaging?

S. Dehkharghani, M. Straka, J.W. Allen, C. Brasher,

F. Nahab

R. Bammer, M. Bowen, S.Rangaraju, 7). Kang, ““'T. Gleason,

and

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular trials suggest that revascularization benefits a subset of acute ischemic stroke patients with
large-artery occlusion and small-core infarct volumes. The objective of our study was to identify thresholds of noncontrast CT-ASPECTS
and collateral scores on CT angiography that best predict ischemic core volume thresholds quantified by CT perfusion among patients
with acute ischemic stroke.

MATERIALS AND METHODS: Fifty-four patients with acute ischemic stroke (<12 hours) and MCA/intracranial ICA occlusion underwent
NCCT/CTP during their initial evaluation. CTP analysis was performed on a user-independent platform (RApid processing of Perfuslon and
Diffusion), computing core infarct (defined as CBF of <<30% normal). A target mismatch profile consisting of infarction core of =50 mL was
selected to define candidates with acute ischemic stroke likely to benefit from revascularization.

RESULTS: NCCT-ASPECTS of =9 with a CTA collateral score of 3 had 100% specificity for identifying patients with a CBF core volume of
=50 mL. NCCT-ASPECTS of =6 had 100% specificity for identifying patients with a CBF core volume of >50 mL. In our cohort, 44 (81%)
patients had an NCCT-ASPECTS of =9, a CTA collateral score of 3, or an NCCT-ASPECTS of 6.

CONCLUSIONS: Using an NCCT-ASPECTS of =9 or a CTA collateral score of 3 best predicts CBF core volume infarct of =50 mL, while an
NCCT-ASPECTS of =6 best predicts a CBF core volume infarct of >50 mL. Together these thresholds suggest that a specific population
of patients with acute ischemic stroke not meeting such profiles may benefit most from CTP imaging to determine candidacy for

revascularization.

ABBREVIATIONS: AIS = acute ischemic stroke; RAPID = RApid processing of Perfuslon and Diffusion

Rlevascularization aims to prevent progression of ischemic
injury in acute ischemic stroke (AIS).'* Recent success in
trials of endovascular AIS therapy, while restoring motivation
for acute stroke intervention, has left the subject of an optimal
patient-selection paradigm largely unaddressed.”® While the
primary goals in this setting include timely revascularization,
the relative merits of expedited triage versus identification of
target imaging profiles remain the subject of ongoing inquiry.
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Contemporary guidelines on AIS management, therefore,
remain inconclusive as to the role of multimodal imaging
selection.”

We recently reported the benefits of a high-speed computing
tool for CT perfusion analysis over qualitative approaches to im-
aging triage for prognostication among patients with anterior cir-
culation AIS."® The findings therein suggested that a user- and
vendor-independent computational tool may outperform purely
qualitative approaches in outcome prediction. Similar imple-
mentations of this tool in recent, prospective endovascular tri-
als suggested strong results as an approach to patient selection;
however, the relative contribution of CTP-based selection cri-
teria, among other trial-specific features, remains uncertain in
light of the overall favorable outcomes reported across dispa-
rate trial designs.”>™®

The objective of our study was to identify thresholds of NCCT-
ASPECTS and collateral score on CT angiography that best pre-
dict ischemic core volume thresholds quantified by CTP among
patients with AIS.
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MATERIALS AND METHODS

The population examined was previously studied in a report of
the relative predictive value of quantitative and qualitative acute
stroke imaging analysis in prognostication and clinical outcome
prediction.'? Briefly, 62 continuous patients (36 women; median
age, 70 years; range, 33-94 years) with AIS (<12 hours) and MCA
or intracranial ICA occlusion were identified from a prospectively
collected, single-institution stroke registry and radiologic infor-
matics query of 815 patients with ischemic stroke, spanning Feb-
ruary 1, 2011, to December 31, 2013, with Emory University Hos-
pital review board approval. All patients were evaluated initially
by a dedicated vascular neurologist in the emergency setting, with
initiation of institutional stroke protocol facilitating expedited
triage, imaging, interpretation, and treatment when appropriate.
All patients underwent comprehensive stroke imaging at presen-
tation, including NCCT, CTA, and CTP. Patients were included
in the analysis on the basis of successful completion of the imaging
protocol, absence of motion or other artifacts rendering imaging
nondiagnostic, and the absence of large hemorrhages such as pa-
renchymal hematomas (types 1 and 2) potentially confounding
final infarction measurement. Exclusion criteria were an inability
to undergo multimodal CT, a history of renal failure, and patient
age younger than 18 years. A subset of patients received intrave-
nous and/or intra-arterial thrombolytic therapy as per institu-
tional protocol and at the discretion of the treating vascular neu-
rologist and neurointerventionalist.

Imaging Protocol

All patients underwent an institutional stroke imaging protocol
including NCCT, CTP, and CTA. CT was performed on a 40-mm,
64—detector row clinical system (LightSpeed VCT; GE Health-
care, Milwaukee, Wisconsin). Helical NCCT (120 kV [peak], 100 -
350 auto-mAs) was performed from the foramen magnum
through the vertex at 5.0-mm section thickness. In the absence of
visible intracranial hemorrhage during real-time evaluation by a
radiologist and stroke neurologist, 2 contiguous CTP slabs were
obtained for 8-cm combined coverage of the supratentorial brain,
obtained at 5-mm sections per slab. Cine mode acquisition (80
kVp, 100 mAs) permitting high-temporal-resolution (1-second
sampling interval) dynamic bolus passage imaging was performed
following the administration of 35 mL of iodinated contrast (io-
pamidol, Isovue 370; Bracco Diagnostics, Princeton, New Jersey),
power injected at 5 mL/s through an 18-ga or larger antecubital TV
access. Contrast administration was followed by a 25-mL saline
flush at the same rate. For both slabs, the same acquisition and
injection protocol was used (ie, a total of 70 mL of iodine was used
for CTP). Last, helical CTA (120 kVp, 200-350 auto-mAs) was
performed from the carina to the vertex (section thickness/inter-
val, 0.625 /0.375 mm) following IV administration of 70 mL of
iodinated contrast injected at 5 mL/s and followed by a 25-mL
saline flush.

Follow-up imaging in all patients included brain MR imaging
for documentation of final infarct size within 3 days of CTP, per-
formed on a 3T (Tim Trio; Siemens, Erlangen, Germany) clinical
whole-body system with local signal reception by a dedicated 12-
channel head coil. All images were transferred to a separate work-
station for analysis (Mac Pro; Apple, Cupertino, California) by

1400 Dehkharghani  Aug 2016  www.ajnr.org

using a third-party DICOM viewer (OsiriX Imaging Software;
http:// www.osirix-viewer.com). The details of the postprocessing
pipeline were reported previously.'®

Imaging Analysis

NCCT-ASPECTS. ASPECTSs were assigned by 2 experienced vas-
cular neurologists (S.R., F.N.) blinded to all other imaging and
clinical outcomes. ASPECTS uses a 10-point visual inspection
scale estimating ischemic burden in the supratentorial brain as
detailed previously by Barber et al."’

CTA Collateral Score. A CTA-derived collateral vessel-scoring
methodology was used as detailed previously.'®'” Briefly, 2 expe-
rienced neuroradiologists, both with subspecialty certification
and experienced in stroke and neurovascular imaging, assigned
CTA collateral scores using a visual inspection methodology to
quantify surface leptomeningeal collaterals in response to proxi-
mal arterial compromise, compared with the contralateral side.'”
The neuroradiologists assigned scores blinded to clinical and out-
comes data and all other imaging.'>'* A collateral score was as-
signed by using an ordinal, visual grading system estimating col-
lateral flow, scored 0-3 as follows: Collateral flow was assigned a
score of zero for absent surface vasculature, 1 for >0 but =50%
vasculature, 2 for >50 but <100% vasculature, and 3 for normal
or supranormal surface vasculature of the MCA territory. CTA
analysis was performed by using 20-mm axial sliding maximum
intensity projection and 0.625-mm axial source images and or-
thogonal and curved multiplanar reformats as needed.

CT Perfusion. All perfusion imaging was postprocessed by using a
custom, noncommercial version of a vendor-independent soft-
ware platform (RAPID) provided by Stanford University.'
RAPID is an automated computational tool designed for timely
analysis of CTP data as used recently in the stroke trial setting.” >’
Details of the perfusion postprocessing pipeline were discussed
previously.'”"” Briefly, following preprocessing steps correcting
rigid-body motion, arterial input function selection is performed
and deconvolved from the voxel time-attenuation course using a
delay-insensitive algorithm for isolation of the tissue residue
function. The time to maximum of the tissue residue function is
determined on a voxelwise basis, and time-to-maximum maps are
incrementally thresholded between 4 and 10 seconds at 2-second
intervals with penumbral maps overlaid on the source CTP
data.'®"?

Cerebral blood flow maps expressed in milliliters/100 g/min-
ute were computed as outlined elsewhere. Relative CBF maps
have been used in the stroke trial setting as estimates of irrevers-
ibly infarcted (core) tissues by using thresholds of relative CBF of
<30% contralateral normal tissues.'® Parametric maps were au-
tomatically generated and overlaid on source images for review
purposes.

Statistical Analysis

The range, mean, and median values of relative CBF—derived in-
farction core were determined across ASPECTS levels and for di-
chotomized ASPECTS of =7. A linear regression model was fitted
with relative CBF core volume as an outcome, creating dummy
variables for covariate NCCT-ASPECTS in regression analysis;



Table 1: Patient characteristics®

Characteristics
Admission NIHSS

15 (16)

Time of onset/last known healthy to imaging (min) 210 (252)
IV tPA (No.) (%) 23 (43)
Endovascular treatment (No.) (%) 9(17)
IA tPA 3
Thrombectomy 6
NCCT-ASPECTS 9()
Final infarction volume (mL) 37 (96)

Note:—IA indicates intra-arterial.
? Data are reported as median (interquartile range) unless otherwise noted.

ANOVA analysis was performed on the fitted linear regression,
and an F-test was applied. Because the NCCT-ASPECTS was con-
sidered a dummy variable in the regression and ANOVA analyses,
the Kendall 7 correlation was used to test the strength of the cor-
relation. Given the previously high interreader correlation for the
NCCT-ASPECTS of =7 (0.93) in our study population, all vari-
ables were assessed as the unweighted mean of combined reader
scores for qualitative variables.'®

An operationally defined CTP profile predicting favorable
outcome was assigned as prescribed in a recently reported, pro-
spective endovascular therapy trial.” Specifically, a target mis-
match profile consisting of an infarction core of =50 mL was
selected as the target relative CBF infarction core volume deter-
mined across NCCT-ASPECTS and at a dichotomized NCCT-
ASPECTS of =7. The 50 mL threshold was selected as a reference
volume as reported by the investigators of the recent Solitaire
With the Intention for Thrombectomy as Primary Endovascular
Treatment (SWIFT PRIME) trial and as used in the recent devel-
opment of a benchmarking software environment for quality
control in stroke perfusion imaging.>'” The Fisher exact test was
further applied to determine the association of ASPECTS of =7
and infarction core of =50 mL. A prediction error model for
correct classification of patients as having greater or less than 50
mL CBF infarction core was determined across NCCT-ASPECTS
and at a dichotomized ASPECTS of =7. Sensitivity, specificity,
and positive and negative predictive values for various thresholds
of ASPECTS and collateral scores were calculated and reported.

Statistical analysis was performed in R statistical and comput-
ing software (http://www.r-project.org/).

RESULTS

Sixty-two patients (36 women; median age, 70 years; range, 33—94
years) with AIS (<12 hours) and MCA or intracranial ICA occlu-
sion constituted the study population as previously reported. In-
complete or degraded imaging necessitated exclusion of 8 pa-
tients, leaving 54 patients for analysis. An ICA or M1 occlusion
was present in 41 (76%) patients, with proximal M2 segment
occlusion in the remainder. No patients had bilateral arterial
occlusions.

As shown in Table 1, the median NIHSS score at admission
was 15 (interquartile range, 16); the mean duration from the time
of onset/last known healthy to imaging was 210 minutes. Twenty-
three (43%) patients received IV tPA, and 9 (17%) underwent
endovascular treatment with intra-arterial tPA (n = 3) or throm-
bectomy (1 = 6). The median NCCT-ASPECTS was 9 (interquar-

FIG1. Computed ischemic core volumes by using relative CBF thresh-
olded at <30% contralateral normal tissues. Boxplots illustrate the
range and distribution of ischemic core values across NCCT-ASPECTS
values for the entire study population. An ASPECTS of 7 represented
a null dataset following averaging of 2 blinded readers (see text).
Notably, no patients with NCCT-ASPECTS of =5 were encountered
within the study population. Values are shown as median (line), inter-
quartile range (box), 10th/90th percentile (bars), and outliers (circles).

tile range, 1). Median final infarction volume as measured by MR
imaging was 37 (interquartile range, 96) mL.

While a significant association was detected between CBF core
estimates and NCCT-ASPECTS (Kendall 7 correlation, —0.51;
P < .01), large variability was found across 2-reader mean
ASPECTS values (Fig 1). For example, across patients with an
NCCT-ASPECTS of 8, the CBF core volume ranged from 0 to 115
mL with a median of 23 mL (interquartile range, 42 mL). Ranges
of core volume increased further at lower ASPECTS. Table 2 pres-
ents sensitivity, specificity, negative predictive values, and positive
predictive values of the candidate predictors, NCCT-ASPECTS
and collateral scores. For the analysis of dichotomized ASPECTS
of = 7, the CBF core volume ranged from 0 to 115 mL with a
median of 4 mL (interquartile range, 15 mL). An NCCT-
ASPECTS of =9 had 100% specificity (95% CI, 60—100) for iden-
tifying patients with CBF core volume of =50 mL, while an
NCCT-ASPECTS of =6 had 100% specificity (95% CI, 90%—
100%) for identifying patients with a CBF core volume of >50
mL. The prediction error model for correct identification of in-
farction core of =50 mL among ASPECTS of =7 demonstrated
significant associations but low specificity relative to a CBF core of
=50 mL (prediction error, 9%; P = .025; sensitivity, 0.98; speci-
ficity, 0.50; negative predictive value, 0.80; positive predictive
value, 0.92).

Our cohort included 28 patients with a collateral score of 1, 10
patients with a score of 2, and 15 patients with a score of 3. A
collateral score of 3 on CTA had 100% specificity (95% CI, 47%—
99%) but only 33% sensitivity (95% CI, 20%—49%) for identify-
ing patients with AIS with a CBF core volume of =50 mL. A
collateral score of =1 had an 88% sensitivity (95% CI, 47%-99%)
and a 53% specificity (95% CI, 38%—68%) for identifying pa-
tients with AIS with a CBF core volume of >50 mL. The collateral
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score demonstrated a significant association with CBF ischemic
core volumes (P < .01).

DISCUSSION

Our study found significant variability in CBF core volumes
among patients with AIS with similar NCCT-ASPECTS, we iden-
tified thresholds of NCCT-ASPECTS of =9 and collateral scores
of 3 with high specificity for finding patients with AIS with core
volumes considered ideal for revascularization. We also found
that NCCT-ASPECTS of =6 had a high specificity for identifying
patients with AIS with core volumes that made them suboptimal
candidates for revascularization.

Recent successful AIS trials have used disparate methodologies
for patient selection. These have differed primarily in their use of
either fast but potentially insensitive methodologies (eg, NCCT-
ASPECTS) versus more rigorous approaches to estimating tissue
viability with CTP, permitting operational tissue classification,

Table 2: Accuracy of NCCT-ASPECTS and collateral score in prediction of CBF infarction

core of <50 mL

segmentation, and volume measures.”*”*'® These specific factors
have been emphasized as targets for optimization and general
requirements in the stroke-research setting in recent expert con-
sensus.'” NCCT-ASPECTS aims to qualitatively identify early
ischemic changes modulated by ischemic bulk water shifts
(ie, edema). The speed and nearly invariable access to NCCT-
ASPECTS are clearly advantageous; however, reproducibility and
interrater agreement are reportedly variable.''"*°"** The insensi-
tivity of NCCT to initial water shifts, primarily those from the
interstitial to the intracellular compartment preceding progres-
sive vasogenic edema, may preclude accurate estimation of neu-
ronal injury in the very early aftermath of infarction.'*?%*
NCCT-ASPECTS may furthermore be limited by its tendency to
cluster largely variable volumes of injury across its coarsely chang-
ing scale, as illustrated in Fig 2, in which identical NCCT-
ASPECTS between 2 subjects can belie considerable differences in
the actual volume of injury. Such challenges may underlie existing
reports of greater agreement and predic-
tive accuracy for CTP in comparison

with NCCT-ASPECTS.'>'***?*> Not-

Threshold Sensitivity  Specificity PPV NPV ) ) )
NCCT-ASPECTS (CBF core volume =50 mL) withstanding these features, we previ-
>4 100 0 84.9 _ ously reported a high interrater agree-
=5 100 25 882 100 ment in the assignment of dichotomized
=6 100 37.5 90.0 100 ASPECTS of >7, despite more marginal
=/ 978 >0 o 802 agreement across all ASPECTSs.
=8 911 62.5 93.2 55.5 W lected infarcti
~9 68.9 100 100 36.4 e selected an infarction core
=10 267 100 100 195  threshold of 50 mL as a reference vol-
Collateral score (CBF core volume =50 mL) ume against which NCCT-ASPECTS
=0 100 0 84.9 - and collateral scores were studied, as re-
=1 533 875 96.0 250 ported by the investigators of the recent
=2 333 100 100 210 SWIFT PRIME trial.> The 50-mL
=3 0 100 - 151 nal dhe otm

— — — , — threshold has furthermore been pro-
Note:—PPV indicates positive predictive value; NPV, negative predictive value; —, non-value.

FIG 2. CT perfusion ischemic core estimates and complementary NCCT-ASPECTS in 2 patients (A and B). Selected images from panels of
RAPID-derived CBF core maps (white overlays) and NCCT-ASPECTS in 2 subjects, both with an ASPECTS of 8. Large differences in the estimated
volume of irreversible ischemic core are noted despite high ASPECTS in both patients presenting with acute stroke-like symptoms. Patient 1is
an 83-year-old woman (NIHSS score = 29) with NCCT-ASPECTS hypoattenuation suspected within the anterior left insular region and lateral
lentiform; Patient 2 is an 83-year-old man (NIHSS = 28) with NCCT-ASPECTS abnormality suspected within the lateral perirolandic parietal lobe
and the lateral temporal lobe (not shown). rCBF indicates relative CBF.
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posed in the development of a recently reported benchmarking
tool derived from pooled, prospectively acquired stroke trial data
to test the accuracy of perfusion-processing software for future
trial use.'” We thus propose that this threshold is relevant and
reflective of current viewpoints in stroke imaging. Specifically
with regard to such CTP selection criteria in AIS trials, we ob-
served large ranges and variability in CBF infarction core volumes
across ASPECTS.”

Within this population, the CTA collateral score demon-
strated a strong statistical association with CTP ischemic core
volumes, but low sensitivity and specificity for threshold infarc-
tion prediction. While these findings could reflect statistical lim-
itations related to sample size, we hypothesize that collateral score
and other static measures of surface vascularity may be unable to
capture the dynamic nature of collateral enhancement, while also
lacking in their ability to identify the truly nutritive capacity of
surface vessels. Recent advances in CT angiography, particularly
the development of timing-invariant CTA derived from CTP dy-
namic bolus-passage source data, offer some promise in mitigat-
ing the timing sensitivity of standard CTA in identifying collateral
vessels.”®

We acknowledge several study limitations, particularly
those inherent in the retrospective nature of the analysis. Het-
erogeneity in the study cohort precluded subselection of treat-
ed-versus-untreated patients. However, we contend that bias
related to treatment selection had a negligible impact on the
study conclusions because the primary aim of our study was to
examine the variability between contemporaneously acquired
imaging triage strategies. The qualitative parameters in this
study were generated from 2 independent, experienced read-
ers, in whom variability may bias results; however, as previ-
ously reported, interreader agreement was high across vari-
ables in this study population.'® The relative standard in this
study, against which the qualitative variables were compared,
was the RAPID software environment. While other such soft-
ware solutions are available, we recently reported the strengths
of the RAPID tool as a fully automated, user- and vendor-
independent means of semi-quantitative perfusion analysis. As
a semi-quantitative CTP computing tool, RAPID has been
shown to perform well, matching or exceeding the accuracy of
similar software environments relative to a ground truth digi-
tal perfusion phantom in a recent study, and the use of similar
iterations of the RAPID tool in recent multicenter trials may
further support the generalizability of our findings.”*>7>*”

Patient selection criteria likely modulate success in achieving a
favorable clinical response following revascularization in acute
ischemic stroke. The era of contemporary revascularization tech-
nologies now permits timely and dependable restoration of flow
in most cases; however, optimal identification of a target popula-
tion for treatment remains critical, and the ideal selection strategy
remains inconclusively established. These findings suggest that
readily available and expedited approaches to selection such as
ASPECTS correlate with commonly used perfusion parameters
but may lack sensitivity to inform accurate and quantitative esti-

mations of core volumes.

CONCLUSIONS

Using an NCCT-ASPECTS of =9 or a CTA collateral score of 3
best predicts a CBF core volume infarct of =50 mL, while an
NCCT-ASPECTS of =6 best predicts a CBF core volume infarct
of >50 mL. Together these thresholds suggest that a specific pop-
ulation of patients with AIS not meeting such profiles may benefit
most from CT perfusion to determine their candidacy for
revascularization.

Disclosures: Matus Straka—UNRELATED: Employment: iSchemaView; Stock/Stock
Options: iSchemaView. Srikant Rangaraju—UNRELATED: Grants/Grants Pending:
National Institutes of Health,* Comments: Dr Rangaraju is a trainee under the Na-
tional Institute of Neurological Disorders and Stroke T32 training grant (2T32 NS
007480-15, Principal Investigator, Allan I. Levey). *Money paid to the institution.
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MR Imaging in Spinocerebellar Ataxias: A Systematic Review

A. Klaes, M.C. FrancaJr, ““TJ.R. Rezende, ““L.M. Vedolin, ““LB. Jardim, and ““).A. Saute

E. Reckziegel,

ABSTRACT

BACKGROUND AND PURPOSE: Polyglutamine expansion spinocerebellar ataxias are autosomal dominant slowly progressive neurode-
generative diseases with no current treatment. MR imaging is the best-studied surrogate biomarker candidate for polyglutamine expansion
spinocerebellar ataxias, though with conflicting results. We aimed to review quantitative central nervous system MR imaging technique
findings in patients with polyglutamine expansion spinocerebellar ataxias and correlations with well-established clinical and molecular
disease markers.

MATERIALS AND METHODS: We searched MEDLINE, LILACS, and Cochrane data bases of clinical trials between January 1995 and January
2016, for quantitative MR imaging volumetric approaches, MR spectroscopy, diffusion tensor imaging, or other quantitative techniques,
comparing patients with polyglutamine expansion spinocerebellar ataxias (SCAs) with controls. Pertinent details for each study regarding
participants, imaging methods, and results were extracted.

RESULTS: After reviewing the 706 results, 18 studies were suitable for inclusion: 2 studies in SCA1, 1in SCA2, 15 in SCA3,1in SCA7,1in SCAI
and SCA6 presymptomatic carriers, and none in SCA17 and dentatorubropallidoluysian atrophy. Cerebellar hemispheres and vermis, whole
brain stem, midbrain, pons, medulla oblongata, cervical spine, striatum, and thalamus presented significant atrophy in SCA3. The caudate,
putamen and whole brain stem presented similar sensitivity to change compared with ataxia scales after 2 years of follow-up in a single
prospective study in SCA3. MR spectroscopy and DTI showed abnormalities only in cross-sectional studies in SCA3. Results from single
studies in other polyglutamine expansion spinocerebellar ataxias should be replicated in different cohorts.

CONCLUSIONS: Additional cross-sectional and prospective volumetric analysis, MR spectroscopy, and DTl studies are necessary in
polyglutamine expansion spinocerebellar ataxias . The properties of preclinical disease biomarkers (presymptomatic) of MR imaging should
be targeted in future studies.

ABBREVIATIONS: AD = axial diffusivity; CAG = cytosine-adenine-guanine; CAG,,, = CAG repeat length on the expanded allele; DRPLA = dentatorubropallido-
luysian atrophy; FA = fractional anisotropy; Glu = glutamate; ICARS = International Cooperative Ataxia Rating Scale; MJD = Machado-Joseph disease; PolyQ =
polyglutamine repeats; RD = radial diffusivity; SARA = Scale for the Assessment and Rating of Ataxia; SCA = spinocerebellar ataxia; SRM = standardized response mean;
VBM = voxel-based morphometry

pinocerebellar ataxias (SCAs) are autosomal dominant disor-
ders clinically characterized by symptoms resulting from cer-
ebellum and cerebellar interconnection neurodegeneration. SCA
due to expansions of coding cytosine-adenine-guanine (CAG) re-
peats (PolyQ) such as SCA1, SCA2, SCA3/Machado-Joseph dis-
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ease (MJD), SCA6, SCA7, SCA17, and dentatorubropallidoluy-
sian atrophy (DRPLA) are the most frequent forms." Similar to
other PolyQ diseases, these disorders manifest above a threshold
of CAG repeats that varies depending on the gene."'

Ataxia is often accompanied by extracerebellar findings, such
as pyramidal and extrapyramidal signs, oculomotor abnormali-
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ties, and peripheral neuropathy.'* Sleep, cognitive, and psychiat-
ric symptoms are also frequent in PolyQ-SCA, possibly due to a
more widespread CNS degeneration.™*

Natural history studies with well-validated SCA scales, such as
the Scale for the Assessment and Rating of Ataxia (SARA)®and the
Neurologic Examination Score for Spinocerebellar Ataxia” were

810 and

concordant with both the very slow disease progression
the necessity for large sample sizes to test disease-modifying ther-
apies in future randomized clinical trials.* '* Surrogate biomark-
ers could hasten randomized clinical trials and drug discoveries
for SCA. The number of biomarkers evaluated so far is small, and
neuroimaging, particularly MR imaging, is the best-evaluated
candidate."*

Many studies evaluated brain MR imaging in SCA, some with
conflicting results. Most evaluated a small number of patients
with a high risk of bias. Although different methodologies were
applied with multiple qualitative and quantitative approaches, it
is still unknown which technique and which region is best-suited
for a reliable biomarker for future randomized clinical trials in a
given PolyQ-SCA. So far, no systematic review has been published
on the subject, to our knowledge.

We aimed to perform a systematic review of the studies that
evaluated central nervous system quantitative MR imaging tech-
niques in patients with PolyQ-SCA, to assess the correlations of
reported findings with well-established clinical and molecular
disease markers and to evaluate the reported sensitivity to change
of the findings, when available.

MATERIALS AND METHODS

Search Criteria and Strategy

The objective and search strategy were established by using the
Population, Intervention, Comparator, Outcome format. We
searched MEDLINE, LILACS, and Cochrane data bases of clinical
trials between January 1995 and January 10, 2016. We restricted
the results to humans; no language restrictions were adopted.
Population, Intervention, Comparator, Outcome—specific search

» <«

terms regarding the population (“spinocerebellar ataxia,” “auto-
somal dominant cerebellar ataxia”) were combined with inter-

vention-of-interest keywords (“MR imaging,” “NMR,” “spec-

» » « » «

troscopy,” “volumetry,” “morphometry,” “gray matter atrophy,”

» o«

“regional atrophy,” “white matter atrophy,” “DTL,” “tractogra-
phy,” “diffusion tensor”). After performing the search, we also
performed manual citation review to ensure that all relevant stud-
ies were found. The review process followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses guidelines."”

For the complete search strategy, see the On-line Appendix.

Study Selection

To be included, a given study should meet at least 1 criterion from
each of the following: 1) study design: systematic review, random-
ized clinical trial, cohort, case-control or case series; 2) popula-
tion: symptomatic individuals with a molecular diagnosis of a
PolyQ-SCA (SCA1, SCA2, SCA3/MJD, SCA6, SCA7, SCA17, and
DRPLA) or asymptomatic carriers of PolyQ-SCA mutation; and
3) intervention: CNS MR imaging with =1.5T field; image pro-
cessing by using volumetric analysis, MR spectroscopy, diffusion
tensor imaging, tractography, or other MR imaging quantitative
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techniques. In addition, at least 1 of the following data points
regarding the subjects, age, age at disease onset, CAG repeat
length on the expanded allele (CAG
validated ataxia scale should be reported. We excluded studies

e,(p), or scores obtained from a
with the following characteristics: 1) study design: case reports or
reviews, other than systematic; 2) population: absence of a healthy
control group or <20 individuals per group or representing <5
different families (when informed); and 3) intervention: qualita-
tive CNS MR imaging analysis or neuroimaging studies other
than MR imaging. Prospective studies with =15 individuals and
studies on presymptomatic individuals with =10 subjects were
accepted, though the conclusions of studies with <20 individuals
per group were considered of limited value.

Data Extraction

Two independent reviewers performed the search (A.K., E.R.).
Before performing data extraction, we established a consensus of
eligible articles between reviewers and a separate assessor
(J.A.M.S.). For data extraction, we considered author, year, coun-
try, study design and medical scenario, population, sample size,
outcomes, MR imaging acquisition and postprocessing, MR im-
aging main findings, clinical molecular correlations, and study
limitations. Comparisons of MR imaging findings among differ-
ent SCAs, qualitative findings, and diagnostic properties of MR
imaging for SCAs were not analyzed.

RESULTS

Seven hundred six articles were retrieved on the basis of the title/
abstract data base search; 698 on MEDLINE, 4 on LILACS, and 4
at the Cochrane Library. Eighteen studies (case-control and pro-
spective cohorts) were included for critical evidence evaluation
based on our eligibility criteria. See Fig 1 for the study-selection
procedures and the On-line Appendix for the complete search
strategy.

Study Characteristics and Risk of Bias within Studies
For main descriptive data of included studies, see On-line Tables
1-4.

Results of Individual Studies

Eighteen studies were selected for this review: 2 including SCA1, 1
including SCA2, 15 including SCA3/MJD, 1 including patients
with SCA7, and 1 study including presymptomatic carriers of
SCA1 and SCA6 mutations. No eligible studies were found for
SCA17 and DRPLA. On-line Table 1 summarizes the results of
volumetric analysis, spectroscopy, DTI, and other methods for
infratentorial regions, and On-line Table 2 gives the results for
supratentorial regions. Although we found significant bias in
most studies (selection and measurement bias being the most
frequent), in general these findings did not limit the overall re-
sults, considering the relative consistency of findings across stud-
ies (On-line Tables 3-6).

Only 2 studies evaluated prospectively MR imaging changes in
patients with SCA."®'” Both studies assessed volumetric analysis,
and 1 of them assessed MR spectroscopy changes with time."®

Volumetric studies used voxel-based morphometry (VBM)
and surface-based analysis. VBM analysis, implemented in differ-



Identification
Medline: 698 articles —
Cochrane Database: 4 articles

Excluded (n=592)
- Duplication = 2

Lilacs: 4
l Excluded at abstract (n=69)*
- **Sample size = 62
Screening - Review study = 1

—— - Qualitative analysis = 9

- Other methods than MRI = 2
- <5 different pedigrees = 2

l - No healthy control group =1

111 Reviewed at abstract

Excluded at full text (n=24)*
- Equipment <1,5 Tesla =2
**Sample size =13
No healthy control group = 4
Study design =2
Qualitative analysis = 5

Eligibility
42 Reviewed at abstract ]

l

Included

18 studies*

- Volumetric analysis (9)
A3=7
SCA1=2
SCA2=1
SCA7=1
Presymptomatic SCA1 and SCA6 = 1
MRS (7) > SCA3=7

DTI(2) > SCA3=2
Other (3) > SCA3=3

SCA17-DRPLA =0

FIG 1. Flow diagram outlining the selection procedure. The asterisk
indicates that the total number of studies is lower than the sum of
individual studies because some studies were excluded for =2 rea-
sons and some studies evaluated >1SCA subtype. Double asterisks
indicate sample size exclusion criteria: <20 individuals per group for
cross-sectional studies, <15 individuals for prospective studies, and
<10 individuals per group for studies in presymptomatic individuals.

ent versions of the SPM software (SPM2, SPM5, and SPMS; tools;
http://www fil.ion.ucl.ac.uk/spm/software/spm8), varied among
selected studies, which used ROIs or VOI analysis and/or whole-
brain volume analysis with standardization maps. Seven studies
used ROI or VOI'*'#** analysis (2 with manual outlining), and 8
studies performed whole brain analysis (5 automated®**® and 3
semiautomated'”***° processing). One study performed both
manual and automated morphometric measurement of the thal-
amus.”’ Surface-based analysis with the FSL Toolbox (http:/fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Randomise) and FreeSurfer (http://
surfer.nmr.mgh.harvard.edu) were used in 2 articles. All spectro-
scopic studies were performed by using single-voxel protocols.

SCA1

MR Imaging Volumetric Studies. A single study evaluated quan-
titative volumetric changes in SCA1, comprising 48 patients with
SCA1, 24 patients with SCA3/MJD, and 32 controls in a multi-
center study.””

Infratentorial Regions. The authors reported gray matter volume
loss in the cerebellar hemispheres, vermis, and whole brain stem
and white matter loss in the whole brain stem, midbrain, pons,
middle cerebellar peduncles, and cerebellar hemispheres on VBM
analysis. Semiautomated volume analysis showed similar results
with whole brain stem, pons, and medulla oblongata atrophy.
Results of the SARA and Unified Huntington’s Disease Rating
Scale, which both increase with disease severity, correlated in-
versely with whole brain stem (R = —0.447, P < .001; R =

—0.376, P < .01, respectively) and pons volumes (R = —0.531,
P <.001; R = —0.438, P < .001; respectively).””

Supratentorial Structures. Gray matter volume losses were
found in the caudate nucleus and temporal lobes on VBM and in
the putamen on semiautomated analysis. No significant correla-
tions of supratentorial volumes with clinical or molecular data
were reported.”’

Prospective Studies. Reetz et al'” prospectively evaluated 37 pa-
tients with SCA1 and 19 with SCA3/MJD during approximately 2
years. On VBM analysis, patients with SCA1 showed significant
decline in gray matter in the whole brain stem, left anterior and
posterior cerebellum, and the right putamen and pallidum. The
length of the expanded CAG repeat allele correlated with cerebel-
lum (R = —0.48, P < .005) and pons (R = —0.47, P < .005)
volume loss in SCA1."” On semiautomated analysis, significant
atrophy progression was found in the whole brain stem, pons,
putamen, left caudate, and left cerebellar hemisphere. The length
of the expanded CAG repeat allele correlated with left (R =
—0.370, P < .05) and right (R = 0.380, P < .05) cerebellum
volume loss. When we compared patients with SCA1 and SCA3/
MJD regarding CNS atrophy progression, SCA1 showed an in-
creased rate of volume loss in the whole brain stem, left cerebellar
hemisphere, and putamen.'”

Presymptomatic Individuals. A single study evaluated MR imag-
ing volumetric analysis in presymptomatic individuals, the Ataxia
Study Group study of individuals at Risk for SCA1, SCA2, SCA3,
SCA6, SCA7 (RISCA).*° This was a multicenter observational Fu-
ropean study, in which 50 presymptomatic individual carriers of a
PolyQ-SCA mutation and 33 noncarrier controls underwent MR
imaging in 8 centers. Carriers and noncarriers were grouped for
evaluation in 26 carriers and 13 noncarriers for SCA1 mutations,
4 carriers and 8 noncarriers for SCA2 mutations, 9 carriers and 6
noncarriers for SCA3/MJD mutations, and 11 carriers and 6 non-
carriers for SCA6 mutations. According to our criteria, only SCA1
and SCAG6 data (pooled controls) were reviewed.

The mean estimated time from onset for SCA1 carriers was
—11 years (—14 to —8), the mean age was 26 years, and 23 (88%)
were women. The VBM results showed gray matter loss in the
medulla oblongata extending to the pons and in lobule IX of the
cerebellum in SCALI carriers. On semiautomated analysis, no dif-
ferences were seen between carriers and noncarriers, even when
pooling the noncarrier individuals in a common control group
(n = 33). The MR imaging volumes did not correlate with time
from onset in any genotype.™

SCA2

MR Imaging Volumetric Studies. A single study evaluated quan-
titative volumetric changes in 20 patients with SCA2 and 20
healthy matched controls.'®

Infratentorial and Supratentorial Regions. The authors re-
ported symmetric gray matter volume loss in the cerebellar vermis
and hemispheres, with sparing of vermian lobules I, I, and X and
of hemispheric lobules I, II, and crus II, on VBM analysis. White
matter volume loss was depicted in the peridentate regions, mid-
dle cerebellar peduncles, dorsal portion of the pons, and the su-
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FIG 2. Main encephalic regions with volume loss and its clinical and molecular correlations in SCA3/MJD. DD indicates disease duration; NA, not

available; NS, not significant.

perficial portion of the cerebral peduncles.'® International Coop-
erative Ataxia Rating Scale (ICARS) correlated inversely with
average cerebellar gray matter volume (R = —0.53) and average
white matter volume of the peridentate regions, middle cerebellar
peduncles, dorsal pons, and cerebral peduncles (R = —0.54), and
it correlated directly with CSF volume in the posterior cranial
fossa (R = 0.45). The P values for correlation analysis were not
given. No gray or white matter volume losses were observed in the
cerebral hemispheres of patients with SCA2.

SCA3/MJD

MR Imaging Volumetric Studies. Six studies evaluated volumetric
changes in patients with SCA3/MJD and control individuals, 4
with VBM, 1 with FreeSurfer analysis,"******>** and 3 with
semiautomated analysis,””>"** comprising a total of 246 patients
with SCA3/MJD evaluated. Five of the 6 cross-sectional studies
were performed by the same group in a single center in

Brazil.'®*!>*
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Infratentorial Structures. All 4 studies that analyzed cerebellar
volume with VBM and FreeSurfer found significant atrophy
for the total cerebellum or cerebellar hemispheres'®*%*>%?; 3
studies also reported vermian atrophy.'®*>?? One study re-

** while another study re-

ported dentate nucleus atrophy,
ported no differences in this region.”” Two studies reported
cerebellar peduncle atrophy.>**> Four studies reported whole

16,29,32,33

brain stem atrophy, and 3 studies, pontine atro-

16:29 and medulla

phy.'®**?* Two studies reported midbrain
oblongata atrophy,'®?? while 1 study found no differences for
midbrain®® and 1, for medulla oblongata volumes.*’

Semiautomated volume analysis from a single study”” showed
results similar to those of the overall VBM analysis with atrophy in
the total cerebellum, cerebellar hemispheres and vermis, whole
brain stem, midbrain, pons, and medulla oblongata.

Both cerebellar and brain stem structures presented significant
correlation with SARA,****?? ICARS,'®*? disease duration,’*>?

and CAG repeat expansions length (On-line Table 1 and Fig 2).'°



A single study evaluated semiautomated cervical spine volu-
metric analysis and found significant atrophy in SCA3/MJD,
which correlated with longer disease duration.”*

Supratentorial Regions: Subcortical Nuclei. Regarding auto-
mated gray matter analysis, 2 studies found caudate nucleus and
putamen, internal globus pallidum, or lentiform atrophy in
SCA3/MJD,'*** while 1 study found no differences.*” Three stud-

103132 while a single study did not.*”

ies found thalamic atrophy,
One of these studies reported a significant inverse correlation of
left thalamus volume with SARA,>? while the other 3 studies re-
ported no significant correlations with clinical or molecular
data.'®**?! Regarding semiautomated volumetric analysis, a sin-
gle study found caudate and putamen atrophy, with an inverse
correlation of caudate atrophy with SARA scores,”” and a single
study found thalamic atrophy, with no significant correlations

with clinical or molecular data (On-line Table 1 and Fig 2).>"

Supratentorial Regions: Cerebral Hemispheres. Three cross-sec-
tional studies evaluated cerebral hemispheres with VBM and cor-

10:29:32 Two studies found significant atrophy of

tical thickness.
the temporal, frontal, parietal, occipital, and/or limbic lobes/gyri.
Two studies found significant correlation of some of these regions
with disease duration,'®?? one with SARA®? and the other with
ICARS."® One study reported significant correlation of these regions
with CAG repeat expansions length,'® while the other 2 did not.*>*
Regarding semiautomated volumetric analysis, a single study found
temporal lobe atrophy in SCA3/MJD without significant correlations

with clinical and molecular features (On-line Table 1).**

Prospective Studies. In the study by Reetz et al,'” the main effect
in gray matter changes on VBM after 2 years of follow-up in the
SCA3/MJD group (1 = 19) was restricted to the bilateral putamen
and pallidum. Thirty patients with SCA3/MJD were also prospec-
tively assessed in a Brazilian study.'® No losses of gray matter and
white matter densities on VBM analysis were seen after 12.5

months.'® '

On semiautomated volumetric analysis, Reetz et a
found significant atrophy progression in the whole brain stem,
pons, putamen, and left caudate in SCA3/MJD, with no correla-

tions with CAG,,,.

MR Spectroscopy. All 6 included MR spectroscopy studies eval-
uated only patients with SCA3/MJD, comprising 235 individu-
als."??»?%2° Many of the studies evaluated different ROIs, which
made it difficult to pool data.

Infratentorial Structures. Five studies evaluated MR spectros-
copy of infratentorial regions in SCA3/MJD'"*%; all of them eval-
uated cerebellar structures, and only 1 evaluated the brain stem
(see On-line Table 1 for the main findings)."”

The N-acetylaspartate/creatine ratio was evaluated in 4 studies

20-22 a1l with re-

with ROIs in the cerebellar hemispheres/cortex,
duced NAA/Cr ratios; 2 of them had inverse correlations with
SARA scores.”">> NAA/Cr ratio with ROIs in the cerebellar ver-
mis was evaluated in 3 studies, all with reduced ratios,”° > 2 of
them with inverse correlations with SARA scores.*"*> NAA/Cr
ratio with ROI in dentate nucleus and cerebellar peduncles was
evaluated in a single study. Both regions showed reduced NAA/Cr
ratio with a direct correlation with SARA scores for both regions,
a direct correlation with disease duration in the dentate nucleus,

and an inverse correlation with age at onset in the cerebellar pe-
duncles.” A single study evaluated the NAA + N-acetyl-aspartyl-
glutamate/total Cr ratio in the left cerebellar white matter of pa-
tients with SCA3/MJD and found reduced ratios.?° Reduced NAA
levels in the cerebellar vermis and pons, with a strong inverse
correlation between SARA scores and NAA levels in the pons,
were reported in a single study.'” Two studies evaluated the NAA/
choline ratio®**'; NAA/Cho ratio was reduced in the cerebellar
vermis in both studies, but one reported a direct’® and the other
an inverse correlation®' with SARA. One study found reduced
NAA/Cho ratio in the cerebellar hemispheres, with an inverse
correlation with SARA scores and a direct correlation with disease
duration,?! while the other found no differences.?° No differences
of NAA/Cho ratio were found in the dentate nucleus.?’

Two studies evaluated the Cho/Cr ratio®***; one study discov-
ered a NAA/Cho ratio reduction in the cerebellar vermis, with no
significant clinical or molecular correlations® and the other
found no differences for the cerebellar vermis, cortex, dentate
nucleus, or cerebellar peduncles.”® One study evaluated the glu-
tamate (Glu)/total Cr ratio in the left cerebellar white matter and
found reductions in SCA3/MJD, but with no correlations with
motor clinical or molecular data.”® One study evaluated MR spec-
troscopy Glu levels and found reductions in the cerebellar vermis
and pons, with no significant clinical or molecular correlations."’
MR spectroscopy Cr and myo-inositol levels were both increased
in the cerebellar vermis and pons of patients with SCA3/MJD in a
single study, with a direct correlation of myo-inositol with SARA
in the pons.'® Other metabolites were assessed in the same study,
with no differences from controls."”

Supratentorial Structures. A single study evaluated MR spec-
troscopy in the corpus callosum and found reduced NAA/Cr ratio
and normal Cho/Cr ratios in patients with SCA3/MJD, with no
significant clinical or molecular correlations.*

Prospective Studies. D’Abreu et al'® assessed MR spectroscopy
in 19 patients with SCA3/MJD after 12.5 months. No difference in
the NAA/Cr ratio in the superior posterior region of the left hemi-
sphere was found.

Diffusion Tensor Imaging. Only 1 study evaluated DTT in SCA3/
MJD, comprising 38 patients.”* We excluded the DTI data in the
study by Lopes et al*® after contacting the study authors, because
there was an overlap of patients and findings with the study by

Guimardes et al.**

This study reported reduced fractional anisot-
ropy (FA) in the bilateral cerebellum, including the dentate and
other nuclei and cerebellar peduncles, and in the brain stem, in-
cluding the midbrain and pons. Increased axial diffusivity (AD)
and radial diffusivity (RD) were seen in different cerebellar and
brain stem regions, while mean diffusivity did not differ from that
in controls. AD also increased in the thalamus, and RD increased
in the thalamus, frontal and parietal lobes, and corpus callosum.
The only significant correlation of DTI parameters with FA was in
the pons, with disease duration a direct correlation.”*

Other Quantitative MR Imaging Evaluations. Three studies eval-
uated other quantitative MR imaging methods: relaxometry** (38
patients with SCA/MJD), perfusion® (22 symptomatic patients
and 16 presymptomatic SCA3/MJD mutation carriers), and frac-
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tal dimension analysis®” (48 patients with SCA3/M]JD). Only MR
imaging fractal analysis of the cerebellum and cerebral regions
showed significant correlations with disease duration and SARA
(See On-line-Table 6 for detailed results for other method

studies).?”

SCA6

MR Imaging Volumetric Studies: Presymptomatic Individuals.
RISCA was the only study included that evaluated individuals
with SCA6.%° Eleven presymptomatic SCA6 carriers (6 women),
with a mean estimated time from onset of —20 years (—23 to
—16) (mean age, 46 years), were studied. VBM and semiauto-
mated analysis results showed no differences between SCA6 mu-
tation carriers and noncarriers.

SCA7

MR Imaging Volumetric Studies. A single study evaluated quan-
titative semiautomated volumetric changes in 24 patients with
SCA7 and age-matched controls.*®

Infratentorial and Supratentorial Regions. Hernandez-Castillo*®
reported the largest volume losses in the right anterior cerebellum
and left posterior cerebellum. Right anterior cerebellum culmen
(R= —0.817, P <.05) and posterior tonsil (R = —0.740, P < .05),
and left anterior cerebellum culmen (R = —0.759, P < .05) and
posterior cerebellum semilunar (R = —0.640, P < .05) showed
significant inverse correlations with SARA scores. No brain stem
volume loss was reported.'” Gray matter atrophy was also seen in
the cuneus, precuneus, pre/post central gyri, inferior frontal
gyrus, and temporal lobes. Right (R = —0.742, P < .05) and left
(R = —0.799, P < .05) precentral and inferior frontal gyri (R =
—0.72, P < .05) volumes inversely correlated with SARA scores.
No volume loss was reported for subcortical nuclei.*®

DISCUSSION

This is the first systematic review on quantitative MR imaging
findings of PolyQ-SCA. Although the number of MR imaging
studies published for these disorders in the past 10 years is quite
large, the small sample sizes and qualitative analysis of the find-
ings limited the validity of most study results. We adopted a crit-
ical evaluation approach,®® which aimed to include studies that
met a predetermined threshold of quality, to define our eligibility
criteria. Our most restrictive criterion was related to study sample
size. A threshold of sample size was selected (exclusion criteria:
<20 individuals per group for cross-sectional studies, <15 indi-
viduals for prospective studies, and <10 individuals per group for
studies in presymptomatic individuals) because no sample size
estimation with study power definition was provided in the stud-
ies found.

Recent studies in neuroimaging applied different techniques
such as manual segmentation, voxel-based morphometry, spec-
troscopy, and DTTI. In fact, most studies described in this review
performed volumetric estimations and objective evaluations as in
DTI or in spectroscopy. We will now discuss the current knowl-
edge on MR imaging quantitative techniques for PolyQ-SCAs and
potential areas for future research, considering these instruments
as potential surrogate outcomes for future clinical trials.
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MR Volumetric Analysis SCA1

When we consider the available data, whole brain stem, pons,
putamen, caudate, and cerebellar hemisphere atrophy seem to be
the best target regions as surrogate outcomes in SCA1.'”*° The
standardized response mean (SRM = mean score change/SD of
the score change; an effect size index used to enable the compar-
ison among different instruments) of region-specific volume loss
on MR imaging was similar or even larger than that of clinical
scales. The 2-year SRM of volume loss was —1.6 for whole brain
stem, —1.5 for the pons, —1.3 for the putamen, —1.2 for the
caudate, and —0.7 for the cerebellum in SCA1, which are similar
or even higher than the SRM of SARA, which was 1.2. Of note,

SRM values of >0.8 are considered large changes with time.*'"!”

MR Volumetric Analysis, MR Spectroscopy, and DTl in
SCA3/MJD

SCA3/MJD was by far the most studied PolyQ-SCA with MR im-
aging. SCA3/MJD studies generally presented larger sample sizes
and lower risks of selection bias. Regarding volumetric studies,
cerebellar hemispheres and vermis, whole brain stem, midbrain,
pons, medulla oblongata, cervical spine, caudate and putamen
nuclei, and thalamus seem to be the best target regions as surro-
gate outcomes in SCA3/MJD according to cross-sectional stud-
ies.'©2%2%32:3% In the study by Schulz et al,*® the stepwise inclu-
sion of the pons and medulla oblongata together explained 53% of
the variance in SARA in a linear regression model, and in another
study, the cross-sectional area of the cervical spine explained
49.1% of SARA scores in a regression model built with disease
duration and cerebellar volume.” Some minor differences in the
results across studies might be related to technical differences be-
tween semiautomated and automated analyses and differences
between VBM and surface analysis (FreeSurfer).”>>” Although
several volumetric analyses have been published, the use of at least
3 technical approaches, the heterogeneity of comparisons with
independent variables (CAG
and so forth), and the way data are presented in VBM studies

oxp> disease duration, ataxia scales,
prevented any data meta-analysis.

On a prospective study, the main gray matter changes in the
SCA3/MJD group were in the whole brain stem, pons, putamen,
and caudate.'” The 2-year SRMs of region-specific volume loss on
MR imaging were —1.1 for the whole brain stem, —0.9 for the
pons, —1.5 for the putamen, and — 1.6 for the caudate in SCA3/
MJD, which is similar or even higher than the 1.4 SRM of SARA."”
Another study did not find gray matter and white matter density
losses on VBM analysis in 30 patients with SCA3/MJD after 12.5
' This finding could be explained by both shorter fol-
low-up and statistical differences regarding processing of VBM

months.

(an unbiased analysis, corrected for many different comparisons)
and semiautomated volumetric analysis (fewer target regions),
with semiautomated volumetric analysis apparently presenting
greater study power for longitudinal studies.

A single prospective study evaluated MR spectroscopy with
the ROT over the superior posterior region of the left hemisphere
during 1 year and failed to show differences in metabolite ratios.'®
It will be important to report the differences with time of struc-
tures and metabolites with relevant alterations on cross-sectional
studies as NAA/Cr, NAA/Cho and Glu/Cr ratios, NAA, Glu, Cr,



and myo-inositol levels of the cerebellar hemispheres/cortices,
vermis, and pons.'

Given the available data, DTI may not yet be considered a
potential surrogate biomarker for SCA3/MJD. Although differ-
ences in FA, AD, and RD were seen for the infratentorial and
supratentorial regions, the significance in relation to well-known
clinical and molecular parameters is not defined, with a possible

relevance related to nonmotor findings of the disorder.**

Multimodal Approach in SCA3/MJD

None of the eligible studies directly compared the findings of
different quantitative MR imaging modalities or tried to put to-
gether their information (structural and functional). The results
of studies with volumetric analysis, MR spectroscopy, and DTI in
SCA3/MJD found abnormalities in similar infratentorial regions
(the cerebellum and brain stem). Comparison of data across MR
imaging modalities was not possible for supratentorial regions
because of the following: 1) the results of studies on volumetric
analysis were heterogeneous, 2) only metabolites in the corpus
callosum were evaluated with MR spectroscopy, and 3) DTT re-
sults were based on a single study.

Other PolyQ-SCAs

We reviewed single studies that performed MR imaging volumet-
ric analysis in SCA2 and SCA7.'®** Although infratentorial gray
and white matter volume loss that correlated with ICARS scores
were found for SCA2'® and different cerebellar region and supra-
tentorial structure (frontal, parietal, temporal, and occipital
lobes) atrophies that correlated with SARA scores were found for
SCA7,%® these results must be replicated by confirmatory cross-
sectional studies, and the role of the discovered patterns of atro-
phy as disease surrogate biomarkers should be tested in prospec-
tive studies. Only a single study performed MR volumetric
analysis in a small sample of presymptomatic individuals with
SCA6 and showed no brain atrophy.’® Neither studies on symp-
tomatic patients with SCA6, SCA17, and DRPLA nor studies with
quantitative methods other than volumetric analysis, except for
SCA3/MJD, were eligible.

CONCLUSIONS

There is a need for further cross-sectional MR imaging volumetric
analysis, MR spectroscopy, and DTI studies for SCA1, SCA2,
SCA6, SCA7, SCA17, and DRPLA to better define which tech-
niques and regions are the best candidates for surrogate end
points to be further tested in prospective studies. MR imaging
fractal’” and multimodal approach analysis also deserves further
study in PolyQ-SCA. These studies will probably need to be col-
laborative initiatives to obtain larger sample sizes that may allow
an adequate interpretation and validity of findings.

Further prospective studies will be necessary for defining the
best surrogate biomarker outcomes for all PolyQ-SCA. The only
publication with promising results collected prospectively and
published so far'” must be seen as a discovery study. The results
need to be replicated by independent cohorts of patients with
SCAI and SCA3/MJD. Moreover, the scarcity of cross-sectional
and prospective studies in presymptomatic individuals might ex-
plain the present lack of preclinical disease markers for PolyQ-

SCA. For instance, in a recent clinical trial, creatine was given to
presymptomatic at-risk individuals for Huntington disease,”® and
the main trial efficacy outcomes were MR imaging cortical and
striatum atrophy at 6 and 18 months after therapy. The authors
found significant differences between groups, favoring creatine.
Although the clinical relevance of the findings is still unknown,
this study raises the possibility of including individuals presymp-
tomatic for PolyQ disorders in clinical trials, irrespective of their
carrier status, and of using MR imaging volumetric analysis as a
surrogate end point of the disease process before the commence-
ment of clinical manifestations. Such study design should be pur-
sued for PolyQ-SCA in the future.

The study of supratentorial structures other than subcortical
nuclei may have a more relevant and yet-not-well-explored rela-
tion with nonmotor and nonataxic motor manifestations of
PolyQ-SCA and deserves further exploration. Other MR imaging
methods, such as surface analysis techniques (such as FreeSurfer),
have been shown to be more sensitive for evaluating supratento-
rial gray matter, especially for their ability to analyze the folds and
surface compared with VBM.?**°
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Geometric Parameter Analysis of Ruptured and Unruptured
Aneurysms in Patients with Symmetric Bilateral Intracranial
Aneurysms: A Multicenter CT Angiography Study

Z.-Q. Huang, ““'Z.-H. Meng, ““'Z.-). Hou, *“'S.-Q. Huang, ““J.-N. Chen, ““H. Yu, ““L-J. Feng, ““Q.-J. Wang, ““P.-A. Li, and ‘“'Z.-B. Wen

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies of geometric and morphologic parameters of intracranial aneurysms have been con-
ducted to determine rupture risk, which remains incompletely defined due to patient-specific risk factors, such as sex, hypertension, and
age. To this end, we compared characteristics of ruptured and unruptured aneurysms in the same patients with symmetric bilateral
intracranial aneurysms.

MATERIALS AND METHODS: Between January 2008 and March 2014, 2361 patients with 2674 aneurysms were diagnosed by CT angiog-
raphy or surgical findings at 4 medical centers. Geometric and morphologic parameters examined for symmetric bilateral intracranial
aneurysms comprised aneurysm wall regularity, size, neck width, aspect ratio, size ratio, neck-to-parent artery ratio, and area ratio.
Univariate and multivariate statistical analyses were performed to determine independent risk factors for rupture.

RESULTS: Sixty-three patients (48 women, 15 men; mean age, 62.5 = 9.8 years) with symmetric bilateral aneurysms were eligible for the
study and were included. The most frequent aneurysm location was the posterior communicating artery. Univariate analysis disclosed that
aneurysm size, aspect ratio, size ratio, area ratio, and irregular wall differed between patients with ruptured and unruptured aneurysms.
Multivariate analysis indicated that aspect ratio of =1.6 (adjusted OR, 9.521; 95% Cl, 2.182—41.535), area ratio of =1.5 (adjusted OR, 4.089; 95%
Cl,1.247-13.406), and irregular shape (adjusted OR,10.443; 95% Cl 3.394 —32.135) were significant predictive factors for aneurysm rupture after
adjustment for aneurysm size.

CONCLUSIONS: An aspect ratio of =16, area ratio of =15, and irregular wall are associated with aneurysm rupture independent of
aneurysm size and patient characteristics. These characteristics alone can help in distinguishing ruptured bilateral intracranial aneurysms

from unruptured ones.

ABBREVIATIONS: A, = area of parent artery within the neck; A, = aneurysm area; AR = aspect ratio; SR = size ratio

nruptured intracranial aneurysms are common lesions with
U a prevalence of 3%—7%."> Aneurysm rupture is the primary
cause of subarachnoid hemorrhage, leading to high morbidity
and mortality. Meanwhile, prophylactic treatment of unruptured
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intracranial aneurysms is also associated with risks.”* Therefore,
identification of the risk factors for aneurysm rupture is essential
for both risk assessment and treatment.

Previous research on geometric parameters, including aspect
ratio (AR), size ratio (SR), and aneurysm flow angles, has shown
their association with aneurysm rupture.””’ However, conclu-
sions are confounded by patient-specific characteristics, such as
hypertension, age, and history of subarachnoid hemorrhage from
another aneurysm which, along with geographic region, have
been identified as risk factors for aneurysm rup'[ure.g’10 Hence,
aneurysm-related factors need to be analyzed by comparing the
aneurysm characteristics of ruptured and unruptured aneurysms
in the same individual to identify risk factors in a case-control design.
We conducted a multicenter, retrospective cohort study of intracra-
nial aneurysms in the Chinese population. The objectives of the arti-
cle were to elucidate the morphologic and geometric parameters that
discriminate intracranial aneurysm rupture status in the same pa-
tient with symmetric bilateral intracranial aneurysms.
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FIG 1. Methodology of morphologic and geometric parameter measurements. A, CT angiography shows maximum intensity projection with a
10-mm section thickness, under X4 magnification and a standardized window setting, of symmetric bilateral intracranial aneurysms at the
internal carotid artery. B, The angle maximum aneurysm height (Hmax) and neck width measurements are schematically shown. C, Area ratio
measurements. The area ratio was defined as the area of the aneurysm to the parent artery in the neck plane. The area of the aneurysm (area with
blue) is 7 X Hp X W, and the area of the parent artery within the neck (area with red) is 7= X Dv X N. The red arrow indicates blood flow

direction.

MATERIALS AND METHODS
Patient Selection and Data Collection
A retrospective analysis was performed in patients diagnosed with
intracranial aneurysms from January 2008 to March 2014 who
underwent CT angiography with at least 64 sections at 1 of our 4
affiliated hospitals. At each participating center, the institutional
review board approved this cohort study. The requirement for
informed consent was waived because no diagnostic tests other
than routine clinical imaging were used in this study. Addition-
ally, we did not conduct research outside our country of residence.
Patient exclusion criteria were the following: 1) fusiform, trau-
matic, or mycotic aneurysms; 2) insufficient image quality to eval-
uate aneurysm geometry and morphology and poorly defined
wide-neck aneurysms; 3) inability to identify the location of the
ruptured aneurysm on the basis of the pattern of hemorrhage on
CT or neurosurgical findings; and 4) an intracranial aneurysm
related to arteriovenous malformation.

Definition and Measurement of Morphologic and
Geometric Parameters

For each patient with SAH, noncontrast CT and CTA images were
evaluated on the workstation that came with the CT scanner for
morphologic and geometric variables of aneurysms. Patients were
routinely checked at each hospital every day for treatment plan-
ning of both ruptured and unruptured aneurysms. CTA was per-
formed with an FOV of 160 mm and a section thickness of 0.5 or
0.625 mm reconstructed at 0.5 or 0.625 mm, resulting in a voxel
size of 0.3 X 0.3 X 0.5 (or 0.625) mm. Noncontrast head CT
images and neurosurgical findings were reviewed by a neuroradi-
ologist (Z.-B.W., with 25 years of working experience in central
nervous system vascular imaging), who was blinded to aneurysm
geometry and morphology, to identify the location of the rup-
tured aneurysm in each patient.

Two neuroradiologists (Z.-Q.H and Z.-H.M, with 5 and 23
years of working experience in central nervous system vascular
imaging, respectively) independently obtained measurements, and
the average value was used for subsequent statistical analyses.' "' If
an aneurysm was detected, the 2 neuroradiologists evaluated sev-
eral morphologic characteristics: 1) maximum aneurysm height
(Fig 1), defined as the maximum distance from the neck center to
the dome of the aneurysm; 2) maximal perpendicular height
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(Hp), defined as the largest perpendicular distance from the neck
plane to the dome of the aneurysm; 3) aneurysm width (W) and
neck width (N), defined as the longest diameter of the aneurysm
and its neck perpendicular to the Hp; 4) vessel diameter (Dv),
already defined in the literature; and 5) flow angle and parent-
daughter angle, as previously defined by Lin et al.>"?

We calculated the following secondary geometric indices: 1)
aspect ratio (the ratio of maximum aneurysm height to N); 2) size
ratio (the ratio of maximum aneurysm height to the Dv); 3) neck-
to-parent-artery ratio (the ratio of N to Dv); and 4) area ratio (the
ratio of the area of the aneurysm to the parent artery in the neck
plane). Therefore, the area of the aneurysm (A,) is 7 X Hp X W,
and the area of parent artery within neck (A,) is 7 X Dv X N.

All measurements were performed on a workstation with an
electronic caliper under X4 magnification, and maximum-inten-
sity-projection images with 10-mm section thickness and a stan-
dardized window setting (window level and window width equal
to the Hounsfield unit within the aneurysm) were used. Measure-
ments of morphologic and geometric parameters were performed
on a 0.1-mm or 0.1° scale; secondary geometric indices were cal-
culated on a 0.001-point scale. The maximum measurement of W
or maximum aneurysm height was defined as the aneurysm size.
Aneurysm shape was categorized into “spheric” (defined as an
aneurysm ratio of Hp to W or W to Hp of =80%), or “non-
spheric”; the aneurysm wall was categorized as smooth (regular
pouch without protrusions) or irregular (when blebs, lobes, or
protrusions were present). Flow into the aneurysm was consid-
ered straight flow when the inflow angle was greater than the main
branching angle; otherwise, it was considered as curved flow. If
the inflow angle and the main branching angle showed <10°
difference, flow was considered equivalent.

Statistical Analysis

SPSS 17.0 (IBM, Armonk, New York) and Excel 2007 (Microsoft,
Redmond, Washington) were used for all statistical analyses.
Quantitative data of each geometric parameter were presented in
the form of mean = SD (X = s), calculated for the ruptured and
unruptured groups, and were analyzed with a paired ¢ test. For
further analysis, the cutoff value was calculated by the receiver
operating characteristic. The criteria of cut-point selection are



Table 1: Geometric parameters of ruptured and unruptured
aneurysms (X = s)

Unruptured Ruptured
Geometric Parameters (n=63) (n=63) P Value
Neck size (mm) 31*X13 32*12 783
Aneurysm size (mm) 43=*22 53*20 .009
Vessel diameter (mm) 25+ 0.6 24+ 06 .687
0 121.4° = 32.7°  130.8° = 33.6° 104
0p 107.6° + 26.6° 100.9° £ 27.1° 159
AR 13+0.5 17 = 0.6 <.001
SR 17 +12 21*+09 .029
NPR 14£07 14 *+0.6 .805
Area ratio 20*+20 29*+19 .on

Note:—0; indicates flow angle; 65, parent-daughter angle; NPR, neck-to-parent ar-
tery ratio.

when the value of (sensitivity + specificity-1) reaches its maximum.
Conditional univariable logistic regression analysis was performed to
calculate odds ratios of each geometric and morphologic parameter
between the 2 groups, and adjusted ORs were taken into the calcula-
tion to adjust for aneurysm size, which is an established and strong
predictor of aneurysm rupture.”'*'* A Pvalue = .05 was regarded as
statistically significant, and all tests were 2-sided.

RESULTS

General Demographics

Among 2361 patients with 2674 aneurysms, 269 (11.4%) had
multiple aneurysms and 84 (3.6%) had symmetric bilateral aneu-
rysms. Of the 84 patients in the clinical trial, 21 were excluded for
the following reasons: 1) inability to identify the location of the
ruptured aneurysm based on the pattern of hemorrhage or neu-
rosurgical findings (n = 9); 2) insufficient CT angiography qual-
ity (n = 3); 3) the presence of fusiform, mycotic, or dissecting
aneurysms (n = 5); and 4) aneurysm related to an arteriovenous
malformation (n = 4). Thus, 63 patients with 126 intracranial
aneurysms were enrolled in this cohort. There were 15 (23.8%)
men and 48 (76.2%) women, and their mean age was 62.5 * 9.8
years. The most frequent location for the 126 intracranial aneu-
rysms was at the posterior communicating artery (n = 68), fol-
lowed by the middle cerebral artery (n = 34), the internal carotid
artery (n = 20), the anterior cerebral artery (n = 2), and the
vertebral artery (n = 2).

Aneurysm size, AR, SR, and area ratio in the ruptured group
were significantly different from those of the unruptured group
(P < .05, Table 1), while neck size, vessel diameter, inflow angle,
parent-daughter angle, and neck-to-parent artery ratio were not
(P > .05). For further analysis, the cutoff value was calculated by
the receiver operating characteristic (Fig 2). The areas under the
curve for aneurysm size, AR, SR, and area ratio were 0.667 (95%
CI, 0.571-0.762) sensitivity of 69.8%, specificity of 63.5%; 0.703
(0.612—-0.794), sensitivity of 52.4%, specificity of 85.7%; 0.679
(0.585-0.773), sensitivity of 65.1%, specificity of 57.1%; and
0.695 (0.603—0.787), sensitivity of 80.0%, specificity of 48.6%,
respectively. The cutoff values of these geometric indices were 4.6,
1.6, 1.7, and 1.5, respectively.

Conditional logistic regression analysis of morphologic and geo-
metric parameters between the 2 groups is given in Table 2. An an-
eurysm size of =4.6 mm showed strong association with rupture
(OR, 3.625; 95% CI, 1.657-7.929). After adjustment for aneurysm
size,an AR of =1.6 (adjusted OR, 9.521;95% CI, 2.182—41.535), area

ROC Curve
1.0
Source of the
Curve
0.8 — Size
—AR
SR
. — Area ratio
= 00.67 Reference Line
Z
R
5
o 0.47
0.2
0.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
Diagonal segments are produced by ties.

FIG 2. Graph depicting the receiver operating characteristic curves for
aneurysm size, AR, SR, and area ratio in the symmetric bilateral aneurysm.
The areas under the curve for aneurysm size, AR, SR, and area ratio are the
following: 0.667 (95% Cl, 0.571-0.762), 0.703 (95% Cl, 0.612—0.794), 0.679
(95% CI, 0.585-0.773), and 0.695 (95% Cl, 0.603—0.787), respectively. The
receiver operating characteristic area for AR (0.703; 95% Cl, 0.612—-0.794;
P <.001) tends to be larger than the area under the curve of the other
parameters. AR had the highest area under the curve.

ratio of =1.5 (adjusted OR, 4.089; 95% CI, 1.247-13.406), and irreg-
ular wall (adjusted OR, 10.443; 95% CI, 3.394-32.135) were signifi-
cantly associated with aneurysm rupture, but not SR.

DISCUSSION

Unruptured intracranial aneurysms are common lesions, and an-
eurysm rupture can be catastrophic.”>'*'*'* Not all unruptured
intracranial aneurysms will rupture, and the management of un-
ruptured intracranial aneurysms remains controversial in neuro-
surgery. Reliable, simple-to-use predictors of higher rupture risk
to aid in treatment decisions for unruptured intracranial aneu-
rysms are not available. In previous studies, the decision-making
process was based mainly on size, with the risk of rupture consid-
ered significantly increased for aneurysms of =7 mm).'>'*!>
However, various authors have shown that a large proportion of
ruptured aneurysms are, in fact, <7 mm."'®'® Our study indicates
that the mean size of ruptured aneurysms is 5.29 mm (range,
2.0-11.3 mm). More often than not, the ruptured aneurysm is not
the largest aneurysm. Factors beyond size may be more important
in determining the actual rupture risk.

Irregular Wall and AR of Symmetric Bilateral Aneurysms
Predict Rupture

Previous retrospective studies found that aneurysm wall irregu-
larity is associated with increased risk of rupture, but they were
not adjusted for aneurysm size.'”>' Recently, a large-cohort pro-
spective study found that unruptured aneurysms with a daughter
sac (an irregular protrusion of the wall of the aneurysm) are more
likely to rupture than aneurysms with a regular shape.'* Our
study shows that after adjustment for aneurysm size, AR and ir-
regular shape are associated with aneurysm rupture. Previous
studies on AR indicated conflicting results, finding a significant
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Table 2: Conditional logistic regression analysis of geometric and morphologic parameters

between unruptured and ruptured aneurysms

the area of the parent artery in the neck is

Ruptured  Unruptured
(n=63) (n=63)

No. % No. %

OR (95% Cl)

proportional to the aneurysm blood flow
per unit of time provided by the parent
artery via the aneurysm neck. Equal A,

Aneurysm size

=4.6 mm 44 698 23 36.5 3.625 (1.657-7.929)
AR

=16 33 524 9 143 13.000 (3.086-54.771)
SR

=17 41 651 27 39.0 2.556 (1.183-5.523)
Area ratio

=15 51 80.9 30 47.6 6.250 (2.175-17.958)
Aneurysm wall

Irregular wall 50 794 15 23.8  8.000 (3.157-20.270)
Aneurysm shape

Spheric 31 492 34 53.9 0.833 (0.420-1.653)
Flow angles

Equivalent flow 6 9.5 1 17.5 Reference
Straight flow 43 683 35 55.6

Curved flow 14 222 17 27.0

2175 (0.728-6.497)
1457 (0.405-5.243)

SORIERCH values but higher A, values indicate a
greater blood volume contained by the an-

N eurysm per unit of time but slower blood
9.521(2.182—41.535) flow velocity and lower mean wall shear

stress in the aneurysm, making the risk of

0970(0.320-2945)  aneurysm rupture higher. As for condi-

4,089 (124713 406) tions involving the same A, values but
’ ’ ’ lower A, values, the parent artery provides

10.443 (3.394-32.135) a reduced volume of blood to the aneu-

rysm via the aneurysm neck, resulting in a

1.078(0.499-2330)  glower velocity of blood flow and lower

mean wall shear stress in the aneurysm,
Reference

1.749 (0.505-6.057)
2.054 (0.491-8.589)

which also cause a higher rupture risk.

Limitations

Note:—AOR indicates adjusted odds ratios.

difference between the ruptured and unruptured groups, proving
that AR is a relevant predictor in estimating the aneurysm rupture
risk.>'?*2~! The conflicting results can be explained by the lack of
adjustment for patient-specific risk factors for aneurysm rupture
and by the use of different imaging techniques and measurement
methodology.”>*” Regarding AR, only 3 previous studies aimed
to minimize the confounding factors by studying patients with
multiple intracranial aneurysms. Two studies found that the AR of
intracranial aneurysms correlates with aneurysm rupture, but the
authors did not adjust for aneurysm size in the multivariable analy-
sis.”>?" Our study is similar to a prior one that found that AR is
associated with aneurysm rupture after adjusting for aneurysm size
and location.”* Additionally, the critical AR for rupture has varied
among previous studies, with AR cutoff values ranging from 1.3 to
1.8, and remains controversial.>'*****?° In our study, an AR of
=1.6 was significantly associated with aneurysm rupture.

Previous studies on flow angle, parent-daughter angle, aneu-
rysm width, and neck width have shown conflicting results, with
insignificant or marginally significant P values for aneurysm rup-

212:16:31°33 The conflicting results may be ascribed to limited

ture.
follow-up data and differences in imaging techniques and mea-
surement methodology. The area ratio takes into account the aneu-
rysm itself (maximal perpendicular height and aneurysm width) and
the local vessel (Dv and neck width). Our study shows that the area
ratio is associated with aneurysm rupture after adjusting for aneu-
rysm size. More than 80% of all ruptured aneurysms had an area ratio
of >1.5 (the optimal threshold distinguishing the ruptured from un-
ruptured intracranial aneurysms), whereas 52.38% of all unruptured
intracranial aneurysms had an area ratio less than the cutoff value.
More important, the area ratio in the ruptured group (2.9 * 1.9) is
larger than that of the unruptured group (2.0 = 2.0) (P = .011).

It has previously been shown that as the intracranial aneurysm
enlarges, the blood flow velocity becomes slower within the intra-
cranial aneurysm, reducing the wall shear stress and making the
intracranial aneurysm prone to rupture.”*****® From the per-
spective of hemodynamics, aneurysm area is proportional to the
volume of blood contained by the aneurysm per unit of time, and
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One should consider some limitations

inherent to this study: This is a retro-
spective analysis, which could cause biased selection of pa-
tients who underwent CT angiography. We used CT angiogra-
phy data in the research and did not compare results with
catheter digital subtraction angiography, which traditionally
has been considered the criterion standard for aneurysm de-
tection. However, CT angiography has high sensitivity and
specificity for the detection of intracranial aneurysms and
good consistency.' "' *?*?? Hence, we believe that the chances
of misdiagnosis of intracranial aneurysms by CT angiography
should be acceptably small. Another limitation of is that the
area ratio is a weak predictor with marginally significant odds
ratios for aneurysm rupture, even after adjustment for aneu-
rysm size, so a correlation analysis between the area ratio and
hemodynamics is needed. Finally, aneurysm size, irregular
shape, and area ratio might be a consequence rather than the
cause of aneurysm rupture; therefore, a prospective study, in-
volving a geometric model comparison of aneurysms before
and after rupture, is necessary.

CONCLUSIONS

We compared the aneurysm characteristics of ruptured and
unruptured aneurysms in the same patient, by using CT an-
giography images according to a standard measurement pro-
tocol. AR, irregular shape, and area ratio are independent risk
factors for aneurysm rupture. Those aneurysm characteristics
alone in the current study can be helpful in distinguishing the
ruptured symmetric bilateral intracranial aneurysms from un-
ruptured ones.
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ORIGINAL RESEARCH
ADULT BRAIN

MRI Appearance of Intracerebral lodinated Contrast Agents:
Is It Possible to Distinguish Extravasated Contrast Agent
from Hemorrhage?

O. Nikoubashman, ““'F. Jablawi, Z. Abbas, A.E. Othman,

M. Wiesmann

S. Dekeyzer, ““’AM. Oros-Peusquens, ). Lindemeyer,

NJ. Shah, and

ABSTRACT

BACKGROUND AND PURPOSE: Hyperattenuated cerebral areas on postinterventional CT are a common finding after endovascular
stroke treatment. There is uncertainty about the extent to which these hyperattenuated areas correspond to hemorrhage or contrast
agent that extravasated into infarcted parenchyma during angiography. We evaluated whether it is possible to distinguish contrast
extravasation from blood on MR imaging.

MATERIALS AND METHODS: We examined the influence of iodinated contrast agents on T1, T2, and T2* and magnetic susceptibility ina
phantom model and an ex vivo animal model. We determined T1, T2, and T2* relaxation times and magnetic susceptibility of iopamidol and
iopromide in dilutions of 11; 1:2; 1:4; 1:10; and 1100 with physiologic saline solution. We then examined the appearance of intracerebral
iopamidol on MR imaging in an ex vivo animal model. To this end, we injected iopamidol into the brain of a deceased swine.

RESULTS: lopamidol and iopromide cause a negative susceptibility shift and T1, T2, and T2* shortening. The effects, however, become very
small in dilutions of 110 and higher. Undiluted iopamidol, injected directly into the brain parenchyma, did not cause visually distinctive
signal changes on Tl-weighted spin-echo, T2-weighted turbo spin-echo, and T2*-weighted gradient recalled-echo imaging.

CONCLUSIONS: It is unlikely that iodinated contrast agents extravasated into infarcted brain parenchyma cause signal changes that
mimic hemorrhage on TIWI, T2WI, and T2*WI. Our results imply that extravasated contrast agents can be distinguished from hemorrhage

on MR imaging.

ABBREVIATIONS: GRE = gradient recalled-echo; SE = spin-echo

yperattenuated cerebral areas appear on non-contrast-en-

hanced CT performed shortly after neurointerventional
stroke treatment in up to 86% of cases (On-line Fig 1).' These
postinterventional cerebral hyperattenuations resemble paren-
chymal hemorrhage but are not space-occupying. There is uncer-
tainty about the true nature of postinterventional cerebral hyper-
attenuation, specifically the extent to which postinterventional
cerebral hyperattenuations correspond to hemorrhage or extrav-
asation of iodinated contrast agent into infarcted parenchyma.'™
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In theory, hemorrhage can be distinguished from iodinated
contrast agents via MR imaging, given that blood degradation
products are paramagnetic and cause specific changes on T2WI
and T2 "WI, whereas iodine is diamagnetic. However, it has been
shown in phantom models that at a field strength of 1.5T, side
chains of iodinated contrast agents cause T1 and T2 shortening,
which theoretically may mimic the imaging characteristics of in-
tracellular methemoglobin present in early subacute intracerebral
hemorrhage.S‘(’ Furthermore, the influence of iodinated contrast
agents on susceptibility and T2*WI sequences, which are com-
monly used in hemorrhage diagnosis, has not been investigated
yet, to our knowledge. Hence, we examined the influence of 2
common iodinated contrast agents on magnetic susceptibility
and T1, T2, and T2 relaxation ina phantom model and an ex vivo
animal model to elucidate whether iodinated contrast agents can
be distinguished from blood on MR imaging.

MATERIALS AND METHODS

Phantom Model

We determined relaxation times (T1, T2, and T2") of undiluted
and diluted iopamidol (300 mg/mL, Imeron; Bracco, Milan, Italy)
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and iopromide (Ultravist 300 mg/mL; Bayer HealthCare, Berlin,
Germany). Dilutions in physiologic saline solution of 1:2, 1:4,
1:10, and 1:100 were used, with iodine concentrations in postint-
erventional cerebral hyperattenuations expected to be in the
lower range of our tested concentrations. An additional probe
containing physiologic saline was measured as a reference (On-
line Fig 2). The phantom experiments were conducted on MR
imaging scanners with field strengths of 1.5T (Magnetom Sym-
phony; Siemens, Erlangen, Germany) and 3T (Magnetom Trio;
Siemens).

At 1.5T, a 2-point method based on a standard multisection
multiecho gradient recalled-echo (GRE) MR imaging sequence
was used for estimation of the T1 relaxation time.” For mapping
of the T2 decay constant, we used a turbo spin-echo sequence with
amultiecho acquisition. At 3T, a high-accuracy Look-Locker type
T1 mapping sequence (T1 mapping with partial inversion recov-
ery) was used.® T2 mapping was performed by using a multiecho
spin-echo sequence; T2" decay was monitored with a multiecho
gradient-echo sequence at both field strengths.

To estimate the magnetic susceptibility of the contrast agents,
we measured the test vials with concentrations of 1:1, 1:2, 1:4, and
1:10 in a custom-built cylindric phantom, with the tubes embed-
ded in distilled water and oriented parallel to the magnetic field.
The field distribution was estimated on the basis of the phase data
of a multiecho gradient-echo acquisition (TR = 60 ms, TE, = 3
ms, ATE = 4 ms [8 echoes], flip angle = 14°, 1-mm isotropic
resolution) on a 3T scanner. The processing of the phase data
included threshold-based and manual masking, unwrapping and
linear regression in a time domain, and background field correc-
tion with in-house software.” The susceptibility distribution in-
side the tube, y, is assumed to be constant and can hence be
estimated by a single-value minimization of the difference be-
tween the measured field and the field generated by dipole
convolution:

min)(,“m”mw ‘ [Bmeas - BO ‘ (Xtube : d)]”z o

The difference was evaluated in a region, m,,, surrounding the test
tube, which was distinctly smaller than the phantom to avoid
effects from imperfect background field removal in the outer
regions.

For visual assessment of signal changes, 2 neuroradiologists
(O.N,,S.D.), blinded to the sequences, compared the signal inten-
sity of every tube containing iodinated contrast agent with the
signal intensity of saline solution (isointense, hypointense, hyper-
intense) in randomized order by using the following clinical se-
quences—a 1.5T scanner: TIWI spin-echo (SE) (TR, 350 ms; TE,
7.8 ms); T2WI TSE (TR, 5350 ms; TE, 120 ms); and T2*WI GRE
(TR, 326.2 ms; TE, 13.8 ms); a 3T scanner: TIWI SE (TR, 600 ms;
TE, 8.7 ms); T2WI TSE (TR, 4800 ms; TE, 05 ms); and T2*WI
GRE (TR, 1100 ms; TE, 19.9 ms). Agreement between observers
was evaluated by using a Spearman rank correlation coefficient
test.

Ex Vivo Animal Model

We examined the visual aspects of intracerebral iopamidol on MR
imaging in an ex vivo animal model. Because the porcine brain is
resistant to ischemic stroke, the brain of a recently deceased swine

served as a model for infarcted brain parenchyma. Five milliliters
of iopamidol was injected into the brain parenchyma of a recently
deceased male Landrace swine (weight, 60 kg) via cranial trepa-
nation. CT and MR imaging were performed immediately before
and after injection of iopamidol into the brain parenchyma. In-
jection of iopamidol took place 60 minutes after cardiac arrest. CT
and MR imaging were performed 1 minute and 9 minutes, respec-
tively, after injection of iopamidol. CT scans were obtained on a
16-section CT scanner (Somatom Definition AS; Siemens). CT
scans were acquired by using our standard spiral brain sequence
(120 kV, 248 mA, H30 kernel) and were evaluated in the axial
plane after multiplanar reconstruction (3-mm sections). MR im-
aging was performed by using a 1.5T MR imaging scanner (Intera;
Philips Healthcare, Best, Netherlands). MR imaging comprised
axial T1-weighted SE (TR, 350 ms; TE, 7.8 ms), T2-weighted TSE
(TR, 5350 ms; TE, 120 ms), and T2*-weighted GRE (TR, 326.2 ms;
TE, 13.8 ms) imaging with a section thickness of 3 mm. Two
independent neuroradiologists evaluated all sections for visibility
of iopamidol by using a tripartite visibility score (no visibility,
poor visibility, good visibility). Agreement between observers was
evaluated by using a Spearman rank correlation coefficient test.

RESULTS
Phantom Model
Iopamidol and iopromide cause T1, T2, and T2" shortening
(On-line Fig 2). Detailed results of our relaxometry measure-
ments are summarized in the On-line Table. Both contrast agents
show very similar negative magnetic susceptibility shifts, which
are reflected by comparable values of —0.74 ppm for iopamidol
and —0.76 ppm for iopromide as estimated by linear regression
(On-line Fig 3).

Shortening effects of both contrast agents on T1-weighted
SE imaging were visible in all dilutions regardless of field
strength (total agreement; Spearman p not calculable). How-
ever, this effect was subtle in dilutions of 1:4 and higher. Short-
ening effects of both contrast agents on T2-weighted TSE im-
aging were visible in dilutions of up to 1:4, while dilutions of
1:10 and higher were not distinguishable from physiologic sa-
line solution, regardless of field strength (total agreement;
Spearman p = 1.0; P <.001). T2* shortening was not visible on
T2*-weighted GRE imaging regardless of field strength (total
agreement; Spearman p not calculable).

Ex Vivo Animal Model

Undiluted iopamidol injected directly into the brain parenchyma
was clearly visible on CT but did not cause visually distinctive
signal changes on T1-weighted SE, T2-weighted TSE, and
T2*-weighted GRE imaging (Figure). Concerning this outcome,
there was total agreement (100%) between both observers (Spear-
man p not calculable). Small amounts of iopamidol, injected into
the lateral ventricles and the subarachnoid space unintentionally,
were visible on CT but not on MR imaging.

DISCUSSION

When there are hyperattenuated areas on CT after neurointerven-
tional stroke treatment, one of the most important issues is to
determine whether there is underlying hemorrhage, because
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FIGURE. Ex vivo animal model. Porcine brain (Landrace, 60 kg) before (upper row) and after
(lower row) direct injection of 5 mL of iopamidol. From left to right: axial CT (A and E) and
Tl-weighted (B and F), T2-weighted (C and G), and T2 -weighted (D and H) MR imaging. While the
injected iodinated contrast agent is clearly visible on CT (E), there are no visually distinctive signal

contrast agents are diluted.” In accor-
dance with the results from the phan-
tom models, even pure iopamidol that
was injected directly into the brain pa-
renchyma in an ex vivo animal model
did not cause visually distinctive signal
changes on T1 SE, T2 TSE, and T2"
GRE imaging (Figure). Most interesting,
our phantom model has shown that
the tested contrast agents at high con-
centrations produce a negative suscep-
tibility shift that is relatively strong
compared with contrast within brain
tissue, which typically ranges up to
0.1 ppm. Phase imaging and quantita-
tive susceptibility mapping in patients
with stroke might thus reveal a large
accumulation of iodinated contrast
agent. However, given that iodinated
contrast agents are always diluted in
large amounts of blood during an-
giography, signal changes caused by
iodinated contrast agents are most
likely negligible on MR imaging (On-
line Fig 1).

changes on MR imaging (F~H). Compared with the in vitro model, in which pure iopamidol causes
visually distinctive signal changes (On-line Fig 2), the lack of signal changes in the ex vivo model

could be attributed to rapid dilution of the injected contrast agent and/or the different magnetic

environment where the contrast agent is located.

the presence of hemorrhage has crucial implications for further
treatment decisions, such as the administration of anticoagulants.
Discriminating between hemorrhage and contrast agent with the
help of conventional CT is usually based on thresholds and
cutoffs, assuming that hemorrhage persists after 24 hours and
does not exceed 90 HU.? However, systematic studies, which
aimed to validate the value of attenuation cutoffs or the 24-hour
cutoff, are lacking to date.” Thus such cutoffs and thresholds may
only serve as a rule of thumb, on which clinically relevant deci-
sions should not be based.”

Recent studies dealing with dual-energy CT imply that it is
possible to distinguish contrast extravasation from hemorrhage
by using this method."* However, the limited availability of these
scanners remains a relevant hurdle in daily clinical practice. In
most institutions, MR imaging may be the technique of choice
because it is widely available and hemorrhage causes specific sig-
nal changes on MR imaging. However, it has been shown in phan-
tom models that T1 and T2 shortening caused by iodinated con-
trast agents may theoretically mimic the appearance of
intracellular methemoglobin, which is present in early subacute
intracerebral hematomas within 3-7 days after hemorrhage.>®
Because many MR imaging examinations are performed within
this time period, the differentiation between hemorrhage and ex-
travasated contrast agent may thus be complicated.

Our results confirm that iodinated contrast agents in fact
cause visually distinctive T1 and T2 shortening in phantom
models (On-line Fig 2).>° Nevertheless, our data and data
from the literature also imply that this effect is negligible when
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Limitations

Investigating only 2 iodinated contrast
agents and performing only 1 animal ex
vivo experiment are major limitations
of our study. It is also uncertain whether iodinated contrast
agent injected into the brain parenchyma has the same effect
on MR imaging as contrast agent accumulated through a dam-
aged blood-brain barrier. Future systematic studies with more
adequate stroke models (for example canines) may help to
further elucidate in vivo MR imaging characteristics of iodin-
ated contrast agents. Despite the limitations of our study, our
experiments may serve as sufficient proof-of-principle, given
that results from prior studies and theoretic considerations do
not imply that extravasated iodinated contrast agents cause
clinically relevant signal changes in MR imaging.

CONCLUSIONS

Our results imply that it is unlikely that iodinated contrast
agents, which are extravasated into infarcted brain paren-
chyma during angiography, cause signal changes that mimic
intracellular methemoglobin on T1-weighted, T2-weighted,
and T2*-weighted MR imaging. Extravasated contrast agents
can be distinguished from hemorrhage on MR imaging with
sequences that are common in clinical practice.
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ORIGINAL RESEARCH
ADULT BRAIN

Prevalence of Intracranial Aneurysms in Patients with
Connective Tissue Diseases: A Retrospective Study

S.T. Kim, ““'W. Brinjikji, and ““D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Few studies have examined the prevalence of intracranial aneurysms in connective tissue diseases such
as Marfan syndrome, Ehlers-Danlos syndrome, neurofibromatosis type 1, and Loeys-Dietz syndrome. We studied the prevalence of
intracranial aneurysms and other intracranial neurovascular pathologies such as arteriovenous malformations and intracranial dissections,
in these 4 patient populations.

MATERIALS AND METHODS: We retrospectively reviewed all patients who had a clinical diagnosis of Marfan syndrome, Ehlers-
Danlos syndrome, neurofibromatosis type 1, or Loeys-Dietz syndrome who underwent MRA, CTA, and/or DSA imaging of the
intracranial circulation between January 1,2005, and January 31, 2015. The presence, location, and maximum dimensions of intracranial
aneurysms were catalogued. Other neurovascular findings studied included intracranial dissections and arteriovenous fistulas and
shunts. Baseline data collected included demographic characteristics (sex, age, smoking history), imaging modality, and cardiovas-
cular comorbidities.

RESULTS: The prevalence of intracranial saccular and fusiform aneurysms was as follows: 14% (8/59) among patients with Marfan
syndrome, 12% (12/99) among patients with Ehlers-Danlos syndrome, 11% (5/47) among patients with neurofibromatosis type 1, and
28% (7/25) among patients with Loeys-Dietz syndrome. Intracranial dissections were found in 2 patients (3%) with Marfan syndrome
and 1 patient (1%) with Ehlers-Danlos syndrome. No intracranial dissections were found in patients with neurofibromatosis type 1 or
Loeys-Dietz syndrome.

CONCLUSIONS: Patients with connective tissue disorders, including Marfan syndrome, Ehlers-Danlos syndrome, neurofibromatosis type

1, and Loeys-Dietz syndrome, have a high prevalence of intracranial aneurysms.

ABBREVIATIONS: EDS = Ehlers-Danlos syndrome; LDS = Loeys-Dietz syndrome; NFl = neurofibromatosis type 1

he association between neurovascular lesions such as intra-

cranial aneurysms and connective tissue diseases has long
been a topic of debate. Early studies suggesting an association
between Marfan syndrome and intracranial aneurysms were lim-
ited to small case series and case reports.' However, larger studies
have since suggested that there is no association between aneu-
rysms and Marfan syndrome.' Nonetheless, the association is
still widely cited in the literature.' In addition to Marfan syn-
drome, associations between connective tissue diseases, such as
neurofibromatosis type 1 (NF1), Ehlers-Danlos syndrome (EDS),

Received October 12, 2015; accepted after revision January 8, 2016.

From the Mayo Medical School (S.T.K.) and Department of Radiology (W.B., D.FK.),
Mayo Clinic, Rochester, Minnesota.

Waleed Brinjikji, MD, Department of Radiology, Mayo Clinic, 200 Ist St SW,
Rochester, MN 55905; e-mail: brinjikji.waleed@mayo.edu; @wbrinjikji

E Indicates article with supplemental on-line table.
http://dx.doi.org/10.3174/ajnr.A4718

1422 Kim Aug 2016 www.ajnr.org

and Loeys-Dietz syndrome (LDS), and neurovascular lesions such
as intracranial aneurysms have also been suggested. However, rel-
atively few series have been published on the prevalence of aneu-
rysms in these populations.

In this study, we sought to retrospectively characterize neuro-
vascular findings in patients with connective tissue diseases, in-
cluding Marfan, EDS, NF1, and LDS. Our primary outcome of
interest was the prevalence of intracranial aneurysms. Secondary
outcomes included the prevalence of intracranial dissections and
arteriovenous malformations. We hypothesized that patients with
connective tissue diseases would have a higher prevalence of in-
tracranial aneurysms than the general population (ie, >3%).

MATERIALS AND METHODS

Patient Population

Following institutional review board approval, we conducted a
retrospective chart review of all patients diagnosed with Marfan
syndrome, EDS, NFI, and LDS who underwent MRA, CTA, or
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Table 1: Summary of all data collected for patients with connective tissue diseases who

underwent MRA, CTA, or DSA imaging of the head

by reviewing CTA, MRA, or DSA images
and reports. All images and reports were

Marfan Ehlers-Danlos
No. of patients 59 99
Mean age (yr) 494 417
No. (%) female 29 (49%) 81(82%)
Cerebral imaging modality
CTA, No. (%) 16Q27%)  24(24%)
MRA, No. (%) 53(90%) 85 (86%)
DSA, No. (%) 102%) 2(2%)
No. (%) intracranial aneurysms 8 (14%) 12 (12%)
No. (%) multiple intracranial aneurysms 2(3%) 2(2%)
Total No. of aneurysms 12 14
Location, No. (%):
ICA 9 (15%) 12 (12%)
MCA 0(0%) 1(1%)
ACA 0(0%) 0(0%)
AcomA 102%) 101%)
PCA 2 (3%) 0(0%)
Basilar 0(0%) 0(0%)
Vertebral 0(0%) 0(0%)
Other 0(0%) 0(0%)
Mean (SD) aneurysm size (mm) 44(74) 6.9(6.5)
Other intracranial vascular findings, No. (%)
AVM 0(0%) 0(0%)
AVF 102%) 2(2%)
Dissection 2(3%) 101%)
Intracranial hemorrhage, No. (%) 0 (0%) 2(2%)
Comorbidities, No. (%)
Hypertension 21(36%) 24 (24%)
Hyperlipidemia 24 (41%) 15 (15%)
Diabetes mellitus 4(7%) 3(3%)
Smoking B(39%)  32(32%)
Stroke 10 (17%) 7(7%)
Coronary artery disease 8 (14%) 5(5%)

NFI__ LoeysDietz  ,.\icwed by a radiologist with 4 years of
223 3?655 experience. In addition, we studied the
23 4[9%) B (Sﬁ%) prevalence of intracranial arteriovenous
malformations, arteriovenous fistulas,
4(9%) 9 (36%) and intracranial dissections. The symp-
44 (94%)  22(88%) tomatic status of the intracranial aneu-
9 (19%) 0(0%) rysms and dissections was collected in
5 (M%) 7 (28%) dditi h £
12%) 1(4%) addition to the presence of aneurysm
7 8 rupture.
3(6%) 5(20%) Statistical Analysis
2(4%) 0(0%) Continuous variables are presented as
0(0%) 1(4%) mean = SD, and categoric variables, as fre-
102%) 0(0%) . . .
0(0%) 0(0%) quency in percentages. To determine vari-
0(0%) 0(0%) ables independently associated with intra-
1(2%) 2(8%) cranial aneurysm presence, we performed
0(0%) 0(0%) a multivariate logistic regression analysis
n2(98)  48(4.) adjusting for age, sex, smoking, hyperten-
0(0%) 0(0%) 510r.1, dlal?etes mellitus, abdominal/tho-
0(0%) 0(0%) racic aortic aneurysms, coronary artery
0(0%) 0(0%) disease, and history of stroke. A separate
2(4%) 1(4%) analysis was performed for each connec-
15 (32%) 7 (8% tive tissue disease. All statistical analysis
9 (19%) 5 (20%) was peﬁO@ed by using JMP, Verélon 12.0.0
2 (4%) 1(4%) (SAS Institute, Cary, North Carolina).
14(30%)  T1(44%)
9 (19%) 2(8%) RESULTS
3(6%) 2(8%) A total of 230 patients fit our inclusion

Note:—ACA indicates anterior cerebral artery; AcomA, anterior communicating artery; PCA, posterior cerebral artery.

Table 2: Symptomatic status at presentation of patients with confirmed intracranial

criteria: Fifty-nine patients had Marfan
syndrome, 99 patients had EDS, 47 pa-
tients had NF1, and 25 patients had LDS.

aneurysms
Marfan Ehlers-Danlos NF1 Loeys-Dietz The data presented below are organized
No. with intracranial aneurysms 8 2 5 7 in Table 1, along with additional demo-
Symptomatic status, No. (%) graphic characteristics and imaging find-
Asymptomatic/incidental 3(38%) 7 (58%) 2(40%) 7 (100%) ings. The symptom status of each patient
iEERE 3 (38%) 4(33%) 2(40%) 0(0%) with a confirmed intracranial aneurysm is
Aneurysm rupture/SAH 0 (0%) 0 (0%) 3(60%) 0(0%) . . L
Cranial nerve palsy 4(50%) 3(25%) 0(0%) 0(0%) presented in Table 2. A brief description of

DSA of the intracranial circulation from January 2005 through
January 2015. All patients had clinically confirmed Marfan, EDS,
NF1, or LDS as determined by medical geneticists at our institu-
tion. Patients who had other forms or unconfirmed connective
tissue diseases were excluded. All of the above information perti-
nent to the inclusion and exclusion criteria was obtained through
the electronic medical record.

Data Collection
Once the patients were selected, we collected the following data:
demographic characteristics (sex, age, smoking history), imaging
used (CT angiography, MR angiography, or digital subtraction
angiography), and medical history (diabetes, hypertension,
stroke, coronary artery disease, dyslipidemia).

The primary outcome of this study was the prevalence of in-
tracranial aneurysms in these disease populations. The presence,
location, and maximum dimensions of aneurysms were evaluated

each connective tissue disease is summa-
rized in Table 3. The presentation and rea-
son for neuroimaging referral for each patient who qualified for our
study are summarized in the On-line Table.

Marfan Syndrome

Of the 59 patients who underwent angiographic imaging of the head,
8 individuals (14%) had a total of 12 intracranial aneurysms: 9 sac-
cular aneurysms and 3 fusiform aneurysms. The mean size of the
intracranial aneurysms was 5.5 = 7.4 mm. Among patients with an-
eurysms, 2 of 8 (33%) were males and 2 patients were younger than
50 years of age. Other intracranial findings were a direct cavernous
carotid fistula (n = 1) and dissection (n = 2). One patient with dis-
section presented with acute ischemic stroke, and another presented
with transient ischemic attacks. There were no cases of subarachnoid
hemorrhage. Increasing age was the only variable independently as-
sociated with the presence of an intracranial aneurysm (OR, 1.09;
95% CI, 1.01-1.22; P = .03). Representative images are provided in
Fig 1.
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Table 3: Most common features of connective tissue diseases

Clinical Manifestations

Associated Genes

Gene Product

Marfan

Ehlers-Danlos Syndrome
Of the 99 patients who underwent an-
giographic imaging of the head, 12 indi-

Marfanoid habitus FBNI Fibrillin-1 viduals (12%) had a total of 14 intracra-
RS (9 f:hseases nial aneurysms: 9 saccular aneurysms
Ectopic lentis .
. and 5 fusiform aneurysms. The mean
Dural ectasia i X i
EhlersiDanlos size of the intracranial aneurysms was
Joint hypermobility COL5A] Type V collagen 6.9 = 6.5 mm. Of the 12 patients with
Skin hyperextensibility COL5A2 Type il collagen aneurysms and EDS, 1 had type I EDS, 3
:A*?tmlrmj' W°“”ld healing COL3AI had type I11 EDS, and 7 had type IV EDS.
NFI HIEE VRS GRS In 1, the type of EDS was unknown. One
Café-au-lait macules NFI1 Neurofibromin patient had both a vertebral AVF on the
Lisch nodules right and a contralateral dissection of
Neurofibromas the intradural vertebral artery, which
Ostegporosw presented as acute ischemic stroke. In-
Loeys-Dietz ¢ ial h h din2 pa-
Aortic aneurysms TGFBRI Transforming growth factor 8 %‘acrama. emorr. age oc.curre mnepa
receptor | tients, with 1 patient dying from mas-
Generalized arterial tortuosity TGFBR2 Transforming growth factor 8 sive hemorrhage secondary to cerebral
receptor Il venous thrombosis and another with
Hypertelorism TGFB2 Transforming growth factor 8 incidences of subarachnoid

Bifid/broad uvula or cleft palate

repeat
hemorrhages with unknown etiology
despite multiple cerebral angiograms.
Increasing age was the only variable
independently associated with the
presence of an intracranial aneurysm
(OR, 1.125 95% CI, 1.02-1.26; P =
.04). Representative images are pro-
vided in Fig 2.

Neurofibromatosis Type 1

Of the 47 patients who underwent an-
giographic imaging of the head, 5 indi-
viduals (11%) had a total of 7 intracra-
nial aneurysms: 6 saccular aneurysms
and 1 fusiform aneurysm. The mean size
of the intracranial aneurysms was

- . .
FIG 1. Imaging findings in Marfan syndrome. A, A 25-year-old man with Marfan syndrome 112 = 9.8 mm. Among patients with

with a 4-mm periophthalmic aneurysm of the right ICA. B, 3D reconstruction of a CTA
performed for evaluation of acute ischemic stroke and headache in a patient with Marfan
syndrome demonstrates smooth tapering of the right MCA, consistent with an acute dissec-
tion (arrow).

aneurysms, 3 of 5 were male (60%), and
3 were younger than 50 years of age.
Subarachnoid hemorrhage occurred in
1 patient secondary to intracranial aneu-
rysm rupture and in another secondary
to trauma. No patients had intracranial
dissections. Hypertension was the only
variable independently associated with
aneurysm presence (OR, 27.4; 95% CI,
1.69-177.72; P = .02). Representative
images are provided in Fig 3.

Loeys-Dietz Syndrome

Of the 25 patients who underwent an-
giographic imaging of the head, 7 (28%)
individuals had a total of 8 intracranial
aneurysms: 7 saccular aneurysms and 1

fusiform aneurysm. The mean size of the
FIG 2. Imaging findings in Ehlers-Danlos syndrome. A, DSA of a cervical carotid dissecting pseu-
doaneurysm (white arrow) in a patient with Ehlers-Danlos syndrome. Note the coil mass in the
supraclinoid ICA from previous coiling of an ICA aneurysm. B, A giant cavernous carotid artery
aneurysm in a patient with Ehlers-Danlos syndrome.

intracranial aneurysms was 4.8 £ 4.5
mm. Among patients with aneurysms,
4 of 7 (57%) were male, and 4 were
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FIG 3. Imaging findings in neurofibromatosis type 1. A, Fusiform aneurysm of the right anterior
inferior cerebellar artery in a 22-year-old patient with NF1. B, The same patient had a giant right

MCA aneurysm and a third fusiform aneurysm of an M2 branch.

FIG 4. Aneurysms in Loeys-Dietz syndrome. A, A 3-mm Al aneurysm (arrow). B, A 6-mm supra-

clinoid ICA aneurysm in a patient with Loeys-Dietz syndrome.

younger than 50 years of age. Subarachnoid hemorrhage of un-
known etiology in a patient without an intracranial aneurysm
occurred in 1 individual. No variables were independently asso-
ciated with aneurysm presence. Representative images are pro-
vided in Fig 4.

DISCUSSION

Our study demonstrates that patients with Marfan syndrome,
EDS, NF1, and LDS have a high prevalence of intracranial aneu-
rysms. Compared with the 3.2% of the general population who
have intracranial aneurysms, the patients in our study had prev-
alences ranging from 9% to 28%.* Most of these intracranial an-
eurysms were found in the anterior circulation, particularly the
ICA. On our logistic regression analysis, increasing age was the
only variable independently associated with intracranial aneu-
rysm in patients with Marfan syndrome and EDS, and hyperten-
sion was the only variable associated with intracranial aneurysm
in patients with NF1. The high prevalence of intracranial aneu-
rysms in the population with connective tissue disease has impli-
cations for screening these patients, especially because most an-
eurysms were asymptomatic.

While it is still an ongoing area of debate, relatively large clin-
ical series have called into doubt the association between both
Marfan syndrome and EDS and intracranial aneurysms. In a post-
mortem series of 25 patients with Marfan syndrome, Conway
etal' found an aneurysm prevalence of just 4%. In addition, in a

series of 129 patients with Marfan syn-
drome, van den Berg et al* found no pa-
tients who presented with a symptom-
atic intracranial aneurysm. In a study of
419 patients with EDS or a family history
of the disease, Pepin et al® found 6
(1.4%) patients who had intracranial
aneurysms. However, the exact preva-
lence of aneurysms in the Pepin et al se-
ries is not known because the number of
patients who underwent angiographic
imaging was not reported.

To our knowledge, our study repre-
sents the largest imaging study to date
examining the prevalence of intracranial
aneurysms in Marfan syndrome and
EDS. Distinct from prior studies, all pa-
tients in our series underwent intracra-
nial imaging with CTA, DSA, or MRA,
thus allowing a more accurate represen-
tation of aneurysm prevalence. More
than half of the patients in the Marfan
and EDS cohorts were asymptomatic at
the time of diagnosis. There is no clear
consensus in the literature regarding the
prevalence of intracranial aneurysms in
patients with NF1. In a large case-con-
trol study including 39 patients with
NF1 and 526 controls, Maya et al® found
a 9% aneurysm prevalence in the NF1
population versus the 0% in controls.
However, in a separate study of children
with NF1, Rosser et al” found that only 1 of the 316 patients with
NF1 undergoing brain MR imaging had an intracranial aneurysm.
However, only 8 of these 316 patients had an MRA performed in
addition to the MR imaging.”

To date, only 2 previously published studies have examined
the prevalence of cerebral aneurysms in a consecutive series of
patients with LDS. In the landmark article describing Loeys-Dietz
syndrome including 90 patients, Loeys et al® found that 10% of
patients with LDS had intracranial aneurysms. Two patients died
from cerebral bleeding. In a study of 25 patients with LDS, Ro-
drigues et al” found that 7 patients (28%) had intracranial aneu-
rysms; most were in the anterior circulation. These findings are
similar to those in our study, which also found that 7 of 25 patients
(28%) had intracranial aneurysms. All 7 of the patients with in-
tracranial aneurysms in our LDS cohort were asymptomatic and
had incidental findings.

Limitations

Our study has limitations. First, it is retrospective in nature. The
multiple imaging modalities (CTA, MRA, and DSA) used to iden-
tify intracranial aneurysms can cause differences in the accuracy
of aneurysm detection among patients. Although DSA is the most
sensitive imaging technique for aneurysm detection, most of our
patients underwent only CTA or MRA. In addition, the nonge-
netic clinical diagnosis used to identify patients with Marfan, EDS,
NF1, and LDS can result in misdiagnosis. There is also the possibility
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that our study overestimates the prevalence of intracranial aneu-
rysms in all of these patients because our center is a tertiary referral
site for patients with complicated forms of these diseases, and it is a
high-volume intracranial aneurysm treatment center. If one were to
prospectively study a random group of patients with these connective
tissue diseases and obtain imaging, the prevalence estimates may be
substantially different from those presented here.

CONCLUSIONS

Our study suggests that patients with Marfan syndrome, Ehlers-
Danlos syndrome, neurofibromatosis type 1, and Loeys-Dietz
syndrome have a high prevalence of intracranial aneurysms.
However, it is of key importance to recognize the inevitable yet
substantial selection bias of this prevalence study. Nonetheless,
these findings further support the need for future prospective
studies to understand the risks and benefits of preventative
screening in patients with these connective tissue disorders.

Disclosures: David F. Kallmes—UNRELATED: Board Membership: GE Healthcare
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sive high signal intensity on unenhanced T1-weighted images in
the globus pallidus and/or dentate nucleus (DN) and the number
of administrations of different gadolinium-based contrast agents
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ABSTRACT

BACKGROUND AND PURPOSE: Different Tl-weighted sequences have been used for qualitative and quantitative evaluation of T1signal
intensity related to gadolinium deposition in the dentate nucleus in patients who underwent several enhanced MR imaging studies. Our
purpose was to perform an intraindividual qualitative and quantitative comparison between T1-weighted spin-echo and 3D magnetization-
prepared rapid acquisition of gradient echo sequences in patients who had multiple exposures to gadodiamide.

MATERIALS AND METHODS: Our retrospectively selected population included 18 patients who underwent at least 3 administrations of
gadodiamide and had a baseline and a final MR imaging performed with both TI-weighted sequences. Qualitative and quantitative analyses
were independently performed. Dentate nucleus/middle cerebellar peduncle signal-intensity ratios and signal changes between the
baseline and final examinations were compared by using the Wilcoxon signed rank test. Correlation between quantitative and qualitative
evaluations was assessed by using a polyserial correlation test.

RESULTS: The differences between the 2 sequences for both baseline and last examination dentate nucleus/middle cerebellar peduncle
ratios were statistically significant (P = .008 and P = .006, respectively); however, the signal-intensity changes of the ratios with time were
not (P = .64). The correlation between the qualitative and quantitative analysis was very strong (near-perfect) (r = 0.9) for MPRAGE and
strong (r = 0.63) for spin-echo sequences.

CONCLUSIONS: Tl-weighted spin-echo and MPRAGE sequences cannot be used interchangeably for qualitative or quantitative analysis
of signal intensity in the dentate nucleus in patients who received gadodiamide. Baseline and final examination ratios should be evaluated
across time by using the same sequence. Qualitative analysis performed with MPRAGE correlated better with quantitative analysis and may
offer advantages over spin-echo sequences for research purposes.

ABBREVIATIONS: DN = dentate nucleus; eGFR = estimated glomerular filtration rate; GBCA = gadolinium-based contrast agent; MCP = middle cerebellar
peduncle; SE = spin-echo

(GBCAs), suggesting gadolinium deposition in these structures;
1-11

uring the past 2 years, several peer-reviewed studies have
been published describing an association between progres-  this has been confirmed in humans and animals.
One major limitation of retrospective human studies of gado-
linium deposition is the variability of the MR imaging protocols
used, according to the pathology that is being studied and among
different institutions.
Kanda et al® and Adin et al® used qualitative measurements to

evaluate signal-intensity changes in patients who underwent mul-
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tiple GBCA administrations, by using T1-weighted spin-echo
(SE),>® T1 MPRAGE, or T1 FLAIR images.® It is generally as-
sumed that visual analysis correlates well with quantitative anal-
ysis, but qualitative assessment of the presence or absence of hy-
perintensity on T1-weighted MR images is subjective; hence,
quantitative signal-intensity measurement is commonly favored.

In most of the published literature, the authors have used T1-
weighted SE sequences to quantitatively evaluate the signal inten-
sity and signal changes with time. However, in some studies, dif-
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FIG1. Axial MRimages in a40-year-old male patient with aright frontal low-grade astrocytoma. Unenhanced axial Tl-weighted spin-echo (A and
C) and 3D MPRAGE MR images (B and D) of the first (A and B) and fifth (2 years later, C and D) gadolinium-enhanced MR imaging examinations at
the level of the dentate nuclei of the cerebellum. The images show progressively increased Tl signal of the dentate nuclei (white arrows, C and
D). Note that the qualitative analysis was slightly different between the 2 sequences.

Patients’ demographic and clinical characteristics

Demographics

Patients (number) 18
Sex 12 Women
Age (mean * SD) (range) (yrs) 52.56 *15.21(17-76)
eMRIs performed (mean = SD) 4.78 + 2.51(2-10)
(range)
Interval (MRl setine — MRIL)
(mean = SD) (range)
Diagnosis (number)
Meningioma 12
Glioblastoma
Low-grade glioma
Oligodendroglioma
Chordoma
Spinal hemangioblastoma

933 + 610.78 (96-1905 days)

_ N

Note:—eMRI indicates enhanced MR imaging; yrs, years.

ferent T1-weighted sequences have been interchangeably used,
including T1-weighted 3D MPRAGE® and FLASH,'” to quantita-
tively evaluate signal-intensity changes in the dentate nucleus.
Not surprising, the results among different investigators are
somewhat contradictory. The use of different sequences may, in
part, explain these differences.'” It is unclear whether different
T1-weighted sequences may be used interchangeably to qualita-
tively and quantitatively study gadolinium deposition on the basis
of their T1-weighting despite their distinct intrinsic properties.
Even though quantitative measurements are undoubtedly recom-
mended for scientific publications, they are difficult to apply in
clinical practice. On the other hand, qualitative analysis is applied
every day to assess normal brain structures and lesions. Consid-
ering the increasing concern regarding GBCA administration, we
believe qualitative analysis must be evaluated. Therefore, our aim
was to determine whether there are differences between the quan-
titative analysis performed with T1-weighted SE and T1-weighted
MPRAGE sequences and to correlate the qualitative appreciation
of the T1 signal intensity of the DN with the quantitative analysis
of corresponding sequences.

MATERIALS AND METHODS
Patients
Institutional review board approval was obtained for this single-
center (University of North Carolina Hospital at Chapel Hill)
retrospective longitudinal observational study with a waiver of
informed consent.

From a data base of subjects with multiple GBCA administra-
tions for brain MR imaging studies, we identified 50 consecutive
patients who underwent at least 2 brain contrast-enhanced stud-
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ies performed with gadodiamide (Omniscan; GE Healthcare, Pis-
cataway, New Jersey) plus an additional last MR imaging for
reference. Our center used gadodiamide (Omniscan) for all en-
hanced MR imaging studies performed before December 2006,
irrespective of the patient’s renal function. From December 2006
to June 2007, patients with normal renal function received gado-
diamide (Omniscan), and after June 2007, the use of gadodiamide
(Omniscan) was discontinued. All MR imaging examinations
were performed as clinical studies. Because gadodiamide (Omnis-
can) was the only contrast evaluated, only studies performed be-
fore June 2007 were included. Evaluation of medical records per-
mitted exclusion of patients who had undergone contrast agent
administration outside our institution or who had undergone MR
imaging with a GBCA other than gadodiamide (Omniscan). Pa-
tients with abnormal liver or renal function were also excluded.
Abnormal liver function was defined by abnormal serum concen-
trations of aspartate aminotransferase, alanine aminotransferase,
total bilirubin, or g-glutamyl transpeptidase. Renal function was
evaluated by calculating the estimated glomerular filtration rate
(eGFR) and was classified as normal (eGFR > 60 mL/min/m?),
moderately abnormal (eGER between 30 and 60 mL/min/m?), or
severely insufficient (eGFR < 30 mL/min/m?).

Among the 50 patients selected, only those who had a first
baseline MR imaging and a last MR imaging performed with both
T1-weighted SE and 3D MPRAGE sequences were included for
analysis (Fig 1). Thus, our final population included 18 patients
(12 women, 6 men; mean age, 52.56 * 15.21 years). The total
number of administered doses of GBCA ranged from 2 to 10
(mean, 4.78 *= 2.51 doses), and the interval between the first
and last examinations ranged from 96 to 1905 days (mean,
933 *= 610.78 days). A summary of patient data is shown in the
Table.

Imaging Protocols

MR imaging was performed by using a 1.5T MR imaging unit
(Magnetom Avanto; Siemens, Erlangen, Germany) with a 12-el-
ement designed head matrix coil. The MR imaging protocols var-
ied according to the clinical indications but included, in all pa-
tients, a fast spin-echo T1-weighted sequence (TR, 623 ms; TE, 13
ms; echo-train length, 1; section thickness, 5 mm; spacing, 1 mm;
matrix size, 256 X 256; and FOV, 165 X 220) and a T1-weighted
3D MPRAGE sequence (TR, 1740 ms; TE, 3.45 ms; section thick-
ness, 1.0 mm; matrix size, 256 X 256; FOV, 250 mm) before
GBCA injection. A standard dose of 0.1 mmol of gadodiamide per
kilogram of body weight was administered intravenously by using



a power injector (Spectris Solaris EP; Medrad, Indianola, Penn-
sylvania) at a rate of 1.5-2.0 mL/s, followed by a 20-mL saline
flush bolus administered at the same rate.

Imaging and Data Analysis

For each patient, the number of gadolinium-enhanced MR imag-
ing examinations performed with gadodiamide was recorded.
Both sequences, T1-weighted SE and 3D MPRAGE, in the first
(MRI and last (MRI,, with x being the number of the con-
trast-enhanced MR imaging studies) examinations were quanti-

baseline)

tatively and qualitatively analyzed. Two neuroradiologists, who
were blinded to clinical data, independently reviewed all images
on a dedicated workstation (Impax, Version 6; Agfa-Gevaert,
Mortsel, Belgium). Disagreements were resolved by consensus.

Qualitative Analysis

Signal intensity in the DN on unenhanced T1-weighted images
was classified by comparison with the signal intensity of the cen-
tral normal-appearing white matter of the cerebellum by using a
previously described and widely used 4-point grading scale,'* in
which grade 4 indicates prominent hyperintensity; grade 3, faint
hyperintensity; grade 2, isointensity; and grade 1, hypointensity.
When visible, the DN was defined as an irregularly folded ribbon-
like structure located in the medial deep white matter of each
cerebellar hemisphere. Variable window and level settings were
used when reviewing the MR images.'”

Quantitative Analysis

Oval ROIs were placed on the DN and middle cerebellar peduncle
(MCP) on both sides to include as much of each anatomic struc-
ture as possible, avoiding lesions, vessels, or artifacts. When the
DN was unclear on T1-weighted images, the same section posi-
tion on T2-weighted images was used to guide ROI placement.
Measurements were averaged for both the right and left sides and
for both readers. The DN/MCP signal-intensity ratio was calcu-
lated by dividing the mean signal intensity of the DN by that of the
MCP.

Statistical Analysis

R: A Language and Environment for Statistical Computing (R
Core Team; Vienna, Austria)'® was used for all statistical comput-
ing. Statistical significance was defined as a P < .05.

Interobserver agreement between the 2 readers’ ROI measure-
ments for each structure was evaluated by using the Lin concor-
dance correlation coefficient,'” grouped by structures for both
sides. The strength of the agreement was considered near-perfect
when it was >0.99, substantial when it was 0.95—0.99, moderate
when it was 0.90-0.95, and poor when it was <0.90. Interob-
server agreement is illustrated by using Bland-Altman plots (dif-
ference plots) (Fig 2).

Interobserver agreement for qualitative data was assessed by
using kappa statistics, grouped by structures for both sides, as per
the Landis and Koch schema. Conventionally, k < 0 is considered
poor agreement; 0.01-0.20, slight; 0.21-0.40, fair; 0.41-0.60,
moderate; 0.61-0.80, substantial; and 0.81-1.00, near-perfect
agreement.

DN/MCP ratios, averaged for both readers for the baseline and
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FIG 2. Bland-Altman plots show the differences in average ROl mea-
surements between the 2 readers for the dentate nucleus (A) and
middle cerebellar peduncle (B).

final examinations, were calculated for both sequences and com-
pared by using the Wilcoxon signed rank test. This test was also
used to evaluate significant differences in change with time in
signal-intensity ratios for both sequences.

Correlation between DN/MCP ratios and qualitative signal
evaluation of the DN, for both baseline and last examinations, was
assessed by using a polyserial correlation test. The strength of
correlation was perfect if r = 1; very strong, r = 0.70; strong,
0.40 < r < 0.69; moderate, 0.30 = r < 0.39; weak, 0.20 < r < 0.29;
and no or negligible relationship, 0.01 = r < 0.19.

RESULTS

Each reader drew 280 ROIs. The left DN and MCP were not mea-

sured in 1 patient due to disease involvement. In this patient, the

analysis was performed by using only the right-sided structures.
Interobserver agreement was near-perfect for both evaluated

structures: for the DN, it was 0.998 (95% confidence interval,
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FIG 3. Intraindividual linear graphic representation of the DN/MCP
ratios, with error bars, for spin-echo and 3D MPRAGE sequences.
Note the higher ratios with SE on both baseline and final
examinations.

0.997-0.999), and for the MCP, it was 0.999 (95% confidence
interval, 0.998-0.999).

For qualitative analysis, interobserver agreement was also
near-perfect, k = 0.899. Among the 72 evaluations (4 exami-
nations for each patient: SE MRI, in» SE MRI,, MPRAGE
MRI,,sciine> and MPRAGE MRI,), there were 16 disagreements
solved by consensus.

The differences between the 2 sequences for both baseline and
last examination DN/MCP ratios were statistically significant
(P = .008 and P = .006, respectively) (Fig 3), but the change in
ratio with time was not (P = .64).

The correlation between the qualitative and quantitative anal-
ysis was very strong (near-perfect) (r = 0.9) for the MPRAGE and
strong for the SE sequence (r = 0.63) (Fig 4).

DISCUSSION

Our results showed that the DN/MCP signal-intensity ratios were
significantly different and overall higher with the SE than the
MPRAGE sequence. The change with time between the first and
last examination for each sequence was not significantly different.
The correlation between the qualitative and quantitative evalua-
tions was near-perfect for the MPRAGE sequence and strong for
the SE sequence.

Significant differences were found comparing the DN/MCP
ratios between the 2 sequences, which we consider an indication
that these 2 sequences should not be used interchangeably. Both
sequences showed similar signal-intensity progression with time
but different signal-intensity ratios at the baseline and last exam-
inations. The performance of both sequences for quantitative
evaluations of the T1-weighted signal-intensity changes in the DN
was also similar.

Radbruch et al® used both T1-weighted sequences for signal-
intensity quantification of the DN. In their study, it was not clear
whether the ROI measurements between the first and last exam-
inations were performed by using the same sequence. Our find-
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Correlation Between Quantitative and Qualitative Evaluation
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FIG 4. Intraindividual linear graphic representation demonstrating
the correlation between qualitative and quantitative (DN/MCP ratio)
evaluations of the increased T1 signal intensity within the dentate
nucleus for SE and 3D MPRAGE sequences. Note the stronger corre-
lation with MPRAGE (0.9) compared with SE (0.63). Values on the
y-axis are represented on an ordinal scale with random vertical offset
(jitter) to minimize overlapping.

ings suggest that comparing different sequences between studies
may generate inaccurate results. Furthermore, for statistical pur-
poses, the change in signal intensity between the first and last
examinations is better than the ratios. Adin et al® also appeared to
have used SE and MPRAGE interchangeably, and on the basis of
our results, we consider that a substantial limitation in their study.

Theoretically, our results are to be expected because SE and
MPRAGE sequences are different in nature. SE imaging is a 2D
acquisition technique in which short TRs and TEs produce T1-
weighted images in which tissue contrast is primarily related to
differences in the T1 relaxation time of each tissue.'® MPRAGE is
aT1-weighted 3D sequence acquired with a 3D Fourier transform
technique following a magnetization-prepared 180° inversion
pulse. The use of an inversion pulse allows greater T1 contrast
compared with SE imaging; however, the T1-weighting of differ-
ent tissues may be considerably different between structures, de-
pending on the selected TI. Signal-to-noise ratios and contrast-
to-noise ratios are greater with SE compared with MPRAGE, and
the inherently high signal intensity of white matter may account
for the lower DN/MCP ratio signal intensity, as seen in our study,
because the MCP is a white matter structure.'®'” Substantial
changes of parameters of the same imaging sequence used can
render the comparisons of that sequence inaccurate. However, we
believe that because those parameters have been preset, in a way,
to avoid tangible changes across systems of the same field strength
at our institution, the comparison would be less affected com-
pared with the use of completely different imaging pulse
sequences.

Our results suggest that qualitative evaluation is more accurate
with MPRAGE than with the SE sequence. The stronger correla-
tion between qualitative and quantitative analysis with MPRAGE
may be explained by the greater gray/white matter contrast inher-



ent to this sequence compared with SE. This likely reflects the
greater T1-weighted contrast of the MPRAGE sequence achieved
by the initial 180° inversion pulse.*

Limitations of our study include the retrospective nature of
data acquisition and the small sample size; the strict inclusion
criteria limited the sample size of our study. However, we believe
that the pair-wise comparison nature of our study compensates
for the small sample size. Another possible limitation is the use of
the MCP, a white matter structure, as the denominator in the DN
ratios because the relative signal intensity of the white matter is
higher on the MPRAGE sequence. Because research into the sub-
ject of brain deposition is still relatively new, it is still unclear
which is the best reference structure for the DN ratio calculation.
As previously performed,* we calculated the ratio by using the
MCP instead of the base of the pons™*° because the latter may
exhibit heterogeneous signal intensity related to presumed vascu-
lar changes. Additionally, Radbruch et al>*' reported that the
ratios of the DN with the pons, cerebellum, and CSF were com-
parable. Thus, no significant differences for the DN/MCP signal-
intensity ratio should be expected.

CONCLUSIONS

T1-weighted SE and MPRAGE sequences should not be used in-
terchangeably for qualitative or quantitative T1 signal-intensity
analysis of the DN in patients who undergo several contrast-
enhanced MR imaging studies because they are fundamentally
different sequences, despite their similar appearance. Both se-
quences generate similar performance in quantitative analysis on
an individual basis. Baseline and final examination ratios should
be evaluated by using the same sequence across time, and differ-
ences in ratios between the baseline and final examination should
be evaluated instead of ratio signal intensity at specific time
points. Qualitative analysis is better performed with the MPRAGE
sequence, reflecting its intrinsic higher gray—white matter con-
trast. This sequence seems to be a promising simple screening tool
to be used in clinical practice for evaluating patients with multiple
administrations of GBCA and may offer advantages over SE se-
quences for research purposes.
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ORIGINAL RESEARCH
ADULT BRAIN

Characteristics of Diffusional Kurtosis in Chronic Ischemia of
Adult Moyamoya Disease: Comparing Diffusional Kurtosis
and Diffusion Tensor Imaging

K. Kazumata, ““KK.Tha, ““H. Narita, ““'Y.M. Ito, ““'H. Shichinohe, ““M. Ito, ““H. Uchino, and ““T. Abumiya

o=

ABSTRACT

BACKGROUND AND PURPOSE: Detecting microstructural changes due to chronic ischemia potentially enables early identification of
patients at risk of cognitive impairment. In this study, diffusional kurtosis imaging and diffusion tensor imaging were used to investigate
whether the former provides additional information regarding microstructural changes in the gray and white matter of adult patients with
Moyamoya disease.

MATERIALS AND METHODS: MR imaging (diffusional kurtosis imaging and DTI) was performed in 23 adult patients with Moyamoya
disease and 23 age-matched controls. Three parameters were extracted from diffusional kurtosis imaging (mean kurtosis, axial kurtosis, and
radial kurtosis), and 4, from DTI (fractional anisotropy, radial diffusivity, mean diffusivity, and axial diffusivity). Voxelwise analysis for these
parameters was performed in the normal-appearing brain parenchyma. The association of these parameters with neuropsychological
performance was also evaluated.

RESULTS: Voxelwise analysis revealed the greatest differences in fractional anisotropy, followed, in order, by radial diffusivity, mean
diffusivity, and mean kurtosis. In patients, diffusional kurtosis imaging parameters were decreased in the dorsal deep white matter such as
the corona radiata and superior longitudinal fasciculus (P < .01), including areas without DTl abnormality. Superior longitudinal fasciculus
fiber-crossing areas showed weak correlations between diffusional kurtosis imaging and DTI parameters compared with tissues with a
single-fiber direction (eg, the corpus callosum). Diffusional kurtosis imaging parameters were associated with general intelligence and
frontal lobe performance.

CONCLUSIONS: Although DTl revealed extensive white matter changes, diffusional kurtosis imaging additionally demonstrated micro-
structural changes in ischemia-prone deep white matter with abundant fiber crossings. Thus, diffusional kurtosis imaging may be a useful
adjunct for detecting subtle chronic ischemic injuries.

ABBREVIATIONS: AD = axial diffusivity; AK = axial kurtosis; CPT = continuous performance task; DKI = diffusional kurtosis imaging; FA = fractional anisotropy;
1Q = intelligence quotient; MK = mean kurtosis; MD = mean diffusivity; MMD = Moyamoya disease; RD = radial diffusivity; RK = radial kurtosis; RST = Reading Span
Test; SLF = superior longitudinal fasciculus; TMT = Trail-Making Test

oyamoya disease (MMD) is characterized by compensatory
development of enlarged and weak basal perforating arter-
ies (Moyamoya vessels) due to bilateral occlusive changes in the
internal carotid system." In addition to cerebral ischemia and in-
tracranial hemorrhage, patients with MMD demonstrate neuro-
cognitive issues, such as executive dysfunction, attention deficits,
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and working-memory disturbances.”” Brain atrophy may ex-
plain cognitive impairment in the absence of infarction, but
detection of these changes has been hampered by the limited
sensitivity of conventional neuroimaging methods. Diffusion
tensor imaging is useful for determining white matter integrity
and providing parameters sensitive to changes in axons, my-
elin, and organelle structures.*® Indeed, DTI analysis has re-
vealed a widespread decline in white matter integrity in the
normal-appearing brain with MMD.? Thus, DTI can detect
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Table 1: Characteristics of the study participants MATERIALS AND METHODS
Control Moyamoya Disease P Value  Participants
No. of subjects 23 23 - This prospective study was approved by
Age (mean) (range) (yr) 39.0 +81(25-56)  40.9 + 9.5(21-58) 48 the Research Ethics Committee of Hok-
Sex (F/M) (No. of subjects) 1310 17:6 35 kaido University Hospital, and written
Risk factor (DM, HT, HL) (No. of subjects) 0 5 049 informed consent was obtained from all

Symptoms (No. of subjects)
Asymptomatic -
TIA -

B participants. Participants in the present
10 study are the same as those of our previ-

Note:—DM indicates diabetes mellitus; HT, hypertension; HL, hyperlipidemia.

early-stage ischemic injury, which potentially predicts future
cognitive outcomes. However, DT is constrained by technical
insufficiencies: It is based on the assumption that water mole-
cules diffuse freely and that diffusion can be characterized by a
Gaussian distribution.”

In addition, the tensor model is based on the observation
that in many tissues, water diffusion is anisotropic (ie, the
diffusion is more liberal in some directions and more restricted
in others). This anisotropic diffusion can be geometrically de-
picted as an ellipsoid, described by eigenvectors and eigenval-
ues. This model performs well in regions where fibers are
aligned along a single axis. However, it fails in regions with
several fiber populations aligned along intersecting axes be-
cause it cannot simultaneously map several diffusion maxima.®
Furthermore, because hypoxic-ischemic injury induces neuro-
degeneration and regression of dendrite arborization in gray
matter, the diffusion properties of gray matter may also reveal
the early stages of ischemic injury.”® Nevertheless, analyzing
isotropic or near-isotropic tissue such as gray matter by DTI
may not be valid because its major parameter, fractional an-
isotropy (FA), reflects structure only if it is spatially oriented.®
A more recent method called diffusional kurtosis imaging
(DKI) quantifies the deviation of water molecule diffusion
from the Gaussian distribution without assuming any specific
diffusion model.®? Its parameters are thought to represent the
complexity of tissue microstructure.® Previous studies have
suggested that DKI is sufficiently sensitive to detect age-related
alterations in white matter microstructure.'®"'" Furthermore,
measurements of diffusion anisotropy by DKI can reveal sex-
related and pathologic changes in gray matter.'>'” Thus, using
DKI to evaluate the diffusion properties of gray matter and
white matter in patients with MMD may be useful for detecting
subtle microstructural changes due to ischemia.

Diffusional kurtosis has been investigated to explore tissue
reversibility in acute cerebral infarction.'*'® However, there
is a paucity of information regarding the microstructural
properties measured by DKI in chronic ischemia in living hu-
mans. To expand on our prior DTI study, we investigated
whether adults with MMD and no overt cerebral infarctions
have altered diffusional kurtosis in the entire cerebrum. An
exploratory voxel-based whole-brain analysis was performed
to map regional DKI parameters and to compare DKI and DTI
parameters. We also explored correlations of diffusion param-
eters with measures of neurocognitive impairment in an ROI

analysis.

ous study analyzing the relationship be-
tween DTI parameters and neuropsy-
chological test scores.” The selection
period was 25 months (April 2012 through April 2014). Twenty-
three patients (6 men and 17 women; 21-58 years of age; mean
age, 40.9 = 9.5 years) were enrolled. The control group also con-
sisted of 23 subjects (10 men and 13 women; 25-56 years of age;
mean age, 39.0 = 8.1 years). A brief summary of patient charac-
teristics is provided in Table 1.

Neuropsychological Assessment

Neuropsychological examinations consisted of the Wechsler
Adult Intelligent Scale-IIT, Wisconsin Card Sorting Test, Trail-
Making Test (TMT; parts A and B), continuous performance task
(CPT), Stroop test, and Reading Span Test (RST). The details of
neuropsychological examinations and the results are provided in
the On-line Appendix.’

MR Image Acquisition

MR imaging was performed with a 3T scanner (Achieva TX;
Philips Healthcare, Best, the Netherlands). 3D magnetization-
prepared rapid acquistion of gradient echo T1-weighted imaging
and axial single-shot spin-echo echo-planar DKI were acquired to
evaluate subtle gray and white matter alterations, respectively.
The scan parameters for DKI were as follows: TR = 5051 ms,
TE = 85 ms, flip angle = 90°, FOV = 224 X 224 mm?, matrix
size = 128 X 128, b-values = 0, 1000, and 2000 s/mm”*, number of
diffusion gradient directions = 32, section thickness = 3 mm,
intersection gap = 0 mm, number of sections = 43,and NEX = 1.
The 3D-MPRAGE imaging was performed with TR = 6.8 ms,
TE = 3.1 ms, flip angle = 8 °, and TI = 1100 ms.

Image Processing
Registration between the echo-planar images with no diffusion
weighting (b=0 s/mm®) and the corresponding DKI data and
correction for eddy current distortion were performed at the MR
imaging operator console. The DKI data were processed by using
Matlab R2012b (MathWorks, Natick, Massachusetts) and Diffu-
sional Kurtosis Estimator (Version 2.5.1; http://nitrc.org/projects/
dke)."” Seven DKI and DTI parameters were extracted from the
Diffusional Kurtosis Estimator: mean kurtosis (MK), radial kur-
tosis (RK), axial kurtosis (AK), FA, mean diffusivity (MD), radial
diffusivity (RD), and axial diffusivity (AD). The DTI parameters
(FA, MD, RD, and AD) were calculated from a portion of the DKI
data by using a monoexponential model that assumes a Gaussian
probability diffusion function by using data from b-values of 0
and 1000 s/mm?>."”

Following calculation of DKI and DTI parameters, the b=0
echo-planar images were warped to the standardized T2 template
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of SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12).
This transformation matrix was applied to the DKI/DTI parame-
ter map of each patient. The warped DKI/DTI maps were aver-
aged and smoothed with a 6-mm full width at half maximum
Gaussian kernel to form customized DKI/DTT templates. Native
DKI/DTI maps of all patients and control subjects were then
warped to the customized, respective DKI/DTI templates. Indi-
vidual maps were then smoothed with a 6-mm full width at half-
maximum Gaussian kernel. The warped and smoothed DKI/DTI
maps were used for group comparisons between the controls and
patients with MMD. To investigate the pathology underlying DKI
parameters and the influence of fiber crossings on DTI parame-
ters, we investigated the correlations of DKI and DTT parameters
in white matter tracts consisting of either a single fiber direction
or crossing fibers (ie, multiple directions).'® The ROIs were
placed on the genu of the corpus callosum (ie, a structure with a
single fiber direction) and deep white matter tracts corresponding
to the bilateral superior longitudinal fasciculus (SLF) (multiple
fiber directions) by using the JHU white matter atlas available in
FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/)."”

Data Analysis

Whole-brain diffusion parameters were compared voxel by voxel
between the controls and patients with MMD by using SPM8,
which implemented the general linear model. We used the 2-sam-
ple t test model, and age was considered a covariate. An explicit
mask generated by averaging the normalized CSF space of all par-
ticipants was applied. To explore group differences across both
gray matter and white matter, we set statistical significance at P <
.01 without correction for family-wise error and clusters of 50
voxels or more. The number of voxels demonstrating a significant
difference between the controls and patients with MMD was ex-
tracted. The Pearson product-moment correlation coefficient was
calculated to investigate the correlation between the DKI and DTI
parameters by using DKI/DTI values extracted from the ROI
analysis.

We also investigated whether the significant changes in DKI/
DTI parameters were associated with neuropsychological exami-
nation scores. A threshold T value of 2.42, corresponding to P <
.01 without correction for family-wise error, was applied to the T'
contrast map of DKI/DTI parameters obtained by comparing
controls and patients, and binary mask images containing voxels
above the threshold value were generated. The DKI/DTI param-
eter values included in the masks were extracted from DKI/DTI of
the patients with MMD. The Pearson product-moment correla-
tion coefficients were used for analyses involving the Wechsler
Adult Intelligent Scale-IIT, TMT (parts A and B and the difference
in score between TMT-A and TMT-B [B-A]). Patients were fur-
ther subgrouped into 2, according to their performance scores,
error numbers, and reaction time on the Wisconsin Card Sorting
Test, Stroop test, CPT, and RST; and the DKI/DTI parameters
were compared between these 2 subgroups by using ¢ tests (On-
line Appendix). For all correlations and comparisons, a P value <
.05 was considered statistically significant to explore the possible
relationship between neuropsychological scores and diffusion

parameters.
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RESULTS

Spatial Distribution of DTI/DKI Differences on Voxel-
Based Analysis

Areas with decreased MK included the right frontal white matter,
bilateral thalami, portions of the occipital white matter, corona
radiata, corpus callosum, and portions of frontal and parietal
white matter corresponding to the posterior segment of the supe-
rior longitudinal fasciculus (Fig 1). The decrease in FA was most
extensive within the white matter (161,625 voxels), with its de-
crease amounting to 12,833 voxels (7.9%) (Fig 2). Significant MK,
RK, and AK decreases were observed in 6180 voxels (3.8%), 3828
voxels (2.4%), and 3043 voxels (1.9%), respectively. In contrast,
9028 voxels (5.6%) showed a significant increase in MDj; 10,062
(6.2%), in RD; and 548 (0.3%), in AD compared with controls.
Figure 1 shows DKI/DTT overlap maps, with MK/RK/AK/FA de-
creases and MD/RD increases. Areas with FA decrease were more
extensive than those with MK decrease; however, the posterior
segment of the SLF showed a decrease in only MK/RK. The in-
crease in MD/RD was remarkable in the corona radiata; however,
the posterior segment of the SLF showed a decrease in MK/RK
without an increase in MD/RD. Decreased AK was observed with-
out changes in AD for the bilateral thalami, corona radiata, and
portions of the temporo-occipital white matter. There was no
cortical gray matter with altered DKI/DTI parameters in patients.

Correlation of DTI and DKI Parameters

Correlations between DKI and DTT parameters were examined in
both the genu of the corpus callosum and the bilateral SLF
(Table 2). In the corpus callosum of both controls and patients
with MMD, MK correlated positively with FA (r > 0.78, P < .01),
while inverse correlations with MK were found for MD/RD/AD
(r < —0.82, P < .001). In the corpus callosum, RK correlated
inversely with RD (r < —0.84, P < .001), and AK inversely cor-
related with AD of the corpus callosum (r < —0.64, P <.001). A
significant correlation between MK and FA was observed in the
left SLF of controls, but this was to a lesser degree compared with
that in the corpus callosum. No correlation was found between
MK and FA in the right SLF of controls. In both controls and
patients, correlations between MK and MD/RD/AD were found
in the right and left SLFs, albeit to a lesser degree than corpus
callosum correlations. The results of correlation between DKI and
DTI parameter values are summarized in Table 2.

Association of DKI/DTI Parameters with
Neuropsychological Performance Tests

The DKI parameter (AK) showed significant correlations with
motor intelligence quotient (IQ), full-scale I1Q, perceptual orga-
nization, and processing speed evaluated on the Wechsler Adult
Intelligent Scale-III (Fig 3A, r > 0.42, P < .05). Both DKI (MK)
and DTI (FA, MD, and RD) parameters showed significant cor-
relations with the TMT part B (Fig 3B, r > 0.44, P < .05). The
Stroop test performance showed moderate positive correlations
with MK, RK, and FA and negative correlations with MD, RD, and
AD (P < .05). RST was associated with MK and AK (P < .05). The
correlations between diffusion parameters and neuropsychologi-
cal scores (Wisconsin Card Sorting Test, Stroop Test, CPT, and
RST) are shown in Table 3.



FIG 1. Changes in diffusional kurtosis imaging and diffusion tensor
imaging parameters in Moyamoya disease shown in maps of 3 diffu-
sional kurtosis parameters (mean kurtosis, radial kurtosis, and axial
kurtosis) and 4 diffusion tensor parameters (fractional anisotropy,
mean diffusivity, radial diffusivity, and axial diffusivity). Areas with
significant changes in a combination of DKI/DTI parameters are as
follows: decreased MK (red-yellow)/decreased FA (blue-light blue),
decreased MK (red-yellow)/increased MD (blue-light blue), decreased
RK (red-yellow)/increased RD (blue-light blue), and decreased AK
(red-yellow)/increased and decreased AD (blue-light blue). Values
from statistical parametric mapping analysis are projected onto axial
sections of the average brain space of FA (z = 12, 28, 32, 36 mm). MK
decrease is observed in the thalamus, a portion of the genu and body
of the corpus callosum, corona radiata, frontoparietal subcortical
white matter, and superior longitudinal fasciculus. RK decrease is ob-
served in part of the frontoparietal subcortical white matter, thala-
mus, corona radiata, and occipital white matter. AK decrease is ob-
served in the thalamus, temporo-occipital white matter, part of the
SLF, and corona radiata. The radiologic convention is adopted, with
the left side of the brain on the right side of axial panels. The color
scale represents T values, with colored regions exceeding the signifi-
cance threshold of P < .01(T = 2.42) with a minimum cluster size of 50
voxels. Rt indicates right; Lt, left.

Table 2: Correlation between DKI and DTI parameters®

DISCUSSION

We explored the added benefit of diffusional kurtosis measure-
ments in the assessment of ischemic burden due to chronic isch-
emia in adult MMD. This study confirmed our prior finding that
chronic ischemia in MMD preferentially affects the microstruc-
ture of normal-appearing white matter.” Detecting microstruc-
tural changes due to chronic ischemia potentially enables early
identification of patients at risk of cognitive impairment.”*°
However, detecting microstructural changes has been hampered
by the limited sensitivity of DTI in fiber-crossing areas.” In this
study, DKI demonstrated microstructural changes, predomi-
nantly in the dorsal part of the deep white matter, where conven-
tional MR imaging frequently demonstrates ischemic lesions.”'
The significant changes in DKI parameters were associated with
neuropsychological scores reflecting general intelligence, execu-
tive function, attention, and working memory. Thus, DKI is con-
sidered a useful adjunct to conventional DTI, particularly for its
ability to detect nascent microstructural changes in areas with
abundant fiber crossings.

In this study, we demonstrated that DTT showed widespread
regions with alterations in FA, MD, and RD. The finding is con-
sistent with previous studies, in which DTI showed more exten-
sive white matter changes compared with DKI parameters. Other
studies have demonstrated superior sensitivity of DKI to detect
white matter changes compared with DTL'"**** DKI showed
significant decreases in frontoparietal subcortical structures and
deep white matter. A decrease in DKI parameters, a shift of diffu-
sional kurtosis toward free water diffusion, has commonly been
interpreted as a reduction in tissue complexity.>* Considering the
location of the DKI alterations, a reduction in complexity is
thought to reflect microstructural changes in myelin and/or ax-
onal attenuation. In the corona radiata, DTT (MD/RD) demon-
strated more significant changes compared with DKI (MK/RK).
Deep white matter tracts are vulnerable to chronic ischemia be-
cause they are located in the terminal field of the blood supply.
Myelin degeneration or increased periventricular extracellular
fluid may increase RD, while tissue complexity in a radial direc-
tion may be maintained, in some part, by glial proliferation.”” Ina
previous study, a trend toward decreased AD was found via anal-
ysis of tract-specific spatial statistics,” whereas the voxel-based
analysis of the present study did not show definitive AD changes
in white matter. AD decreases in axonal fragmentation; however,
axonal degeneration or reduced axonal attenuation can increase

AD. In contrast with AD, AK showed significant changes in the

Corpus Callosum Rt. SLF Lt. SLF
CNT MMD CNT MMD CNT MMD
r P r P r P r P r P r P
MK vs FA 0.78 .000 0.80 .000 0.08 715 0.60 .002 0.42 .047 0.47 .022
MK vs MD —0.90 .000 —0.86 .000 —0.60 .002 —0.68 .000 —041 .049 —0.49 .017
MK vs RD —0.90 .000 —0.87 .000 —0.54 .008 —0.73 .000 —0.49 .018 —0.55 .006
MK vs AD —0.87 .000 —0.82 .000 —0.50 .014 —0.46 .028 —0.19 386 —0.35 101
RK and RD —0.88 .000 —0.84 .000 —072 .000 —0.56 .005 —047 .025 —0.38 .072
AK and AD —0.75 .000 —0.64 .000 —0.44 .036 —0.61 .001 —047 .025 —0.68 .000
Note:—Rt. indicates right; Lt., left; CNT, controls; r; Pearson product-moment correlation coefficient.
2 All P values, except .715, 386, 101, and ,072, indicate significant correlation between DKI and DTI parameters.
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FIG 2. The bar graph indicates the number of the voxels with significant changes relative to the
total number of white matter voxels in statistical parametric mapping comparing controls and
patients with Moyamoya disease. Bar heights indicate decreases in MK/RK/AK/FA and increases
in MD/RD/AD for 2 levels of threshold applied in group comparisons (blue, P < .01; red, P < .05,

respectively).

coronaradiata in the voxel-based analysis. Thus, alterations in AD
would be marginal at best in patients, while tissue complexity
parallel to the principal diffusion direction could be decreased in
the corona radiata of patients. Weak correlations between FA and
MK in the SLF of controls could be attributed to the crossing/
kissing of white matter fibers. The SLF contains abundant cross-
ing fibers projecting from the corona radiata and corpus callo-
sum.'® Several fiber populations aligned along intersecting axes in
1 voxel would diminish anisotropy.”®

The DKI parameters in patients showed moderate positive
correlations with impaired general intelligence and frontal lobe
dysfunction. These results are consistent with previous reports
showing a relationship between cognitive performance and white
matter fiber tracts integrating parietofrontal cortical areas.””*” In
MMD, performance IQ is preferentially affected compared with
verbal IQ." In the present study, AK was significantly correlated
with neuropsychological performance on tests evaluating execu-
tive function and working memory (motor IQ, perceptual orga-
nization, and processing speed), while no correlation was found
with verbal IQ. In an experimental animal model of chronic white
matter ischemia, damage to myelin preceded axonal damage, sug-
gesting that the change in myelin is the primary pathologic

event.””

Our observation of a stronger correlation between AK,
rather than AD, and general intellectual ability measured by the
Wechsler Adult Intelligent Scale-III may imply that a reduction in
axonal density and/or axonal degeneration, a more advanced
stage of chronic ischemic injury, is better described by AK than
AD. Previous investigations by using DTI and probabilistic trac-
tography have shown correlations between neuropsychological
examinations and the FA of subcortical white matter. Consistent
with previous studies, we observed correlations between DTI pa-
rameters and the scores of neuropsychological tests evaluating

1436 Kazumata Aug 2016 www.ajnr.org

frontal lobe function in the present
study. A significant correlation of FA/
MD/RD with scores on the Trail-Mak-
ing Test suggests that demyelination
alone could affect part of the frontal lobe
functions.

Transient ischemic attack followed
by hyperventilation is a characteristic
symptom of childhood MMD, and syn-
cope attacks are occasionally observed in
both children and adults with MMD.'
The spatial characteristics of nascent
brain injury are important for under-
standing frontal-dominant neurocogni-
tive dysfunction in adult MMD. Pyrami-
dal neocortical neurons (layers 3, 5, and
6) in the prefrontal cortex are known to
be highly vulnerable to hypoxic-isch-
emic insults.”"** These hypoxic-isch-
emic insults can damage the brain and
potentially induce neuronal death or re-
gression of dendritic structure.® We
speculate that microstructural alteration
precedes gross volumetric reductions in
gray matter. Previous study has revealed
gray matter atrophy in the posterior cin-
gulate cortex, suggesting that more widespread gray matter
changes might be observed in diffusion parameters, particularly
in the frontal lobe.” DKI could reveal early microstructural
changes less constrained by partial volume effects.”” Nevertheless,
despite discrete white matter damage, no substantial changes in
diffusion parameters were found in the cortical gray matter in
MMD. Pathologic tissue changes such as glial proliferation may
underlie the lack of significant changes in the diffusion parame-
ters of the cortices. A new diffusion MR imaging technique, in-
cluding neurite orientation dispersion and density imaging, may
detect subtle microstructural changes in the cortex and is poten-
tially sensitive to initial ischemic changes before the overt vol-
umetric reductions.”**’

The present study revealed microstructural change in the thal-
amus, a finding that has never been emphasized with regard to
cognitive function in MMD. The mediodorsal thalamus connects
to the prefrontal cortex. This is potentially important because
innervation of the thalamoprefrontal circuit could modulate pre-
frontal neural circuits, which are associated with cognitive as well
as affective performance.

There are several limitations to this study. The statistical
power to detect group differences in DKI parameters is signifi-
cantly influenced by the number of subjects in a study.”” There-
fore, the spatial characteristics of the DKI/DTT alterations found
in this study may not represent the topography of ischemic bur-
den in adult MMD.>” We extracted DKI/DTI values from the
contrast T maps generated from group comparisons between
controls and patients to explore the relationship between abnor-
mal diffusion parameters in patients and neuropsychological test
performance. Although we found an association with neuropsy-
chological test scores, voxel-based correlation analysis would per-



FIG 3. Scatterplots indicating a significant correlation between neuropsychological test performance and diffusion parameters. Pearson
moment-production correlation coefficient r and P values are demonstrated in each scatterplot. ROlIs (green) for each parameter (AK, MK, FA,
MD, and RD) are demonstrated with FA template images generated from 23 controls and 23 patients. A, Performance scores evaluated on the
Wechsler Adult Intelligent Scale-lll are significantly associated with axial kurtosis. Axial kurtosis is positively correlated with full-scale 1Q (r =
0.42, P = .04) and subscores such as motor IQ (r = 0.49, P = .02), perceptual organization (r = 0.47, P = .03), and processing speed (r = 0.47,P =
.03). B, Trail-Making Test, part B is inversely correlated with DKI/DTI parameters (MK;r = —0.44, P = .04;and FA;r = —0.49,P = .02) and positively
correlated with DTI parameters (MD; r = 0.56, P = .007; and RD; r = 0.56, P = .007).

AJNR Am J Neuroradiol 37:1432-39  Aug 2016 www.ajnr.org 1437



Table 3: Correlations of diffusion ?arameters with
neuropsychological examinations

WCST Stroop CPT RST
MK - .004° - 048°
RK - .007° - -
AK - .045¢ - 036°
FA - .024° - -
MD - 012° - -
RD - 014° - -
AD - 031 - -

Note:—WCST indicates Wisconsin Card Sorting Test, Stroop; Stroop test.

? Data are P values. Correlations of diffusional kurtosis imaging and diffusion tensor
imaging parameters with neuropsychological examinations were evaluated in pa-
tients with MMD. Three diffusional kurtosis parameters (MK, RK, and AK) and 4 diffu-
sion tensor parameters (FA, MD, RD, and AD) were analyzed. Diffusion parameters and
locations that demonstrated significant relationships with clinical variables follow.

b Two-tailed t test.

€ One-tailed t test.

mit an objective evaluation of the neural substrates associated
with cognitive impairment. Finally, we used a combination of
b-values of 0 and 1000 s/mm? for DTI. DTI parameters are re-
ported as dependent on b-values. For DKI, the b-values of 0, 1000,
and 2000 s/mm? used in the present study would be feasible for
practical clinical applications. Nevertheless, a different combina-
tion of b-values and methods for parameter estimation could alter
the relationship between DKI and DTI with regard to sensitivity
and specificity, which requires further investigation.”'

CONCLUSIONS

The results of the present study suggest an additional value of DKI
as an adjunct to DTL. DKI parameters can become useful neuro-
imaging markers to track ischemic burden in adult MMD.

Disclosures: Ken Kazumata—RELATED: Grant: This study was supported by a grant
from the Research Committee on Moyamoya Disease, sponsored by the Ministry of
Health, Labor, and Welfare of Japan.* Khin K. Tha—RELATED: Grant: This work was
supported (in part) by the Creation of Innovation Centers for Advanced Interdisci-
plinary Research Areas Program, Ministry of Education, Culture, Sports, Science, and
Technology, Japan.* Masaki Ito—RELATED: Grant: Research Committee on Moya-
moya Disease, sponsored by the Ministry of Health, Labor, and Welfare of Japan*;
UNRELATED: Grants/Grants Pending: Masaki Ito was funded by a fellowship (grant)
¥2,000,000 J (approximately US $18,000) for 1year from SENSHIN Medical Research
Foundation donated by the Mitsubishi Corporation, Japan. Funding began April 1,
2015. Takeo Abumiya—RELATED: Grant: grant from the Research Committee on
Moyamoya Disease, sponsored by the Ministry of Health, Labor, and Welfare of
Japan.* *Money paid to the institution.

REFERENCES

1. Kuroda S, Houkin K. Moyamoya disease: current concepts and fu-
ture perspectives. Lancet Neurol 2008;7:1056—66 CrossRef Medline

2. Karzmark P, Zeifert PD, Bell-Stephens TE, et al. Neurocognitive im-
pairment in adults with Moyamoya disease without stroke. Neuro-
surgery 2012;70:634—38 CrossRef Medline

3. Kazumata K, Tha KK, Narita H, et al. Chronic ischemia alters brain
microstructural integrity and cognitive performance in adult
Moyamoya disease. Stroke 2015;46:354—60 CrossRef Medline

4. Tha KK, Terae S, Nakagawa S, et al. Impaired integrity of the brain
parenchyma in non-geriatric patients with major depressive disor-
der revealed by diffusion tensor imaging. Psychiatry Res 2013;212:
208-15 CrossRef Medline

5. Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy
and imaging. Biophys ] 1994;66:259—67 Medline

6. Jensen JH, Helpern JA, Ramani A, et al. Diffusional kurtosis
imaging: the quantification of non-gaussian water diffusion by
means of magnetic resonance imaging. Magnetic Reson Med 2005;
53:1432—40 Medline

1438 Kazumata Aug 2016 www.ajnr.org

11.

15.

17.

18.

20.

21.

22.

23.

24,

25.

. Back SA. Cerebral white and gray matter injury in newborns: new

insights into pathophysiology and management. Clin Perinatal
2014;41:1-24 CrossRef Medline

. Zhang S, Boyd J, Delaney K, et al. Rapid reversible changes in den-

dritic spine structure in vivo gated by the degree of ischemia. J Neu-
rosci 2005;25:5333-38 Medline

. Fieremans E, Jensen JH, Helpern JA. White matter characterization

with diffusional kurtosis imaging. Neuroimage 2011;58:177—88
CrossRef Medline

. Li X, Gao J, Hou X, et al. Diffusion kurtosis imaging with tract-

based spatial statistics reveals white matter alterations in preschool
children. Conf Proc IEEE Eng Med Biol Soc 2012;2012:2298-301
CrossRef Medline

Coutu JP, Chen JJ, Rosas HD, et al. Non-Gaussian water diffusion in
aging white matter. Neurobiol Aging 2014;35:1412-21 CrossRef
Medline

. Gong NJ, Wong CS, Chan CC, et al. Aging in deep gray matter and

white matter revealed by diffusional kurtosis imaging. Neurobiol
Aging 2014;35:2203-16 CrossRef Medline

. Caverzasi E, Henry RG, Vitali P, et al. Application of quantitative

DTI metrics in sporadic CJD. Neuroimage Clin 2014;4:426-35
CrossRef Medline

. Weber RA, Hui ES, Jensen JH, et al. Diffusional kurtosis and

diffusion tensor imaging reveal different time-sensitive stroke-
induced microstructural changes. Stroke 2015;46:545-50
CrossRef Medline

Grinberg F, Farrher E, Ciobanu L, et al. Non-Gaussian diffusion
imaging for enhanced contrast of brain tissue affected by ischemic
stroke. PLoS One 2014;9:89225 CrossRef Medline

. Umesh Rudrapatna S, Wieloch T, Beirup K, et al. Can diffusion

kurtosis imaging improve the sensitivity and specificity of de-
tecting microstructural alterations in brain tissue chronically
after experimental stroke? Comparisons with diffusion tensor
imaging and histology. Neuroimage 2014;97:363—73 CrossRef
Medline

Tabesh A, Jensen JH, Ardekani BA, et al. Estimation of tensors and
tensor-derived measures in diffusional kurtosis imaging. Magn
Reson Med 2011;65:823-36 CrossRef Medline

Reijmer YD, Leemans A, Heringa SM, et al; Vascular Cognitive
Impairment Study group. Improved sensitivity to cerebral white
matter abnormalities in Alzheimer’s disease with spherical de-
convolution based tractography. PLoS One 2012;7:¢44074
CrossRef Medline

. Wakana S, Jiang H, Nagae-Poetscher LM, et al. Fiber tract-based

atlas of human white matter anatomy. Radiology 2004;230:77—87
Medline

Cheng HL, Lin CJ, Soong BW, et al. Impairments in cognitive func-
tion and brain connectivity in severe asymptomatic carotid steno-
sis. Stroke 2012;43:2567—73 Medline

Schmidt R, Seiler S, Loitfelder M. Longitudinal change of small-ves-
sel disease-related brain abnormalities. ] Cereb Blood Flow Metab
2015 Apr 22. [Epub ahead of print] CrossRef Medline

Kamagata K, Tomiyama H, Hatano T, et al. A preliminary diffu-
sional kurtosis imaging study of Parkinson disease: comparison
with conventional diffusion tensor imaging. Neuroradiology 2014;
56:251-58 CrossRef Medline

Fieremans E, Benitez A, Jensen JH, et al. Novel white matter tract
integrity metrics sensitive to Alzheimer disease progression. AJNR
Am J Neuroradiol 2013;34:2105—12 CrossRef Medline

Steven AJ, Zhuo J, Melhem ER. Diffusion kurtosis imaging: an
emerging technique for evaluating the microstructural environ-
ment of the brain. AJR Am ] Roentgenol 2014;202:W26—-33 CrossRef
Medline

Cechetti F, Pagnussat AS, Worm PV, et al. Chronic brain hypoper-
fusion causes early glial activation and neuronal death, and subse-
quent long-term memory impairment. Brain Res Bull 2012;87:
109-16 CrossRef Medline


http://dx.doi.org/10.1016/S1474-4422(08)70240-0
http://www.ncbi.nlm.nih.gov/pubmed/18940695
http://dx.doi.org/10.1227/NEU.0b013e3182320d1a
http://www.ncbi.nlm.nih.gov/pubmed/21849919
http://dx.doi.org/10.1161/STROKEAHA.114.007407
http://www.ncbi.nlm.nih.gov/pubmed/25538200
http://dx.doi.org/10.1016/j.pscychresns.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23149032
http://www.ncbi.nlm.nih.gov/pubmed/8130344
http://www.ncbi.nlm.nih.gov/pubmed/15906300
http://dx.doi.org/10.1016/j.clp.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24524444
http://www.ncbi.nlm.nih.gov/pubmed/15930381
http://dx.doi.org/10.1016/j.neuroimage.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21699989
http://dx.doi.org/10.1109/EMBC.2012.6346422
http://www.ncbi.nlm.nih.gov/pubmed/23366383
http://dx.doi.org/10.1016/j.neurobiolaging.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24378085
http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24910392
http://dx.doi.org/10.1016/j.nicl.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24624328
http://dx.doi.org/10.1016/j.nicl.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25563646
http://dx.doi.org/10.1371/journal.pone.0089225
http://www.ncbi.nlm.nih.gov/pubmed/24586610
http://dx.doi.org/10.1016/j.neuroimage.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24742916
http://dx.doi.org/10.1002/mrm.22655
http://www.ncbi.nlm.nih.gov/pubmed/21337412
http://dx.doi.org/10.1371/journal.pone.0044074
http://www.ncbi.nlm.nih.gov/pubmed/22952880
http://www.ncbi.nlm.nih.gov/pubmed/14645885
http://www.ncbi.nlm.nih.gov/pubmed/22935402
http://dx.doi.org/10.1038/jcbfm.2015.72
http://www.ncbi.nlm.nih.gov/pubmed/25899293
http://dx.doi.org/10.1007/s00234-014-1327-1
http://www.ncbi.nlm.nih.gov/pubmed/24468858
http://dx.doi.org/10.3174/ajnr.A3553
http://www.ncbi.nlm.nih.gov/pubmed/23764722
http://dx.doi.org/10.2214/AJR.13.11365
http://www.ncbi.nlm.nih.gov/pubmed/24370162
http://dx.doi.org/10.1016/j.brainresbull.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22040859

26.

27.

28.

29.

30.

31.

32.

Jbabdi S, Behrens TE, Smith SM. Crossing fibres in tract-based spa-
tial statistics. Neuroimage 2010;49:249-56 CrossRef Medline
Gléscher J, Rudrauf D, Colom R, et al. Distributed neural system for
general intelligence revealed by lesion mapping. Proc Natl Acad Sci
U S A 2010;107:4705-09 CrossRef Medline

Deary IJ, Weiss A, Batty GD. Intelligence and personality as predic-
tors of illness and death: how researchers in differential psychology
and chronic disease epidemiology are collaborating to understand
and address health inequalities. Psychol Sci Public Interest 2010;11:
53-79 CrossRef Medline

Barbey AK, Colom R, Solomon J, et al. An integrative architecture
for general intelligence and executive function revealed by lesion
mapping. Brain 2012;135:1154—64 CrossRef Medline

Kurumatani T, Kudo T, Tkura Y, et al. White matter changes in the
gerbil brain under chronic cerebral hypoperfusion. Stroke 1998;29:
1058—62 Medline

Lin CS, Polsky K, Nadler JV, et al. Selective neocortical and thalamic
cell death in the gerbil after transient ischemia. Neuroscience 1990;
35:289-99 Medline

Fukuda A, Muramatsu K, Okabe A, et al. NMDA receptor-mediated
differential laminar susceptibility to the intracellular Ca2+ accu-

33.

34.

35.

36.

37.

AINR Am J Neuroradiol 37:1432-39  Aug 2016 www.ajnr.org

mulation induced by oxygen-glucose deprivation in rat neocortical
slices. ] Neurophysiol 1998;79:430—38 Medline

Yang AW, Jensen JH, Hu CC, et al. Effect of cerebral spinal fluid
suppression for diffusional kurtosis imaging. ] Magn Reson Immaging
2013;37:365-71 CrossRef Medline

Jelescu 10, Veraart J, Adisetiyo V, et al. One diffusion acquisition
and different white matter models: how does microstructure
change in human early development based on WMTI and NODDI?
Neuroimage 2015;107:242-56 CrossRef Medline

Zhang H, Schneider T, Wheeler-Kingshott CA, et al. NODDI:
practical in vivo neurite orientation dispersion and density im-
aging of the human brain. Neuroimage 2012;61:1000—16 CrossRef
Medline

Ferguson BR, Gao WJ. Development of thalamocortical connec-
tions between the mediodorsal thalamus and the prefrontal cortex
and its implication in cognition. Front Hum Neurosci 2014;8:1027
Medline

Szczepankiewicz F, Litt J, Wirestam R, et al. Variability in diffusion
kurtosis imaging: impact on study design, statistical power and in-
terpretation. Neuroimage 2013;76:145-54 CrossRef Medline

1439


http://dx.doi.org/10.1016/j.neuroimage.2009.08.039
http://www.ncbi.nlm.nih.gov/pubmed/19712743
http://dx.doi.org/10.1073/pnas.0910397107
http://www.ncbi.nlm.nih.gov/pubmed/20176936
http://dx.doi.org/10.1177/1529100610387081
http://www.ncbi.nlm.nih.gov/pubmed/26168413
http://dx.doi.org/10.1093/brain/aws021
http://www.ncbi.nlm.nih.gov/pubmed/22396393
http://www.ncbi.nlm.nih.gov/pubmed/9596257
http://www.ncbi.nlm.nih.gov/pubmed/2381510
http://www.ncbi.nlm.nih.gov/pubmed/9425211
http://dx.doi.org/10.1002/jmri.23840
http://www.ncbi.nlm.nih.gov/pubmed/23034866
http://dx.doi.org/10.1016/j.neuroimage.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25498427
http://dx.doi.org/10.1016/j.neuroimage.2012.03.072
http://www.ncbi.nlm.nih.gov/pubmed/22484410
http://www.ncbi.nlm.nih.gov/pubmed/25620923
http://dx.doi.org/10.1016/j.neuroimage.2013.02.078
http://www.ncbi.nlm.nih.gov/pubmed/23507377

ORIGINAL RESEARCH
ADULT BRAIN

Improved Leakage Correction for Single-Echo Dynamic
Susceptibility Contrast Perfusion MRI Estimates of Relative
Cerebral Blood Volume in High-Grade Gliomas by Accounting
for Bidirectional Contrast Agent Exchange

K. Leu, ““JL.Boxerman, ““TF. Cloughesy, ““A.Lai, ““P.L. Nghiemphu, ““LM. Liau, ““"W.B. Pope, and ““B.M. Ellingson

rqo=

ABSTRACT

BACKGROUND AND PURPOSE: Contrast agent extravasation through a disrupted blood-brain barrier potentiates inaccurate DSC MR
imaging estimation of relative CBV. We explored whether incorporation of an interstitial washout rate in a leakage-correction model for
single-echo, gradient-echo DSC MR imaging improves relative CBV estimates in high-grade gliomas.

MATERIALS AND METHODS: We modified the traditional model-based postprocessing leakage-correction algorithm, assuming unidi-
rectional contrast agent extravasation (Boxerman-Weisskoff model) to account for bidirectional contrast agent exchange between intra-
and extravascular spaces (bidirectional model). For both models, we compared the goodness of fit with the parent leakage-contaminated
relaxation rate curves by using the Akaike Information Criterion and the difference between modeled interstitial relaxation rate curves and
dynamic contrast-enhanced MR imaging by using Euclidean distance in 21 patients with glioblastoma multiforme.

RESULTS: The bidirectional model had improved Akaike Information Criterion versus the bidirectional model in >50% of enhancing
tumor voxels in all 21 glioblastoma multiformes (77% %+ 9%; P < .0001) and had reduced the Euclidean distance in >50% of enhancing tumor
voxels for 17/21 glioblastoma multiformes (62% = 17%; P = .0041). The bidirectional model and dynamic contrast-enhanced-derived k.,
demonstrated a strong correlation (r = 0.74 = 0.13). On average, enhancing tumor relative CBV for the Boxerman-Weisskoff model
exceeded that for the bidirectional model by 16.6% *+ 14.0%.

CONCLUSIONS: Inclusion of the bidirectional exchange in leakage-correction models for single-echo DSC MR imaging improves the
model fit to leakage-contaminated DSC MR imaging data and significantly improves the estimation of relative CBV in high-grade gliomas.

ABBREVIATIONS: AIC = Akaike Information Criterion; bidir model = bidirectional model; BW model = Boxerman-Weisskoff model; AR,” = transverse relaxation

rate; DCE = dynamic contrast-enhanced; GBM = glioblastoma multiforme; k., = transfer constant from the extracellular extravascular space back to the blood plasma;

K" = contrast transfer coefficient; rCBV = relative cerebral blood volume

he most common DSC MR imaging metric in neuro-oncol-
ogy is relative CBV (rCBV),' which has been used for grading
gliomas,”” predicting low-grade to high-grade transformation,*”
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distinguishing recurrent tumor from pseudoprogression,”” dif-
ferentiating tumor regression from pseudoresponse,” and assess-
ing overall treatment response.”'® Relative CBV is typically cal-
culated by integrating the dynamic first-pass change in the
transverse relaxation rate (AR, ") resulting from bolus injection of
a gadolinium-based contrast agent, which transiently causes a
dose-dependent change in the magnetic susceptibility of blood."!
This technique mimics the classic indicator-dilution theory,12
which assumes intravascular compartmentalization of injected
contrast agent “tracer.” However, common gadolinium-based
contrast agents extravasate in lesions with blood-brain barrier
disruption,'” including malignant gliomas. The exchange of con-
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trast agent between the intravascular and the extravascular extra-
cellular space, which is the objective measurement in dynamic
contrast-enhanced (DCE) MR imaging,'*'® contaminates the
desired DSC MR imaging signal, depending on pulse sequence
parameters and underlying tumor biology."”

A popular model-based DSC MR imaging leakage-correction
method proposed by Weisskoff and Boxerman®'®' linearly fits
measured AR, () to 2 constant functions derived from the aver-
age relaxation rate in nonenhancing tissue, one of which is per-
meability-weighted. Deviation from the reference function is
used to derive corrected rCBV for each voxel. A limiting assump-
tion of this approach is that contrast agent reflux from the inter-
stitial space back to blood plasma is negligible within the time
frame of DSC MR imaging signal acquisition (~2 minutes). How-
ever, standard models quantifying contrast agent exchange be-
tween blood plasma and the interstitium (ie, DCE MR imaging'*)
use 2-compartment pharmacokinetics to account for bidirec-
tional transport of contrast agent. We hypothesized that incorpo-
rating bidirectional contrast agent transport into the original DSC
MR imaging signal model improves rCBV estimates in brain tu-
mors. To test this hypothesis, we compared model-based DSC
MR imaging leakage-correction methods with and without con-
sideration of bidirectional transport by using simulations and
clinical application to high-grade gliomas.

MATERIALS AND METHODS

Patients

We studied 24 sequential patients with histologically proved gli-
oblastoma multiforme (GBM) treated with maximal surgical re-
section followed by radiation therapy and concurrent temozolo-
mide and both DSC MR imaging and DCE MR imaging
performed at initial tumor progression. Of these, 2 patients illus-
trated no bolus of contrast during the DSC acquisition and 1 DSC
dataset was corrupted by significant motion. Thus, 21 patients (15
men; mean age, 54 years; range, 3073 years) were included in the
final cohort. Progression was defined prospectively by the treating
neuro-oncologists if subsequent scans showed >2 sequential
months of increasing contrast enhancement and worsening mass
effect or evidence of neurologic decline. Specifically, progression
was defined as =25% increase in the sum of enhancing lesion
volumes, new enhancing lesions of >1 ¢m in maximum dimen-
sion, an unequivocal qualitative increase in nonenhancing tumor,
or an unequivocal new area of non-contrast-enhancing tumor.
Additionally, progression must have occurred >3 months follow-
ing completion of radiation therapy. All participants gave in-
formed written consent to have both DSC MR imaging and DCE
MR imaging data collected. All procedures complied with the prin-
ciples of the Declaration of Helsinki and were approved by the insti-
tutional review board at University of California, Los Angeles.

DSC MR Imaging and DCE MR Imaging

We retrospectively reviewed DSC MR imaging and DCE MR im-
aging scans (3T, Magnetom Trio or Magnetom Skyra; Siemens,
Erlangen, Germany), acquired in the same scan session in all 21
patients. T1 maps were generated from 5 precontrast T1-weighted
images (flip angles = 5°, 10°, 15°, 20°, 30°) before DCE MR imag-
ing (3D spoiled gradient-echo sequence, 16 sections, 130 time

points, 5-second time resolution, TE/TR = 1.87/5 ms, 25° flip
angle, 3-mm section thickness, 256 X 192 matrix, 24-cm FOV).
The DCE MR imaging was acquired for ~10 minutes, which was
the waiting time between preload and DSC contrast injections for
this study. Contrast agent bolus (0.1 mmol/kg) (gadopentetate
dimeglumine, Magnevist; Bayer HealthCare Pharmaceuticals,
Wayne, New Jersey) was injected after 10—13 baseline images,
serving as a preload'® for DSC MR imaging (gradient-echo EPI,
TE/TR = 32/1840 ms, 35° flip angle, 120 time points, bolus injec-
tion after 20-25 baseline images, 9-20 sections, 5-mm section
thickness, 128 X 128 matrix size, 24-cm FOV). The same amount
of contrast agent was used for the DSC MR imaging studies. Con-
ventional postcontrast T1-weighted imaging was subsequently
performed. Patients were excluded if DCE MR imaging or DSC
MR imaging was corrupted by motion or technical error.

Image Registration and ROI Selection

All conventional and DCE MR images for each subject were reg-
istered to baseline DSC MR images by using a 12-df affine trans-
formation with a mutual information cost function (FSL; http://
www.fmrib.ox.ac.uk/fsl). If required, manual alignment was
subsequently performed (tkregister2, Freesurfer; http://surfer.
nmr.mgh.harvard.edu/). Contrast-enhancing tumor ROIs were
defined in 3D by using custom scripts (Analysis of Functional
Neuro Images [AFNI]; http://afni.nimh.nih.gov/afni), excluding
hemorrhage, large vessels, and central necrosis, followed by man-
ual editing to exclude nonlesion voxels.”® Tumor sizes ranged
from 2.8 to 106.6 mL, with an average enhancing volume of
40.1 = 28.4 mL. Spheric ROIs of 1.6 mL were also selected in
normal-appearing, contralateral white matter for rCBV normalization.

Computation of DSC MR Imaging rCBV

All simulations and calculations were performed in Matlab
(MathWorks, Natick, Massachusetts) by using custom scripts.
Uncorrected rCBV was calculated from trapezoidal integration of
the original DSC MR imaging relaxation rate—time curve, Aﬁ;(t).
The whole-brain average relaxation rate for nonenhancing voxels
(Equations 3 and 4, all equations are in the Appendix) was used
for both the original Boxerman-Weisskoff model'® (BW model)
and the new bidirectional exchange model (bidir model). Linear
least-squares optimization was used to determine the free param-
eters for both the bidir-model (via Equation 7) and the BW model
(Equation 5, with k,, = 0) algorithms, and the corrected rCBV
was computed from Equation 8. The average run-time per patient
in Matlab was 19.5 = 6.7 seconds for the bidir model and 18.3 *
6.2 seconds for the BW model (3.2-GHz Intel Core i5, 32 GB
RAM). Tumor rCBV for each method was subsequently normalized
to median rCBV within the normal-appearing white matter ROL

Simulation of DSC MR Imaging rCBV

The whole-brain average relaxation rate, AR;(t), was chosen from
a sample patient and corresponds to the curve with K, = 1, K, =
0, and k,, = 0. K, = 0.05 (adding T1-dominant leakage) with
k., = 0 was set to simulate the BW model. A nonzero k,,, (0.002 or
0.005) was used to simulate the bidir model of AIAQ;(t). Fork,, =
0.1, the simulation is reflective of the correction of relaxation rate
curves at “arterylike” voxels.
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FIG 1. Sample simulated model results for all patients with GBM. A, Total leakage-contaminated
relaxation rate and the component from interstitial leakage (B) for TI-dominant leakage-associ-
ated relaxation enhancement. Whole-brain average relaxation rate (WBA) is simulated with K, =

p = 0 with nonzero K, simulates the BW model. Inclusion of a washout term
(nonzero k) in the bidir model yields less rise in AR2 ((t) and closer approximation of the tail of
AR*(t) to WBA C, The bidir model fit to the sample leakage -contaminated relaxation rate curve
has substantially improved AIC compared with the BW model for T2*-dominant leakage-associ-
ated relaxation enhancement in a patient with GBM. D, The standardized interstitial leakage
relaxation rate from the bidir model better tracks standardized DCE MR imaging signal than the
BW model for the tumor voxel used in C, with substantially improved Euclidean distance.

0and k,, = 0.K,,

Goodhness of Fit Analysis
For each enhancing tumor voxel for all patients, we computed the

Akaike Information Criterion (AIC) between the leakage-con-
taminated relaxation rate Aﬁ;(t) (Equation 1) and its model fit
(Equation 5) for the BW model and bidir-model:

9) AIC = n X In(RSS/n) + 2(p + 1),

where 7 is the number of fitted time points (injection to the end of
the DSC MR imaging acquisition), RSS is the sum of the squared
residuals, and p is the number of free parameters (2 for the BW
model, 3 for the bidir-model).?" Differences in the BW model
and bidir model AIC were calculated for all voxels with
k., > 0.

We also computed the Euclidean distance (square root of the
sum of the squared differences) between the interstitial leakage
relaxation rate curves, AR;’E(t), generated by the BW model and
bidir model corrections and the DCE MR imaging signal, in which
the DCE MR imaging signal was upsampled from a 5-second res-
olution to a 1.8-second resolution to match that of the DSC MR
imaging data via linear interpolation by using the Matlab function
“resample.” Because interstitial leakage relaxation rate curves and
DCE MR imaging signals have units of 1/s and mM, respectively,
both were standardized to an area under the curve equal to unity
and were vectorized for computation of the Euclidean distance.
Higher AIC and Euclidean distance imply worse fits. Two-sample
t tests were used to compare whether the AIC and Euclidean dis-
tance measurements were significantly different between the 2
leakage-correction methods.
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Postprocessing of DCE MR Imaging
DCE MR imaging biomarkers, k., and
contrast transfer coefficient (K™%,
were derived via a fit to the model of
Tofts and Kermode.'* As described, the
temporal resolution of the DCE MR im-
aging data was upsampled to match the
DSC MR imaging data. For the DCE MR
imaging analysis, the “whole-brain aver-
age” served as the arterial input function
for the DCE model fit. This was done to
mirror the DSC bidir model analysis, in
which the “whole-brain average” effec-
tively serves as the arterial input func-
tion. Voxels with highly fluctuating time
courses in either the DSC or DCE images
were eliminated from the analysis.

Correlation between DSC- and
DCE-Derived Imaging Biomarkers
DSC MR imaging biomarkers, k,, and
rCBV, were derived as described in the
Appendix. Voxelwise Pearson correlation
coefficients between the DSC- and DCE-
derived parameters were performed in
Matlab within contrast-enhancing tumor
only, for each patient independently. In
this study, we report means and SDs of the
correlation coefficients from all 21 patients.

RESULTS

Simulation of the Bidir Model

Figure 1 compares the simulated total leakage contaminated re-
laxation rate, Aﬁ;(t), (Fig 1A) and the component from interstitial
leakage, AR ((1), (Fig 1B) for various conditions according to the
Tofts and Kermode model,"* assuming T1-dominant leakage-as-
sociated relaxation enhancement. For the BW model, AR;’E(t)

rises with time in the absence of washout. For nonzero k_, there is

less rise in AR (#) and closer approximation of the ta}i)l of Aﬁ;
() to AI_Q*(t) reflecting tumors with different contrast agent phar-
macokinetics. For k., = 0.1, the tail of AR; 5(1) approaches zero,
but because the ﬁrst -pass of AR*(t) differs from that of AR;(?),

correction of relaxation rate curves at “arterylike” voxels by using
K, and K, is still required to achieve accurate rCBV estimates.

Figure 1C plots sample Aﬁ;(t), with T2*-dominant leakage-
associated relaxation enhancement for a representative patient,
with superimposed BW model and bidir model fit relaxation rate
curves. In this example, the BW model overestimates the first-pass
curve, underestimates the second and third passes, and overesti-
mates the tail. The bidir model better approximates Aﬁ;(t) overall
time points, visually, and has substantially improved the AIC,
quantitating an improved fit to the total leakage-contaminated
relaxation rate curve.

Figure 1D plots standardized DCE MR imaging signal for the
tumor voxel used in Fig 1C, with superimposed standardized in-
terstitial leakage relaxation rate curves, AR;’E(t), from the BW
model and bidir model. The standardized interstitial leakage re-



laxation rate continually rises with time for the BW model,
whereas it better tracks standardized DCE MR imaging for the
bidir model, with a substantially improved Euclidean distance.

Goodhness of Fit Analysis

Figure 2 plots the percentage of voxels in which the bidir model
outperformed the BW model for AIC and Euclidean distance
metrics in whole brain and tumor for the 21 patients with GBM.
The bidir model had better AIC performance than the BW model
in >50% of whole-brain (mean, 71% = 6%, P < .0001) and
tumor (mean, 77% = 9%, P < .0001) voxels in all patients, and
better Euclidean distance performance in >50% of whole-brain
voxels (mean, 80% * 9%, P < .0001) for all patients and in tumor
voxels (mean, 62% * 17%, P = .0041) for 17 of the 21 patients. All
were statistically significant for a 1-sample ¢ test with null hypothesis
of 50%.

Correlation between DSC- and DCE-Derived Imaging
Biomarkers

We then performed a voxelwise correlation between the DSC-
derived imaging biomarkers from the bidirectional leakage-cor-
rection algorithm (k,, and rCBV) with the DCE-derived imaging

FIG 2. Percentage of voxels (with mean and SD) in which the bidir
model outperformed the BW model on Akaike Information Criterion
and Euclidean distance (ED) metrics within whole brain and tumor for
all 21 patients with GBM. The gray line represents the group mean
percentage of voxels.

biomarkers (k. and K'™"s), The Pearson correlation coefficient
between the 2 k., measurements was 0.74 = 0.13 across the 21
patients, with a weak correlation between the Pearson correlation
coefficient and tumor size (r = 0.11). Figure 3 demonstrates an
example of the correlation between DSC- and DCE-derived k... A
correlation test was performed between the bidirectional model—
derived rCBV and DCE-derived K", with a moderate correla-
tion of 0.49 * 0.22. A moderate correlation was also found be-
tween rCBV and plasma volume fraction (vp) at 0.54 *= 0.12.
Finally, the correlation between the same rCBV and kep was r =
0.29 * 0.26. The average K'"*" value was 0.0015 * 0.0018 sec-
onds™"' (0.09 + 0.11 minutes™ '), DCE K, was 0.0050 *+ 0.0023
seconds™ "' (0.30 * 0.14 minutes™ '), DSC k,, was 0.0057 =
0.0042 seconds ™" (0.34 * 0.25 minutes '), vp was 0.01 = 0.01,
and rCBV was 1.98 * 1.24.

Difference in rCBV between the Bidir Model and BW
Model

Figure 4 compares rCBV maps processed without leakage correc-
tion and with the BW model or bidir model, in 2 different patients
with GBM, one with T1-dominant leakage (K, > 0) on average in
contrast-enhancing tumor voxels and the other with T2*-domi-
nant leakage (K, < 0). For all patients, average uncorrected rCBV
was 1.98 * 1.24, the average BW model-corrected rCBV was
1.59 * 0.89, and the average bidir model-corrected rCBV was
1.35 £ 0.80. The average difference between BW model-cor-
rected and the bidir model—corrected rCBV was 16.6% = 14.0%.
A closer inspection of the T2*-dominant-versus-T1-dominant
voxels (as defined by a negative or positive K,, respectively) re-
vealed that the difference between the 2 correction methods in
T2*-dominant voxels was 37.7% =+ 42.6%, while the same metric
for T1-dominant voxels was 5.8% = 3.4%.

DISCUSSION

By incorporating the Tofts and Kermode model into the single-
echo DSC MR imaging relaxation rate equation, we developed an
improved postprocessing leakage-correction method accounting
for bidirectional contrast agent transport between the intravascu-
lar and interstitial spaces that commonly occurs in angiogenic

FIG 3. Comparison between DSC- and DCE-derived k., measurements within tumor. A, Example of anatomic MR imaging of a patient with recurrent
glioblastoma. B, DSC-derived k., measurements within the tumor. C, Corresponding DCE-derived k., measurements. D, Scatterplot between B and C
demonstrates high correlation (r = 0.92) for this tumor. Note that areas of low k., are similar in both DSC- and DCE-derived maps.
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FIG 4. Comparison of uncorrected, BW model-corrected, and bidir model-corrected rCBV in a GBM with TI-dominant leakage on average in
contrast-enhancing voxels (first row) and a GBM with T2*-dominant leakage (second row). For Tl-dominant leakage, mean tumor rCBV is
underestimated by using the BW model compared with the bidir model, with the converse true for T2*-dominant leakage. Arrows depict
regions of the tumor with large changes in estimated rCBV between leakage-correction models.

high-grade gliomas. Our results demonstrate the importance of
considering the interstitial washout term, even when modeling
the relaxation rate changes during short image acquisitions. For
instance, in the simulation, we observed differences between the
bidir model and the BW model fits to relaxation rate data in high-
grade gliomas in the first-pass curve (as early as 10-20 seconds
after injection). Furthermore, inclusion of a washout term in the
bidir model alleviates the error in relaxation rate estimates for
arteries and normal brain introduced by conventional models
constrained to increasing contrast agent concentration with time
in all tissues.

Our results suggest that the conventional BW model under-
corrects rCBV, with insufficiently increased and decreased rCBV
compared with uncorrected rCBV in T1-dominant and T2*-
dominant leakage scenarios, respectively. Furthermore, because
the low flip angle DSC MR imaging protocol was largely T2*-
dominant and the largest discrepancies between the bidir model
and BW model estimates of rCBV existed for T2* dominant vox-
els, our results suggest that the bidir model may be particularly
advantageous over the BW model for correcting the residual T2*
effects frequently encountered in dual-echo gradient-echo acqui-
sitions. This algorithm can be performed without a substantial
increase in postprocessing computation time over the unidirec-
tional model; therefore, the bidirectional model can simply re-
place the previous model in routine clinical work and for evalu-
ating tumor grade, distinguishing pseudoprogression from true
progression, and evaluating treatment response.

Several postprocessing leakage-correction techniques have
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previously been proposed.”>** The method by Boxerman-
Weisskoff,”'®'? which linearly fits measured A}A?;(t) to 2 constant
functions derived from the average relaxation rate in nonenhanc-
ing tissue, can be applied quickly to conventional single-echo
(spin-echo or gradient-echo) acquisitions and contrast agent in-
jection schemes. Improved correlation of rCBV with glioma grade
compared with uncorrected rCBV'? provides anecdotal evidence
of the benefit of the BW model, which has also been shown to
improve correlation of gadolinium-based rCBV measures over
those obtained by using the intravascular magnetic iron oxide
nanoparticles agent as a criterion standard.”*

Bjornerud et al*® proposed a method that reduces the sensitivity
of rCBV correction to mean transit time that could be combined with
the bidir model scheme. Most interesting, Schmiedeskamp et al*?
used a multiecho, gradient-echo, spin-echo acquisition scheme to
correct for T1 and T2* leakage by using a backflow term; however,
results were highly dependent on literature values for r; ; and 15 5,
the T2* relaxation effects of gadolinium in the extravascular space
and plasma, respectively, which can vary quite substantially de-
pending on the literature source. Additionally, Quarles et al'”
suggested that these values could vary from tumor to tumor, de-
pending on physiologic factors such as interstitial, vascular, and
cell volume fractions and vessel and cell size. An advantage of the
bidir model correction method is the lack of assumptions for r;E
and 1] . All of these leakage-correction algorithms aim to isolate
the relaxation rate due to the residual intravascular contrast agent
by eliminating the T1- and T2*-related contributions to the relax-
ation rate from the extravasated contrast agent. They do not “add



back” T2* relaxation that would have been realized had the ex-
travasated contrast agent not left the plasma space, so “corrected
rCBV” may still differ from that computed for a tumor with no
vascular permeability, all other parameters (including true blood
volume) being equal.

One potential limitation to this study is its retrospective de-
sign, which may have yielded a selection bias in the sample. Spe-
cifically, all patients were chosen because they failed standard
therapy. Another potential limitation is the lack of correlation
with a criterion standard, such as histology, or with CBV estimates
by using intravascular agents such as iron oxide contrast agents.
Moreover, AIC is a unitless quantity, which can compare relative
goodness of fit between models but does not have a direct test to
determine whether one model is significantly better than the
other. Finally, the current study only included patients with glio-
blastoma; therefore, we were unable to recommend a threshold
between low-grade and high-grade gliomas by using the new leak-
age-correction algorithm.

CONCLUSIONS

The bidir model more accurately corrects for the T1 or T2* en-
hancement arising from contrast agent extravasation due to
blood-brain barrier disruption in high-grade gliomas by incorpo-
rating interstitial washout rates into the DSC MR imaging relax-
ation rate model. To this end, the bidir model may potentially
improve patient diagnosis and evaluation of treatment response
by more accurately estimating rCBV in DSC MR imaging.

APPENDIX

Following Equation A6 of Boxerman et al,'” the leakage-contam-
inated DSC MR imaging relaxation rate-time curve, Aﬁ;(t),
equals the intravascular contrast-driven transverse relaxation rate
change, AR}(1) plus ARZE(t), a tissue-leakage term describing the
simultaneous T1 and T2* relaxation effects resulting from gado-
linium extravasation:

1) AR(r) = AR(t) + AR% (1) = ARX(1)

[ () <o oo
g — e — r :(1),
28T TE 1 - E, 1| CE

~TRIT, . . .
Mo, T,, is the precontrast tissue T,, r, is the T

where E; = e
relaxivity of gadolinium, Cy(¢) is the concentration of gadolinium
in the extravascular extracellular space, and r; , represents the T2*
relaxation effects of gadolinium extravasation, as described by

1'” and Schmiedeskamp et al.>> From the original

Quarles et a
Tofts and Kermode model describing bidirectional contrast agent
flux between the intravascular and extravascular compart-
ments,'* we can estimate the concentration in the extravascular

Space as:
2) Celt) = k™™ @ [C,(1) X '],

where k"*"* and k,,, are the transfer coefficients for intra- to ex-
travascular and extra- to intravascular contrast flux, respectively,
and C,(t) is the plasma contrast concentration. C,(£) and AR,*(?)
can be defined as scaled versions of the whole-brain average re-
laxation rate in nonenhancing voxels, AR;(1)"*:

3) C,(1) = k X AR3(1)

4) AR3(t) = K, X AR3(¢).

Combining Equations 1-4 yields the following:
5 AR() =K X AR() — K, f AR(7) X et~ 7,
0

where

R TR E, trans

6) KZ_[rZ»F_ﬁX(I_E)Xr]]Xk X k.

Ky, K,, and k., (units of second ') are the free parameters of
Equation 5. In general, K, depends on CBYV, vessel size, and other
physiologic factors, while K, is related to vascular permeability.
Substituting k., = 0, which occurs with no backflow of extrava-
sated contrast agent, yields the original Boxerman-Weisskoff
leakage-correction algorithm, where K, and K, are solved by lin-
ear least-squares fit to Aﬁ;(t).” For the bidir model correction
method, a linear least-squares fit to K, K,, and k., can be used
with the methodology of Murase,” as described by the following
equation:

ik
7) AR = (K, + k,, X KI)J AR3(7)dT — k,
0

xf AR¥(m)dr + K, X ARY(®).
0

Integrating the corrected relaxation rate—time curve yields the
following expression for leakage-corrected rCBV:

T t
8) rCBV,,,=rCBV + K, f f AR3(7) X e %t = Ddrdy,
0 0
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ORIGINAL RESEARCH
ADULT BRAIN

Lesion Heterogeneity on High-Field Susceptibility MRl Is
Associated with Multiple Sclerosis Severity

D.M. Harrison, ““X.Li, ““H. Liu, ““CK.Jones, ““B. Caffo, ““P.A. Calabresi, and ““'P. van Zijl

=T

ABSTRACT

BACKGROUND AND PURPOSE: Susceptibility MR imaging contrast variations reflect alterations in brain iron and myelin content, making
this imaging tool relevant to studies of multiple sclerosis lesion heterogeneity. In this study, we aimed to characterize the relationship of
high-field, susceptibility contrasts in multiple sclerosis lesions to clinical outcomes.

MATERIALS AND METHODS: Twenty-four subjects with multiple sclerosis underwent 7T MR imaging of the brain, disability examinations,
and a fatigue inventory. The inverse of T2* relaxation time (R2*), frequency, and relative susceptibility (from quantitative susceptibility
mapping) were analyzed in 306 white matter lesions.

RESULTS: Most lesions were hypointense on R2* (88% without a rim, 5% with). Lesions that were hyperintense on quantitative suscepti-
bility mapping were more frequent in relapsing-remitting than in progressive multiple sclerosis (54% versus 35%, P = .018). Hyperintense
lesion rims on quantitative susceptibility maps were more common in progressive multiple sclerosis and patients with higher levels of
disability and fatigue. Mean lesion R2* was inversely related to disability and fatigue and significantly reduced in progressive multiple
sclerosis. Relative susceptibility was lower in lesions in progressive multiple sclerosis (median, —0.018 ppm; range, —0.070 to 0.022) than in
relapsing-remitting MS (median, —0.010 ppm; range, —0.062 to 0.052; P = .003).

CONCLUSIONS: A progressive clinical phenotype and greater disability and fatigue were associated with lower R2* and relative suscep-
tibility values (suggestive of low iron due to oligodendrocyte loss) and rimmed lesions (suggestive of chronic inflammation) in this multiple
sclerosis cohort. Lesion heterogeneity on susceptibility MR imaging may help explain disability in multiple sclerosis and provide a window
into the processes of demyelination, oligodendrocyte loss, and chronic lesion inflammation.

ABBREVIATIONS: EDSS = Expanded Disability Status Scale; MFIS = Modified Fatigue Impact Scale; MSFC = Multiple Sclerosis Functional Composite; PPMS =
primary-progressive multiple sclerosis; QSM = quantitative susceptibility mapping; R2* = inverse of T2* relaxation time; RRMS = relapsing-remitting multiple sclerosis;

SPMS = secondary-progressive multiple sclerosis

uantification of white matter lesions on MR imaging is an
effective tool for clinical care and clinical trials in multiple

sclerosis. However, correlations between white matter lesions and
disability remain modest, and most patients with progressive
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forms of MS continue to accumulate disability despite little
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described” and different stages of lesion evolution having been
observed (ie, acute inflammation, chronically inactive, and
chronic-active inflammation).’

Integrating susceptibility-weighted imaging into lesion analy-
sis in MS may provide an in vivo means to evaluate lesion heter-
ogeneity and improve specificity. Postacquisition processing of
susceptibility MR imaging provides quantitative maps of the in-
verse of T2* relaxation time (R2*) and phase images that reveal
underlying tissue heterogeneity in exquisite detail,* especially at
higher magnetic fields.” The magnetic susceptibility of brain tis-
sue, measured by R2* relaxation and phase contrast, is primarily
driven by tissue concentrations of myelin and iron,® making sus-
ceptibility-weighted MR imaging quite relevant in MS. Initial
studies by using this technique on high-field MR imaging in MS
have attempted to quantify lesion iron content with R2* and have
revealed lesion patterns on phase imaging that may be indicative
of acute inflammation, chronic demyelination, and iron loss or
deposition.””'° However, the nature of R2* and phase make inter-
pretation of the meaning of contrast alterations difficult. Because
both iron and myelin have a similar effect on the R2* value, dif-
ferentiation of their respective impacts is not possible.'""'* Be-
cause phase is a nonlocal measure, phase contrast can be influ-
enced by the magnetic susceptibility of adjacent tissues, the
orientation of the head in the magnetic field, and the shape of a
lesion, resulting in unreliable quantification of phase shifts and
artifacts such as false rims around lesions."?

Quantitative susceptibility mapping (QSM) is a recently de-
veloped analysis technique capable of providing accurate mea-
sures of inherent tissue magnetic susceptibility without the influ-
ence of adjacent tissues, head orientation, or lesion geometry.'>"'¢
QSM may also help differentiate the effects of myelin and iron
when combined with R2*."""'*> We have recently reported on MS
lesion contrast patterns seen on R2*, phase, and QSM by 7T MR
imaging.'” In this article, we take this investigation further, to
determine whether quantitative and qualitative lesion heteroge-
neity on multiparametric, high-field susceptibility MR imaging is
related to clinical heterogeneity in patients with MS.

MATERIALS AND METHODS

Approvals, Consents, and Participants

Protocols were approved by the institutional review boards at
Johns Hopkins University School of Medicine and the Kennedy
Krieger Institute. Volunteers with diagnoses of relapsing-remit-
ting (RRMS), secondary-progressive (SPMS), and primary-pro-
gressive (PPMS) MS, as assigned by their treating physicians, were
prospectively recruited from the Johns Hopkins Multiple Sclero-
sis Center. Written, informed consent was obtained from all
participants.

MR Imaging Protocol and Image Analysis

Our protocol for MR imaging acquisition and lesion analysis was
previously reported in detail'” and is thus only briefly discussed
here. Whole-brain MR imaging was performed on a 7T Achieva
scanner (Philips Healthcare, Best, the Netherlands) with the
following sequences: 3D gradient-echo and magnetization-
prepared FLAIR. All images were acquired with 1.0-mm iso-
tropic resolution.
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FIG 1. Examples of lesions seen on FLAIR, R2*, phase, and QSM. Each
colored arrow indicates the same lesion seen on each of the 4 image
contrasts. Lesions were initially identified on FLAIR images. Quantita-
tive gray-scale values (ranging from black to white) for the above
images are as follows: R2* = 0-283.78 Hz, phase = —48.69 to 40.00
Hz, QSM = —0.58 to 0.40 ppm.

3D gradient-echo data were processed to generate R2*, fre-
quency, and susceptibility maps. Our methods for performing
this task have been discussed in detail in previous publica-
tions.'”'® The effective relaxation rate (R2*) was estimated by
fitting a monoexponential curve to the squared magnitude sig-
nal decay for all TEs by using the power method.'"'” Lapla-
cian-based phase unwrapping®® and the V-SHARP method
were used to generate the local frequency shift map.?' Dipole
inversion was calculated to obtain QSM images by using the
LSQR method.?® Relative susceptibility (from QSM) was cal-
culated relative to the mean susceptibility of the central CSF
region in the lateral ventricles.

Magnetization-prepared FLAIR images were coregistered to
the TE 12-ms 3D-gradient recalled-echo magnitude image. A
random sample of hyperintense (on magnetization-prepared
FLAIR) MS lesions was chosen from each scan. Only supratento-
rial lesions with distinct borders and ovoid-like shapes were cho-
sen to allow more uniform analysis. Each lesion was manually
segmented on magnetization-prepared FLAIR. For each lesion,
R2%, phase, and QSM images (Fig 1) were reviewed and lesions
were labeled as hypointense, isointense, or hyperintense relative
to local white matter. If a lesion was found to have a rim, the
intensity of the rim was described as hypointense or hyperintense
relative to the lesion core and adjacent white matter. Mean values
for R2%, frequency (from phase), and relative susceptibility (from
QSM) in each lesion mask were calculated as a mean of all voxels
within that mask, as previously described.'”

Disability Measures

Expanded Disability Status Scale (EDSS) examinations were per-
formed, and subjects were labeled as highly disabled versus less
disabled by separating EDSS scores into tertiles and assigning the



highly disabled category to the upper tertile (EDSS = 5.0). The
Multiple Sclerosis Functional Composite (MSFC) was adminis-
tered, and the National Multiple Sclerosis Society Clinical Out-
comes Assessment Task Force dataset was used for normaliza-
tion.”>*> The Modified Fatigue Impact Scale (MFIS) was
administered, and clinically significant fatigue was defined as
MFIS = 40.>*%°

Statistical Analysis
Statistical analysis was performed in STATA 10.1 IC (StataCorp,
College Station, Texas). Group differences were evaluated by x*

Table 1: Demographic and clinical characteristics of study sample

Demographics/Characteristics

No. of subjects 24
No. of lesions 306
Lesions per subject analyzed (median) 12(2-29)
(range)
Age (mean) (SD) (yr) 443 (10.0)
Sex (No.) (%)
Female 12 (50%)
Male 12 (50%)
Disease duration (mean) (SD) (yr) 1.2(7.6)
Clinical phenotype (No.) (%)
Relapsing-remitting 21(88%)
Secondary-progressive 2(8%)
Primary-progressive 1(4%)
On MS treatment (No.) (%) 19 (79%)
EDSS score (median) (range) 3.0(1.5-6.5)
MFIS score (mean) (SD) 37.7(19.3)
9-HPT, dominant hand (mean) (SD) 23.0 (6.6) seconds
9-HPT, nondominant hand (mean) (SD) 27.7 (17.9) seconds
Timed 25-ft walk (mean) (SD) 5.3(2.4) seconds
PASAT-3 score (mean) (SD) 46.3(9.8)
MSFC z score (mean) (SD) —0.27 (1.54)

Note:—9-HPT indicates Nine Hole Peg Test; PASAT-3, Paced Auditory Serial Addition
Test, 3-second delay.

FIG 2. Examples of common lesion patterns on R2*, phase, and QSM. Yellow arrows indicate
lesions identified and shown here as samples of common lesion patterns found on each image
contrast. Lesions were identified by the intensity of their core and outer rim when visually
compared with surrounding white matter. Only a small portion of lesions were invisible on R2*
(6%), whereas a larger proportion were invisible on phase (42%) and QSM (36%).

(proportions) or Wilcoxon rank sum (quantitative values) tests.
The relationship between quantitative MR imaging values and
clinical outcomes was tested by linear mixed-effects regression.”®
In addition to accounting for the fixed effects of covariates (age
and sex), the random-effects portion of the regression model ac-
counts for intrasubject correlations and intersubject variability in
the number of lesions contributing to the model. Because R2*,
frequency, and relative susceptibility are reported on different
quantitative scales, each value was converted to a z score by using
the overall mean and SD. This allowed direct comparisons on a
universal scale and for combining parameters through summed z
scores. Given the exploratory nature of this study, actual (as op-
posed to adjusted) P values are reported throughout, allowing
readers to directly assess the statistical validity of the results.

RESULTS
We reviewed scans from 24 participants with MS (21 RRMS, 2
SPMS, 1 PPMS; Table 1). Most participants were on disease-mod-
ifying therapy (79%) at the time of their scan, and the population
was moderately disabled (median EDSS score, 3.0; range,
1.5-6.5).

A total of 306 lesions were selected. Figure 2 provides examples
of the commonly identified lesion patterns on R2*, phase, and
QSM. The count and proportion of lesion patterns are listed in the
On-line Table. Most lesions were hypointense with no rim (88%)
or had a hyperintense rim (5%) on R2* maps. The most common
patterns on phase were the following: isointense with no rim (thus
invisible, 129 lesions [42%]) and hyperintense with no rim (90
lesions [29%]). Forty-eight (16%) lesions were noted to have a
rim on phase. The most common patterns on QSM were hyper-
intense with no rim (158 lesions [52%]) and isointense with no
rim (thus invisible, 110 [36%]). Twenty-five (9%) lesions were
noted to have a rim on QSM.

No significant differences in the R2*
appearance of lesions were noted for
RRMS versus progressive phenotypes
(SPMS/PPMS). However, lesions with a
hyperintense rim on phase were over-
represented in subjects with SPMS/
PPMS (26% versus 11%, P = .006). Sim-
ilarly, lesions with any rim on QSM
occurred more frequently in subjects
with SPMS/PPMS compared with
RRMS (23% versus 6%, P < .001). This
difference was most influenced by a
higher proportion of lesions with an
isointense core and a hyperintense rim
in those with SPMS/PPMS compared
with RRMS (16% versus 4%, P = .001).
Conversely, hyperintense QSM lesions
without any rim occurred more fre-
quently in subjects with RRMS com-
pared with SPMS/PPMS (54% versus
35%, P = .018).

In subjects with more severe disabil-
ity (EDSS = 5.0), lesions were more
likely to be hypointense with no rim on
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FIG 3. Quantitative comparison of lesion susceptibility values by disease subtype and level of
disability. Box-and-whisker plots showing a quantitative comparison of mean lesion R2*, fre-
quency (from phase), and relative susceptibility (from QSM) between subjects with RRMS and
SPMS/PPMS (left column) and those with lower-versus-higher levels of disability based on the
EDSS score (right column). Lesion R2* values were significantly lower in SPMS/PPMS and EDSS =
5.0, and mean lesion relative susceptibility was lower in SPMS/PPMS. Lesion values were taken as
the mean of all voxels within each lesion. Red lines indicate the median value for all lesions in each

group. P values represent the results of Wilcoxon rank sum testing.

R2* (95% versus 85%, P = .015). Lesions with an isointense core
and hyperintense rim on phase and QSM were also noted more
commonly in more severely disabled subjects and in those with
clinically significant fatigue compared with those with lower dis-
ability (EDSS < 5.0) or without fatigue.

Mean lesion R2* was significantly lower in patients with
SPMS/PPMS or EDSS = 5.0 (Fig 3). Mean relative susceptibility
(from QSM) in lesions was significantly lower in subjects with
SPMS/PPMS (median, —0.018 ppm; range, —0.070 to 0.022)
compared with RRMS (median, —0.010 ppm; range, —0.062 to
0.052; P = .003).

In a multivariate linear mixed-model regression, mean lesion
R2* had a significant inverse relationship with the EDSS score
(Fig 4). No significant relationships were found between EDSS
and mean lesion frequency or relative susceptibility. However,
mean lesion R2* and relative susceptibility values combined
(summed z scores) had a significant inverse relationship with
EDSS (Fig 4). The magnitude of the regression coefficient for the
relationship between EDSS and R2* + relative susceptibility was
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greater than that for the R2* value
alone: —0.307 (—0.536, —0.079) versus
—0.232 (—0.366, —0.097), respectively.

Mean lesion R2* values were posi-
tively related to the MSFC score (P =
.012, On-line Fig 1), and the combined
index of R2* + relative susceptibility
was positively related to the MSFC score
(P = .010).

Mean lesion R2* values were in-
versely related to the MFIS score (P =
.039, On-line Fig 2). No significant rela-
tionships were found between MFIS
scores and mean lesion frequency, rela-
tive susceptibility, or the combination of
either with R2*.

DISCUSSION

Our results indicate that multiparamet-
ric susceptibility MR imaging reveals
heterogeneity of white matter lesions in
MS and this lesion heterogeneity is re-
lated to the clinical heterogeneity seen in
patients. Although previous work has
shown heterogeneity in MS lesions on
phase contrast, we found changes on
R2* and QSM to be most clinically rele-
vant.®? Subjects with RRMS were more
likely to have hyperintense lesions with
no rim on QSM, whereas lesions with
isointense cores and hyperintense rims
on phase and QSM were more likely in
subjects with SPMS/PPMS, greater dis-
ability, or fatigue. Progressive pheno-
types of MS and greater disability and
fatigue were also associated with lower
R2* and relative susceptibility values in
lesions. These results suggest that mul-
tiparametric susceptibility MR imaging provides clinically rele-
vant characterization of MS lesions.

The possible pathologic basis of the observed lesion patterns
and quantification of magnetic susceptibility is informed by prior
histopathologic and imaging correlative studies. Most of the mag-
netic susceptibility signal in the human brain is determined by
tissue concentrations of myelin and iron, along with a contri-
bution from the anisotropic properties of tissue architec-
ture.''>'®?” Histopathologic myelin content is positively corre-
lated with R2* and inversely correlated with relative susceptibility
(due to diamagnetic properties).''* Thus, demyelination results
in a reduced R2* value and an elevation of relative susceptibility.
Iron, on the other hand, has a paramagnetic effect on relaxation
and susceptibility, causing both the R2* value and relative suscep-
tibility to increase with iron deposition." "' The effect of changes
in myelin and iron content on phase is more difficult to interpret,
likely due to sensitivity to tissue architecture and nonlocal phase
effects.”®*®
Given the parallel effects of myelin and iron on R2* and the



FIG 4. Relationship between EDSS and quantitative R2*, frequency, and relative susceptibility values. Shown are the results of linear mixed-
model regression (adjusted for age and sex) for prediction of the quantitative MR imaging index value by the Expanded Disability Status Scale
score as represented by a fitted-values plot. A significant inverse relationship was found between R2* and EDSS and for a combined index of
R2* + relative susceptibility and EDSS. The open circles represent fitted values based on the fixed and random effects from the model, with each
circle thus representing 1 subject and the size of the circle weighted for the number of lesions that particular subject contributed to the model.
The regression coefficient for the fixed-effects portion of the model is shown in each panel, along with the P value for the significance of that
coefficient. To place all quantitative values in an equivalent space, we converted all values to z score units (based on mean and SD from all

lesions).

Table 2: Hypothesized alterations in myelin and iron content in
MS lesions associated with commonly observed R2*/QSM lesion
contrast patterns

Alteration in
Iron Content

Alteration in
R2* Intensity QSM Intensity Myelin Content

Hypo Hyper ! <
Hypo Iso ! !
Iso Hyper l 1

Note:—Hypo indicates hypointensity; Hyper, hyperintensity; Iso, isointensity; 1,
increase; | , decrease; <>, little-to-no change.

opposing effects of myelin and iron on QSM, analyzing both in
tandem may help separate the influence of myelin and iron on
magnetic susceptibility (Table 2).'"'*'” The overwhelming ma-
jority of lesions in this study were hypointense on R2*, which
would indicate either a loss of myelin, a reduction in iron, or both.
Pathology-imaging correlation studies have confirmed that most
lesions with low R2* have nearly absent myelin staining and low
iron content.” A lesion with low R2* being hyperintense on QSM
would indicate that most of the signal change is due to myelin loss
without a meaningful change in iron content. On the other hand,

alesion hypointense on R2* and isointense on QSM may indicate
alesion with reductions in both iron and myelin content. Most of
the iron found in normal white matter is bound to ferritin within
oligodendrocytes and oligodendrocyte progenitor cells,”*® in
which iron is necessary for enzymatic functions, including those
involved with myelin lipid biosynthesis.”® A smaller amount of
iron can be found within myelin sheaths and microglia.” Loss of
iron from MS lesions is thus most likely to indicate a significant
reduction in oligodendrocytes, which has been confirmed
pathologically.”

Knowledge of the underlying pathologic causes of R2* and
QSM signal changes may allow stratification of the lesion patterns
observed in this study along a similar classification scheme as
proposed by Lucchinetti et al.” Lesions that were hypointense on
R2* and hyperintense on QSM likely correspond to type I and IT
white matter lesions, in which there is demyelination, some remy-
elination, and little change in oligodendrocytes. We found this
lesion type more prominently in RRMS. Type III and IV lesions
have demyelination, no remyelination, and a loss of oligodendro-
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cytes through apoptotic mechanisms, all likely making these le-
sion subtypes of greater clinical consequence. A higher propor-
tion of lesions of these subtypes would be expected to manifest
lower mean R2* and less increased relative susceptibility values,
indicating more severe demyelination and iron loss. We found
this lesion pattern associated with progressive MS and more dis-
ability and fatigue.

Lucchinetti et al” also described a rim of active destruction of
oligodendrocytes and demyelination occurring in a ring of
periplaque white matter in type IV lesions, a lesion subtype only
seen in PPMS in their study. It is possible that type IV lesions were
being observed in their study, with lesion rims resulting in signal
alterations through the release of intracellular iron stores as oli-
godendrocytes are destroyed and/or a rim of severe demyelina-
tion. This possibility would be consistent with our finding of a
higher proportion of visible lesion rims on phase and QSM in
patients with a progressive phenotype, higher levels of disability,
and greater fatigue.

The presence of lesions with and without observable rims may
also be indicative of the stage of evolution of a lesion. Histopa-
thology allows temporal staging of lesions as acute inflammatory,
chronic inflammatory/slowly expanding, and chronic-inactive.’
The infiltration of inflammatory cells into acutely inflamed MS
lesions leads to a temporary increase in iron content due to enzy-
matic activity in microglia and macrophages’ and release of intra-
cellular stores from injured oligodendrocytes and myelin
sheaths.”' Acutely increased iron at the same time as active demy-
elination would result in a counterbalancing effect on R2* and an
additive effect to increase magnetic susceptibility. An early in-
crease in frequency (from phase) and relative susceptibility (from
QSM) has been previously described in longitudinal lesion stud-
ies, with subsequent decrease as free iron is scavenged and remy-
elination occurs.””** This would explain our finding of a higher
proportion of hyperintense lesions on QSM and higher R2* and
relative susceptibility values in patients with RRMS (in whom
lesions are more likely to be in an early stage of development)
compared with those with progressive disease.

On the other hand, lesions with an isointense core and a hy-
perintense rim may represent slowly expanding, chronically in-
flamed lesions. Activated microglia at the rim of a lesion is a
pathologic hallmark of lesions that are gradually expanding due to
chronic inflammation. Slowly expanding lesions with activated
microglia are seen more commonly in patients with progressive
MS® and have been proposed as a mechanism for progressive
disability accumulation.?® In chronic-active lesions, CD68 stain-
ing (microglia, macrophages) colocalizes with iron and ferritin at
the outer rim of lesions, consistent with iron-rich, M1-polarized,
nonphagocytic macrophages.””* Tron uptake at the lesion rim
enhances M1 polarization, resulting in proinflammatory tumor
necrosis factor a and inducible nitric oxide synthase release and
inhibition of the phagocytic M2 macrophage phenotype, which is
necessary for tissue repair.”* Lesions of this type also have shown
reductions in oligodendrocytes and no oligodendrocyte progeni-
tor (NG2) cells, further inhibiting tissue repair.”> The expected
myelin and iron properties of chronic-active lesions are consistent
with those in lesions that are R2* hypointense and isointense with
a hyperintense rim on QSM, which were found in a higher pro-
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portion in subjects with progressive disease and greater disability
and fatigue in this study.

Although lesion rims were found in higher proportion on
phase images compared with QSM, lesion rims seen on these 2
contrasts may not have the same pathologic meaning. Lesion
modeling data have shown that the geometry of a lesion can lead
to false classification of solid lesions as shell-shaped on phase,
which is not the case for QSM."? Furthermore, due to magnetic
dipole effects, phase rims can appear as hyper- or hypointense,
depending on orientation, in addition to being influenced by ad-
jacent structures such as veins and crossing fiber tracts.'*> Al-
though previous publications have suggested that the presence of
rims on phase may represent blood-brain barrier breakdown in
acute lesions,’ subsequent data have shown that this change is
more likely due to a transition from anisotropic to isotropic tissue
architecture, along with some false rims.'>*” Our analysis of
phase images furthers the argument of the benefits of QSM over
phase. In addition to the potential presence of false lesion rims, we
found a higher proportion of lesions that were invisible on phase,
and lesion frequency was not related to disability measures.

This study has limitations. The lack of contrast administration
or longitudinal follow-up tempers our conclusions as to the rela-
tionship between R2* and QSM findings and inflammatory states
and lesion evolution. Furthermore, although our conclusions as
to the pathologic meaning of susceptibility signal alterations in
lesions are supported by prior histopathologic-imaging studies,
without postmortem data in this cohort, such conclusions can
only be speculative. In addition, although the total number of
lesions evaluated here were quite high, only 24 subjects were as-
sessed, which limits conclusions on relapsing-versus-progressive
MS. Further stratification of subjects with progressive disease into
primary- and secondary-progressive may also have yielded fur-
ther pathologic insight, but it was not possible due to the small
sample size. The restriction of lesion analysis to individual ovoid
lesions can also potentially be criticized. Before conclusions can
be drawn on the utility of susceptibility imaging in MS, future
work should investigate the meaning of susceptibility alterations
in larger areas of lesion formation, normal-appearing white mat-
ter, cortical gray matter, and other structures. The results reported
here should thus be considered preliminary, with further work
necessary to confirm or refute these conclusions. Our planned
future work will include administration of contrast agents, fol-
low-up scanning, and recruitment of a larger cohort.

CONCLUSIONS

Despite limitations, we believe that our findings have profound
implications for MS research. Our results imply that combined
analysis of R2* and QSM imaging may provide an in vivo probe
into tissue myelin and iron content and thus into the impact of
white matter inflammation on axonal tracts and oligodendro-
cytes. We have also shown that R2* and QSM analysis can provide
qualitative and quantitative measures of the lesion heterogeneity,
which explain the varying clinical manifestations of MS. Use of
such tools is necessary to gain a greater understanding of the
mechanisms of disability progression in MS and may hold prom-
ise as imaging outcome measures for trials of remyelinating and
neuroprotective medications.
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Cortical Perfusion Alteration in Normal-Appearing Gray
Matter Is Most Sensitive to Disease Progression in
Relapsing-Remitting Multiple Sclerosis

S.-P. Hojjat, ““’M. Kincal, ““'R. Vitorino, ““’C.G. Cantrell, ““’A. Feinstein, ““L. Zhang, ““'L. Lee, ““’P. O’Connor, ““T. Carroll, and
R Aviv
kgl =

ABSTRACT

BACKGROUND AND PURPOSE: The role of gray matter in multiple sclerosis is increasingly evident; however, conventional images
demonstrate limitations in cortical lesion identification. Perfusion imaging appears sensitive to changes in tissue type and disease severity
in MS. We sought to use bookend perfusion to quantify parameters in healthy controls and normal-appearing and lesional tissue at
different relapsing-remitting MS stages.

MATERIALS AND METHODS: Thirty-nine patients with relapsing-remitting MS and 19 age-matched healthy controls were prospectively
recruited. The Minimal Assessment of Cognitive Function in MS battery was used to assess cognitive performance. Perfusion parameters,
including cerebral blood flow and volume and mean transit time, were compared for healthy controls and normal-appearing and lesional
tissue for all study groups. Dispersion of perfusion measures for white matter lesions and cortical lesions was assessed.

RESULTS: Twenty of the 39 patients with relapsing-remitting MS were cognitively impaired. Significant differences were displayed between all
relapsing-remitting MS subgroups and healthy controls in all comparisons except for normal-appearing gray matter CBV between healthy
controls and unimpaired patients with relapsing-remitting MS and for all normal-appearing white matter perfusion parameters between healthy
controls and unimpaired patients with relapsing-remitting MS. White matter lesion but not cortical lesion perfusion was significantly reduced in
cognitively impaired patients with relapsing-remitting MS versus unimpaired patients with relapsing-remitting MS. Perfusion reduction with
disease progression was greater in normal-appearing gray matter and normal-appearing white matter compared with cortical lesions and white
matter lesions. Smaller dispersion was observed for cortical lesions compared with white matter lesions for each perfusion parameter.

CONCLUSIONS Quantitative GM and WM analysis demonstrated significant but disproportionate white matter lesion, cortical lesion,
normal-appearing white matter, and normal-appearing gray matter changes present between healthy controls and patients with relapsing-
remitting MS with and without cognitive impairment, necessitating absolute rather than relative lesion perfusion measurement.

ABBREVIATIONS: CL = cortical lesion; NAGM = normal-appearing gray matter, NAWM = normal-appearing white matter; RRMS = relapsing-remitting MS;

RRMS-I = impaired patients with relapsing-remitting MS; RRMS-NI = nonimpaired patients with relapsing-remitting MS; WML = white matter lesion

ultiple sclerosis is a chronic inflammatory demyelinating
disease of the central nervous system,' characterized by ini-
tial increased blood-brain barrier permeability and perivascular
lymphocyte migration.” Cognitive impairment is present in 40%-—
65% of patients with MS and correlates with cortical lesion vol-
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ume.>* Clinical-pathologic correlation by using high-field ex vivo
MR imaging has demonstrated limitations in prospective cortical
lesion identification by using proteolipid protein staining as a
reference standard,” prompting the testing of surrogate tech-
niques for in vivo assessment of cortical lesions.

Recently, studies demonstrated the potential for perfusion MR
imaging to identify cortical abnormalities, even in the absence of
structural differences, suggesting that perfusion is sensitive to
changes not visible on routine structural imaging.”®'° Perfusion
changes appear sensitive to tissue type and disease activity and
severity and are most commonly described in the context of white
matter lesions. Reduced CBF, normal or reduced CBV, and in-
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creased or unchanged MTT have been previously demonstrated
in white matter lesions (WMLs) compared with normal-appear-
ing white matter (NAWM) in relapsing-remitting MS (RRMS).”

210 scant data

While a few studies have assessed cortical perfusion,
describe perfusion changes in cortical lesions.” By virtue of the
semiquantitative dynamic susceptibility contrast MR imaging
perfusion technique, Peruzzo et al” reported that cortical lesion
perfusion changes as a percentage difference between cortical le-
sions and normal-appearing gray matter (NAGM), effectively
normalizing perfusion results by NAGM. While this approach
addresses potential issues of interscan variability, it assumes sta-
bility of NAGM perfusion, ignoring changes that occur with dis-
ease progression that would significantly alter the cortical lesion/
NAGM ratio and result in erroneous measurements.’

DSC-MR imaging remains the most widely used method for
MR imaging perfusion assessment and may be used to derive
quantitative rather than semiquantitative perfusion measure-
ments by calibrating T1 signal change before and after the DSC
sequence. This bookend perfusion MR imaging technique'" gen-
erates reliable, reproducible, and validated quantitative perfusion
measurements,'” precluding the need for normalization against a
reference tissue type. The objective of this study was to use book-
end perfusion MR imaging to quantify absolute perfusion
changes within cortical lesions (CLs), WMLs, NAWM, and
NAGM at different RRMS disease stages. We hypothesized that
absolute lesion and NAGM/NAWM perfusion predictably
changes with increased disease severity and progression.

MATERIALS AND METHODS

Patients

Subjects with RRMS were prospectively recruited for this ethics
board—approved study from tertiary referral MS clinics at Sunny-
brook and St. Michael’s hospitals during 1 year. MS diagnosis was
established by using the revised McDonald criteria by a senior MS
neurologist (20 years’ experience). Participant clinical histories, in-
cluding age, sex, education level, disease duration, medication, and
relapses, were recorded. Exclusion criteria were drug/alcohol abuse,
relapse or corticosteroid use within the past 3 months, premorbid
psychiatric history, head injury (including loss of consciousness),
and concurrent morbidity (cerebrovascular disease and MR imag-
ing/gadolinium contraindications including impaired renal func-
tion). All participants were specifically recruited for this study as con-
trols, age- and sex-matched to patients with RRMS. Written consent
included a discussion of the small potential risks associated with gad-
olinium injection and was obtained from all participants after con-
firming gadolinium and MR imaging eligibility with glomerular fil-
tration rate determination and a standardized MR imaging
contraindication questionnaire. Thirty-nine patients and 19 age-
matched healthy participants were recruited.

Neuropsychological Assessment

All participants with RRMS were assessed for cognitive impairment
by using the Minimal Assessment of Cognitive Function in MS with
the purpose of dichotomizing patients with RRMS into those who
were cognitively intact and those who were impaired. The Minimal
Assessment of Cognitive Function in MS was recommended by an
expert panel for clinical monitoring and research and was performed

within 1 week of MR imaging. This 90-minute cognitive battery cov-
ers 5 cognitive domains by performing 7 tests: learning and memory
(California Verbal Leaning Test-II, Brief Visuospatial Test-revised);
processing speed and working memory (Paced Auditory Serial Ad-
dition and Symbol Digit Modalities Test); executive function (Delis-
Kaplan Executive Function System); verbal fluency (Controlled Oral
Work Association Test); and visuospatial perception/spatial process-
ing (Judgment of Line Orientation Test). Anxiety and depression
were also assessed through administration of the Hospital Anxiety
and Depression Scale. Age- and sex-adjusted normative data were
used to convert raw test scores to z scores. Z scores less than —1.5 for
a single test defined impairment, and patients impaired on =2 tests
were considered impaired.

Image Acquisition

MR imaging was performed on a 3T MR imaging system (Achieva;
Philips Healthcare, Best, the Netherlands) with an 8-channel phased
array coil. The acquisitions included volumetric T1 (TR/TE/flip an-
gle,9.5/2.3 ms/12°% number of averages, 1; FOV, 24 cm; section thick-
ness, 1.2 mm; matrix size, 256 X219); proton density/T2 (TR/TE/flip
angle, 2500/10.7 ms/90°% FOV, 23 cm; section thickness, 3 mm; ma-
trix, 256 X 263); phase-sensitive inversion recovery (TR/TE, 3374/15
ms; FOV, 23 cm; section thickness, 3 mm; matrix, 400 X 255; in-
plane voxel size, 0.43 X 0.43); and field-echo echo-planar imaging
DSC (TR/TE/lip angle, 1633/30 ms/60° FOV, 22 c¢m; section thick-
ness, 4 mm; matrix, 96 X 93; in-plane voxel size, 2.3 X 2.4 mm; no
gap; signal bandwidth, 1260 Hz/pixel; sections, 24). A 25-mL bolus of
saline at a rate of 5 mL/s was applied after administering 10 mL of
gadobutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany) (1
mmol/mL) with a power injector at 5 mL/s. Sixty images were ac-
quired at 1.6-second intervals with the injection occurring at the fifth
volume. A segmented inversion recovery Look-Locker EPI sequence
was performed immediately before and after the DSC sequence (TR/
TE/flip angle, 29/14 ms/20° TI, 15.8 ms; FOV, 22 cm; matrix, 128 X
126; 15 lines in k-space per acquisition; section thickness, 4 mm; 60
time points; scan time, 73 seconds). After the last imaging time, a
3000-ms delay was placed to ease longitudinal magnetization
recovery.

Image Processing

Statistical Parametric Mapping (SPMS8; http://www.fil.ion.ucl.ac.
uk/spm/software/spm12) was used for coregistering structural
T1- and proton density/T2-weighted images. Segmentation of
intracranial tissue was automatically performed, by a validated
technique using the structural T1 images, into GM, WM, and
CSF." Cortical lesions, WM lesions, and T1 holes were manually
traced by a clinician (10 years of experience) on phase-sensitive
inversion recovery and T2 and T1 images, respectively, by using
Analyze 8.0 (Mayo Clinic, Rochester, Minnesota). The fractional
brain volume was calculated for the segmented tissues.

A series of registrations, including linear registration (FMRIB
Linear Image Registration Tool, FLIRT; http://www.fmrib.ox.
ac.uk/) followed by multiresolution nonlinear registration with 4
subsampling levels by using nonlinear intensity modulation
(FMRIB Nonlinear Registration Tool; FNIRT; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/FNIRT), were performed to register structural
T1- and proton density/T2-weighted images with the segmented

AJNR Am J Neuroradiol 37:1454—-61  Aug 2016  www.ajnr.org 1455


http://www.fmrib.ox.ac.uk/
http://www.fmrib.ox.ac.uk/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT

MRI ACQUISITION

Structural

T

PD/T2

PSIR

[ somaet ]
¥

Segmentation &
Manual Tracing

NAGM mask
NAWM mask
WML mask
T1lhole mask
CL mask

Fractional
Brain
Volumes

Look Locker MRicro
Brodmann
DSC
(Gadobutrol ICBM Lobar
injection at 5t
volume)

Look Locker

¥

Bookend
Technique

Individual
Patient’s

Co-registration
(FSL FLIRT + FNIRT)

DSC Native

Space Co-registration

(FSL FLIRT + FNIRT)

Brodmann NAGM perfusion parameters

Lobar NAWM perfusion parameters
WML perfusion parameters
CL perfusion parameters

FIG 1. Block diagram representation of the image acquisition and processing pipeline. PSIR indicates phase-sensitive inversion recovery; PD,

proton density.

ROIs to the corresponding precontrast EPI sequence. To better
guide the alignment, we iteratively smoothed images by using a
full width half maximum Gaussian kernel. The kernel sizes used at
each resolution level were 6, 4, 2, 2 mm and 4, 2, 0, 0 mm for the
moving images and perfusion images, respectively. Last, the
MRIcro Brodmann template (Neuropsychology Laboratory, Co-
lumbia, South Carolina) and the ICBM lobar templates (Labora-
tory of Neuroimaging, Keck School of Medicine, University of
Southern California, Los Angeles, California) were registered, by
using the same registration regimen, to the transformed T1 im-
ages in EPI space. The templates were used to calculate the average
GM and WM perfusion parameters for each participant.

An automated island labeling technique based on the 8 con-
nected components criteria was applied to WML and CL
segmentation masks to separately label individual lesions
(Matlab; MathWorks, Natick, Massachusetts) for every patient (Figs
1and 2).

Bookend Perfusion
The bookend technique was used to calculate quantitative perfu-
sion parameters, including cerebral blood volume, flow, and
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mean transit time.'"'*'" Briefly, the bookend technique cali-
brates relative values to quantitative values on the basis of paren-
chymal T1 changes (in milliseconds) in response to the contrast
agent injections (precontrast versus postcontrast) used as part of a
DSC perfusion scan. Bookend perfusion scanning explicitly ac-
counts for the intravascular-to-extravascular water exchange
rates that can bias the quantitative values through careful model-
ing with a 2-compartment model included as a water correction
factor. The T1 changes in normal-appearing white matter (WM
T1) relative to the blood pool change measure during the distri-
bution phase of the agent, qCBV in WM, independent of an arte-
rial input function (Equation 1):

[ 1 1
k T1 recontrast T1 ostcontrast
1) qCBV = WCFXFhX ’ ? W

TI precontrast T1 postcontrast | pjo0d pool

8
X ( 100mL> ,



FIG 2. Representative section of Tl and perfusion images in perfusion space for the different

study groups with overlays of the investigated ROls.

where p represents average brain attenuation of 1.04 mL/g, and
K, = 0.74 is a constant used to correct for hematocrit between
capillaries and arteries.'® WCF represents the water correction
factor as defined in Equation 2 for WM in 1.5T field strength:

2)  WCEF(AR,) = 8.2 X 10 °AR? + 0.25AR, + 0.51,

where AR, is the change in T1 of the blood because of gadolinium
injection.

rCBF is computed by deconvolving tissue concentration—time
curves and the arterial input function (AIF) by using singular
value decomposition of the reformulation of Equation 3:

3) C(t) = rCBF X [AIF Q@ R(1)],

where R(#) is the residue function'” and C(t) is tissue concentra-
tion at time . r*CBV is then obtained by calculating the ratio of the
area under the curve of the tissue-concentration—time curve and

11,14,15
4 :

the AIF. CBF values are then derived by using Equation
4) qCBF = rCBF X qCBVrCBV.

Average perfusion values (CBF/CBV/MTT) were then calcu-
lated for every CL and WML by using the respective perfusion
image. An empiric volume threshold of 3 voxels was chosen to
eliminate small islands resulting from the automated lesion label-
ing algorithm and to account for the partial volume effect.”

Statistical Analysis
Univariate general linear and logistic regressions were performed
to compare demographic, clinical, and volume data among 3
groups on all continuous outcomes and categoric variables, re-
spectively. P < .017 (ie, .05/3) was considered significant to ac-
count for multiple comparisons.

The Lilliefors test confirmed the absence of normality of
distribution of perfusion data. Median and interquartile range
were calculated for the segmented tissues. The Wilcoxon rank

sum test (Matlab) was used to com-
pare NAGM and NAWM tissues across
cognitively unimpaired and impaired
patients with RRMS and the healthy
GM and WM of controls, with cor-
rected P < .017 identified as signifi-
cantly different. Independent assess-
ments were also performed by using
the Wilcoxon rank sum test to com-
pare lesion perfusion across disease
groups and with the corresponding
normal-appearing tissue within each
patient group, with P < .05 as signifi-
cantly different.

A dispersion metric for each lesion
type was calculated after removal of
outliers defined as 1.5X away from the
first and third quartiles to quantify the
degree of heterogeneity, calculated as
the number of SDs encompassing the
distribution of the corresponding per-
fusion parameter (Equation 5):

max(L) — rnin(L)]

5) Dispersion (L) = [ p

where L corresponds to the lesion vector of interest and o repre-
sents the SD of L.

RESULTS

Of 39 patients with RRMS enrolled in the study, 20 (51.3%) met
the criteria for cognitive impairment. The participant demo-
graphic and fractional brain volumes are listed in Table 1. WML,
CL, NAWM, and NAGM perfusion values for each patient group
and healthy controls are summarized in Table 2. Significant CBF
and CBV reduction was observed in NAGM and NAWM in pa-
tients with impairment with relapsing-remitting MS (RRMS-I)
compared with other groups. No MTT differences were observed
between RRMS groups for NAWM, though NAGM was modestly
prolonged in RRMS-I compared with patients without impair-
ment with relapsing-remitting MS (RRMS-NI). NAGM CBF and
CBV were significantly reduced and MTT was prolonged com-
pared with healthy control GM for all comparisons except be-
tween healthy controls and RRMS-NI for CBV. NAWM CBF and
CBV were significantly lower and MTT was prolonged between
healthy controls and RRMS-I but not RRMS-NI. WMLs demon-
strated significant CBF and CBV reduction compared with
NAWM in patients with RRMS-NT (33% and 31%) and those
with RRMS-I (26% and 23%), respectively. WMLs also demon-
strated mild but significant MTT prolongation compared with
NAWM in patients with RRMS-NT and RRMS-I. WML CBF and
CBV in RRMS-I were significantly lower compared with
RRMS-NI (Table 2). No absolute CL perfusion difference was
present between RRMS-I and RRMS-NI, though both CBF and
CBV were modestly elevated and MTT was prolonged in RRMS-1.
CLs showed significant CBF and CBV reduction compared with
NAGM for RRMS-NT (48% and 44%) and RRMS-I (27% and
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19%), respectively. Significant MTT prolongation was present in
CLs compared with NAGM for RRMS-I (15%)).

Scatterplots of the average CBF and CBV for CL and WML are
illustrated in Figs 3 and 4, respectively. Four classifiers are high-
lighted in each figure, including standard lesions (neither CBF nor
CBV outliers), CBF outliers, CBV outliers, and CBV X CBF out-
liers. As expected, standard CLs and WMLs present similar CBF
and CBV compared with the whole CL and WML analysis, respec-
tively, for both RRMS groups (On-line Table 1). However,
CBF outliers and CBV outliers showed higher median values.
MTT outliers (not shown) demonstrated reduced WML perfu-
sion for each group. No MTT outliers were present within
RRMS-I. On-line Table 2 illustrates the dispersion of the perfu-
sion values for each lesion for both RRMS groups, demonstrating
smaller dispersion values for CLs compared with WMLs for each
perfusion parameter.

Table 1: Participant demographic data, neurocognitive scores, and fractional brain volume®

DISCUSSION

Progressive NAGM and NAWM CBF and CBV reduction was
demonstrated with cognitive impairment. Significant differences
were seen between both RRMS subgroups and healthy controls in
all comparisons except for NAGM CBV between healthy controls
and RRMS-NT and for all NAWM perfusion parameters between
healthy controls and RRMS-NI. CL perfusion was not signifi-
cantly different between RRMS subgroups. However, the CL/
NAGM ratio was fallaciously lower in RRMS-I compared with
RRMS-NI due to a greater NAGM than CL perfusion reduction,
minimizing the difference between CL and NAGM perfusion.
Similarly, despite significant WML/NAWM perfusion reduction
between RRMS-NI and RRMS-I, the WML/NAWM ratios were
also reduced with cognitive impairment. These findings under-
score the limitations of using either NAWM or NAGM regions
to normalize cortical lesion or white matter lesion perfusion
values and emphasize the need for ab-
solute perfusion measurement.”

- Lliaal) RRMSNIHpEE) RENASSI(IEl20) Consistently larger reductions were
Demographics 1
Age (yr) 490+71 464+72 481+ 47 measured  within the NAWM and
Female sex (No.) (%) 14 (73.68) 15 (78.95) 12 (60) NAGM  with  cognitive impairment
Education (yr) 169 +2.9° 161213 14.6 £19° compared with WMLs and CLs, respec-
Disease duration (yr) 0.0 £0.0 Nn8*+54 n6 =49 tively. This finding highlights the im-
HADS-A (log) (median) (IQR) 3(1-6)¢ 6 (5-7)° 8(7-10)° portance of considering these appar-
HADS-D (log) (median) (IQR) 2(1-3)° 3(1,5)¢ 8 (6-10)°¢ I | reci o additi
EDSS median (IQR) NA 15 (1-2)¢ 25 (2-3)° ently normal reglons In addition to
Percentage fractional conventional structural and lesional pa-
brain volume rameters during the assessment of cog-
BPF 79 +9° 75+ 6 72+ 8° nitive impairment in patients with
fC 4515 + 512 4343 +39] 4187 + 550 MS. 81 Qur results are supported by
fwM 3166 * 4.07° 29.61+2.83 2835 +3.5° . . .
faL 0,00 = 0.00° 0.01 = 0.01 0,01+ 0.02° previous studies demonstrating NAGM
fBG 135 + 019 131+ 018 125+02  andNAWM perfusion abnormalities with
fTh 0.68 + 0.12° 0.64 + 014 0.55 = 0.14° MS disease progression and in cognitively
FWML 0.00 = 0.00° 0.67 074 0.92 + 0.90° impaired patients with RRMS.®**°
b b e . .
fT1 hole 0.00 = 0.00 0.23£0.22 0.410 = 0.506 They also highlight the increasingly rec-
fCSF 2116 + 8.78° 2410 + 6.24 26.64 +7.32°

ognized role of perfusion as a surrogate
Note:—HADS indicates Hospital Anxiety [A] and Depression [D] Scale; EDSS, Extended Disability Status Scale; BPF,
brain parenchymal fraction; fC, fractional cortical volume; fWM, fractional white matter volume; fCL, fractional cortical
lesions volume; fBG, fractional basal ganglia volume; fTh, fractional thalamus volume; fWML, fractional white matter
lesions volume; fTI hole, fractional T1 hole volume; fCSF, fractional CSF volume; HC, healthy controls; NA, not applica-
ble; IQR, interquartile range.

# All values are means unless otherwise specified. Significant P value < .017.

® HC vs RRMS-.

“HC vs RRMS-NL.

4 RRMS-NI vs RRMS-I.

of cognitive impairment.® We demon-
strate greater sensitivity of NAGM to
cognitive impairment than NAWM
with differences demonstrated between
healthy control GM/WM and RRMS-NI
only for NAGM. Indeed, a recent study

Table 2: Comparison of perfusion parameters between study groups®

HC (n=19) RRMS-NI (n =19) RRMS-I (n = 20)

WM GM WML NAWM cL NAGM WML  NAWM cL NAGM
CBF 21.8° 44.0f 14.4%¢ 21.5%¢ 21.4¢ 417199f 1259¢  17.0bde 23.1° 31.759f
(ML/100 g per min) (19.7-28.4) (37.9-49.5) (9.9-20.2) (16.0-29.5) (157-323) (29.8-557) (81-185) (13.2-25.2) (15.4-34.3) (24.6—44.5)
CBV 150 2.8f 119 1.6%¢ 14¢ 2.5¢d 109 1.3bde 17¢ 2.199f
(mL/100 g) (12-19) (21-32)  (0.8-1.6) (12-2)) (11-20)  (19-34) (07-14) (1.0417)  (12-24)  (17-27)
MTT 43b 3.8f 48¢ 4.6° 43 3.99f 5.0¢ 4.8°¢ 4.6° 4.059f
(min) (39-5.0)  (34-43) (41-59) (41-52) (35-49) (33-44) (42-60) (43-52) (3.9-54) (3.5-4.6)

Note:—HC indicates healthy controls.

# Normal-appearing GM and WM tissues are compared across patients with RRMS who were cognitively unimpaired and impaired and with healthy controls with corrected P <
.017 (ie, .05/3) identified as significantly different. Lesion perfusion was also independently compared across disease groups and with the corresponding normal-appearing tissue
within each patient group with P < .05 identified as significantly different. The values represent medians; the interquartile range for values are giving in parentheses.

®HC WM vs NAWM.

€ CL vs NAGM.

4 RRMS-NI vs RRMS-I.

€ WML vs NAWM.

fHC GM vs NAGM.
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FIG 3. Distribution of the absolute perfusion cortical lesion results in
the construction of 4 different populations: Standard CL (neither CBF
nor CBV outliers), CBF outliers, CBV outliers, and CBV-CBF outliers
(CBV outliers that are also CBF outliers). Absolute values of cerebral
blood flow and cerebral blood volume are reported on the x-axis and
y-axis, respectively. Each RRMS-NI lesion (A) is represented by a circle,
and RRMS-| lesion (B) is represented by a triangle.

using pseudocontinuous arterial spin-labeled/labeling perfusion
found significant GM perfusion differences between healthy con-
trols and patients with very early RRMS, independent of struc-
tural differences.’

The absence of CL CBF or CBV differences compared with
WMLs between the RRMS subgroups is supported by histopatho-
logic studies showing that unlike WMLs, there is little inflamma-
tory infiltration, activation, or evidence for plasma protein ex-
travasation in CLs.”'">* This also explains the greater difficulty in
prospective clinical identification of CLs on imaging such as dou-
ble inversion recovery or FLAIR, because the more tightly packed
cortical structures prevent fulminant inflammation and edema
formation, which characterizes and assists in the visualization of
WMLs.>*” In support of this assertion, CLs were associated with
less dispersion and fewer perfusion outliers than WMLs. The
greater outliers in WMLs imply increased lesion perfusion heter-
ogeneity and confirm different pathophysiologic mechanisms for
CL and WML formation.”>*"

FIG 4. Distribution of the absolute perfusion white matter lesion
results in the construction of 4 different populations by using the
interquartile range method: Standard WML (neither CBF nor CBV out-
liers), CBF outliers, CBV outliers, and CBV-CBF outliers (CBV outliers
that are also CBF outliers). Absolute values of cerebral blood flow and
cerebral blood volume are reported on the x-axis and y-axis, respec-
tively. Each RRMS-NI lesion (A) is represented by circle, and RRMS-I
lesion (B) is represented by a triangle.

CLs were identified by using phase-sensitive inversion recov-
ery. Existing clinical and high-field-strength research imaging se-
quences detect a fraction of histopathologically identified le-
sions.”®*! Therefore, we cannot entirely exclude the presence of
CLs within the so-called NAGM ROL. It could be argued that these
lesions may account for the strength of NAGM differences pre-
sented. However, considering the voxelwise analytic approach,
the total number of voxels constituting CLs is expected to be frac-
tional compared with the total number of true NAGM voxels;
therefore, we believe this contribution to be trivial. Only imaging-
pathologic correlation studies could truly resolve this question.
Another limitation of this work is the relatively low resolution of
perfusion images in comparison with structural T1- and T2-
weighted images, resulting in partial volume effects during struc-
tural-to-perfusion image registration, whereby CL and WML
ROIs may be eliminated or altered in size. To address this issue, we
applied volume thresholding of the registered segmentations;

AINR Am J Neuroradiol 37:1454—-61  Aug 2016  www.ajnr.org 1459



however, complete elimination of these artifacts is not
possible. Future studies could use differences in perfusion char-
acteristics between CLs and WMLs to prospectively identify and
segment lesions on the native perfusion images.

GM abnormalities in MS could occur due to 2 underlying
pathogenic mechanisms (primary GM damage and GM damage
secondary to WM damage), which cumulatively contribute to de-
generation of axons and GM demyelination.”® Primary GM ab-
normality may result from meningeal inflammation caused by
soluble cytotoxic/myelinotoxic factors as demonstrated by
Magliozzi et al,”* who depicted a spatial relation between ectopic
meningeal B-cell follicles and a superficial-to-deep gradient of
cortical pathology. GM neuroaxonal degeneration secondary to
WM damage has been associated with a state of “virtual hypoxia”
due to high adenosine triphosphate production caused by abnor-
mal distribution of sodium channels in active white matter le-
sions, which are protein-positive for amyloid precursor.”>** Ex-
citotoxicity and axonal damage due to glutamate imbalance,
discriminatory reaction to acetylcholinesterase inhibitor rivastig-
mine, and variation in firing patterns among different sodium
channels have, furthermore, been thought to be involved in GM
damage secondary to WM abnormality.**>*” Perfusion abnormal-
ities in the absence of structural anomalies have been previously
observed in patients with RRMS without and with cognitive im-
pairment.””® In a preceding study using the same patient cohort,
we further demonstrated cortical perfusion reduction to be inde-
pendent of white matter volume.”® These observations collec-
tively suggest a primary vascular or mitochondrial disturbance as
the most probable mechanism of GM abnormality in our patient
cohort.

There remains a need for tools and techniques to assess the
integrity of the cortex and to detect cortical lesions. Techniques
that enable CL detection with high sensitivity and specificity could
aid in better quantifying the relationship between CL and clinical
outcomes such as physical/cognitive impairment and treatment
effect. While only imaging-pathologic correlation studies could
truly validate CL detection, the magnitude of 30%-50% perfusion
differences between NAGM and CLs is very encouraging and pro-
vides ample signal for discrimination, unlike attempts in struc-
tural MR imaging. Future work includes the use of image-pro-
cessing techniques such as texture analysis to enable better
detection of CLs by exploiting the large NAGM/CL perfusion dif-

ferences seen.””*"

CONCLUSIONS

Significant WML, CL, NAWM, and NAGM changes are present
between healthy controls and cognitively impaired patients with
RRMS. The greatest changes are present within NAGM and
NAWM, necessitating absolute rather than relative lesion perfu-
sion measurement.
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(14PRE20380810).* Anthony Feinstein—RELATED: Grant: MS Society of Canada*;
UNRELATED: Payment for Lectures (including service on Speakers Bureaus):
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named companies associated with therapeutics in multiple sclerosis; Grants/Grants
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A Diffusion Tensor Imaging Study on White Matter
Abnormalities in Patients with Type 2 Diabetes Using
Tract-Based Spatial Statistics
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ABSTRACT

BACKGROUND AND PURPOSE: Patients with type 2 diabetes mellitus have considerably higher risk of developing cognitive impairment and
dementia. WM changes in these patients have been reported. Our aim was to demonstrate that gradual and continuous WM change and the
associated cognitive decline in patients with type 2 diabetes mellitus can be captured by DTI parameters, which can be used to complement
neuropsychological test scores in identifying patients with type 2 diabetes mellitus with and without mild cognitive impairment.

MATERIALS AND METHODS: Forty-two patients with type 2 diabetes mellitus, divided into a group with mild cognitive impairment (n =
20) and a group with normal cognition (n = 22), were enrolled with age-, sex-, and education-matched healthy controls (n = 26). 3T DTI
followed by Tract-Based Spatial Statistics analysis was used to investigate the differences in fractional anisotropy, mean diffusivity, axial
diffusivity (A;), and radial diffusivity (A,5) among the groups. A receiver operating characteristic analysis assessed the performance of DTI
parameters for separating the 2 groups with type 2 diabetes mellitus.

RESULTS: The whole-brain Tract-Based Spatial Statistics analysis revealed that 7.3% and 24.9% of the WM exhibited decreased fractional
anisotropy and increased mean diffusivity (P < .05), respectively, between the diabetes mellitus with mild cognitive impairment and the
diabetes mellitus with normal cognition groups, while considerably larger WM regions showed fractional anisotropy (36.6%) and mean
diffusivity (58.8%) changes between the diabetes mellitus with mild cognitive impairment and the healthy control groups. These changes
were caused primarily by an elevated radial diffusivity observed in the patients with diabetes mellitus with mild cognitive impairment.
Radial diffusivity also exhibited subtle but statistically significant changes between the diabetes mellitus with normal cognition and the
healthy control groups. Analyses on individual fiber tracts showed pronounced fractional anisotropy reduction and mean diffusivity
elevation in regions related to cognitive functions. The receiver operating characteristic analysis on the right cingulum (hippocampus)
showed that fractional anisotropy produced a larger area under the curve (0.832) than mean diffusivity (0.753) for separating mild cognitive
impairment from normal cognition among patients with type 2 diabetes mellitus. When fractional anisotropy was combined with mean
diffusivity, the area under the curve was further improved to 0.857.

CONCLUSIONS: DTI parameters can show a substantial difference between patients with type 2 diabetes mellitus with and without mild
cognitive impairment, suggesting their potential use as an imaging marker for detecting cognitive decline in patients with type 2 diabetes mellitus.
More important, DTI parameters may capture gradual and continuous WM changes that can be associated with early stages of cognitive decline
in patients with type 2 diabetes mellitus before they can be diagnosed clinically by using conventional neuropsychological tests.

ABBREVIATIONS: DM-MCI = diabetes mellitus with mild cognitive impairment; DM-NC = diabetes mellitus with normal cognition; FA = fractional anisotropy;
HC = healthy control; MCI = mild cognitive impairment; MD = mean diffusivity; TBSS = Tract-Based Spatial Statistics; T2DM = type 2 diabetes mellitus;
ROC = receiver operating characteristic

ype 2 diabetes mellitus (T2DM) is a prevalent disease that affects
>360 million people worldwide and is projected to rise to 552
million cases by 2030." This metabolic disease can affect a number of
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organs, including the brain, eye, kidney, heart, vasculature, and pe-
ripheral nerves due to long-term sustained hyperglycemia. Brain
damage caused by diabetes has attracted increased attention during

Paper previously presented in part at: Annual Meeting of the International Society for
Magnetic Resonance in Medicine, May 30-June 5, 2015; Toronto, Ontario, Canada.

Please address correspondence to X. Joe Zhou, PhD, Advanced Imaging Center, Ste 103,
2242 W Harrison St, Chicago, IL 60612; e-mail: xjzhou@uic.edu; Jianzhi Wang, PhD,
Department of Pathophysiology, Tongji Medical College, Huazhong University of Sci-
ence and Technology, 13 Hangkong Rd, 430030, Wuhan, P.R. China; e-mail:
wangjz@mailhust.edu.cn

O |ndicates open access to non-subscribers at www.ajnr.org
E Indicates article with supplemental on-line table.

B Indicates article with supplemental on-line photos.
http://dx.doi.org/10.3174/ajnr.A4740


http://orcid.org/0000-0002-6270-5220
http://orcid.org/0000-0002-8177-1661
http://orcid.org/0000-0002-7324-6664
http://orcid.org/0000-0002-5496-170X
http://orcid.org/0000-0002-7080-7307
http://orcid.org/0000-0003-1511-4273
http://orcid.org/0000-0001-6960-1726
http://orcid.org/0000-0002-0254-6563
http://orcid.org/0000-0001-8947-6811
http://orcid.org/0000-0003-0793-4925

recent years. Longitudinal population-based studies have revealed
that the relative risk of dementia is 1.2—2.8 times higher in individuals
with diabetes relative to those without.>”

Although neuropsychological tests such as the Mini-Mental
State Examination and the Montreal Cognitive Assessment re-
main the prevailing methods for evaluating patients with T2DM
with and without cognitive decline, a number of neuroimaging
studies have emerged to investigate the compromised brain func-
tions of patients with T2DM by measuring changes in perfusion,*
metabolism,” spontaneous brain activity at resting state,® and
functional connectivity.” The observed functional changes have
been associated with sustained hyperglycemia and the resulting
alterations in cerebral vasculature, neurotrophic factors, and neu-
rotransmitters.® To study the underlying brain structural changes
associated with the functional and metabolic abnormalities,
Zhang et al’ compared the gray matter volume of patients with
T2DM with and without mild cognitive impairment (MCI) and
concluded that middle temporal gyrus atrophy was associated
with an increased risk of MCI in patients with T2DM. Cerebral
atrophy and WM hyperintensities were also reported in patients
with T2DM'° and were linked to compromised cognition.'" Ad-
ditionally, recent studies focusing on type 1 diabetes mellitus re-
vealed WM changes in the superior parietal lobule'* and more
pronounced WM hyperintensities in patients with slower infor-
mation processing.'” The observed changes in WM are of partic-
ular interest, given its important role as a conduit to transmit
neuronal signals to the functional units in the gray matter.

DTI is a powerful neuroimaging method to study WM struc-
tural changes in many neurologic disorders, including MCI and
Alzheimer disease.'* In a study by Hsu et al,"” decreased fractional
anisotropy (FA) was found in the frontal lobe of patients with
T2DM with both global and voxel-based analyses. Decreased FA
in the cingulum bundle and uncinate fasciculus,'® and increased
mean diffusivity (MD) in the bilateral hemisphere tracts,'” were
also reported. Recently, Zhang et al'® observed that patients with
T2DM with various degrees of cognitive impairment exhibited
widespread WM disruptions, which correlated well with execu-
tive dysfunction.

Although the risk of developing cognitive impairment is con-
siderably elevated among patients with T2DM, not all patients
with T2DM develop cognitive impairment based on neuropsy-
chological tests. This raises an interesting and important question
of whether the observed WM change occurs only in patients with
T2DM with cognitive impairment or in all patients with T2DM.
We hypothesize that the WM change in patients with T2DM, in
accordance with cognitive decline, is a gradual and continuous
process that may not be adequately reflected by neuropsycholog-
ical test scores but can be captured by DTI. The present study,
therefore, aimed to test this hypothesis by subdividing the pa-
tients with T2DM into 2 groups, those exhibiting MCI and those
without, and investigating their DTT parameter changes against a
third group of age-, sex-, and education-matched healthy sub-
jects. Additionally, the study also intended to demonstrate that
DTI parameters can be used quantitatively to complement neu-
ropsychological test scores in characterizing patients with T2DM
with and without MCI.

MATERIALS AND METHODS

Subjects

With approval by the institutional review board, we used a pro-
spective cross-sectional study design with a recruitment of 70
right-handed adult subjects who provided written informed con-
sent. Among the subjects, 44 were patients with T2DM (between
51 and 72 years of age; 27 women) recruited from the endocrinol-
ogy clinic of Tongji Hospital of China between May 2013 and May
2014. Detailed information about hypoglycemic agent applica-
tion, family history, and clinical symptoms and complications
was collected. Clinical examinations and laboratory tests, includ-
ing blood biochemistry; lipids and cholesterol levels; plasma glu-
cose and glycosylated hemoglobin Alc levels; and body mass in-
dex, were performed.

Diagnosis of T2DM was based on established criteria (ie, dia-
betes symptoms and a fasting plasma glucose level of >7.0
mmol/L or a random plasma glucose level of >11.1 mmol/L or a
2-hour glucose level of >11.1 mmol/L after an oral glucose toler-
ance test), according to the American Diabetes Association rec-
ommendations.'® A battery of neuropsychological tests was per-
formed on the 44 patients with confirmed T2DM to assess their
cognitive functions as detailed in the next subsection. On the basis
of the results of the neuropsychological tests, the patients with
T2DM were divided into 2 groups with and without cognitive
impairment. Twenty-six subjects with euglycemia (between 50
and 73 years of age; 17 women; fasting glucose level of <7.0
mmol/L, glycosylated hemoglobin Alc percentage of <6.0%)
with normal cognition (Montreal Cognitive Assessment score of
=28 and Mini-Mental State Examination score of =27) were also
enrolled to serve as age-, sex-, and education-matched healthy
controls (denoted as the healthy control [HC] group hereafter).

For all 3 groups, we used the following exclusion criteria: 1)
organic lesions in the brain, such as brain tumors, cerebral
infarction, hemorrhage, or vascular malformation; 2) a history
of stroke, epilepsy, head trauma, or brain surgery; 3) systemic
organic disease or a history of tumors; 4) moderate and severe
hypertension (systolic pressure of =160 mm Hg or diastolic
pressure of =100 mm Hg), or hyperlipidemia; 5) any contra-
indication to MR imaging examination, such as the presence of
metallic implants, fixed metal dentures, pacemaker, or claustro-
phobia; or 6) other types of diabetes. In addition to the above
criteria, 2 patients were excluded from data analysis because of
excessive motion during the MR imaging (n = 1) or scanner mal-
function (n = 1), resulting in 42 patients with T2DM and 26
healthy controls (no exclusions) whose imaging data were used in
the final analysis.

Cognitive Assessment

All patients underwent comprehensive physical, neurologic, and
neuropsychological assessments, which included the Mini-Men-
tal State Examination, Montreal Cognitive Assessment, Hachin-
ski Ischemic Score, Activities of Daily Living Test, and Auditory
Verbal Learning Test, performed by 2 neurologists (Z.X. and
Q.Z.), to subdivide the patients with T2DM into 2 groups with
and without MCI. The inclusion criteria for the MCI group were
the following: 1) memory decline; 2) both Montreal Cognitive
Assessment and Mini-Mental State Examination scores of =27;
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and 3) absence of any other physical or mental disorders that can
lead to cognitive impairment, resulting in 20 patients with T2DM
in the MCI group (the DM-MCI group). The remaining 22 pa-
tients formed the group with normal cognition (the DM-NC
group). The Hachinski Ischemic Score and Activities of Daily Liv-
ing tests were used to exclude vascular dementia and evaluate the
daily life abilities. Consistency in age, sex, and education level
among the DM-MCI, DM-NC, and HC groups was determined
with a 1-way ANOVA and a x” test.

Image Acquisition

MR images were acquired on a 3T MR imaging scanner (Discov-
ery MR750; GE Healthcare, Milwaukee, Wisconsin) by using a
commercial 32-channel head coil. The subjects were padded with
flexible foam to limit head motion. Using axial T2 FLAIR (TR/TE/
TI = 8400/160/2100 ms, section thickness = 5 mm, section spac-
ing = 1.5 mm, matrix size = 256 X 256, FOV = 24.0 X 24.0 cm?,
and NEX = 1) and a sagittal T1-weighted 3D brain volume imag-
ing sequence (TR/TE/TI = 8.2/3.2/450 ms, flip angle = 12°, sec-
tion thickness = 1 mm, matrix size = 256 X 256 X 160, FOV =
25.6 X 25.6 cm?, and NEX = 1), we obtained high-resolution
anatomic images to exclude possible lesions specified in the ex-
clusion criteria. Following anatomic imaging, DTI data were ob-
tained in the axial plane by using a single-shot diffusion-weighted
echo-planar imaging sequence with the following parameters:
TR/TE = 8500/66.3 ms, FOV = 25.6 X 25.6 cm?, matrix size =
128 X 128, section thickness = 2 mm, number of sections = 70,
number of diffusion gradient directions = 64, b-value = 1000
s/mm?, number of images at a b-value of 0 s/mm? = 5, accelera-
tion factor = 2, and scan time = 9 minutes 55 seconds.

fMRI of the Brain Software Library and Tract-Based
Spatial Statistics

The diffusion tensor images were processed by using the fMRI of
the Brain Software Library (http://www.fmrib.ox.ac.uk/fsl), or
FSL.*° Voxelwise statistical analysis of the images was performed
by using Tract-Based Spatial Statistics (TBSS; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/TBSS)*' with the following steps: First, brain
was extracted by using the Brain Extraction Tool (http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/BET). An FSL “eddy” tool (http:/fsl.fmrib.
ox.ac.uk/fsl/fslwiki/eddy) was applied as a preventive measure to
reduce inconsistent image distortion. After generating the FA
maps by using the FMRIB Diffusion Toolbox (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FDT), we aligned the images from all subjects to
an FA standard template through a nonlinear coregistration. The
aligned FA maps were then averaged to produce a group mean
image, which was used to generate an FA skeleton highlighting the
tracts common to the entire group. For each subject, an FA
threshold of 0.2 was used before projecting the aligned FA map
onto this skeleton. The resulting skeletonized FA maps were then
fed into a voxelwise group-level analysis.** In addition to FA,
diffusivity maps based on MD, axial diffusivity (A,, the principal
eigenvalue), and radial diffusivity (A,;, the average of the 2 re-
maining eigenvalues) were generated by using the same steps
outlined above. Using an FSL permutation test (FSL Randomise
tool with 500 permutations; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
Randomise), we tested FA, MD, A,, andA,; for differences be-

1464 Xiong Aug 2016 www.ajnr.org

tween the means of the DM-MCI, DM-NC, and HC groups. A
significance level of P < .05 was used for each of the 4 DTI param-
eters (FA, MD, A, and A,;) to declare differences among the
patient groups.

ROI-Based Quantitative Analysis

The Johns Hopkins University WM tractography atlas® in FSL
was used as a standard for WM parcellation. The entire WM was
parceled into 48 ROIs by using the 1-mm Johns Hopkins Univer-
sity—ICBM  labels (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).
Specific fiber tracts reported to be relevant to MCI in previous

studies®* ¢

were selected in the telencephalon as well as 4 regions
in the cerebellum and the brain stem (Fig 1). FA and MD were
calculated by averaging the pixel values in each ROI and were
reported as mean * SD. Using SPSS 17.0 software (IBM, Armonk,
New York), we performed a receiver operating characteristic
(ROCQ) analysis to determine the area under the ROC curve for
assessing the performance of separating the DM-MCI and
DM-NC groups when FA and MD of the right cingulum (hip-
pocampus) were used individually or in combination via a logistic
regression algorithm.

The ROC analysis for the combination of FA and MD was
performed by using a binomial (bivariate) logistic regression
with patient condition (DM-MCI or DM-NC) as the dichoto-
mous criterion variable and FA and MD as the dichotomous
predictor variables. This method estimated the probability
(P,) of being in the DM-MCI group by using the following
logistic function:

P, = exp(a, + a,FA + a,MD) / [1 + exp (a, + a,FA + a,MD)],

where g, is a constant and a, and a, are the regression coefficients
for FA and MD, respectively. The regression coefficients were de-
termined by using a maximum likelihood method.*”

RESULTS

Clinical Data

The clinical and neuropsychological characteristics of the 3 sub-
ject groups are summarized in the On-line Table. No significant
difference was observed among the 3 groups in age (P = .130), sex
(P = .854), years of education (P = .216), and body mass index
(P =.291). The DM-MCI group exhibited a higher level of glyco-
sylated hemoglobin Alc (P = .008) and a trend toward a signifi-
cant increase in disease duration (P = .066) compared with the
DM-NC group.

Whole-Brain DTI Comparisons among Groups

The whole-brain TBSS analysis revealed that 7.3% (10,102/137,832
voxels) and 24.9% (34,353/137,832 voxels) of the parcellated
regions exhibited decreased FA and increased MD, respectively, in
the DM-MCI group compared with the DM-NC group (Fig 2).
Analysis of the individual eigenvalues illustrated that the reduced
FA and increased MD in the DM-MCI group were caused primar-
ily by an elevated radial diffusivity (A,5), rather than changes in
axial diffusivity (A,) (Fig 2). Compared with the results in Fig 2,
more extensive changes in FA (36.6%; 50,384/137,832 voxels) and
MD (58.8%; 81,104/137,832 voxels) of the WM regions across the
entire brain were observed between the DM-MCI and the HC
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FIG1. Selected ROIsin the individual fiber analysis according to aJohns Hopkins University—ICBM
labels 1-mm template. “R and .L” in the text indicate right and left side, respectively. In the
telencephalon, ALIC indicates anterior limb of internal capsule; ACR, anterior corona radiata;

left external capsule between the DM-
MCI and DM-NC groups. Addition-
ally, we also observed FA differences in
the left anterior limb of the internal
capsule, right and left anterior corona
radiata, left posterior thalamic radia-
tion, and right and left cingulum (hip-
pocampus), and MD differences in the
left retrolenticular part of internal
capsule, left superior corona radiata,
and right sagittal striatum. These dif-
ferences, which suggest that FA and
MD may serve as alternative surro-
gates to the conventional neuropsy-
chological test scores, are illustrated in
Fig 5A (for FA), -B (for MD). More
important, when the DM-NC and the
HC groups were compared, significant
differences in FA were found in the
right corticospinal tract and right ce-
rebral peduncle, and differences in
MD were found in the right retrolen-
ticular part of internal capsule and
right external capsule. Again, these
observations support our hypothesis.
Overall, the atlas-based
on individual fiber tracts suggested
that pronounced FA reduction and/or
MD elevation occurred mainly in the
internal/external capsule, corona radi-
ata, and cingulum (in the vicinity of
the hippocampus) regions.

analyses

g/b/s CC, corpus callosum (genu/body/splenium); CCG, cingulum (cingulate gyrus); CH, cingulum

(hippocampus); EC, external capsule; PCR, posterior corona radiata; PTR, posterior thalamic radi-
ation (including optic radiation); RIC, retrolenticular part of internal capsule; SCR, superior corona
radiata; SS, sagittal striatum (including the inferior longitudinal fasciculus and inferior fronto-
occipital fasciculus). In the cerebellum and brain stem, CP, indicates cerebellar peduncle; CT,
corticospinal tract; MCP, middle cerebellar peduncle; and PCT, pontine crossing tract (a part of

MCP).

groups (Fig 3). In addition, A, also showed noticeable changes in
Fig 3. These observations indicate that DTI parameters of the
DM-NC group differed from those of the HC group; this differ-
ence suggests that gradual WM changes have already occurred in
the patients with DM-NC, even when neuropsychological tests
did not indicate MCI. These findings support our hypothesis.
Additional evidence to reinforce our hypothesis can be found in
Fig 4, where a direct comparison between the DM-NC and the HC
groups reveals moderate changes in radial diffusivity (A,5) in sev-
eral regions, including the bilateral external capsule and the tem-
poral WM areas, as well as the right frontal WM areas and corona
radiata.

Differences in FA and MD of Specific Fiber Tracts among
the Groups

Tables 1 and 2 summarize the FA and MD differences (P < .05
with false discovery rate correction), respectively, in the se-
lected fibers across the 3 groups. Among the 15 fiber tracts
analyzed by using the Johns Hopkins University atlas,*” signif-
icantly decreased FA and increased MD were observed in the

ROC Analysis

The feasibility of using FA and MD to
separate the DM-MCI and DM-NC
groups, as indicated by Fig 5, is further
demonstrated in an ROC analysis. Fig-
ure 6A shows the ROC curves in the right
cingulum (hippocampus), using DTI parameters for distinguishing
DM-MCI (positive) and DM-NC (negative). FA (area under the
ROC curve = 0.832; 95% CI, 0.705—-0.958) had a higher area under
the ROC curve than MD (0.753; 95% CI, 0.608—0.899). When we
combined FA and MD by using a logistic regression model, the area
under the ROC curve was further improved to 0.857 (95% CI, 0.735—
0.979). Figure 6B shows a scatterplot with all data of patients with
T2DM. The best cutoff values of FA and MD, determined by
using a Youden index, are indicated by the vertical and the
horizontal dashed lines, respectively. The black dashed line
corresponds to the cutoff probability of the best sensitivity
(0.864) and specificity (0.800) when combining FA and MD.

DISCUSSION

The results of this study (Figs 2—4 and Tables 1 and 2) provided
evidence to support our hypothesis that the WM change in pa-
tients with T2DM is a gradual and continuous process that may
not be adequately reflected by neuropsychological test scores but
can be captured in DTI parameters. The observations were made
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FIG 2. DifferencesinFA, MD, axial diffusivity (A,), and radial diffusivity
(Ay3) between the DM-MCl and the DM-NC groups in 3 representative
sections (see On-line Fig 1 for a complete set of images with whole-
brain coverage). All results were obtained from an FSL TBSS analysis. A
Montreal Neurological Institute-152 T11-mm brain standard space was
used as a background image (gray-scale). Green indicates the FA skel-
eton with a threshold of 0.2 highlighting the fibers used in the com-
parison; blue—light-blue (thickened for better visibility), regions with
decreased FA, MD, A,, or A,;; and red-yellow (thickened for better
visibility), regions with increased FA, MD, A, or A;.

possible by dividing the patients with T2DM into 2 groups ac-
cording to their cognitive functions and examining changes in
DTI metrics in each group against healthy controls. Using a prev-
alent DTT analysis tool, FSL, we observed not only decreased FA
and increased MD in the brains of the patients with T2DM with
clinically confirmed MCI compared with those without (Figs 2
and 5), but also subtle yet important changes in radial diffusivity
(A,3) between the DM-NC and the HC groups (Fig 4). These
results have not been reported previously, to our knowledge. We
also observed widespread FA and MD changes between the DM-
MCI and the HC groups (Fig 3), which reinforced the findings in
a recent study.'®

The widespread WM differences in Fig 2 indicate that the ob-
served changes in DTT metrics are strongly coupled with cognitive
decline. Using individual eigenvalues, we were able to determine
that the FA and MD changes were associated with elevated radial
diffusivity, instead of decreased axial diffusivity. Previous studies
have related elevated radial diffusivity to a compromised myelin
sheath and reduced axial diffusivity to axonal damage.?®** Thus,
the WM changes in Fig 2 are likely caused by changes in the myelin
sheath or increased interstitial space between the myelin-covered
axons in patients with DM-MCI. The exact mechanism explain-
ing why long-term sustained hyperglycemia would compromise
the myelin sheath remains unclear. Small-vessel alterations asso-
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FIG 3. Group differences in FA, MD, axial diffusivity (A,), and radial diffu-
sivity (A,5) between the DM-MCI and the HC groups in 3 representative
sections (see On-line Fig 2 for a complete set of images with whole-brain
coverage). All other details are the same as in the legend for Fig 2.

FIG 4. Group differences in FA, MD, axial diffusivity (A,), and radial diffu-
sivity (A,3) between the DM-NC and the HC groups in 3 representative
sections (see On-line Fig 3 for a complete set of images with whole-brain
coverage). All other details are the same as in the legend for Fig 2.



Table 1: FA values in specific fiber tracts with significant
differences among groups (P < .05)

JHU WM
Atlas  FA (DM-MCI) FA (DM-NC) FA (HC) P Value

ALIC.L 0.595 £ 0.025 0.610 = 0.021 .044
ACRR 0.472 £0.024 0.487 = 0.019 .035
ACRL 0.471£0.029 0.488 = 0.018 .022
PTRL 0.620 = 0.038 0.641 = 0.027 .045
ECL 0.478 = 0.020 0.490 = 0.017 .043
CHR 0.585 = 0.040 0.616 = 0.024 .004
CHL 0.579 £0.027 0.599 = 0.026 .019
CTR 0.548 = 0.030 0.569 = 0.017  .003
CPR 0.590 £ 0.021 0.608 £0.019  .002

Note:—R indicates right; L, left; ALIC, anterior limb of internal capsule; ACR, anterior
corona radiata; CH, cingulum (hippocampus); EC, external capsule; PTR, posterior
thalamic radiation (including the optic radiation); CP, cerebellar peduncle; CT, corti-
cospinal tract; JHU, Johns Hopkins University.

Table 2: MD values (X103 mm?/s) in specific fiber tracts with
significant differences among groups (P < .05)

JHU WM
Atlas  MD (DM-MCI) MD (DM-NC) MD (HC) P Value

RICL 0.780 = 0.026 0.760 = 0.029 .031
SCRL 0732 £0.029 0.712 = 0.026 .021
SSR 0.839 = 0.037 0.815 %= 0.030 .024
ECL 0.758 £ 0.029 0.739 = 0.026 .030
RICR 0.773 = 0.030 0.755*0.021  .021
ECR 0.784 = 0.044 0.756 =0.027 .009

Note:—R indicates right; L, left; RIC, the retrolenticular part of internal capsule; SCR,
superior corona radiata; SS, sagittal striatum (including the inferior longitudinal fas-
ciculus and inferior fronto-occipital fasciculus); EC, external capsule; JHU, Johns Hop-
kins University.

ciated with hypoperfusion and inflammatory factors can be pos-
sible causes.™

Although both Figs 2 and 3 compare the DM-MCI group
against subjects without clinically confirmed cognitive impair-
ment, the results are considerably different. In addition to
changes in radial diffusivity, Fig 3 also shows extensive changes in
axial diffusivity (A,), suggesting axonal damage in patients with
DM-MCI compared with HC. A number of studies have shown
that T2DM and Alzheimer disease share several pathogeneses,
including insulin deficit, glucose-mediated toxicity, and amy-
loid-B peptide accumulation.®" One of the important pathologic
bases of Alzheimer disease is neurofibrillary tangles,’* caused by
the phosphorylated 7 protein. As a terminal axonal lesion, neuro-
fibrillary tangles and subsequent synapse loss can lead to progres-
sive loss of memory and compromised cognition. The similar
mechanism may explain the observed A, elevation in Fig 3. More
important, the increase in radial diffusivity in the patients with
DM-NC shown in Fig 4 can be a significant finding because it
suggests minor-to-moderate damage to the myelin sheath in the
early phase of cognitive decline (eg, amnesia) in patients with
T2DM before they can be clinically diagnosed by using neuropsy-
chological test scores.

Our investigation of regional WM alterations was focused on
the telencephalon because of its pivotal role in cognition and de-
mentia. Not surprising, DTI parameter changes were observed in
the cingulum near the hippocampus, which is related to learning
and memory,24 as well as in the anterior limb and the retrolentic-
ular area of the internal capsule. Furthermore, the FA or MD
differences between the DM-NC and HC groups in the cortico-
spinal tract and external capsule (Tables 1 and 2) provide more

mean FA value between groups

TT

0.7

0.65

0.6 [

0.55 = DM-NC

B DM-MCI
0.5

0.45

0.4
A ALICL ACR.R  ACR.L PTR.L ECL CH.R CH.L

mean MD value between groups
9.00E-04

8.50E-04 T

8.00E-04 T

= DM-NC

7.50E-04 T T

= DM-MCI
7.00E-04

6.50E-04

6.00E-04
RIC.L SCR.L SS.R ECL

FIG 5. Differences in FA (A) and MD (B) values for specific fiber tracts
in an atlas-based ROI analysis between the DM-MCI (blue) and the
DM-NC (orange) groups. All fibers in the figure show a statistically
significant difference (P < .05). The bar height indicates the mean, and
the line on top of the bar represents the SD. L indicates left; R, right;
ALIC, anterior limb of internal capsule; ACR, anterior corona radiata;
CH, cingulum (hippocampus); EC, external capsule; PTR, posterior tha-
lamic radiation (including the optic radiation); RIC, retrolenticular part
of internal capsule; SCR, superior corona radiata; SS, sagittal striatum
(including the inferior longitudinal fasciculus and inferior fronto-oc-
cipital fasciculus).

specific evidence to support our hypothesis that early changes
during the course of cognitive decline can be detected by DTI
before the patients become symptomatic.

The present study has also demonstrated that FA and MD
can become potential imaging markers (Fig 6) that are sensi-
tive to cognitive declines in patients with T2DM. These mark-
ers can be used individually or combined to complement the

existing neuropsychological tests. Zhang et al'®

recently re-
ported that FA changes in the external capsule were correlated
with executive dysfunction. Reijmer et al'” observed that in-
creased MD was associated with slowing information process-
ing and worsened memory performance. These studies, to-
gether with our results, all indicate that FA and MD can
quantitatively characterize the cognitive decline process,
which would eventually lead to clinical symptoms to be re-
flected in the neuropsychological scores.

Our study has several limitations. First, despite the attempt to
exclude other causes of WM changes, it is still possible that an
underlying process independent of diabetes mellitus is associated
with the cognitive decline. Patients without diabetes with similar
cognition need to be studied to control for the possibility that the
cognitive decline rather than diabetes mellitus is associated with
changes in DTI measures. Nonetheless, the present study suggests
that DTI metrics have the potential to predict cognitive impair-
ment in patients with T2DM (Fig 6). Second, although we ex-
cluded subjects with severe and moderate hypertension or hyper-
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FIG 6. A, ROC curves for FA (blue), MD (green), and a combination of FA and MD (red) of the right cingulum (hippocampus) for separating
DM-MCl and DM-NC patients. B, Scatterplots of FA versus MD for all patients with DM-NC (red) and DM-MCI (blue). The dashed lines indicate
the cutoff values for FA (blue), MD (red), and the combination of FA and MD (black). The black dashed line corresponds to a sensitivity of 0.864

and a specificity of 0.800.

lipidemia, a small number of subjects with mild hypertension or
hyperlipidemia were included to increase the statistical power.
We observed very similar results in separate analyses with and
without the inclusion of subjects with mild hypertension (or hy-
perlipidemia), indicating that the effect caused by mild hyperten-
sion or hyperlipidemia was not substantial. Third, because rigor-
ous clinical diagnosis of MCI remains a challenge, dividing the
patients with T2DM into the DM-MCI and DM-NC groups can
be subject to inaccuracy. Last, given the slow development of
MCI, a longitudinal study would be needed to test whether DTI
measures can predict the development of cognitive impairment in
patients with T2DM.

CONCLUSIONS

Our study has demonstrated that DTI parameters can show a
significant difference between patients with T2DM with and with-
out MCI, suggesting their potential role as an imaging marker for
detecting cognitive decline in patients with T2DM. More impor-
tant, our study also indicates that the DTT parameters may capture
gradual and continuous WM changes that can be associated with
early stages of cognitive decline in patients with T2DM before
they can be diagnosed clinically by using the conventional neuro-
psychological test scores.
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Electrophysiologic Validation of Diffusion Tensor Imaging
Tractography during Deep Brain Stimulation Surgery

B. Méadler
MO

V.A. Coenen, ““/C. Jenkner, ““’/C.R. Honey, and

ABSTRACT

BACKGROUND AND PURPOSE: Diffusion tensor imaging fiber tractography—assisted planning of deep brain stimulation is an emerging
technology. We investigated its accuracy by using electrophysiology under clinical conditions. We hypothesized that a level of concor-
dance between electrophysiology and DTl fiber tractography can be reached, comparable with published modeling approaches for deep
brain stimulation surgery.

MATERIALS AND METHODS: Eleven patients underwent subthalamic nucleus deep brain stimulation. DTI scans and high-resolution T1- and
T2-weighted MR imaging was performed at 3T. Corticospinal tracts were traced. We studied electrode positions and current amplitudes that
elicited corticospinal tract effects during the operation to determine relative corticospinal tract distance. Postoperatively, 3D deep brain
stimulation electrode contact locations and stimulation patterns were applied for the same corticospinal tract distance estimation.

RESULTS: Intraoperative electrophysiologic (n = 40) clinical effects in 11 patients were detected. The mean intraoperative electrophysi-
ologic corticospinal tract distance was 3.0 = 0.6 mm; the mean image-derived corticospinal tract distance (DTI fiber tractography) was
3.0 £ 13 mm. The 95% limits of agreement were *2.4 mm. Postoperative electrophysiology (n = 44) corticospinal tract activation effects
were encountered in 9 patients; 39 were further evaluated. Mean electrophysiologic corticospinal tract distance was 3.7 = 0.7 mm; for DTI
fiber tractography, it was 3.2 = 1.9 mm. The 95% limits of agreement were 2.5 mm.

CONCLUSIONS: DTI fiber tractography depicted the medial corticospinal tract border with proved concordance. Although the overall
range of measurements was relatively small and variance was high, we believe that further use of DTI fiber tractography to assist deep brain
stimulation procedures is advisable if inherent limitations are respected. These results confirm our previously published electric field
simulation studies.

ABBREVIATIONS: CST = corticospinal tract; DBS = deep brain stimulation; EPio = intraoperative electrophysiology; EPpo = postoperative electrophysiology;
FT = fiber tractography; STN = subthalamic nucleus

TI fiber tractography (FT) to assist deep brain stimulation ~ disorders."” Several groups are now aware of the clinical ben-

(DBS) emerges as an interesting technology in different  efits that arise from the application of this direct targeting
technology. The true anatomic structures that translate into
adverse effects of stimulation are often not understood. Very

likely, DBS modulates fibers that can be visualized with DTI
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the structures on which DBS exerts its effects and might prove
to be a promising technology in direct and individualized tar-
geting for DBS. DTI FT-assisted DBS has already led to a better
understanding of the treatment of tremor, Parkinson disease,
pain, and depression.'™ In the latter, it has led to the descrip-
tion of a completely new target region (the superolateral
branch of the medial forebrain bundle).®**°

Before the application of DBS, DTI FT had become part of the
standard armamentarium for microneurosurgical resections of
eloquently located brain lesions.'"'> However, despite a study
that showed the superiority of DTI-based neurosurgery for clinical


http://orcid.org/0000-0002-1703-6283
http://orcid.org/0000-0002-8478-0045
http://orcid.org/0000-0003-2601-6652
http://orcid.org/0000-0002-1465-2961

outcome during resection in eloquent regions,'” there have also
been reports of the inferiority of DTT FT to depict the true exten-
sion of the corticospinal tract (CST) during brain tumor sur-
gery.'* Hahn et al'® and Nimsky et al'®'® have extensively inves-
tigated the application error of DTT FT and found it to be roughly
5 mm in the cortical region. In our own previous report,” we have
tried to assess the application error of DWI-based depiction of the
deep-seated CST during deep brain stimulation surgery under
anatomically “undistorted” conditions.

Intuitively, DBS surgery warrants an even higher accuracy
than neuronavigated microneurosurgical approaches, but never-
theless visually controlled, because among other factors, the effec-
tive positioning of an electrode or probe predominantly relies on
a geometrically accurate depiction of the target region with an
imaging technology. For the DWI technology, the accuracy was
determined to be 3 mm in the z-direction (vertical).” On the basis
of our own experience in DTI-assisted DBS, we concluded that it
is possible to use DTT FT to visualize target structures for func-
tional stereotactic and neurosurgical procedures.***'® However,
as of today, a clear determination of the validity of a DTI-based
depiction of fiber tracts during stereotactic and functional proce-
dures and its rigorous evaluation with sound electrophysiologic
methods is lacking in the literature.

We present a study that tries to give more insight into these
problems. Applying 2 methods, intraoperative electrophysiologic
determination of the CST border (EPio) based on a current

spread model*®

and postoperative electrophysiologic evaluation
(EPpo) based on readily implanted DBS electrode positions, a
finite element model and a voltage-driven approach,'”*' we
aimed to determine an electrophysiologic validation of the DTI
FT-based depiction of the CST during subthalamic nucleus
(STN) DBS surgery. Taking all possible methodologic inaccura-
cies into account, we hypothesized that a level of concordance of
2-3 mm between electrophysiology and DTI FT can be reached,
which justifies further use of our previously published modeling
approaches for DBS surgery.'’

MATERIALS AND METHODS

Ethics

This study received approval from the University of British Co-
lumbia clinical research ethics board (reference No. HO6—04023).
Patients gave written informed consent for participation in this
study. The study followed the tenets of the Declaration of
Helsinki.

Patient Cohort

Eleven patients underwent bilateral STN DBS surgery for ad-
vanced Parkinson disease (9 men; mean age, 55 * 9.6 years) ac-
cording to standardized selection guidelines. All patients had a
preoperative levodopa challenge test evaluated with Part IIT of
the Unified Parkinson’s Disease Rating Scale with an improve-
ment of >40%.

Imaging Studies

Preoperative MR imaging was conducted 1-3 months before the
operation on a whole-body 3T MR imaging scanner (Intera;
Philips Healthcare, Best, the Netherlands), equipped with a high-

performance dual-mode gradient coil (maximum amplitude,
80 mT/m; maximum slew rate, 200 T/m/s) by using a 6-element
phased array head coil.

The examination was preceded by a quick T1-weighted survey
and a parallel imaging reference scan. Anatomic data were ob-
tained with a 3D MPRAGE sequence (3D T1 turbo field echo):
axial FOV = 212 mm and 132 mm coverage in the superoinferior
direction with an isotropic acquisition voxel size of 1 mm’, TE =
6 ms, TR = 10 ms, turbo-factor = 169, linear profile order, inver-
sion preparation with an adiabatic hyperbolic secant pulse, TT =
950 ms, shot interval = 3000 ms, sensitivity-encoding = 1.7. For
visualization of the area of the subthalamic nucleus, we used a
multisection T2-weighted fast spin-echo sequence with similar
FOVs and voxel dimensions. The coverage in superoinferior di-
rections was reduced to 116 mm to focus on the area of the mid-
brain and its nuclei. Further parameters were the following: turbo
factor = 15, TE = 80 ms, linear profile order, TR = 3000 ms,
sensitivity encoding = 2.0. The concept of reduced refocusing
angles (120°) was used to reduce the specific absorption rate and
therefore scan time. The examination was concluded with a DTI
scan for subsequent application of fiber tracking. Scan parameters
for DTT were as follows: single-shot spin-echo EPI with second-
order shim, TE = 60 ms, TR = 10,500 ms, b=800 s/mm?, FOV =
212 mm, matrix = 106 X 106 leading to an in-plane voxel size of
2 X 2 mm?*. We acquired 70 sections with 2-mm thickness and no
intersection gap to cover the entire brain. Diffusion encoding was
performed in 15 noncollinear directions on an icosahedral geode-
sic grid to sample all spheric directions isotropically, followed by
the non-diffusion-weighted reference scan (B0 image). All scans
were performed in an axial orientation.

Fiber Tracking of the CST

Fiber tracking of the CST was performed in a deterministic ap-
proach as described before.”* In brief, the fractional anisotropy
level was kept at 0.2. Minimal fiber length was set to 45 mm. Seed
density was held at 5.0. Maximal directional change of fibers was
chosen between 35° and 50°. The complete precentral gyrus
served as the seed region for the fiber tracking. Identification of
the precentral gyrus was based on the criterion of Yousry et al.”

STN DBS Surgery and Postoperative Programming

The detailed implantation procedure has been previously de-
scribed.® In brief, stereotactic implantation of DBS electrodes was
performed with a stereotactic frame (Universal Compact Head
Frame; Integra Radionics, Burlington, Massachusetts) with the
patient under local anesthesia. A combined micro-/macroelec-
trode (FHC MME; Medtronic, Minneapolis, Minnesota) was
inserted into the brain by using a microTargeting Drive
(Medtronic). Microelectrode recordings followed by macro-
stimulation studies were performed. All patients had DBS elec-
trodes placed bilaterally and received an implantable impulse
generator (Kinetra neurostimulator; Medtronic) under gen-
eral anesthesia during the same procedure. Postoperatively, all
patients underwent a helical 3D CT approximately 6 weeks
after the operation to corroborate the final STN DBS electrode
location.
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FIG1. Flow chart of the procedures. Post OP indicates postoperative; preOP, preoperative; DOF,
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FIG 2. 3D renditions of the corticospinal tract. A, Depiction of a left CST (red) in the fiber-tracking
software (StealthViz DTI; Medtronic) but already depicted as a DICOM hull structure. B, Bilateral
visualization of the transferred DICOM structure in the planning software (FrameLink 5.0;
Medotronic Surgical Navigation). Blue probe simulations indicate intraoperatively tested electrode
positions (test el.). PG indicates precentral gyrus; test el. (sim.), simulated test electrode position.

First Experiment: EPio and Detection of the Medial CST
Border

Experimental settings are explained in Fig 1. After mapping the
STN location, we performed macrostimulation to confirm a con-
tralateral clinical benefit (reduction of rigidity, reduced bradyki-
nesia) at a low threshold (=1 mA, 100 us, 130 Hz) and a high
threshold for adverse events (>3 mA). Constant current stimula-
tion was applied. The adverse events were typically of a capsular
nature (indicating the medial border of the internal capsule).
These effects were contralateral facial contractions, contraction of
the arm and hand, capsular dysarthria, or conjugate eye-move-
ment disorders. These effects and the respective electrode position
were noted for later simulation and evaluation (Fig 2) of the elec-
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Second Experiment: EPpo and
Detection of the Medial Internal
Capsule/CST Border Based on DBS
Electrodes

The preoperative 3T MR imaging
studies and postoperative 3D CT data
were integrated in the StealthViz DT
software application (Medtronic Nav-
igation, Louisville, Colorado) on a
stand-alone Linux workstation (Intel,
Santa Clara, California), by using the au-
tomatic fusion mode of the software.
The fusion quality was inspected visually
and was scrutinized appropriately for
further analysis in every case. Evaluation
of a relevant effective electrode contact
with a capsular adverse event was per-
formed from fused CT data (Fig 3) and
was expressed relative to the midcom-
missural point coordinates (Fig 4). After
identifying each effective electrode con-
tact from CT, we determined its location
with respect to the STN (as determined by the high-resolution
T2-weighted MR imaging) (Fig 3) and its shortest distance to the
CST (as displayed with fiber tracking) (Fig 3A). Clinical effects
and capsular adverse events were tested with increments of 0.5 V
in a voltage-constant stimulation mode. Therapeutic impedances
were measured during capsular responses (see above) to allow an

estimation of electric field sizes'” and thus the electrophysiologic

distance to the CST, according to the work of Butson et al.?!

As elaborately described in Midler et al,'"® we adopted a
simple model to estimate the volume of activated tissue based
on a monopolar stimulation design of the DBS electrode, by

fitting a 2D polynomial to the empiric data obtained by Butson



FIG 3. Evaluation based on intraoperative electrophysiology: corticospinal tract depiction in
axial, coronal, and sagittal (A—C) planes. A, Red dot indicates post hoc simulation of the intraop-
erative position of the test electrode in the planning software (Framelink 5.0; Medtronic Surgical
Navigation) according to microTargeting Drive settings. In this example, 5 mA of intraoperative
stimulation resulted in “gaze palsy” as capsular effect. The shortest spatial distance to the medial
CST border of 5.5 mm is indicated with a blue circle. Both coordinates (electrode tip, medial
border of CST) were recorded and later plotted (Fig 4). Note that the CST is located posterior and
lateral relative to the positon of the electrode (A).

FIG 4. Postoperative electrophysiologic evaluation by using CT depiction of the DBS electrode
artifacts. The 3D helical postoperative CT is superimposed on the planning data. Reconstruction
along the main DBS electrode (white) axis, quasiaxial (A) and coronal (B). The minimal spatial
distance to the medial border of the CST is 4.0 mm. B, The DBS electrode (inset; geometry; DBS
lead model 3389; Medtronic) is seen as a white structure in the STN region. In this example,
electrode contact 0 (ECO, deepest contact, 2.3 mm from the electrode tip) elicited capsular
effects during postoperative clinical testing. C, 3D rendering of the right (rt) and left (It) CSTs with

whether 2 separate measurement acqui-
sitions are congruent. Correlation anal-
ysis by using Spearman correlation co-
efficients are applied to give further
insight.

RESULTS

Clinical

The preoperative Parkinson medica-
tion was reduced postoperatively by
45% from baseline in combination
with the initiation of stimulation, in-
dicating successful STN DBS surgery.
No worsening of the patients occurred
in the immediate postoperative pe-
riod. Clinically relevant effective elec-
trode contacts were within the limits
given in the literature for the sensori-
motor STN.

First Experiment (EPio)

Intraoperatively, we elicited 40 CST
adverse events in 11 patients (with
multiple measurements per patient at
different electrode positions): conju-
gate forced eye deviation (n = 15); face
contraction (n = 10); throat contrac-
tion, partly with dysarthria (n = 8);
dysarthria (n = 4); unilateral forced
eye opening (n = 1); foot contraction
(n = 1); and hand contraction (n = 1)
between 2 and 5 mA (3 = 1.3 mA). In
the post hoc analysis, these adverse
events were analyzed on the basis of

DBS electrode artifacts from helical CT.

etal.”! Input parameters are the stimulation voltage at the DBS
contact and the measured impedance for this electrode place-
ment in the patient. The resulting parameter is the diameter of
the volume of activated tissue, which can be geometrically
placed around the actual electrode contact. d(EPpo) is the ra-
dius of the volume of activated tissue in millimeters under
stimulation settings (voltage and impedance) when the elec-
tromagnetic field touches the CST and causes the described
neurologic adverse events (Fig 1).

Statistics and Methods for Comparison of Experimental
Results

A Bland-Altman (or Tukey mean) difference plot is a common
modus operandi to analyze the agreement between 2 different
measurement methods,”* in our case distance measurements per-
formed with DTI FT and intraoperative electrophysiology as well
as DTI FT compared with postoperative electrophysiology. Be-
cause there are multiple measurements per patients, an adjust-
ment proposed by Bland and Altman (2007)>° was used for the
calculation of the SD. A 95% concordance level is the average

difference = 1.96* SD of the difference and is a measure showing

the simulated electrode position and

the DTI-based rendition of the CST
(Fig 2). The electrophysiologic distance to the internal capsule
was 2.9 = 0.6 mm, as calculated by Ranck (1975)*’; the mean
image-derived distance (DTI FT) was 3.0 = 1.3 mm. The mean
average difference (bias) between the 2 measurements was
0.0 = 1.2. This led to limits of agreement of =2.44 mm. The
Spearman correlation between the measurements was 0.34 (Fig
5).

Second Experiment (EPpo)

Forty-four internal capsule effects were encountered during
postoperative programming (multiple measurements per pa-
tient): dysarthria (n = 19), facial contraction (n = 15), hand
contraction (n = 3), forced eye deviation (n = 5), and throat
contraction (n = 2). Therapeutic impedances were measured
during initial programming. Due to limitations of the finite-
element electric field estimation model (limitations in voltage
and impedances),'”?' 39 adverse events in 9 patients could be
further evaluated. The electrophysiologic distance to the CST
was 3.7 £ 0.6 mm. The imaging-derived distance based on DTI
FT between the effective electrode contact and the medial bor-
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FIG 5. Graphic depiction of the EPio experiment results. Atlas tem-
plates in axial (A, 6.2 mm below the midcommissural point [MCP]) and
coronal sections (B, 2 mm behind the MCP) (idealized according to
Schaltenbrand and Wahren*®). Intraoperative electrode positions are
represented by black dots. Black lines represent the shortest distance
in space to the CST as depicted with the DTI technology. Blue dots
show the individual CST penetration in space. Shaded circles indicate
estimated volumes of activated tissue around a test electrode, spe-
cific to the current that was applied to elicit an electrophysiologic
CST response according to Ranck (1975), (Fig 1).° CST (blue dots) corre-
sponds nicely with electric field borders, indicating that medial CST def-
inition with DTI reliably predicts the CST border as measured with
electrophysiology. RN indicates red nucleus. (Of note in A, the CST is
always located posterior and lateral to the STN region.)

der of the CST was 3.3 = 1.6 mm. The mean average difference
(bias) between the 2 measurements was 0.4 = 1.3. This led to
limits of agreement of £2.5 mm. The Spearman correlation
between the measurements was 0.44.

DISCUSSION

The application of the DTT FT—based delineation of the CST in its
most proximal, thus cortical, parts during microsurgical resection
has long been debated. The localization error determined was 5
mm and led to the application of “sheath regions” surrounding
fiber tracts at risk, which artificially maximized the extension of
the cross-sectional diameter of the CST.'”'*2°*® With this ap-
proach, functional integrity could be spared in the vicinity of the
CST. Examples in the literature showed that purely relying on
fiber-tract delineation without safety margins led to a detrimental
patient outcome.'* With a root square mean error of distortion of
3-5 mm for neuronavigation (depending on the use of CT or MR
imaging, respectively), the accuracy demands for the DTI FT-
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based depiction of the CST and other fiber structures are obvi-
ously lower for neuronavigated interventions than for functional
stereotactic procedures. The success of functional stereotactic
procedures is, among other factors, mainly based on accurate im-
aging. The localization accuracy of stereotactic frames ranges be-
tween 1.5 and 2 mm.***° However the vector error can be as high
as 3.15 mm. Thus, a new imaging technique should probably not
be far outside this accuracy range. However, with the DTT FT—
assisted DBS approach, structures that were merely not known or
simply not directly visible (dentatorubrothalamic tract, medial
forebrain bundle) became readily targetable regions that other-
wise would have to be explored and found by literally hunting
through the brain on multiple paths with additional bleeding
risks.

We have described the use of a comparable imaging technol-
ogy, DWI, in a rather similar setting of STN DBS surgery.” Other
groups have tried to approach the accuracy level of DTT in clinical
DBS procedures and have come to the conclusion that the use of
DBS surgery with this technology cannot be advised.”! While this
conclusion might be true, in our opinion, these authors based
their results on imaging data, software use, and a study setup that
was not geared to looking at the specific questions asked.’” There-
fore, a specific approach designed to look at this problem, albeit
still in a clinical setting, appeared appropriate.

Other groups used approaches rather similar to ours to look at
the electrophysiologic effects of stimulation of the internal cap-
sule.”>** Duerden et al>* used an approach in which they retro-
spectively mapped capsular effects (muscle contractions of differ-
ent body parts) to MR imaging anatomy (albeit not DTT). The aim
of this study was to draw conclusions on the capsular topography
in the posterior limb and to generate a probabilistic electrophysi-
ologic data base. With their curved electrode used for lesioning,
the authors could directly map fibers of the internal capsule with
good spatial accuracy. Their electrophysiologic map represents
the typical topographic representation of muscle groups (face to-
ward the knee of the internal capsule, leg toward the posterior
aspect).”* Chaturvedi et al>® published an interesting study, again
with a different angle on capsular anatomy. In a single patient
undergoing STN DBS, they used electromyographic recordings to
show activations of distinct muscle groups. They used detailed
simulation models based on the DTI-based tissue anisotropy and
inhomogeneity. In their computation, cable models of axonal
pathways were shaped. They debated the use of a simple voltage-
distance approach. According to their data, it is likely that a DBS
electrophysiologic model that does not take the interactions be-
tween (anisotropic) tissue and electric field into account will likely
overestimate the actual current spread.”*

In our study, the results of the Bland-Altman plots (Fig 6) give
hints of a good concordance of the 2 measurements (DTI and
electrophysiology). However, in our measurements, the range of
distances was small and thus the relative error seems high. This is
predominantly because there was no dramatic displacement of an
electrode during measurements and naturally the CST can only be
maximally 1-5 mm away from any stimulation point (the STN is
a target region close to the CST). The Spearman correlations of
0.34 (EPio) and 0.44 (EPpo) only showed a trend toward correla-
tion between electrophysiology and imaging.



FIG 6. A, Bland-Altman plot, intraoperative measurements. Gray la-
bels indicate individual patients. B, Bland-Altman plot, postoperative
measurements. Gray labels indicate individual patients.

However, when cautiously interpreting our results, we can
state the following: With the use our approach, a concordance of
2.44-2.5 mm, respectively, was found between DTI FT and elec-
trophysiologic macrostimulation. It is important to carefully dis-
cuss these concordance levels in light of the methods applied and
the interpretations they allow.

If one assumes that electrophysiology resembles a kind of cri-
terion standard in depicting neuronal structures in the living hu-
man brain, a concordance level might allow an extrapolation to-
ward the application accuracy of DTI FT. The concordance levels
are not the same as the accuracy of the method but might help
reflect on it.

The resolution of MR imaging itself is in the range of 2 mm.
However, in light of previous studies, which came to the conclu-
sion that the neuronavigation localization error (root square
mean error of distortion) of DTI is 5 mm, our extrapolated local-
ization error (2.5 mm) is much better and actually almost within
the error of a frame-based stereotactic system itself (which can be
up to 2 mm; the vector error can be up to 3.15 mm). Moreover,
our own clinical experience with the DTI FT—assisted approach is
such that the actual error ranges are lower than the 2.4-2.5 mm
found here. However, our analysis would likely warrant a larger
sample to allow a mere “shrinkage” of the limits of agreement to
clearly prove our assumptions true. If these error ranges are taken
together, we would cautiously suggest that the concordance levels
detected here are acceptable in the context of DTI FT—assisted

DBS. The evaluation itself shows that the 2 methods (electrophys-
iology and DTT) are congruent for the distance measurements for
which they were applied.

We and other groups have already applied this technology to
directly target fiber tracts with improved clinical benefit for

1-46:8.9.35,36 4 scrutinize the adverse events of

9,10

the patients,
DBS"®'*? or to develop new target regions for DBS surgery.
All these applications almost render the present study outdated.
However, this study might help to establish solid ground for any
of these efforts with respect to electrophysiologic validation of the
DTI technology in the functional and stereotactic neurosurgical
setting.

Limitations

Limitations of DTI-based fiber tracking are related to the design
of the DTT sequence itself, its various methods of data acquisition,
limited signal-to-noise ratio, partial volume effects, and the in-
trinsically large size of intraplanar voxels during in vivo DTT ap-
plications. Furthermore, there are limitations of the described
fiber assignment by continuous tractography algorithm. There
might be ambiguities in following the correct connection path-
ways in areas of crossing, kissing, or branching fibers. These am-
biguities are clearly a limitation of the single diffusion tensor
model, combined with a relatively low spatial resolution (approx-
imately 2-mm isotropic voxel dimension).””** Nevertheless,
these results from deterministic fiber tracking appear to be justi-
fied if anatomic descriptions of displayed fiber tracts such as the
CST can be followed. However, the results of the DT FT applica-
tion can be rather diverse.>> This diversity, among other factors,
depends on the software used.

Deterministic versus Probabilistic Algorithms. We were dealing
with patients with Parkinson disease. This, in itself, limits the
scanning time for more sophisticated approaches such as DTT for
probabilistic approaches. To our knowledge, no software is vali-
dated (and certified) with probabilistic tracking in the context of
surgical treatment.

The accuracy of fusion is very difficult to interpret. It is espe-
cially difficult to determine, for EPpo, the accuracy of the local-
ization of the DBS electrode. Visually performed accuracy checks
appear to show good agreement when landmarks in different im-
aging modalities (CSF spaces, vessels, bony landmarks) are used
to compare the validity of the fusion. In the clinical context, this is
everyday practice, for example, if preoperative nonstereotactic
MR imaging is fused to a stereotactic CT scan. In this respect, this
is a valid approach. The fusion accuracy of MR imaging and post-
operative CT has previously been determined to be 0.5 mm for the
localization of DBS electrodes from postoperative CT.*>*! This
accuracy, however, is only part of the overall accuracy of this part
of our evaluation method (EPpo). The fusion software applied
here to fuse CT and MR imaging (T1, T2, DTI sequences) uses an
affine algorithm with 6 df. To our knowledge, certified surgical
planning systems are not yet equipped with algorithms that com-
pensate for local deformations (typically for DTT) with elastic reg-
istration (eg, in the region of the anterior pons or in the frontal
lobe, close to the corpus callosum). However, we do not think that
these deformations play a major role for visualization of the CST
or other fiber structures in the midbrain. We have used the post-
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operative determination of electrode positions with CT multiple

times in previous work, "¢ 8104243

Accuracy of Simulation of the Intraoperative Test Electrode
Position. The accuracy of the determination of the position of the
macrotip of the test electrode (EPio) will be dependent on the
2220 and thus will be 1.5-2 mm.

Due to air entering the CSF spaces, brain shift might occur during

accuracy of the stereotactic frame

the operation, theoretically leading to a wrong positioning of the
test or DBS electrodes.** We and other groups have found that
brain shift only plays a minor role in displacements of DBS elec-
trodes and can be prevented by sealing the CSF space.*® Intraop-
erative lateral fluoroscopy, which is regularly performed during
the operation, did not show any deviation of the microelectrodes
during the operation. However, a second plane (anteroposterior)
was not acquired. The postoperative DBS-electrode position
serves as a surrogate marker for the intraoperative position be-
cause a DBS electrode is placed on a predefined microelectrode
track after testing.*' No deviations with respect to the implanted
trajectory were seen on postoperative inspection. We thus assume
that the intraoperative positioning of test electrodes was accurate.
Furthermore, intraoperative microrecordings and test stimula-
tions showed typical results, indicating that the targeted tissue was
stimulated at typical and planned electrode positions.

Clinical Detection of Capsular Effects as Opposed to Electro-
physiological Measurements. One could argue that it would be
more accurate to detect capsular adverse events with surface or
needle electromyography. However, at the design stage of this
study, we did not apply to our ethics committee for use of this
method. In the clinical context, we believe, however, that a
detection of the medial border of the CST, as performed
every day during STN surgery, is accurate enough to draw
conclusions.

Simulation of the Electric Field. We are implicitly using 2 simpli-
fied versions of electric field simulations: Both simulations look at
the electric fields as rather spherelike structures. In our first mod-
eling approach (EPio), empirical data from the literature was
used. We were able to extract an empirical distance/current am-
plitude (mm/mA) relation from their analysis and applied it to
our intraoperative electrophysiological distance measurements.*”
In the second modeling approach (EPpo), we used a voltage- and
impedance-driven model that was developed on the electrode ge-
ometry also used here.'>*' These models assume that the current
density field surrounding the active contact of a DBS electrode
unfolds in tissues that have an equal distribution of impedances
throughout their volume. We know that this is not true and that
the electric field is not likely to be optimally represented with a
spherelike simulation because it will look more deformed and
deflected in reality.21 However, if one concludes that the current
density field expands uniformly on all sides until it is deflected by
a larger fiber tract, the assumption of a spherelike electric field is
reasonable.'® Most interesting, both approaches (the current-
driven one and the voltage- and impedance-driven approach)
come to almost the same results when looking at concordance to
DTI FT.
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CONCLUSIONS

DTI FT depicted the medial CST border in concordance with
electrophysiology under 2 different conditions and modeling ap-
proaches (EPio and EPpo). Under both conditions, electrophysi-
ologic measurements are clearly related to the DTI FT. It is not
possible to directly draw conclusions on the application accuracy
of DTT FT itself from our data. One of the reasons is the inherent
limitation of the electrophysiologic methods to detect the medial
CST border (thickness of fibers; do we really stimulate most me-
dial fibers in the CST?). Our data show that electrophysiology and
DTI FT are concordant with =2.44 and 2.5 mm (95% limits of
agreement) around the mean difference of the 2 measurements,
respectively. Given that related to the clinical approach, only mea-
surements in a range of 1-5 mm were possible, the actual value of
the levels of agreement have to be critically judged. Although one
can assume that there is some concordance, are the clinical con-
cordance levels acceptable? Assuming that electrophysiology
serves as a criterion standard, true mean distance values of 1-5
mm are plausible. The placement error of a stereotactic frame can
range up to 2 mm in the single directions (x, y, z), and a mean
vector error can be as high as 3.15 mm.*”

Assuming that there is a certain clinical dependence between
the limits of agreement and the accuracy of the DTI FT method, a
maximum error of 2.5 mm would be acceptable, especially in
light of a 5-mm error in previous surgical DTI studies.'>'”*®
Multiple factors add up to a combined application accuracy, and
the present study was not designed to look at the accuracy but at
concordance of 2 methods to determine the unknown value that
expresses the distance between an electrode and the CST. Our
own clinical experience with DTI FT—assisted targeting is that
such an error, in reality, is smaller than our 2.5 mm; thus, in
interpreting the data here, we are likely dealing with inherent
limitations of the method applied, which we tried to discuss
above. In any case, our results are within the framework of our
own previously published and postulated simulation studies for
DBS fiber tracts and electric fields."”

Scientific groups, including ours, successfully use the
DTI FT technology to assist functional neurosurgical
procedures.” *7#>4>*> With all caution, our results would allow
the further use of DTTFT to assist DBS procedures and to explore the
effects and adverse events of DBS and lesion surgery."*'**>*® The
future will show whether the development leads to a broader
application of these direct DTI FT planning strategies based on
individual “functional” anatomy. Clinical studies that investi-
gate this technology are underway and are the focus of our
ongoing research (www.clinicaltrials.gov; Deep braln
Stimulation for Tremor TractographIC Versus Traditional,
NCT02491554; One Pass thalamIc aNd subthalamlIc stimula-
tion, NCT02288468).
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Neurovascular Manifestations of Hereditary Hemorrhagic
Telangiectasia: A Consecutive Series of 376 Patients during
15 Years

W. Brinjikji, ““V.N. lyer, ““V. Yamaki, “*'G. Lanzino, ““HJ. Cloft, ““K.R. Thielen, “’K.L. Swanson, and “*C.P. Wood

ABSTRACT

BACKGROUND AND PURPOSE: Hereditary hemorrhagic telangiectasia is associated with a wide range of neurovascular abnormalities.
The aim of this study was to characterize the spectrum of cerebrovascular lesions, including brain arteriovenous malformations, in patients
with hereditary hemorrhagic telangiectasia and to study associations between brain arteriovenous malformations and demographic
variables, genetic mutations, and the presence of AVMs in other organs.

MATERIALS AND METHODS: Consecutive patients with definite hereditary hemorrhagic telangiectasia who underwent brain MR imag-
ing/MRA, CTA, or DSA at our institution from 2001 to 2015 were included. All studies were re-evaluated by 2 senior neuroradiologists for
the presence, characteristics, location, and number of brain arteriovenous malformations, intracranial aneurysms, and nonshunting lesions.
Brain arteriovenous malformations were categorized as high-flow pial fistulas, nidus-type brain AVMs, and capillary vascular malformations
and were assigned a Spetzler-Martin score. We examined the association between baseline clinical and genetic mutational status and the

presence/multiplicity of brain arteriovenous malformations.

RESULTS: Three hundred seventy-six patients with definite hereditary hemorrhagic telangiectasia were included. One hundred ten brain
arteriovenous malformations were noted in 48 patients (12.8%), with multiple brain arteriovenous malformations in 26 patients. These included 51
nidal brain arteriovenous malformations (46.4%), 58 capillary vascular malformations (52.7%), and 1 pial arteriovenous fistula (0.9%). Five patients
(10.4%) with single nidal brain arteriovenous malformation presented with hemorrhage. Of brain arteriovenous malformations, 88.9% (88/99) had
a Spetzler-Martin score of <2. Patients with brain arteriovenous malformations were more likely to be female (75.0% versus 57.6%, P = .01) and
have a family history of hereditary hemorrhagic telangiectasia (95.8% versus 84.8%, P = .04). The prevalence of brain arteriovenous malformation
was 19.7% in endoglin (ENG) mutations and 12.5% in activin receptor-like kinase (IACVRLI]) mutations.

CONCLUSIONS: Our study of 376 patients with hereditary hemorrhagic telangiectasia demonstrated a high prevalence of brain arterio-
venous malformations. Nidal brain arteriovenous malformations and capillary vascular malformations occurred in roughly equal numbers.

ABBREVIATIONS: BAVM = brain arteriovenous malformation; DVA = developmental venous anomaly; HTT = hereditary hemorrhagic telangiectasia

ereditary hemorrhagic telangiectasia (HHT), also known as

Rendu-Osler-Weber disease, is an autosomal dominant dis-
order affecting vascular beds in multiple organ systems. Patho-
gnomonic vascular lesions in HHT include arteriovenous malfor-
mations and telangiectasias of the skin, mucous membranes, and
visceral organs, including the lung, liver, gastrointestinal tract,
brain, and spinal cord.' HHT is diagnosed clinically by using the
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Curacao criteria,” which include spontaneous and recurrent epi-
staxis, mucocutaneous telangiectasias (lips, oral cavity, face and
fingers), visceral AVMs (brain, liver, gastrointestinal, lung, and so
forth), and a diagnosis of HHT in a first-degree relative by using
the same criteria. Patients who meet =3 of the 4 criteria are la-
beled as having “definite HHT,” while those with 2 of the 4 criteria
are labeled as having “possible” or “suspected” HHT.”

Patients with HHT can present with myriad CNS complica-
tions, including vascular malformations of the brain and spinal
cord. There has been much interest in studying the prevalence,
characteristics, and natural history of brain AVMs (BAVMs) and
other vascular anomalies in patients with HHT due to their asso-
ciated morbidity. While several studies have examined the preva-
lence of vascular malformations and anomalies in patients with
HHT, few have sought to provide a detailed characterization of
the anatomic, angiographic, and clinical correlates of these le-
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Table 1: Patient population and prevalence of vascular lesions

Table 2: Characteristics of AVMs

Patients with
Definite HHT No (%)
No. of patients 376
Mean age (SD) (yr) 53.0 (43.4)
Sex
Male 151 (40.1)
Female 225(59.8)
Imaging
CTA/MRA 140 (37.2)
DSA 46 (12.2)
MRI 365 (97.])
Curacao criteria
Epistaxis 334(88.8)
Mucocutaneous telangiectasia 327 (87.0)
Visceral AVMs 321(85.4)
Family history 324 (86.2)
Mutation analysis
ENG 61(49.6)
ACVRLI 48 (39.0)
SMAD4 14 (114)
Chest CT 311(82.7)
Pulmonary AVMs 176 (56.6)
Abd/pelv CT 344 (91.5)
Hepatic vascular malformations 185 (53.8)
Other Gl vascular malformations 8(23)
Neuroimaging findings
Cerebral AVM 48 (12.8)
DVA 45(12.0)
Cavernoma/focal hemosiderin deposition 13(3.5)
Capillary telangiectasia 9(24)
Cerebral aneurysm 8(2))

Note:—Abd indicates abdominal; pelv, pelvic; Gl, gastrointestinal.

sions. The aims of the present study were the following: 1) to
determine the prevalence of cerebral vascular lesions, including
BAVMs and nonshunting vascular lesions such as developmental
venous anomalies (DVAs), intracranial aneurysms, and cavern-
ous malformations in the HHT population; 2) to subclassify
BAVMs by using previously described criteria*; and 3) to deter-
mine whether there are any associations between the presence of
BAVMs and demographic variables, vascular lesions in other or-
gans, and genetic mutation status.

MATERIALS AND METHODS

Patient Population

The study was approved by our institutional review board. We in-
cluded all patients with definite HHT with available neuroimaging
studies (cerebral angiography, CT angiography, MR imaging, and/or
MR angiography) seen at our institution from January 2001 to May
2015. Patients were initially identified by querying our electronic
medical record for the terms HHT, hereditary hemorrhagic telangi-
ectasia, Osler-Weber-Rendu, or Rendu-Osler-Weber. We also
searched for any patients with an International Classification of Dis-
eases-9 code for HHT (448.0) in their electronic medical record.
Then, all the shortlisted patient records were individually reviewed to
determine which Curacao criteria were met. Only those meeting =3
Curacao criteria and with available neuroimaging studies were in-
cluded in the final cohort. Patients meeting =2 Curacao criteria (ie,
patients with suspected HHT) were excluded.

Demographic and Clinical Data
The following baseline demographic data were collected for each pa-
tient: age, sex, HHT mutation status (if available), and family history.
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No. (%)
Patients with AVMs 48 (100.0)
No. of AVMs 110 (100.0)
Patients with nidus-type 28(58.3)
Patients with capillary vascular malformations 31(64.6)
Patients with pial AVF 1(2)
No. with multiple AVMs 26 (54.2)
No. of AVMs in patients
1 22 (45.8)
2 14(29.2)
3 5(10.4)
>3 7 (14.6)
Location
Frontal 48 (43.6)
Parietal 15 (13.6)
Occipital 12 (10.9)
Temporal 14 (12.7)
Cerebellar 17 (15.4)
Brain stem 2(1.8)
Basal ganglia/thalamic 2(1.8)
Spetzler Martin size
<3cm 97 (97.0)
3-6.cm 2(2.0)
>6cm 10.0)
Eloquent location
Yes 51(51.0)
No 49 (49.0)
Deep venous drainage
Yes 16 (16.1)
No 83(83.9)
Spetzler Martin score
1 43(43.4)
2 45 (45.5)
3 10 (10)
4 0(0.0)
5 100)
Presenting with hemorrhage 5(10.4)

HHT mutations were classified as ENG mutations (as seen in
HHT1), ACVRLI mutations (as seen in HHT2) and SMAD4 muta-
tions. Information on the presence of HHT-associated complica-
tions, including epistaxis; liver, gastrointestinal, or pulmonary
AVMs; and mucocutaneous telangiectasia was collected as well.

Imaging Evaluation

All neuroimaging was evaluated by 2 senior neuroradiologists with
15 and 20 years of experience and a senior radiology resident. Images
were re-evaluated for the presence of BAVMs, DVA, intracranial an-
eurysms, cavernous malformations, and capillary telangiectasias. In
case of disagreement, a consensus was reached with the help of a third
neuroradiologist. BAVMs were classified according to the criteria put
forth by Krings et al* as high-flow “single-hole” pial fistulas, nidus-
type BAVMs, and capillary vascular malformations. A pial AVF was
defined by the presence of shunting in association with an abnor-
mally dilated pial artery and the absence of an intervening nidus.
Nidus-type BAVMs were defined by the presence of an abnormal
network of dilated vessels (ie, a nidus) present between the feeding
artery and draining vein. Capillary vascular malformations were de-
fined by the presence of a blush of abnormal vessels seen either dur-
ing the capillary phase of cerebral angiography with a single draining
vein or by an area of fluffy, stainlike enhancement on contrast-en-
hanced CT or MR imaging, with a nondilated feeding artery and



FIG 1. Characteristics of nidal AVMs. A and B, Superficially located nidal AVMs in the frontal
lobes of 2 patients with definite HHT. The lesions lack features such as venous stenoses or
intranidal aneurysms and drain into superficial veins. C, A cerebellar nidal AVM in a patient with
definite HHT, which drains into a superficial cerebellar vein and into the transverse sinus. D,
Diffuse AVM involving a large portion of the right cerebral hemisphere. The AVM has multiple
large venous ectasias and drains into the deep and superficial venous systems.

draining vein. Capillary vascular malformations did not show flow
voids on MR imaging. The Spetzler-Martin score was calculated for
each BAVM, and the presence of hemorrhage at the time of diagnosis
was also recorded. In assessing the Spetzler-Martin score and elo-
quent location was defined as the sensorimotor, language or visual
cortex, hypothalamus, thalamus, brainstem, cerebellar nuclei or re-
gions directly adjacent to these structures. The locations of DVAs,
aneurysms, cavernous malformations, and capillary telangiectasias
were recorded as well.

Statistical Analysis

Continuous variables were compared by using the Student  test,
and categorical variables, with the x> test. All analyses were per-
formed by using JMP 12.0 (SAS Institute, Cary, North Carolina).
We determined prevalence of BAVMs, DVAs, intracranial aneu-
rysms, and cavernomas in the HHT population. We also tested for
differences in age, sex, and HHT gene mutation, and the presence
of other vascular abnormalities between patients with HHT and
BAVMs and those without. Additional tests were performed to
determine variables associated with BAVM multiplicity.

RESULTS

Patient Population

Three hundred seventy-six patients with definite HHT were in-
cluded in this study. The mean patient age was 53.0 = 43.4 years,
and most were women (1 = 225, 59.8%). Manifestations of HHT

included epistaxis in 334 (88.8%) pa-
tients, mucocutaneous telangiectasias in
327 (87.0%), visceral AVMs in 321
(85.4%), and a positive family history of
HHT in 324 (86.2%) patients. One hun-
dred thirty-three patients had genetic test-
ing, of whom 123 (27.1%) had positive
findings on a genetic test. Of the 123 with
positive findings on a genetic test, 61
(49.6%) had endoglin (ENG) mutations, 48
(39.0%) had activin receptor-like kinase 1
(ACVRLI) mutations, and 14 (11.4%) had
SMAD family member 4 (SMAD4) muta-
tions. Of the 10 with negative findings on a
genetic test, all 10 met at least 3 Curacao
criteria, suggesting a diagnosis of definite
HHT. Of the 311 patients with chest CTs,
176 (56.6%) had pulmonary AVMs. Of the
344 patients with abdomen and pelvis CTs,
185 patients (53.8%) had evidence of hepatic
vascular malformations. These data are sum-
marized in Table 1.

Prevalence and Characteristics of
Brain AVMs

One hundred ten BAVMs were found in
48 patients (12.8%), including 26 patients
with multiple BAVMs. These included 51
nidal BAVMs (46.4%), 58 capillary vascu-
lar malformations (52.7%), and 1 pial ar-
teriovenous fistula (0.9%). Hemorrhage
was the presenting manifestation in 5 pa-
tients (10.4%), each with a single nidal BAVM; all lesions were
successfully treated on the first presentation. The 2 most common
locations of BAVMs were the frontal lobes (n = 48, 43.6%) and
the cerebellum (n = 17, 15.4%). Size measurements were avail-
able for 100 lesions, exact cortical location was available for 100
lesions, and venous drainage data were available for 99 lesions.
Complete Spetzler Martin scores were calculated for 99 BAVMs,
of which most (n = 88, 88.9%) had scores of =2. Of the charac-
terizable BAVMs, 97 (97.0%) had a nidus size of <3 cm, 51
(51.0%) were in an eloquent location, and 16 (16.1%) had deep
venous drainage. These data are summarized in Table 2.

Of the 51 nidal BAVMs, 40 (78.4%) were supratentorial and
11 (21.6%) were infratentorial. A nidus size of >3 cm was seen
in 2 nidal BAVMs (4.8%), and 10 (25.0%) had deep venous
drainage. Twenty-six nidal BAVMs (63.4%) were in an elo-
quent location; 80.0% (32 nidal BAVMs) had a Spetzler-Mar-
tin score of =2. Representative examples of nidal-type BAVMs
are shown in Fig 1.

Of the 58 capillary vascular malformations, 50 (86.2%) were
supratentorial and 8 (13.8%) were infratentorial. All measured
<1 cm in maximal diameter. Twenty-four (41.4%) were in an
eloquent location, 6 (10.3%) had a deep venous drainage, and 56
(96.5%) had a Spetzler-Martin score of =2. Representative exam-
ples of capillary vascular malformations are provided in Fig 2.
These data are summarized in Table 3.
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FIG2. A, Tlcontrast-enhanced MRimage demonstrates a punctate focus of enhancement. The
corresponding angiographic view (B) shows a capillary vascular malformation with a small drain-
ing vein. C, T1 contrast-enhanced MR image shows a punctate focus of enhancement in the

(2.4%). Two patients had >1 capillary
telangiectasia. The most common loca-
tion for capillary telangiectasia was the
brain stem (n = 6, 46.2%). These data are
summarized in Table 4. Representative
examples of nonshunting vascular lesions
are provided in Fig 3.

Eight patients (2.1%) had 16 cerebral
aneurysms. Three patients (37.5%) had
multiple aneurysms. Five aneurysms
(31.3) were associated with AVMs, and 1
aneurysm (6.3%) bled. The mean aneu-
rysm size was 3.8 = 2.0 mm. Aneurysms
were most commonly located in the terri-
tory of the internal carotid artery
(50.0%). These data are summarized in
Table 5. Representative examples of aneu-
rysms are provided in Fig 4.

Clinical and Genetic Variables
Associated with BAVMs

Patients with BAVMs were more likely to
be women (75.0% versus 57.6%, P = .01)
and have a positive family history for
HHT (95.8% versus 84.8%, P = .04). Ge-
netic mutational status was available for
18 patients with BAVMs and 105 without
BAVMs. ENG mutations were present in
66.6% of the patients with BAVMs (12/
18) and in 46.7% (49/105) of those with-
out them. The overall prevalence of
BAVMs in patients with ENG mutations
was 19.7% versus 12.5% in patients with
ACVRLI mutations and 0% in those with
SMAD4 mutations. There was no differ-
ence in the mean age of patients with and
without BAVMs (P = .38) and no differ-
ence in the proportion of patients with
pulmonary AVMs (P = .46) or gastroin-
testinal AVMs (P = .27). These data are
summarized in Table 6.

parietal lobe in a patient with definite HHT. D, Cerebral angiography in this patient shows 2

capillary vascular malformations in the parietal lobe, one of which was occult on MR imaging. E,
T1 contrast-enhanced MR imaging demonstrates a small focus of enhancement in the right
cerebellar hemisphere. F, A corresponding cerebral angiogram demonstrates a capillary vascular

malformation with a single feeding artery and draining vein.

Prevalence and Characteristics of Nonshunting Cerebral
Vascular Lesions
Fifty-two DVAs were noted in 45 patients (12.0%), with 4 patients
having >1 DVA. The most common locations were in the frontal
lobes (19, 36.5%) and the cerebellum (17, 32.7%). All DVAs were
asymptomatic.

Twenty-eight cavernomas were noted 13 patients (3.5%), with
5 patients having multiple cavernomas. The most common loca-
tions for cavernomas were the frontal lobes (n = 12, 42.9%) and
occipital lobes (n = 7, 25.0%). Only 1 cavernoma was symptom-
atic and was surgically removed.

Thirteen capillary telangiectasias were noted in 9 patients
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Clinical Characteristics of Patients
with Single-versus-Multiple BAVMs
As mentioned previously, multiple BAVMs
were found in 26 patients, and 22 had a sin-
gle BAVM. Among patients with multiple BAVMs, 7 had gene test-
ing, of whom 6 (85.7%) had ENG mutations. Among patients with
single BAVMs, 11 had gene testing, of whom 6 (54.5%) were positive
for ENG mutations. Overall, multiple BAVMs were present in 9.8%
(6/61) of patients with ENG mutations compared with 2.1% (1/48)
of patients with ACVRLI and 0% of those with SMAD4 mutations.
No variables were associated with AVM multiplicity.

DISCUSSION
Our study of 376 consecutive patients with a diagnosis of definite
HHT found the prevalence of BAVMs to be 12.8%, with a rela-



Table 3: Characteristics of AVMs by AVM Type

Nidal AVM CVM Pial AVF
(n="51) (n=58) (n=1)
(46.4) (52.7) (0.0)
Location
Frontal 21(37.9) 26(44.8)  1(100.0)
Parietal 4(7.8) 1(9.0)  0(0.0)
Occipital 7(13.7) 5(8.6) 0(0.0)
Temporal 8(15.7) 6(10.3) 0(0.0)
Cerebellar 10 (19.6) 7(12) 0(0.0)
Brain stem 1(2.0) 1(1.7) 0(0.0)
Basal ganglia/thalamic 0(0.0) 2(3.5) 0(0.0)
Spetzler Martin size
<3cm 39 (95.) 58(100.0)  0(0.0)
3-6 cm 1(2.4) 0(0.0) 1(100.0)
>6cm 1(24) 0(0.0) 0(0.0)
Eloguent location
Yes 26 (63.4) 24 (414) 1(100.0)
No 15 (36.6) 34(586)  0(0.0)
Deep venous drainage
Yes 10 (25.0) 6(10.3) 0(0.0)
No 30 (75.0) 52(89.7)  1(100.0)
Spetzler Martin score
1 13 (32.5) 30(517) 0(0.0)
2 19 (47.5) 26(448)  0(0.0)
3 7(17.5) 2(3.5) 0(0.0)
4 0(0.0) 0(0.0) 1(100.0)
5 1(2.5) 0(0.0) 0(0.0)
Note:—CVM indicates capillary vascular malformation.
Table 4: Nonshunting vascular lesions
Capillary
Telangiectasia Cavernoma DVA
No. of patients 9 13 45
No. of lesions 13 28 52
No. with multiple lesions 2(222) 5 (48.5) 4(8.9)
No. of lesions in patients
1 7(77.7) 8(615)  41(91))
2 my 1(7.7) 2(44)
3 0(0.0) 0(0.0) 1(2.2)
>3 1) 4(308) 122
Location
Frontal 2(15.4) 12(42.9) 19 (36.5)
Parietal 0(0.0) 2(7) 6(15)
Occipital 0(0.0) 7(250)  3(5.8)
Temporal 2(15.4) 2(7) 3(5.8)
Cerebellar 1(7.7) 3(10.7) 17 (32.7)
Brain stem 6(46.2) 1(3.6) 3(5.8)
Basal ganglia/thalamic 2(15.4) 1(3.6) 1(1.9)

tively even split between capillary vascular malformations and
nidus-type BAVMs. More than 80% of BAVMs were supratento-
rial. Only 3% had a nidus size of >3 c¢m, and < 20% had deep
venous drainage. Approximately 10% of patients with BAVMs
presented with rupture. Variables associated with the presence of
a BAVM included female sex and a positive family history of
HHT. Similar to prior studies, we demonstrated a higher preva-
lence of both single and multiple BAVMs among patients with
ENG mutations. These findings are important because they pro-
vide further insight into the prevalence, risk factors, and charac-
teristics of cerebral AVMs in the HHT population.

Large prospective screening studies have demonstrated
BAVM prevalence rates between 10% and 20%, depending on the
HHT population being screened.’ ' These are similar to rates in

our study in which we found a 12.8% BAVM prevalence. In gen-
eral, most studies have demonstrated a similar prevalence of BAVMs
in male and female patients, unlike our study, which demonstrated a
preponderance of women in the HHT group.” ' '” In general, the
prevalence of cerebral AVMs has been shown to be higher in pa-
tients with ENG mutations compared with those with ACVRLI
mutations.>'® Lesion multiplicity is thought to be a hallmark of
HHT. According to 1 recently published study, 44% of patients
with HHT with cerebral vascular malformations had at least 2
different brain malformations.* In our series, >50% of patients
with BAVMs had multiple AVMs. On the basis of the high prev-
alence of cerebral AVMs in the HHT population, most experts
agree that screening MR imaging is warranted for both adults and
children.'*

While several studies have examined the prevalence of AVMs
in the HHT population, few studies have sought to characterize
these lesions. In a study of 75 patients with 125 BAVMs, Krings et
al* found that nearly two-thirds of BAVMs were capillary vascular
malformations. Similar to findings in our study, they found that
these lesions were primarily supratentorial with a superficial lo-
cation and were <1 cm. A report from the Bicétre Hospital found
that approximately 20% of AVMs were capillary vascular malfor-
mations, with a similar distribution in size and location compared
with those in our study."” Differences in the prevalence of capil-
lary vascular malformations between studies are likely due to a
combination of differences in imaging techniques (ie, they are
more easily detected angiographically than on MR imaging) and
indications for imaging, because these lesions are often detected
incidentally and are not associated with hemorrhage, seizure, or
headache.”

Capillary vascular malformations are distinct from capillary
telangiectasia because they consist of a feeding artery, dilated
capillary bed, and, generally, a single draining vein. Meanwhile,
capillary telangiectasias consist of numerous thin-walled ectatic
capillaries interspersed between normal brain parenchyma and
lack an identifiable feeding artery, though they can sometimes
have a draining vein. Capillary telangiectasias are typically angio-
graphically occult and are located in the pons, while capillary vas-
cular malformations are best appreciated angiographically and
have a supratentorial location.

In our series, nidal-type AVMs represented the most common
type of BAVM. More than 95% of these lesions had a small nidus,
and approximately 50% were in an eloquent location. A vast ma-
jority were superficially located and had superficial venous drain-
age. These findings are similar to those in a number of studies that
have demonstrated that >90% of nidal AVMs have a Spetzler-
Martin score of =2 and are typically located in a superficial, su-
pratentorial location with pial-based feeding arteries.*'>'” These
lesions tend to measure 1-2 cm and tend to lack features such as
arterial stenoses, associated aneurysms, multiple draining veins,
venous ectasia, and venous reflux.* Unlike capillary vascular mal-
formations however, nidus-type BAVMs do not have a com-
pletely benign natural history because these lesions can rupture, as
seen in our study.

Most interesting, we found a relatively high prevalence of
DVAs (12.0%), capillary telangiectasias (2.4%), and cavernomas
(3.5%). In the general population, the prevalence of DVAs is
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FIG 3. A, T2-weighted MR image demonstrates a typical cavernoma. B, T contrast-enhanced
MR image demonstrates a large developmental venous anomaly in the cerebellar vermis, with a
typical caput medusa appearance. C and D, Tl contrast-enhanced MRIs demonstrate the typical

appearance of capillary telangiectasias.

Table 5: Characteristics of saccular aneurysms

No (%)

Total patients 8(100.0)
Multiple 3(37.5)
Total No. of aneurysms 16
Location

Internal carotid artery 8(50.0)

Anterior cerebral artery 1(6.3)

Middle cerebral artery 3(18.8)

Basilar tip 1(6.3)

Anterior communicating artery 3(18.8)
Mean size (mm) (SD) 3.8(2.0)
AVM-associated 5(31.3)
SAH 1(6.3)

about 2%, while capillary telangiectasias and cavernomas are
present in about 0.5% of patients. Most DVAs, capillary telangi-
ectasias, and cavernomas are found incidentally. All 3 of these
lesions typically have a benign natural history in both the HHT
and general populations. While prior studies have suggested that
patients with HHT have higher rates of telangiectasias and DVAs,
an association between HHT and cavernomas has not been dem-
onstrated, to our knowledge. One possible explanation for the
higher rates of these lesions in patients with HHT compared with
the general population is that capillary telangiectasias, caverno-
mas, and DVAs have all been linked to elevations in vascular en-
dothelial growth factor (VEGF) expression.'®° Some authors
have reported an association between cerebral AVMs and vascular
anomalies such as DVAs and capillary telangiectasias; however,
this is thought to be rare. The high prevalence of DVAs and
BAVMs in the HHT population could potentially be problematic
in the setting of a BAVM draining into a DVA. However, such a
finding is rare and has been reported in only a few case reports.”'
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The rate of cerebral aneurysms in our
study was 2%, which is similar to the rate
reported in the general population.”* Ap-
proximately one-third of aneurysms in
our series were associated with BAVMs.
One recently published study demon-
strated a higher rate of visceral arterial an-
eurysms in the HHT population, attribut-
ing this to alterations in the transforming
growth factor-B signaling pathway.”
While some studies indicate that altera-
tions in the transforming growth factor—3
signaling pathway play a role in the patho-
genesis of intracranial aneurysms, no
study to date has demonstrated a higher
prevalence of intracranial aneurysms in
the HHT population when compared to
the general population.*

Limitations

Our study has limitations. First, because
this was not a prospective screening study,
there are substantial limitations in the as-
certainment of cases. Patients who pres-
ent with symptoms such as headache, sei-
zure, or focal neurologic symptoms may
be more likely to have a neurovascular le-
sion than those who present for asymptomatic screening.
While it is possible that we overestimated the prevalence of
neurovascular lesions in the HHT population due to this lim-
itation, the prevalence of cerebral AVMs in our study was sim-
ilar to that reported in the literature. Another limitation is that
we did not have information regarding genotypes for most
patients. While both patients with HHT1 and HHT2 present
with higher rates of BAVMs than the general population, most
studies have demonstrated a higher rate of BAVMs in the
HHT1 population. Another limitation is that not all patients
with BAVMs underwent 4-vessel cerebral angiography. Cere-
bral angiography is significantly more sensitive than contrast-
enhanced MR imaging and MRA in detecting smaller arterio-
venous malformations and is a better way to characterize these
lesions. However, lesions that are occult on MR imaging are
probably more likely to be capillary vascular malformations,
which are known to have a benign natural history.

CONCLUSIONS

Our study of 376 patients with suspected or definite HHT dem-
onstrated a high prevalence of cerebral AVMs (BAVMs) and
nonshunting vascular lesions, including DVAs, capillary telan-
giectasias, and cavernomas. Hemorrhage was the presenting
feature in 10% of patients with BAVMs. More than 50% of
patients with BAVMs had multiple cerebral AVMs, with the
most common lesions being capillary vascular malformation—
type BAVMs, followed by nidal-type BAVMs. Future research
is needed to determine the predictors of BAVM formation and
multiplicity in the HHT population and to better determine
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ADULT BRAIN

Reduced Myelin Water in the White Matter Tracts of Patients
with Niemann-Pick Disease Type C
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ABSTRACT
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SUMMARY: Previous studies using diffusion tensor imaging to examine white matter in Niemann-Pick disease type C have produced

mixed results. However, diffusion tensor imaging does not directly measure myelin and may be affected by other structural changes. We

used myelin water imaging to more directly examine demyelination in 2 patients with Niemann-Pick disease type C. The results suggest that

this technique may be useful for identifying regional changes in myelination in this condition.

ABBREVIATIONS: NPC = Niemann-Pick disease type C; MWF = myelin water fraction; PO1 = Patient 1; P02 = Patient 2

iemann-Pick disease type C (NPC) is a progressive lyso-
N somal storage disease caused by a mutation in the NPCI or
NPC2 gene leading to intracellular accumulation of cholesterol
systemically and glycosphingolipids in the nervous system. Previ-
ous studies have shown reduced gray matter in a variety of cere-
bral regions, including the thalamus and hippocampus,' while
others have correlated reductions in cerebellum gray matter with
clinical severity scores.”> Measures of white matter may also be
useful, though studies using diffusion tensor imaging have pro-
vided mixed results, with some noting widespread changes in
white matter tracts,! while others found localized reductions to
specific structures.” Nevertheless, callosal fractional anisotropy
values and callosal volume correlated with clinical severity
scores,! suggesting that indices of the integrity of white matter
tracts could also be an objective gauge of disease status. Such
findings are consistent with reduced myelination being a notice-
able neuropathologic finding in NPC.”
However, inferences about the status of myelin from measures
of fractional anisotropy on diffusion tensor imaging can be prob-
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lematic because fractional anisotropy can also be altered by a re-
duction in the number of axons or changes in axonal structure
caused by swelling or abnormal branching. This is particularly
relevant because animal NPC models have shown abnormal
branching and swelling of axons.® Hence, a more direct in vivo
measure of myelin may be clinically desirable. Here, we evaluated
the use of myelin water imaging,” a technique that measures the
amount of water present within the myelin of white matter tracts
and has been used previously to measure abnormalities in multi-
ple sclerosis,® to examine the distribution and extent of demyeli-
nation in 2 patients with NPC.

MATERIALS AND METHODS

Subjects

Patient 1 (P01) is a man who presented at 29 years of age. He devel-
oped a mild hand-action tremor at 16 years of age and slurring of
speech at 17 years of age. In his early twenties, he developed progres-
sive imbalance and incoordination of his hands. His examination
showed a score of 29/30 on the Mini-Mental State Examination. He
had slurred dysarthria, intention tremor, and limb dysmetria as well
as truncal and gait ataxia. MR imaging showed mild cortical atrophy.
Genetic testing showed 2 mutations in the NPCI gene: allele
1¢.C3019G (p.P1007A) and allele 2 ¢.C2780T (p.A927V). He started
N-butyl-deoxynojirimycin (Miglustat) in September 2008 (29 years
of age) and was scanned at 33 and 34 years of age.

Patient 2 (P02) is a woman who presented at 26 years of age. A
psychological assessment showed problems with visuomotor se-
quencing, complex verbal reasoning, and written expression.
Otherwise, she had only noted some mild balance problems. She
scored 29/30 on the Mini-Mental State Examination. She had
mildly impaired tandem gait. MR imaging showed patchy conflu-
ent hyperintense white matter changes, most prominent in the
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FIG1. Whole-brain myelin water z score maps in the 2 patients. Statistical z score maps show the

lated comparing the patient MWF val-
ues with the corresponding control
group distribution.

The Juelich histologic white matter
atlas in FSL (http://neuro.debian.net/
pkgs/fsl-juelich-histological-atlas.html)
was used to create tracts of interest. Av-
erage MWF values from each fiber tract
were then extracted and averaged across
the hemisphere. MWF values from the
patients were compared with those from
aged-matched controls by using Craw-
ford t-tests.”

difference between patients and their respective control subjects, where negative z scores
indicate reduced myelin water. For clarity, maps were spatially smoothed with a Gaussian 6-mm

filter and are shown on a diluted fractional anisotropy skeleton. Statistical maps (minimum
thresholded at z = — 1.6 for clarity) are overlaid on the average Montreal Neurological Institute
brain. Green arrows highlight areas where the myelin is substantially reduced in the patients
compared with their controls. IC-RL indicates retrolenticular portion of internal capsule; PTR,
posterior thalamic radiation including the optic radiation; CR-A, anterior corona radiata; SLF,
superior longitudinal fasciculus; CC-G, genu of corpus callosum; CC-S, splenium of the corpus

callosum.

posterior periventricular regions. Genetic testing showed 2 muta-
tions associated with Niemann-Pick disease type C: exon
18 ¢.2621A>T (p.Asp874Val) and exon 23 ¢.3508C>G
(p.His1170Asp). She began treatment with Miglustat in April
2011 (27 years of age) and was scanned at 28 and 29 years of age.

Fifteen healthy control subjects took part in this study. Eight
men (mean age, 31.9 years) acted as control subjects for P01, while
7 women (mean age, 30.3 years) acted as control subjects for P02.

Imaging Parameters

A T1-weighted high-resolution structural scan (3D-T1-turbo
field echo with sensitivity encoding: TR, 10 ms; turbo field echo,
3000 ms; TE, 6 ms; TI, 845.88 ms; 170 sections; FOV, 240 mm;
voxel size, 1 X 1 mmy; section thickness, 1 mm) was collected as
well as a multiecho axial gradient and spin-echo scan” for T2
measurement (TR, 1000 ms; TE, 10, 20, 30...320 ms; 20 sections
acquired at 5-mm thickness reconstructed at 2.5-mm section
thickness; in-plane voxel size, 1 X 1 mm,; sensitivity encoding,
2232 X 192 matrix).

Myelin Water Fraction Analysis

The signal decay curve obtained by the T2 relaxation sequence
was modeled by multiple exponential components, and the T2
distribution was estimated by using non-negative least squares
with the extended phase graph algorithm.” The myelin water frac-
tion (MWF) in each image voxel was computed as the ratio of the
area under the T2 distribution with times of 10—40 ms to the total
area under the distribution. The MWF images were then regis-
tered to the T1-weighted anatomic scan.

To compare the patients’ myelin water fraction maps with
those of the healthy population, we matched a normative 3D atlas
representing the mean and SD for myelin water fraction from
each group of age-matched healthy controls. The healthy myelin
water fraction maps were calculated, nonlinearly aligned to
Montreal Neurological Institute standard space, and averaged.
MWE maps for patients were also nonlinearly aligned to Montreal
Neurological Institute space. For each voxel, a z score was calcu-
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RESULTS

Paired sample tests of the tract-of-inter-
est analysis showed that the results were
stable across the 2 visits for PO1 [#(60) =
—1.62, P = .11] and P02 [£(60) = 1.44,
P = .15]; therefore, because our analysis
of the results across visits showed high
reproducibility and stability of data, we averaged data across the 2
visits.

Figure 1 shows the average MWF z score maps for both patients,
indicating the location of regions with reduced myelin compared
with those of the controls. The patient with the less clinically severe
condition (P02) showed focal, patchy reductions in MWF, while the
patient with the more clinically severe condition (P01) showed ex-
tensive, widespread reductions across entire fiber tracts.

A global analysis for each of the 3 classes revealed that PO1 had a
reduction in MWF for projection [#(7) = —2.46, P < .05, n =
—2.61], association [#(7) = —2.49, P < .05, n = —2.64], and com-
missural fibers [#(7) = —2.41, P < .05, n = —2.56]. For P02, MWF
values were not reduced in this global analysis, for association [#(6) =
—0.18, P = .43, ) = —0.2], projection [#(6) = —1.09, P = .16, =
—1.17], or commissural fibers [#(6) = —1.33, P = .12, = —1.42].
Regional analysis of different tracts (Fig 2) revealed significant MWF
reductions for PO1 in 4 projection tracts, 4 association tracts, and 1
commissural tract. In P02, the less affected patient, only 2 commis-
sural tracts showed significantly reduced MWF.

A paired-samples ¢ test, collapsed across all fibers, showed signif-
icantly lower MWF for the patient with the more clinically severe
condition, P01, compared with P02 [#(16) = —4.488, P <.001].

DISCUSSION
We conducted a detailed examination of the distribution of re-
duced myelination in the cerebral cortex of 2 patients with NPC.
In the clinically worse patient, there was reduced MWF in a large
number of association fibers. We also observed large reductions of
MWE in the corpus callosum of both patients, paralleling prior
reports of reduced callosal fractional anisotropy” and cortical
thickness of the corpus callosum'® in this disorder. However, re-
ductions in the MWF of projection tracts were only observed in
the more clinically affected patient.

The physiologic basis for regional variation in NPC remains
unclear'; nevertheless, this is a well-documented phenomenon in
animal and human models."""'* For example, in humans, some
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FIG 2. Tract analysis for patients (red and blue bars) and their age-matched control subjects (gray bars). CR-a indicates anterior corona radiata, CR-p,
posterior corona radiata; CR-s, superior corona radiata; IC-a, anterior limb of internal capsule; IC-p, posterior limb of internal capsule; PTR, posterior
thalamic radiation including optic radiation; IC-rl, retrolenticular portion of internal capsule; SFOF, superior fronto-occipital fasciculus; SLF, superior
longitudinal fasciculus; Cg, cingulum including the hippocampus; EC, external capsule; Fnx, column and body of fornix; SS, sagittal stratum including
inferior longitudinal fasciculus and inferior fronto-occipital fasciculus; Fx/ST, fornix and stria terminalis; CC-g, genu of the corpus callosum; CC-s,
splenium of corpus callosum; TAP, tapetum. Asterisks indicate P < .05 as determined by Crawford t-tests.” Error bars show 1standard error of the mean.

studies show regions with selectively reduced fractional anisot-
ropy, such as in the corpus callosum® and the superior cerebellar
peduncle,” while others have shown widespread variations in the
reduction of fractional anisotropy.'

Our results also contain 3 important observations relevant to the
possible use of MWF to monitor disease status. First, the data for
MWEF were consistent during a year, indicating that they are repro-
ducible and reliable. Second, the contrast between our patients indi-
cates that MWF may correlate with clinical severity. However, fur-
ther studies are required to show whether the measure is sensitive to
changes in clinical severity with time, which could be either deterio-
ration through natural progression or improvement with therapy.
Third, our whole-brain analysis showed reduced MWEF in some but
not all areas of a fiber tract, suggesting that the effects of this disorder
are focal and patchy in milder stages of the disease. This effect of
severity may explain discrepancies in prior studies, with some show-
ing focal and others diffuse effects.

Because other neuronal abnormalities are present in NPC,
combined use of both MWF and diffusion tensor imaging in fu-
ture assessment of this disease may help elucidate the contributing
pathologic factors affecting white matter tracts in NPC.
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ORIGINAL RESEARCH
INTERVENTIONAL

Fate of Coiled Aneurysms with Minor Recanalization at
6 Months: Rate of Progression to Further Recanalization
and Related Risk Factors

J.P.Jeon, “Y.D. Cho, ““JK.Rhim, ““D.H. Yoo, ““W.-S. Cho, ““H.-S. Kang, ““J.E.Kim, and ““M.H. Han

ABSTRACT

BACKGROUND AND PURPOSE: Minor recanalization in coiled aneurysms may remain stable with time or may progress to major recan-
alization. Our aim was to monitor the aneurysms displaying minor recanalization in imaging studies at 6 months, gauging major recanali-
zation rates and related risk factors through extended follow-up.

MATERIALS AND METHODS: Sixty-five aneurysms (in 65 patients) showing minor recanalization in follow-up imaging at 6 months were
reviewed retrospectively. Medical records and radiologic data accruing during extended monitoring (mean, 24.8 = 8.2 months) were
assessed. Univariate and multivariate analyses were conducted to identify risk factors for progression from minor-to-major recanalization.

RESULTS: Progression to major recanalization was observed in 24 (36.9%) of the initially qualifying aneurysms during a follow-up of 112.5
aneurysm-years, for an annual rate of 17.84% per aneurysm-year. Progression was determined chronologically as follows: 14 (58.3%) at 6
months, 8 (33.3%) at 18 months, and 2 (8.4%) at 30 months. Stent deployment significantly decreased the occurrence of major recanalization
(OR = 0.22, P = .03), whereas antiplatelet therapy (OR = 0.82, P = .75), posterior location (OR = 0.24, P = .20), and second coiling for
recanalized aneurysms (OR = 0.96, P = .96) were unrelated.

CONCLUSIONS: Our analysis determined a 36.9% rate of major recanalization during a follow-up of 112.5 aneurysm-years in coiled
aneurysms showing minor recanalization at 6 months. Stent deployment alone conferred a protective effect, preventing further recana-
lization without additional treatment. Given the fair probability of late major recanalization, aneurysms showing minor recanalization at 6

months should be monitored diligently, particularly in the absence of stent placement.

ABBREVIATIONS: DM = diabetes mellitus; HTN = hypertension; UIA = unruptured intracranial aneurysm; WSS = wall shear stress

hysicians are sometimes at a loss in predicting the potential

outcomes of coiled aneurysms if minor recanalization is
found during follow-up intervals. This is precisely why recanali-
zation rates and related risk factors (based on initial angiographic
results) have been addressed in most prior studies. Unfortunately,
end points have thus far been measured as all recanalizations (major
and minor),' major recanalization only,” or retreatment rates,’
leaving a void with respect to the clinical course of aneurysms
showing minor recanalization. In general, minor recanalization is
not an indication for additional treatment, though progression to
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major recanalization may eventually call for further intervention.
Lejeune et al* described a series of 21 coiled aneurysms subjected
to additional surgical treatment for major recanalization (Ray-
mond class 3). Lin et al® also reported that residual necks of 1-2
mm may expand to 4-25 mm during a mean of 9 years. Accord-
ingly, further study of the progression from minor-to-major re-
canalization is needed to devise proper treatment and manage-
ment. For this study, we investigated treatment outcomes in
aneurysms showing minor recanalization 6 months after coiling,
assessing the clinical course, rate of progression to major recana-
lization, and related risk factors.

MATERIALS AND METHODS

A retrospective analysis was conducted, reviewing 1035 aneu-
rysms in 898 patients who had undergone coil embolization be-
tween January 2008 and December 2010 at Seoul National Uni-
versity Hospital. Nonsaccular aneurysms (n = 70) with fusiform
shapes or resulting from dissection, trauma, or infection were
excluded. In accord with institutional protocol, follow-up radio-
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logic examinations via 3D time-of-flight MR angiography, in-
cluding source images, were conducted at 6, 12, 18, 24, and 36
months after coil embolization. Conventional angiography was
advised if posttreatment MRA was not feasible or if major recan-
alization of an aneurysm was suspected by noninvasive diagnos-
tics. As stipulated by the Raymond classification, recanalization at
6 months was defined as contrast filling the aneurysm neck (mi-
nor recanalization) or dome (major recanalization) at follow-up
imaging.” The primary study end point was major recanalization
during extended follow-up in coiled aneurysms showing only mi-
nor recanalization at 6 months. To categorize extended anatomic
outcomes, we applied the Raymond scale as follows: progressive
aneurysmal occlusion (no contrast filling within aneurysm), sta-
ble stationary state (contrast filling the neck of the aneurysm only,
no change relative to the 6-month status), or major recanalization
(saccular contrast filling, further recanalization relative to the
6-month status).

Medical records were reviewed for multiple parameters, in-
cluding sex, age, clinical presentation (unruptured intracranial
aneurysm [UIA] or subarachnoid hemorrhage), aneurysmal sta-
tus (initial or recanalized aneurysm), hypertension (HTN), dia-
betes mellitus (DM), smoking, and history of antiplatelet therapy.
Angiographic variables assessed included the size of the aneurysm
and its neck, location (anterior-versus-posterior circulation),®
type of aneurysm (sidewall-versus-bifurcation), depth-to-neck
ratio, packing density, stent deployment, and type of coil (hydrogel-
modified coils [HydroSoft coils; MicroVention, Tustin, Califor-
nia] and polyglycolic acid/lactide copolymer—coated coils [Ma-
trix coils; Stryker, Kalamazoo, Michigan]). According to the
length of the bioactive coil used (relative to the total length of the
coil inserted), aneurysms were grouped as bare (=50%) or bioac-
tive (>>50%) coils.” This study was approved by the institutional
review boards.

Endovascular Procedure and Angiographic Follow-Up
Most of the endovascular procedures were conducted with the
patient under general anesthesia, by using an Integris V (Philips
Healthcare, Best, the Netherlands) scanner in each instance.
Dual-agent antiplatelet therapy (loading doses of clopidogrel and
aspirin [ie, 300 mg each] given 1 day before the procedure, with
an additional morning dose of clopidogrel [75 mg] and aspirin
[100 mg] on the day of the procedure) was administered if stent
protection was anticipated in patients with unruptured aneu-
rysms.® In poor responders to clopidogrel, signaled by VerifyNow
P2Y12 assay (Accumetrics, San Diego, California), cilostazol was
added. We prescribed single-agent (clopidogrel) therapy if stent
placement was not planned, adding aspirin in poor responders. In
patients presenting with SAH, antiplatelet medications were with-
held. A bolus of heparin (3000 IU), given on placement of the
femoral arterial sheath, was thereafter sustained by hourly doses
(1000 IU); activated clotting time was monitored each hour. After
the procedure, continuance of the dual antiplatelet therapy was
advised for at least 3 months postoperatively, followed by single-
agent maintenance for at least 1 year in patients with stent deploy-
ment. In the absence of a stent, antiplatelet therapy was selectively
used for patients with prior antiplatelet medication histories, coil
protrusion, and procedural thromboembolism.

Patients were grouped according to immediate angiographic
status after coil embolization, by using the Raymond scale, as
either successful occlusion (complete occlusion or residual neck)
or residual sac. Immediate angiographic results and follow-up
diagnoses were interpreted by 2 experienced neurointervention-
ists (Y.D.C., 8 years’ experience; H.-S.K., 13 years’ experience). In
cases of discrepancy between the reviewers, a consensus was
reached by the third interventional neuroradiologist (M.H.H.,
>25 years experience).

Statistics

Continuous data were presented as the mean = SD. A x* or Fisher
exact test and an unpaired f test were used to assess categoric and
continuous variables, respectively. Univariate analysis was ap-
plied to evaluate factors pertaining to recanalization after coiling.
Risk factors for progression from minor-to-major recanalization
were determined by using a logistic regression model to analyze
variables with P values < .20. The average annual major recan-
alization transformation rate was calculated as the major re-
canalization count divided by total aneurysm-years of follow-
up. We used standard software (SPSS, Version 19; IBM, Armonk,
New York) for all the above, setting statistical significance at
P <.05.

RESULTS

Characteristics of Coiled Aneurysms with Minor
Recanalization at 6-Month Follow-Up

A total of 965 saccular aneurysms were treated by coil emboliza-
tion between January 2008 and December 2010. After we ex-
cluded 66 aneurysms that lacked 6-month postembolization fol-
low-up, including 16 patients in a vegetative state and 10 deaths,
899 aneurysms were initially eligible for the study. Another 34
aneurysms followed for 6 months only were also excluded. Of the
remaining 865 aneurysms, 742 were completely occluded at the
6-month point and 58 demonstrated major recanalization. Ulti-
mately, 65 aneurysms in 65 patients (48 women, 73.8%; mean age,
57.9 £ 11.0 years) qualified for study during a mean extended
follow-up of 24.8 = 8.2 months, each showing minor recanaliza-
tion 6 months after coiling. Most lesions involved the anterior
(56/65, 86.2%) rather than posterior (9/65, 13.8%) circulation. In
the anterior circulation, the distribution was as follows: internal
carotid artery, 16; anterior cerebral artery, including the anterior
communicating artery, 21; middle cerebral artery, 9; and poste-
rior communicating artery, 10. Sidewall and bifurcation aneu-
rysms occurred in 15 (23.1%) and 50 (76.9%) patients, respec-
tively. As an initial angiographic outcome, 54 coiled aneurysms
(83.1%) were successfully occluded. The mean size of aneurysms
was estimated at 6.3 = 3.2 mm, with 45 (69.2%) being =7 mm.
Sixteen (24.6%) patients presented with SAH. The depth-to-neck
ratio was >1 in 38 aneurysms (58.5%). HydroSoft and Matrix
coils were used for 26 and 6 subjects, respectively. The bioactive
coil group (length of bioactive coil used [relative-to-total length
of the coil inserted] >50%) included 20 coils (30.8%), and all
were HydroSoft. Stents were present in 19 patients (29.2%): En-
terprise (Codman & Shurtleff, Raynham, Massachusetts) in 17
and Neuroform (Stryker Neurovascular) in 2. A single stent was
used in 18 patients, while double stents were used in 1 patient.
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Table 1: Demographic and angiographic characteristics of coiled aneurysms showing minor

recanalization in follow-up images at 6 months (N = 65)

ment, 12.5% (3/24); second coiling for
recanalized aneurysms, 16.7% (4/24);

Variables Stationary (n=41) Major Recanalization (n=24) PValue® 4 antiplatelet therapy, 41.7% (10/24).
Clinical Univariate analysis indicated an associa-
Female 30 (73.2%) 18 (75.0%) 87 ,
Agelyr) 581+ 120 576+ 92 86 tion between the presence of a stent and
HTN 27 (65.9%) 12 (50.0%) 21 morphologic change to major recanali-
DM 3(7.3%) 0(0%) 29 zation (P = .02). Other variables, such as
Hyperlipidemia 4(9.8%) 2(8.3%) 1.00 SAH presentation (P = .21), bifurcation
Smoking 4(9.8%) 5(20.8%) 21 type (P = .74), second coiling for re-
Aneurysmal . _ .
o canalized aneurysms (P = .18), anti-
Anterior 33(80.5%) 23(95.8%) platelet therapy (P = .13), use of a bal-
Posterior 8(19.5%) 1(4.2%) 08 loon (P = .41), residual sac as an
Presentation immediate postembolization finding
UIA 33(80.5%) 16 (66.7%) (P = .47), and depth-to-neck ratio >1
Stastﬁ:' 8(19.5%) 8(33.3%) 21 (P= .39), Were unrelated to a chan.ge in
Initial 28(68.3%) 20 (83.3%) recanalization status (Table 1). Binary
Recanalized (2nd coiling) 13 (317%) 4(16.7%) 18 logistic regression analyses underscored
Bifurcation aneurysm 31(75.6%) 19 (79.2%) 74 the protective effect of stent placement
Maximum size (mm) 63*27 6241 93 on transformation to major recanaliza-
D/N rabtio =3} 22(53.7%) 16 (66.7%) 30 tion (OR = 0.22; 95% CI, 0.06—0.87;
Prcl:izzlililazle (mm) 47 £121 40x16 22 P = .03), whereas other variables, in-
Stent 16 (39.0%) 3(12.5%) 02 cluding antiplatelet therapy (OR = 0.82;
Balloon 4(9.8%) 4(16.7%) 41 95% CI, 0.25-2.68; P = .75), posterior
Bioactive coil (>50%) 13 (31.7%) 7(29.2%) .83 location (OR = 0.24;95% CI, 0.03-2.15;
Initial occlusion A7 P = .20), and second coiling for recana-
;ucijessrul occlusion 3; (fgo';/%) 23] §f2752/%;) lized aneurysms (OR = 0.96; 95% CI,
esidual sac 5% 5% .
Antiplatelet maintenance 25 561.0%)) 10 (41.7%) 13 0.22-4.30; P = .96), had no bearing on

Note:—D/N indicates depth-to-neck.
#P < .05 is significant.

Table 2: Logistic regression model assessing the risk of
progression to major recanalization in coiled aneurysms showing
minor recanalization at 6 months (N = 65)

95% Confidence
Variables Odds Ratio Interval P Value®
Antiplatelet maintenance 0.82 0.25-2.68 75
Posterior location 0.24 0.03-2.15 .20
Recanalized aneurysm 0.96 0.22-4.30 96
Stent 0.22 0.06-0.87 .03

P < .05 is significant.

Rates of HTN, smoking, and antiplatelet therapy were 60.0%
(39/65), 13.8% (9/65), and 53.8% (35/65), respectively. Charac-
teristics of aneurysms that qualified for the study are detailed in
the On-line Table.

Morphologic Changes to Major Recanalization in Coiled
Aneurysms with Minor Recanalization at 6 Months
Overall, 24 (36.9%) coiled aneurysms with minor recanalization
at 6 months progressed to major recanalization during 112.5 an-
eurysm-years of follow-up, whereas none had become occluded.
No instances of bleeding occurred during the follow-up. The
chronology of change from minor-to-major recanalization was as
follows: 14 (58.3%) at 6 months, 8 (33.3%) at 18 months, and 2
(8.4%) at 30 months. Acquired major recurrences had the follow-
ing characteristics: women, 75.0% (18/24); age, 57.6 = 9.2 years;
anterior location, 95.8% (23/24); SAH presentation, 33.3%
(8/24); bifurcation type, 79.2% (19/24); aneurysm size, 6.2 * 4.1
mm; neck size, 4.0 = 1.6 mm, HydroSoft coils of >50%, 29.2%
(7/24); depth-to-neck ratio of >1, 66.7% (16/24); stent deploy-
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observed transformation to major re-
canalization (Table 2).

The overall annual rate of major re-
canalization in coiled aneurysms with minor recanalization at
6-month follow-up was 17.84% per aneurysm-year. The rate of
change from minor-to-major recanalization was 7.79% per year
in instances of stent deployment, as opposed to 16.67% without
stent placement. With the Kaplan-Meier method, estimated cu-
mulative survival at 30 months in the absence of major recanali-
zation with and without stent deployment was 81.3% versus
47.4% (P = .07).

DISCUSSION

Minor recanalization in aneurysms may remain stable with time
or may progress to major recanalization. To our knowledge, ac-
curate information on the likelihood of transforming from mi-
nor-to-major recanalization has been lacking. In our analyses,
36.9% of coiled aneurysms displaying minor recanalization at 6
months progressed to major recanalization during a follow-up of
112.5 aneurysm-years, for an overall annual rate of 17.84% per
aneurysm-year.

Previous studies have reported variable rates (10.7%-33.6%)
of overall recanalization in coiled aneurysms, with major recana-
lization ranging from 3.9% to 20.7%."” The propensity for recan-
alization in aneurysms is known to be a factor of presentation
(SAH versus UIA), aneurysm size, and initial therapeutic results.’
Ruptured (versus nonruptured) aneurysms are more likely to re-
canalize.”” Spontaneous clot lysis at rupture points or thrombus
within the sac may contribute to a higher coil compaction in pa-
tients presenting with SAH,” which is the aim of interventionists.
Sluzewski et al'® reported that coiled aneurysms with volumes of



<600 mm?® did not undergo recanalization at packing densities of
>24%. Morales et al'' also showed that intra-aneurysmal hemo-
dynamics, such as blood flow velocity and wall shear stress (WSS),
may be reduced by increasing packing attenuation to near 30%. In
our institution, we have tried to obtain high packing density and
achieve anatomically complete occlusion regardless of presenta-
tion. In particular, complete occlusion is mandatory in ruptured
aneurysms. As a result of the effort, the mean coil packing density
was 32.1% =+ 9.2%, and the difference noted in subset packing
densities was not significant according to presentation (UIA,
30.8 £ 7.2%; SAH, 34.9 *= 12.1%; P = .15), except in 17 re-
embolized aneurysms (where estimating packing attenuation was
not feasible).

Migration of a coil into the thrombus may also lead to major
recanalization with time.'?> However, saccular thrombus is more
easily detected in larger-sized aneurysms than in smaller ones.
The aneurysm size did not differ significantly according to the
presentation (SAH, 6.0 = 2.6 mm; UIA, 6.4 * 3.4 mm; P = .66) in
our cohort. Thus, we speculate that the relatively small-sized an-
eurysms and the higher packing densities of this cohort may be
responsible for the lack of a significant correlation between SAH
presentation and the rate of progression to major recanalization.

In a study by Cognard et al,” a clinical correlation between
aneurysm size and recanalization rate (2-3 mm, 8.7%; 4—5 mm,
9.0%; 6—8 mm, 22.0%) was found. The aneurysm size of >10
mm has been considered a risk factor for future recanaliza-
tion."”'> Niimi et al'® also reported that 82% (9/11) of recanali-
zation events occurred in larger aneurysms (=10 mm). Hetts et
al'* investigated outcomes of coiling with and without stent re-
placement (Neuroform stent) in unruptured aneurysms in the
Matrix and Platinum Science Trial. In their study, aneurysm size
of =10 mm was associated with target aneurysm recurrence,
which was defined as aneurysm rupture after treatment, retreat-
ment, or death from an unknown cause. McDougall et al' also
assessed target aneurysm recurrence at 12 = 3 months according
to coil types (Matrix” versus bare metal). Target aneurysm recur-
rence was associated with incomplete occlusion, ruptured state,
and larger aneurysm of =10 mm. Mean aneurysm size in this
investigation was 6.3 = 3.2 mm. The size did not differ signifi-
cantly between the stable stationary group and the major recana-
lization group (stably stationary, 6.3 * 2.7 mm, versus major
recanalization, 6.2 = 4.1 mm; P = .93). Five cases (7.7%) with
minor recanalization at 6 months after coiling were large aneu-
rysms of >10 mm. Two (40.0%) of 5 large aneurysms and 22
(36.7%) of 60 small aneurysms (<10 mm) showed major recan-
alization, respectively (P = 1.00). Therefore, we speculate that our
results could be more appropriate for clinical evaluation of small-
sized aneurysms with minor recanalization at 6-month follow-up
imaging.

The initial therapeutic result is another reputed risk factor for
future recanalization. Ries et al” showed that signs of a residual
aneurysm immediately after endovascular treatment significantly
increased the risk of recanalization, compared with completely
occluded lesions (OR = 3.96, P = .006). However, projected re-
canalization rates of completely occluded coiled aneurysms and
aneurysms with neck remnants after coiling were similar. In this
study, initial angiographic results were stratified as successful oc-

clusion (complete occlusion or residual neck) or residual sac. The
higher rate of recanalization found in aneurysms showing minor
recanalization 6 months after initial successful occlusion (versus
residual sac) was not statistically significant (38.9% versus 27.3%,
P = .47). Recently, Ogilvy et al'® devised a reliable recanalization
stratification scale for projecting recanalization based on aneu-
rysm-specific variables, initial occlusion status, and treatment-
related factors. Aneurysm-specific variables, such as a size of >10
mm, ruptured state/presence of thrombus, and residual aneu-
rysm (Raymond score of 3), are each awarded 2 points. As treat-
ment-related factors, use of coils only, stent assistance, and flow
diverter use earned 0, —1, and —2 points, respectively. If sums of
individual scores were =5, the probability of retreatment was
high (recanalization of >73.2%). Nevertheless, these results may
not fully reflect the impact of risk factors, such as larger size, SAH
presentation, and incomplete occlusion, on the progression from
minor-to-major recanalization. Timing and duration of fol-
low-up must be considered. Major recanalization largely emerged
during the 12 months after embolization. In particular, 46.9% of
all recanalizations (40% of which were major) were detected
within the first 6 months of follow-up.” For our purposes, only
aneurysms showing minor recanalization 6 months after coiling
were studied. Subjects were also monitored diligently during a
mean extended follow-up of 24.8 * 8.2 months.

Raymond et al* previously examined recanalization risk fac-
tors relative to the length of follow-up (<17 months versus 17-37
months versus >37 months). In patients followed for <17
months, the initial therapeutic result was the sole variable associ-
ated with recanalization; whereas in patients followed for 17-37
months, aneurysm and neck sizes and initial therapeutic results
constituted risk factors. In patients followed for >37 months,
aneurysm and neck sizes and SAH presentation were associated
with recanalization. These results imply that recanalization devel-
oping longer term is dependent on inherent risk factors, with
incomplete therapeutic occlusion primarily responsible in the
short term. Hence, we thought that differing characteristics of
subjects in our cohort, such as minor recanalization at 6 months,
the relatively longer extended follow-up, and the stipulated study
end point (minor to major recanalization), might explain the lack
of significant correlation evident between risk factors established
elsewhere and progression to major recanalization.

The association between aneurysm location and recanaliza-
tion remains controversial. Raymond et al” showed that recanali-
zation rates at various sites (basilar bifurcation, 39.4%; MCA bi-
furcation, 32.1%; posterior communicating artery, 37.2%) did
not differ substantially. On the other hand, Kwon et al' deter-
mined higher recanalization rates in coiled aneurysms of the pos-
terior circulation and MCA due to technical difficulties. However,
on the basis of study end point differences (all recanalization,
major and minor) and selection bias (due to stent placement), the
previous studies" failed to accurately depict the clinical correla-
tion between aneurysm location and minor-to-major progressive
recanalization. In our subjects, the rate of transformation to ma-
jor recanalization was more pronounced in the anterior circula-
tion (overall: 23/56, 41.1%; ICA: 5/16, 31.3%; anterior cerebral
artery: 10/21, 47.6%; MCA: 2/9, 22.2%; posterior communicating
artery: 6/10, 60%) than in the posterior circulation (1/9, 11.1%).
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Rates of stent deployment differed by location, approaching sta-
tistical significance (anterior circulation: 14/56, 25.0% [ICA, 5;
anterior cerebral artery, 5; MCA, 4; posterior communicating ar-
tery, 0]; posterior circulation: 5/9, 55.6%; P = .08). These differ-
ing rates of stent deployment may explain the relatively higher
proportion of major recanalization events in the anterior
circulation.

Hemodynamic forces are thought to figure prominently in
aneurysms that recanalize. Luo et al'” have indicated that high
WSS and flow velocity, both observed near remnant necks, likely
prompt recanalization in coiled aneurysms if occlusion is subto-
tal. In patients with treated aneurysms that were stable, WSS and
blood flow velocity near neck remnants after embolization were
lower in 83.3% (5/6). Irie et al'® similarly confirmed that areas at
neck remnants, subject to higher WSS and flow velocity, corre-
sponded with recanalization in coiled aneurysms showing subto-
tal occlusion. Higher postembolization WSS at aneurysm necks
may predispose to recanalization in totally occluded aneurysms as
well,'” as indicated by higher maximum WSS and spatially aver-
aged WSSin recanalized aneurysms at systole (relative to pretreat-
ment status) and a relative decrease in WSS by 70%—80% in non-
recanalized counterparts. Indeed, elevated WSS due to repetitive
flow impingement may encourage recanalization of aneurysms.

Ortega et al*” have documented that blood flow near remnant
necks increases maximum WSS by approximately 50 Pa at systole
in basilar tip aneurysms. In clinical practice, stents have been used
in anticipation of diverting flow and promoting endothelializa-
tion at aneurysm necks, while also achieving higher coil-packing
densities.”"** Recanalization rates in the range of 6.6%—13% have
been reported after stent-assisted coil embolization.”*** Cho et
al* have also shown that stent implantation reduced recanaliza-
tion rates 6 months after coiling (stented, 1.9%; nonstented,
10.2%) and at final follow-up (stented, 8.3%; nonstented, 18.5%).
With respect to recanalized aneurysms, stent placement likewise
reduced the major recanalization rate 6 months after retreatment
(OR = 0.16; P = .01).”° Still, the ability to prevent further recan-
alization (from minor to major) through stent deployment has yet
to be clearly demonstrated. Our study indicates that stent place-
ment does help prevent progression from minor-to-major recan-
alization (OR = 0.22; P = .03), and this benefit is conferred long
term, past the 6-month follow-up point.

Although some physicians find a 6-month determination of
clinical course adequate in coiled aneurysms with minor recana-
lization, the durability of coiled aneurysms is a major concern due
to relatively high recanalization rates (10.7%-33.6%)."> Given
that 46.9% of recanalization events take place in the first 6 months
after embolization,” follow-up imaging is generally initiated
within 6 months. However, the fate of aneurysms showing minor
recanalization in the first follow-up images is often difficult to
predict. Although treatment outcomes, including recanalization
rates and related risk factors, have been well-described, potential
transformation from minor-to-major recanalization may be a
separate issue in terms of providing appropriate information and
planning further follow-up. For this study, we have focused on the
fate of aneurysms showing minor recanalization at 6-month fol-
low-up, investigating a sizeable sampling (65 qualifying lesions)
through strict patient monitoring. Consequently, the outcomes
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are likely valid. Nevertheless, there are concerns of possible selec-
tion bias, based on retrospective design and extent of stent de-
ployment. Although, TOF MRA can be helpful in estimating the
degree of recanalization, stent artifacts obscuring minor recana-
lization could occur.””*° Moreover, the mean aneurysm size in
our subjects was estimated at 6.3 * 3.2 mm. In Korea, coiled
aneurysms =10 mm account for 89.3% of lesions in a national
cohort of unruptured aneurysms.' As such, the fate of larger an-
eurysms (>10 mm) in this setting may differ.

CONCLUSIONS

In this study, a 36.9% rate of progression to major recanalization
was determined in coiled aneurysms showing minor recanaliza-
tion at 6 months. The cohort was followed for 112.5 aneurysm-
years, yielding an annual transformation rate of 17.84% per an-
eurysm-year. The presence of a stent was the only variable
analyzed that conferred a protective effect, preventing progres-
sion to major recanalization. The finding of minor recanalization
at 6 months, especially in the absence of stent placement, is cause
for continued monitoring of coiled aneurysms, due to a fair risk of
late major recanalization.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Prediction of Carotid Intraplaque Hemorrhage Using
Adventitial Calcification and Plaque Thickness on CTA

L.B. Eisenmenger, ““'B.W. Aldred, ‘““’S.-E. Kim, "G ). Stoddard, “*A. de Havenon, ““G.S. Treiman, ““D.L. Parker, and “~').S. McNally

ABSTRACT

BACKGROUND AND PURPOSE: Carotid intraplaque hemorrhage is associated with stroke, plaque thickness, stenosis, ulceration, and
adventitial inflammation. Conflicting data exist on whether calcification is a marker of plaque instability, and no data exist on adventitial
calcification. Our goal was to determine whether adventitial calcification and soft plaque (a rim sign) help predict carotid intraplaque
hemorrhage.

MATERIALS AND METHODS: This was a retrospective cohort study of 96 patients who underwent carotid MRA and CTA within 1 month,
from 2009 to 2016. We excluded occlusions (n = 4) and near occlusions (n = 0), leaving 188 carotid arteries. Intraplaque hemorrhage
was detected by using MPRAGE. Calcification, adventitial pattern, stenosis, maximum plaque thickness (total, soft, and hard),
ulceration, and intraluminal thrombus on CTA were recorded. Atherosclerosis risk factors and medications were recorded. We used
mixed-effects multivariable Poisson regression, accounting for 2 vessels per patient. For the final model, backward elimination was
used with a threshold of P < .10. Receiver operating characteristic analysis determined intraplaque hemorrhage by using the area
under the curve.

RESULTS: Our final model included the rim sign (prevalence ratio = 11.9, P < .001) and maximum soft-plaque thickness (prevalence ratio =
1.2, P = .06). This model had excellent intraplaque hemorrhage prediction (area under the curve = 0.94), outperforming the rim sign,
maximum soft-plaque thickness, NASCET stenosis, and ulceration (area under the curve = 0.88, 0.86, 0.77, and 0.63, respectively; P < .001).
Addition of the rim sign performed better than each marker alone, including maximum soft-plaque thickness (area under the curve = 0.94
versus 0.86, P < .001), NASCET stenosis (area under the curve = 0.90 versus 0.77, P < .001), and ulceration (area under the curve = 0.90
versus 0.63, P < .001).

CONCLUSIONS: The CTA rim sign of adventitial calcification with internal soft plaque is highly predictive of carotid intraplaque
hemorrhage.

ABBREVIATIONS: AUC = area under the curve; IPH = intraplaque hemorrhage; ROC = receiver operating characteristic

C arotid atherosclerotic plaque contributes to 10%-15% of
ischemic strokes in the United States.' MR imaging—detected
carotid intraplaque hemorrhage (IPH) is an accepted marker of
plaque instability and stroke risk independent of stenosis, with an
annual stroke rate as high as 45% in patients with >50% stenosis

Received November 20, 2015; accepted after revision January 28, 2016.

From the Department of Radiology (LB.E., B.W.A, S-EK, G.S.T, D.LP. ).S.M.), Utah
Center for Advanced Imaging Research; Department of Orthopedics (GJ.S.), Design
and Biostatistics Center; Department of Neurology (A.d.H.); and Department of
Surgery (G.S.T.), University of Utah, Salt Lake City, Utah; and Department of Sur-
gery (G.S.T.), VA Salt Lake City Health Care System, Salt Lake City, Utah.

This work was supported by the Radiological Society of North America Research
Scholar Grant; the University Intramural Seed Grant; the Study Design and Biosta-
tistics Center, with funding, in part, from the National Center for Research Re-
sources and the National Center for Advancing Translational Sciences; National
Institutes of Health, grant 8ULITRO00105 (formerly ULIRR025764); and the Radio
Frequency Coil and Electronics laboratory.

1496

Eisenmenger Aug 2016 www.ajnr.org

and IPH.>” Carotid IPH can be detected with heavily T1-
weighted sequences, including the MPRAGE sequence, which
can discriminate between IPH and lipid/necrotic core.’
MPRAGE is superior in detecting IPH compared with conven-
tional MR imaging sequences, with higher sensitivity, specificity,
and interrater reliability compared with 3D TOF or FSE T1WI
sequences.’

Lumen markers have been linked to IPH, including stenosis,
plaque thickness, and ulceration. These markers can be detected
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by CTA. IPH is known to increase in prevalence with increasing
lumen stenosis.® Additional studies have suggested that CTA-de-
tected ulceration can be used as a surrogate marker for IPH.’
Plaque thickness has also recently been associated with high
plaque signal on 3D TOF imaging, attributed to IPH.'>'" Re-
cently, we found that these markers in combination (plaque
thickness, millimeter stenosis, and ulceration) allow optimal dis-
crimination of IPH in a model including the clinical factors of age
and male sex.'” Together these factors may provide clues to the
pathogenesis of IPH.

Most recently, studies have linked IPH with adventitial in-
flammation and microvessel permeability detectable by using dy-
namic contrast-enhanced MR imaging.*'* Adventitial inflamma-
tion and oxidative stress have also been linked to endothelial
bone-morphogenic proteins,' suggesting that adventitial calcifi-
cation may also represent a marker of adventitial inflammation 15,
however, this has not yet been investigated in the setting of IPH.
Vascular calcification is often seen with carotid plaque, though
conflicting data exist in relation to plaque vulnerability. One
study of 30 patients found that fibrous cap inflammation more
often occurs in noncalcified than in calcified plaques, suggesting
that calcification indicates plaque stability.'® An additional study
of patients with symptomatic plaques (recent TIA, stroke, or am-
aurosis fugax) versus asymptomatic patients with critical stenosis
found that the percentage of plaque calcification area was 2-fold
greater in asymptomatic-versus-symptomatic plaques, and there
was an inverse relationship between calcification and macrophage
infiltration."” A different study investigating 611 carotid plaques
by CT and MR imaging found that larger calcification volume was
associated with higher IPH prevalence and alower lipid core prev-
alence, suggesting that calcification may not be a stabilizing fac-
tor.'® However, these studies evaluated total calcification volume
or its binary presence or absence, and adventitial calcification
coupled with soft plaque has not yet been addressed, to our
knowledge.

Because IPH is becoming more clinically relevant in identify-
ing cryptogenic stroke sources'® and IPH indicates a medically
refractory population with high future stroke risk,* prediction
models are greatly needed in patients undergoing alternate imag-
ing such as CTA. Of clinical relevance, a CTA-IPH prediction
model would be especially useful in patients with contraindica-
tions to MR imaging (eg, with pacemakers) or as a cost-saving
measure to prevent unneeded MR imaging in patients with very
high or very low likelihood of IPH. Current prediction models dis-
cussed above based on plaque thickness, stenosis, and ulceration
leave room for improvement. Because adventitial inflammation is
highly associated with IPH and chronic inflammation is associated
with calcification, this study was undertaken to determine whether
adventitial calcification with internal soft plaque (a rim sign) could
aid in carotid IPH prediction. Our hypothesis was that the rim sign
may help predict carotid IPH compared with standard markers, in-
cluding soft-plaque thickness, stenosis, or ulceration alone.

MATERIALS AND METHODS

Clinical Study Design

Institutional review board approval was obtained for this retro-
spective cohort study from 2009 to 2016 in patients who under-

went both CTA and MRA work-up of carotid disease at the Uni-
versity Medical Center and VA Medical Center in Salt Lake City,
Utah. Due to the retrospective nature, informed consent was not
required by the institutional review board. The only inclusion
criteria were MRA and CTA performed within 1 month in the
same patient within the study timeframe. Ninety-six patients
qualified for the study, with 192 carotid arteries. Exclusions in-
cluded carotid occlusions (n = 4) and near occlusions (n = 0)
because lumen markers are difficult or impossible to determine in
these cases. No vessels underwent carotid surgery or stent place-
ment between scans. One hundred eighty-eight carotid arteries
were left in the final analysis. Although a few scans exhibited mild
motion artifacts primarily from swallowing, no carotid images
were sufficiently limited to be excluded from interpretation.

MR Imaging Protocol

Images were obtained on 1.5 and 3T MR imaging scanners (Trio,
Verio, and Prisma; Siemens, Erlangen, Germany) with standard
or custom carotid coils.*® Our standard clinical MRA protocol
includes axial TOF, axial MPRAGE, coronal precontrast, post-
contrast arterial, and venous phase T1-weighted images. Coronal
postcontrast MRA neck images extended from the aortic arch
through the circle of Willis.

IPH Determination by MPRAGE

Our prior research has shown that MPRAGE images have high
intra- and interobserver agreement at both field strengths, with or
without specialized coils, and that the MPRAGE-positive area
highly correlates with the IPH area on histology.” MPRAGE pa-
rameters included the following: 3D, TR/TE/TI = 6.39/2.37/370
ms, flip angle = 15°, FOV = 130 X 130 X 48 mm?>, matrix =
256 X 256 X 48, voxel = 0.5 X 0.5 X 1.0 mm?>, fat saturation,
acquisition time ~ 5 minutes. Images were obtained from 20 mm
below to 20 mm above the carotid bifurcation at a 1.0-mm section
thickness.>' To produce 3D images, we used a secondary phase-
encoding gradient in the section-select direction, and measure-
ments for all section-selection phase encodings were performed
with rapid acquisition in each segment. Carotid IPH was deter-
mined by MPRAGE-positive plaque with at least 1 voxel demon-
strating at least 2-fold higher signal intensity relative to adjacent
sternocleidomastoid muscle as previously described.®

CTA Protocol

CTA was performed with a 64-section scanner (Definition or Def-
inition AS; Siemens), with dose modulation and 100-120 kV-
(peak). Images were obtained from the aortic arch through the
skull vertex at a thickness of 0.625 mm. Intravenous access was
through an antecubital vein by using an 18- or 20-ga angiocath-
eter. A total of 100 mL of iopamidol (Isovue 370; Bracco, Prince-
ton, New Jersey) was injected at 4 mL/s. Bolus monitoring used an
ROI in the ascending aorta and a trigger at 100 HU. Injections
were performed with a 10-second delay. Multiplanar reformats
were created, and images were reviewed on a PACS workstation
on CTA settings (window 96, level 150 HU) and were modified as

required to depict CTA lumen markers and calcification.
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Imaging Reviewers

All carotid imaging markers were determined by consensus of 2
reviewers blinded to stroke status and clinical covariates. In cases
of disagreement, consensus was obtained with a third reviewer.
CTA lumen and calcification markers were determined sepa-
rately, and reviewers were blinded to MR imaging IPH status. All
reviewers had experience with neurovascular imaging interpreta-
tion and included a radiology resident in training (L.B.E.), neu-
roradiology fellow (B.W.A.), and board-certified neuroradiology
attending physician (J.S.M.). k analysis was performed to determine
the rim sign interrater reliability (0.85) and intrarater reliability
(0.86). CTA calcification examples are shown in Figs 1 and 2.

CTA Markers
CTA markers included the time between MR imaging and CTA,
presence of calcification, adventitial calcification pattern, per-

FIG 1. Positive rim sign and carotid IPH. Top: Carotid CTA with posi-
tive rim signs (arrows) in both carotid plaques. Bottom: MPRAGE with
bilateral carotid IPH (arrows) in the same patient. IPH was defined by
MPRAGE-positive plaque, using a signal threshold of 2-fold signal in-
tensity over the adjacent sternocleidomastoid muscle.

centage diameter stenosis, millimeter stenosis, maximum total
plaque thickness, maximum soft-plaque thickness, maximum
hard-plaque thickness, ulceration, and intraluminal thrombus.
All measurements were obtained by using the submillimeter tool
on a PACS workstation.

Time between CTA and MR Imaging

The time between scans was recorded in days and was used as a
potential confounder for the association between CTA markers
and MR imaging—detected IPH.

CTA Calcification Markers

Carotid arteries with thin adventitial calcification of <2 mm were
subdivided into 2 groups: A positive rim sign was defined as ad-
ventitial calcification (<2-mm thick) with internal soft plaque
(=2-mm thickness), and a negative rim sign was defined as ad-
ventitial calcification (<2-mm thick) with minimal if any internal
soft plaque (<2-mm thickness). “Bulky calcification” was defined
as calcification measuring =2-mm thick without associated thin
adventitial calcification measuring <2-mm thick.

CTA Lumen Markers

Percentage diameter stenosis was determined by using NASCET
criteria on contrast CTA. Briefly, the diameter (b) at the level of
maximal stenosis and diameter (a) of the ICA distal to the stenosis
were used to calculate percentage diameter stenosis by using the
formula [(a — b) / a] X 100%. Carotid stenosis was measured at
the narrowest segment of the carotid plaque (b) on axial images,
perpendicular to the long axis of the vessel on multiplanar refor-
mats by using a submillimeter measurement tool on a PACS
workstation. The distal ICA diameter (a) was measured beyond
the bulb where the walls are parallel and no longer tapering per
NASCET criteria.>*** We performed the multivariable regression
analysis by using both the NASCET measurement of percentage
diameter stenosis [(a — b) / a] X 100% and the previously de-
scribed millimeter stenosis (b) measurement.”> Near occlusions
were excluded from percentage stenosis calculation and were
identified by the following CTA criteria: visible bulb stenosis, dis-
tal ICA diameter of =3 mm, and distal ICA/distal external carotid
artery ratio of =1.25 originally adapted from standard conven-

FIG 2. CTA calcification. Left: Positive rim sign (arrow), adventitial calcification measuring <2 mm in thickness with adjacent soft plaque
measuring =2 mm in thickness. Middle: Adventitial calcification without a rim sign (arrow), adventitial calcification measuring <2 mm in
thickness with <2 mm adjacent soft plaque. Right: Bulky calcification (arrow), calcified plaque of =2 mm.
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tional angiography.”**> The presence of ulceration was deter-
mined on CTA images by using a size threshold of 2 mm reported
in prior studies.” Intraluminal thrombus was defined by an in-
traluminal filling defect on CTA as previously described.*® Max-
imum plaque thickness was measured in the transverse plane on
CTA. These CTA lumen markers are shown in the On-line Fig 1.
In addition, maximum soft-plaque and hard-plaque thicknesses
were measured on CTA, as previously described.”

Clinical Demographics

Clinical demographics were determined by retrospective chart re-
view. Carotid atherosclerosis risk factors of age, male sex, diabe-
tes, hypertension, hyperlipidemia, body mass index, and smoking
status were identified. These were determined by retrospective
chart review, with standard clinical definitions. For hypertension,
the diagnosis was made when the average of =2 diastolic blood
pressure measurements on at least 2 subsequent visits was =90
mm Hg or when the average of multiple systolic blood pressure
readings on =2 subsequent visits was =140 mm Hg. For hy-
perlipidemia, the diagnosis was made when low-density lipo-
protein was >100 mg/dL. Cardiovascular medications were
recorded, including antiplatelets, anticoagulants, statins, and
antihypertensives.

Statistical Analysis
Intrarater (test-retest) reliability for the presence of the rim sign
was assessed for 1 reviewer (J.S.M.), and interrater reliability for
the presence of the rim sign was assessed for 2 reviewers (J.S.M.
and L.B.E.), both with a k coefficient. Statistical modeling was
performed by using generalized estimating equations to account
for data clustering, with up to 2 carotid arteries per patient. Ca-
rotid arteries were treated as separate units or units of analysis
grouped within each subject because IPH may be associated with
local markers of carotid plaque vulnerability (plaque calcification
pattern, thickness, stenosis, and other lumen markers). At the
patient level, systemic clinical factors affecting both carotid arter-
ies (age, male sex, and other cardiovascular risk factors and med-
ications) were considered in the model as potential confounding
variables. Given that >1 marker for IPH was being studied, po-
tential confounding was investigated on the outcome variable or
groups positive and negative for IPH, so only 1 data table was
required, with P values from univariable generalized estimating
equation Poisson regression models. The Poisson regression ap-
proach directly estimates the risk ratio, or prevalence ratio in our
case, which is more intuitive to interpret than an odds ratio from
a logistic regression approach.?® Next, all potential confounding
variables with P < .10 from a univariable model were placed in an
initial multivariable generalized estimating equation Poisson re-
gression model for IPH and then were eliminated in a backward
fashion until all remaining variables met the threshold P < .10.
Liberal significance criteria, P < .10, were used to protect against
residual confounding.””

For hypothesis testing of which markers are predictive of IPH,
we used the traditional P < .05. In binary outcome models, 5
outcome events for every predictor variable are sufficient to avoid
overfitting.”® With 44 carotid IPH events and 144 non-IPH
events, 44/5 = 8.8, or up to 8 predictor variables could be included

Table 1: Clinical characteristics

Characteristic Patients (N = 96)

Age (mean) (SD) (yr) 65.7 (13.4)
Male sex (No.) (%) 75(78))
BMI (mean) (SD) (kg/m?) 28.0(4.9)
Smoking (No.) (%)

Current smoker 28(29.2)

Prior smoker 24 (25.0)
Hypertension (No.) (%) 75(78.)
Hyperlipidemia (No.) (%) 61(64.2)
Diabetes (No.) (%) 38(39.6)
Antihypertension (No.) (%) 60 (62.5)
Statins (No.) (%) 50 (52.1)
Antiplatelets (No.) (%) 50 (52.0)
Anticoagulation (No.) (%) 9(9.4)
Days between CTA and MRA (mean) (SD) 5.9 (8.6)

Note:—BM | indicates body mass index.

in the model without overfitting, exceeding the number of vari-
ables remaining in the final model. To assess the discriminatory
potential of each marker or combination of markers, we reported
clustered data area under the receiver operating characteristic
(ROCQC) curve (AUC), with bootstrapped 95% confidence inter-
vals.”" Similarly, AUCs were compared by using the clustered
method of Pepe et al.”’ To guard against overfitting and optimism
of the AUCs, in which an AUC could be higher in the present
sample of patients than it would in future patients, we performed
abootstrap validation for each clustered data AUC calculation on

1.>2 Given that in all cases

the fixed list of predictors in the mode
the optimism was <1%, so that the original AUCs and boot-
strapped validated AUCs were identical to the precision reported,
there was no need to report both. All statistical analyses were
performed with STATA 13.1 statistical software (StataCorp, Col-

lege Station, Texas).

RESULTS

Clinical Characteristics

Ninety-six patients were recruited for the study. Patients were
predominantly older men (mean age, 65.7 = 13.4 years; 78.1%
male) with carotid atherosclerosis risk factors (54.2% were cur-
rent or prior smokers, 78.1% had hypertension, 64.2% had hyper-
lipidemia, 39.6% had diabetes), and many were on medical ther-
apy for carotid disease (62.5% on antihypertensives, 52.1% on
statins, 52.1% on antiplatelets) (Table 1).

Imaging and Clinical Characteristics by Vessel

We evaluated imaging and clinical characteristics by vessel in
groups positive and negative for IPH in Table 2. Each patient
contributed 2 carotid arteries, with the exception of 4 carotid
occlusions, leaving 188 carotid arteries for the final sample. Ca-
rotid stenosis was worse in the group positive for IPH versus the
negative one (NASCET stenosis of 53.5% versus 24.9% and mil-
limeter stenosis of 2.27 versus 3.60 mm, P < .001). Maximum
plaque thickness was also higher in the group positive for IPH
versus the negative one (5.93 versus 3.42 mm, P < .001), as was
maximum soft-plaque thickness (5.26 versus 2.99 mm, P < .001)
and maximum hard-plaque thickness (2.97 versus 1.91 mm, P =
.002). There was higher prevalence of plaque ulceration (56.8%
versus 29.9%, P = .005) and intraluminal thrombus, though this
was rare and not significantly different between the 2 groups
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Table 2: Carotid plaque CTA markers associated with IPH®

Imaging and Clinical Characteristics IPH (-) IPH (+)
by Vessel (n=144) (n=44) P Value
Carotid NASCET percentage stenosis 24.9 (29.5) 53.5(24.5) <.001
(mean) (SD)
Mild (0%-49.9%) (No.) (%) 12(77.8) 16 (36.4)
Moderate (50%—69.9%) (No.) (%) 16 (11.1) 14 (31.8)
Severe (70%-99.9%) (No.) (%) 16 (11.1) 14 (31.8)
Carotid mm stenosis (mean) (SD) 3.60(1.47) 2.27(1.21) <.001
Carotid maximum total plaque thickness 3.42(1.83) 5.93(1.48) <.001
(mean) (SD) (mm)
Carotid maximum soft-plaque thickness 2.99 (1.60) 5.26 (1.50) <.001
(mean) (SD) (mm)
Carotid maximum hard-plaque thickness 1.91(1.72) 2.97 (118) .002
(mean) (SD) (mm)
Carotid plaque ulceration (No.) (%) 43(29.9) 25(56.8) .005
Carotid intraluminal thrombus (No.) (%) 11(7.6) 6 (13.6) 185
Carotid calcification present (No.) (%) 103 (71.5) 43(97.7) .015
Bulky calcification (=2 mm) (No.) (%)° 66 (45.8) 36 (81.8) .001
Thin adventitial calcification (<2 mm)
Rim sign + (No.) (%) 17 (1.8) 39(88.6) <.001
Rim sign — (No.) (%) 60 (417) 4(9.) <.001
Days between MRA and CTA (No.) (SD) 5.6(8.2) 6.9(9.3) 453
Male sex (No.) (%) 103 (71.5) 43(97.7) 017
Age (mean) (SD) (yr) 63.4(14.1) 73.5(7.2) <.001
BMI (mean) (SD) (kg/m?) 28.0(5.2) 281(4.2) 955
Smoking (No.) (%)
Current smoker 49 (34.0) 4(9.) .019
Prior smoker 34(23.6) 13(29.6) .534
Hypertension (No.) (%) 110 (76.4) 37 (84.) 382
Hyperlipidemia (No.) (%) 88 (61) 33(78.6) .092
Diabetes (No.) (%) 50 (34.7) 24 (54.6) .057
Antihypertension (No.) (%) 85(59.0) 33(75.0) 143
Statin (No.) (%) 68(47.2) 29(65.9) .080
Antiplatelets (No.) (%) 69 (47.9) 27 (61.4) 206
Anticoagulation (No.) (%) 13(9.0) 5(11.4) 713

Note:—IPH (—) indicates no MPRAGE positive plaque, and IPH absence; IPH (+), MPRAGE positive plaque, and IPH
presence. Bulky calcification indicates calcified plaque of =2 mm. Two types of adventitial calcification were recorded,
both with <2-mm adventitial calcification: Rim sign —, <2-mm soft plaque; Rim sign +, =2mm soft plaque.

 From the 96 patients, 188 carotid arteries were analyzed after excluding occlusions (n = 4) and near occlusions (n = 0).
Means/SDs were calculated using ordinary formulas. We based significance tests and P values on univariable general-
ized estimating equation Poisson regression, taking into account the correlation of up to 2 carotid arteries per person.
Factors with P < .10 were included in the initial multivariable Poisson regression analysis.

Table 3: Final model of CTA markers associated with IPH?

Carotid IPH Prediction PR P Value 95% Cl
Carotid plaque rim sign (present versus absent) 1.9 <.001 4.4-32.0
Maximum soft-plaque thickness (per 1-mm increase) 12 .06 0.99-1.40

Note:—PR indicates prevalence ratio.
2 After multivariable Poisson regression with sequential backward elimination of factors that did not meet the thresh-
old of P < 10, the final carotid IPH model depended on the positive rim sign and maximum soft-plaque thickness.

IPH ROC Comparison Analysis

ROC comparison analysis for IPH is
shown in Fig 3. The final IPH prediction
model was excellent in determining ca-
rotid IPH (AUC = 0.94; 95% CI, 0.90—
0.97). The final model performed signif-
icantly better than the rim sign alone
(AUC = 0.94 versus 0.88, P < .001),
maximum soft-plaque thickness alone
(AUC = 0.94 versus 0.86, P < .001),
NASCET stenosis alone (AUC = 0.94
versus 0.77, P < .001), and ulceration
alone (AUC = 0.94 versus 0.63, P <
.001) (Fig 3A). In addition, IPH pre-
diction with-versus-without the rim
sign was significantly better in models
using maximum soft-plaque thickness
(AUC = 0.94 versus 0.86, P < .001),
NASCET stenosis (0.90 versus 0.77, P <
.001), or ulceration (0.90 versus 0.63,
P <.001).

DISCUSSION

Carotid MR imaging optimally detects
carotid stroke sources and future stroke
risk by characterizing IPH.>” Major
barriers to progress are that the patho-
physiology of carotid IPH is unknown
and there are no known treatments or
preventative measures available. An-
other barrier is that many patients un-
dergo other imaging, including CTA,
during work-up, and IPH status is un-
known without additional MR imaging
with its associated costs and contraindi-
cations (eg, pacemaker). Our study
shows that of the CTA markers predict-
ing IPH, adventitial calcification with
internal soft plaque, a rim sign, performs
best. Identifying IPH by using CTA
markers would greatly benefit clinicians.
IPH status can identify stroke sources
that would otherwise be ignored and di-
agnosed as cryptogenic if stenosis is

(13.6% versus 7.6%, P = .185). Some factors were potential con-
founders between groups positive and negative for IPH (P < .10),
requiring multivariable regression.

Multivariable Generalized Estimating Equation Poisson
Regression Analysis

Multivariable regression analysis was performed with the out-
come of carotid IPH and the primary predictor, the rim sign.
Potential confounders were eliminated in a backward fashion
with a threshold of P > .10. At this threshold, CTA predictors of
IPH included the rim sign (prevalence ratio = 11.9; 95% CI, 4.4 —
32.0; P < .001) and maximum soft-plaque thickness (prevalence
ratio = 1.2;95% CI, 0.99-1.40; P = .06) (Table 3).
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<50%."? In addition, IPH is known to be refractory to standard
medical management with an up to 45% annual stroke risk in
patients with >50% stenosis.* Identification of carotid IPH is
becoming more and more clinically relevant, indicating the need
for early optimal medical therapy, close follow-up intervals for
stenosis progression or new ischemic stroke symptoms, and iden-
tification of patients with treatment failure necessitating surgery
or stent placement.

The underlying mechanism behind this association of IPH and
the rim sign is uncertain. A potential link between IPH and ad-
ventitial pathology may lie with adventitial neovessel prolifera-
tion and inflammation.® Adventitial inflammation and oxidative
stress have been linked to endothelial bone-morphogenic pro-



FIG 3. A, ROC comparison analysis demonstrates the superiority of the final model (rim sign and maximum soft-plaque thickness) in predicting
carotid IPH. 1) Rim sign + maximum soft-plaque thickness (black circles). The solid line indicates AUC = 0.94 (95% Cl, 0.90-0.97). 2) Rim sign (light
gray diamonds). The dashed line indicates AUC = 0.88, (95% Cl, 0.83—0.94). 3) Maximum soft-plaque thickness (light gray squares). The dotted
line indicates AUC = 0.86 (95% Cl, 0.80—0.91). 4) NASCET stenosis (dark gray triangles). The dashed-dotted line indicates AUC = 0.77 (95% ClI,
0.70-0.84). 5) Ulceration (x). The large dashed line indicates AUC = 0.63, (95% Cl, 0.55-0.72). B, ROC comparison of the rim sign in addition to
maximum soft-plaque thickness in predicting IPH. 1) Rim sign + maximum soft-plaque thickness (black circles). The solid line indicates AUC =
0.94 (95% Cl,0.90-0.97). 2) Maximum soft-plaque thickness (light gray diamonds). The dotted line indicates AUC = 0.86, (95% Cl,0.80—0.91) (P <
.001). C,ROC comparison of the rim sign in addition to NASCET stenosis in predicting IPH. 1) Rim sign + NASCET stenosis (black circles). The solid
line indicates AUC = 0.90 (95% Cl, 0.85—-0.96). 2) NASCET stenosis (light gray diamonds). The dotted line indicates AUC = 0.77 (95% ClI,
0.70-0.84) (P < .001). D, ROC comparison of the rim sign in addition to ulceration in predicting IPH. 1) Rim-sign + ulceration (black circles). The
solid line indicates AUC = 0.90 (95% Cl, 0.84—0.96). 2) Ulceration (light gray diamonds). The dotted line indicates AUC = 0.63 (95% Cl, 0.55-0.72)

(P < .001).

tein-4 production by endothelial cells.'* IPH has also been shown
to be stimulated by the angiotensin pathway in animal models,*”
and blockade of the angiotensin system inhibits vascular calcifi-
cation by suppressing bone-morphogenic protein-2.>* Bone-
morphogenic protein-4 and bone-morphogenic protein-2 are
known to stimulate pathways leading to vascular calcification,
with interactions among endothelial cells, macrophages, and peri-
cytic myofibroblasts forming a vascular osteogenic triad.'* The
rim sign of adventitial calcification may therefore be a marker of
adventitial neovessel dysfunction and hemorrhage propensity.
Our study also shows not only that IPH prevalence is high with
arim sign but that it further increases with increasing soft-plaque
thickness. This finding corresponds with prior research demon-
strating a high ROC AUC by using soft-plaque thickness to pre-
dict high plaque signal on 3D TOF, though this was only assessed
in severe stenosis groups.'”'" Further research has demonstrated
that soft-plaque thickness on CTA is highly predictive of carotid
IPH on T1WI sequences.>” One limitation of these prior studies
was that TOF and other T'1-weighted images have poor sensitivity
and specificity compared with the MPRAGE sequence.” Most im-
portant, our study confirms this high association of IPH with

soft-plaque thickness. This association is not surprising because
IPH is known to stimulate plaque growth with time.>> Larger
plaques may be inherently more unstable and prone to hem-
orrhage, potentially due to a larger lipid-rich core and/or a
higher number or more permeable plaque neovessels.

Most interesting, some factors did not remain in our final
model for carotid IPH. One of these factors, stenosis (NASCET
percentage or millimeter), was associated with IPH on univariable
analysis but did not significantly contribute to IPH after multi-
variable regression. While initial reports found that stenosis was
associated with IPH,® we have recently shown that stenosis alone
is a poor discriminator of IPH compared with multivariable mod-
els combining plaque markers and clinical markers.'” In addition,
prior research indicates that plaque ulceration may be used as a
surrogate marker for IPH.” However, our current study shows
that ulceration was a poor predictor of IPH, performing worse
than NASCET stenosis. The relatively poor prediction of IPH by
using ulceration is in line with predictions by other groups.*”
Our data add to previous studies on soft-plaque thickness by
finding additional IPH discrimination by using the rim sign,
with significantly higher ROC curves.
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Because there was varied time between MR imaging and CTA
in this retrospective study, we elected to exclude patients with >1
month between scans. In data not shown, we found that the asso-
ciation between the CTA rim sign and IPH remained high even in
patients with CTA and MRA scans separated by months to years.
This outcome suggests that carotid IPH may continue for long
periods, an observation supported by multiple prior studies
showing MR imaging IPH signal persisting for months to
years.>>?®

A limitation of our study is related to the narrow population
undergoing stroke work-up, limiting generalizability to the pop-
ulation as a whole. Still, this is the population often undergoing
CTA to determine stroke etiology based on stenosis, and our re-
sults may help determine IPH status and further refine stroke risk
in this important group.’” Finally, while this study is limited due
to its retrospective nature and inability to determine causation,
these data add further support to the ability of CTA to suggest the
presence or absence of IPH with a high level of discrimination.
Future prospective studies could test whether adventitial calcifi-
cation and plaque thickness precede IPH or vice versa.

CONCLUSIONS

Carotid IPH can be highly predicted by CTA markers, including
the rim sign of adventitial calcification and internal soft plaque.
Because CTA is often used in patients undergoing stroke work-
up, a rim sign combined with soft-plaque thickness may identify
carotid stroke sources that would otherwise be ignored using lu-
men stenosis or ulceration. The rim sign could also be used to
identify patients with a high likelihood of having IPH, to enrich
recruitment for future studies aimed at preventing stroke in this
high-risk population.

Disclosures: ). Scott McNally—RELATED: Grant: Radiological Society of North Amer-
ica Research Scholar Grant (RSCH1414),* University of Utah Intramural Seed Grant
(51900178).* *Money paid to the institution.
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ORIGINAL RESEARCH
HEAD & NECK

Do Radiologists Report the TNM Staging in Radiology Reports
for Head and Neck Cancers? A National Survey Study

ABSTRACT

B. Ko, ““'U. Parvathaneni, “P.A. Hudgins, and “*'Y. Anzai

BACKGROUND AND PURPOSE: CT and MR imaging are widely used for the staging of head and neck cancer. Currently, there are no data
regarding whether the primary tumor, nodes, metastasis (TNM) staging is routinely incorporated into radiology reports. We conducted a

national survey to determine whether radiologists routinely address staging, in particular regarding T (primary tumor) and N (nodal).

MATERIALS AND METHODS: The survey was sent to 782 members of the American Society of Head and Neck Radiology. The survey
asked whether they assign TN staging in reports. If they do assign TN staging, what are the reasons for doing so, and if not, what are the

barriers or reasons for not including it in the radiology report? The method of measuring the size of the primary tumor and pathologic

lymph nodes was also queried.

RESULTS: A total of 229 responses were returned (29.3% response rate). Approximately half (49%; 95% confidence interval, 43.55-54.5%)
of the responders thought that incorporating TN staging is important. However, only 24.5% (95% confidence interval, 19.8%—29.2%) stated

that they routinely assigned TN staging in their radiology reports. The most common barriers were being afraid of being inaccurate (59%)

and being unable to remember the staging classifications (58.2%); 76.9% indicated that they measure a primary tumor in 3D.

CONCLUSIONS: Staging head and neck cancer based on imaging presents unique challenges. Nearly half of the responding radiologists

think it is important to incorporate TN staging in radiology reports, though only a quarter of them routinely do so in practice.

ABBREVIATIONS: H&N = head and neck; TNM = (primary) tumor, nodes, metastasis

T and MR imaging are widely used for the staging of a newly
diagnosed head and neck (H&N) squamous cell carcinoma.'™
Treatment decisions depend on various factors, including the
stage of disease, pathologic type, comorbidities, certain risk fac-
tors such as human papillomavirus status, and the patient’s pref-
erence regarding treatment. Consistent, accurate, and precise
characterization of H&N cancer on the imaging report is thus an
integral component of staging of H&N squamous cell carcinoma.
The primary tumor, nodes, metastasis (TNM) classification of
the American Joint Committee on Cancer/Union for Interna-
tional Cancer Control is a widely accepted staging system. The
tumor stage impacts treatment decisions, predicts prognosis, and
helps determine the patient’s eligibility for various clinical trials.
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An explicit statement of the American Joint Committee on Can-
cer TNM classification in radiology reports has not been the stan-
dard practice to date.”” The value of incorporating staging infor-
mation into radiology reports on treatment decisions or,
ultimately, outcomes has not been previously studied or reported,
to our knowledge.

Currently, there are no data regarding how often TNM staging
information is routinely incorporated into radiology reports for
patients with H&N squamous cell carcinoma. We conducted a
national survey to determine whether radiologists routinely re-
port the stage of the primary tumor and metastatic nodes in their
final imaging interpretation in patients with H&N cancer. In ad-
dition, we explored the perceived barriers and values of incorpo-
rating TN staging among radiologists. Because cross-sectional im-
aging was emphasized, and not PET/CT, questions regarding
distant metastases were not included.

The aim of this pilot study, therefore, was to assess the current
practice of assigning a TN stage in the radiology report. This in-
formation may improve understanding in current practice and
permit an open discussion among radiologists, oncologists, sur-
geons, administrators, and payers regarding how standardized


http://orcid.org/0000-0001-5197-3767
http://orcid.org/0000-0003-2370-4492
http://orcid.org/0000-0001-8816-4744
http://orcid.org/0000-0003-2988-7445
https://twitter.com/yoshimianzai

Survey Questions

Question 1. Nature of practice:

a) Academic, b) private, c) both
Question 2. Years of Experience
a) <2 years, b) 2-5 years, c)5-8 years, d)>8 years

Question 3. Do you sub-specialize in Head and Neck Radiology?

a) Yes, b)No

Question 4. Do you routinely issue a radiology report using TN(M) staging?

a) Yes, b)No

Question 5. In your opinion, what are the barriers that might prevent radiologists from
using the TN(M) staging system during reporting? (Check all that apply)

a) Afraid of inaccuracy

b) Time-consuming

c) Unable to remember the staging classification
d) No reimbursement

e) Not required

f) Other: (Space included for comments)

Question 6. If you are currently incorporating the TN(M) staging system, what are the

reasons for this practice? (Check all that apply)

The survey asked the following ques-
tions: 1) the nature of practice (aca-
demic versus private); 2) years of expe-
rience; 3) whether the radiologist
subspecialized in H&N radiology, deter-
mined by self-identification; 4) their
practice of routine assignment of TN
staging in CT/MR reports; 5) the reasons
for not explicitly reporting the stage in
reports; or 6) the reasons for assigning
the stage in reports; and 7) the impor-
tance of incorporating TN or TNM stag-
ing in a radiology report.

In addition, we asked the method of
measuring the primary tumor and cervi-
cal lymph node size because these mea-
sures impact the assignment of T and N
staging. The different methods of mea-
suring can have varying prognosis and
treatment modalities.*”"*

Figure 1 shows the copy of survey.

a) Believe in added values required from surgery or oncology colleagues

b) Educational value

c) Help the treatment decision

d) Not applicable

e) Other: (Space included for comments)

Question 7. How do you measure the size of primary H&N tumor?

a) One dimension in the axial plane,
b) Bi-dimension in the axial plane,

c) Three dimensions including the cranio-caudal dimension

Question 8. How do you measure cervical lymph nodes?

a) Short axial dimension,
b) Longest axial dimension
c) Bi-dimension

d) Three dimensions including the cranio-caudal dimension

Instrument

Questions were formulated with multi-
ple-choice answers by using the Catalyst
software. Seven questions were limited
to only 1 choice, whereas 2 questions
provided the possibility of choosing
multiple answers. The 2 questions, 5)
What are the reasons you do not explic-
itly report the stage in reports, and 6)
What are the reasons you do assign the
stage in reports, also included an addi-
tional “Other” answer with a comment
box available for any responses not listed
as an answer choice.

Question 9. How important do you think it is to incorporate TN(M) staging into a

radiology report?

a) Very important, b) Somewhat important,
d) Not very important, e) Not important

FIG 1. Survey questions.

radiology reports could potentially add value to the care of the
patient with H&N cancer.’

MATERIALS AND METHODS

Procedure

The study was approved by University of Washington institu-
tional review board. An electronic survey (Fig 1) was sent to 782
active members of the American Society of Head and Neck Radi-
ology via their e-mail address in April 2014. Nonresponders were
contacted with a reminder after 1 week. Data were collected anon-
ymously by using Catalyst software (http://www.amd.com/
en-us/innovations/software-technologies/catalyst) to protect re-
sponders’ privacy. Participants were not required to answer all
questions and could choose to omit certain responses according
to their level of comfort.

c) Neutral,

Statistical Analysis

Response statistics were given in the
Catalyst software. Data were analyzed
by using standard descriptive statis-
tics. Further frequency tabulation and
descriptive statistics were calculated
by using Excel, Version 14.4.4 (Microsoft, Redmond, Washington).
Confidence interval calculation was performed by using The
Survey System (http://www.surveysystem.com/sscalc.htm).

RESULTS

Participant Demographics

A total of 229 responses were received within 2 weeks (29.3%
response rate). More than 62.8% (95% CI, 57.5%—68.0%) of
the responders were in an academic practice, 23.8% (95% CI,
19.2%-28.4%) of responders were in private practice, and
13.5% (95% CI, 9.8%—17.2%) reported being in combined pri-
vate and academic practice; 63.3% had >8 years of experience,
12.7% of the responders had 5-8 years of experience, 17.0%
had 2-5 years of experience, and 7.0% of responders had <2
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Table 1: Survey responder demographics

Table 3: Reasons for assigning TN staging in radiology reports®

Variable No. of Responses Frequency

Nature of Practice 229

Academic 144 62.8%

Private 54 23.8%

Both 31 13.5%
Years of Experience 229

<2 years 16 7.0%

2-5 years 39 17.0%

5-8 years 29 127%

>8 years 145 63.3%
Subspecialty 229

Head and neck radiology 165 721%

Other subspecialization 64 27.9%

of radiology

Table 2: Perceived barriers to incorporating staging in radiology
reports®

No. of Responses

Answer (n=227) Frequency
Afraid of inaccuracy 134 59.0%
Unable to remember staging 132 58.2%
classification
Time-consuming 106 46.7%
Not required 81 35.7%
Other 74 32.6%
No reimbursement 4 181%

#The sum of responses exceeds the total number of responses (n = 227) because
participants were able to choose multiple answers for this particular question.

years of experience. Subspecialization in H&N radiology was
reported by 72.1% of respondents (Table 1).

Reasons for Not Incorporating TN Staging in Routine
Radiology Reports

Of the total participants, 24.5% stated that they routinely assigned
TN staging in radiology reports. Furthermore, 30.3% (95% CI,
24%-36.5%) of those who subspecialize in H&N radiology rou-
tinely perform TN staging. The 2 most frequent responses to po-
tential reasons for not stating the TN stage in reports or barriers to
such staging were fear of inaccuracies and being unable to remem-
ber the staging classification (Table 2). These responses may be
due to the periodic changes of TNM classification” because the
system is reviewed every 7—10 years and there are changes in the
staging system at various subsites. Approximately one-third
thought that reporting staging was not required, and 18% did not
give the stage due to lack of reimbursement.

Of the 32.6% who replied “other,” the answers were broadly
categorized as follows: 40.5% responded that insufficient clinical
data were provided to accurately report TN staging and that stag-
ing without considering clinical data was not advised. For exam-
ple, vocal cord mobility is an important factor for staging laryn-
geal cancer and cannot always be accurately determined solely on
imaging.'® 16.2% stated that referring physicians prefer to do it
themselves to prevent conflicting readings and that referring phy-
sicians prefer not to have radiology TNM staging in the report.
13.5% responded that their imaging interpretation including all
necessary staging information, just not in the final TN staging.
Staging being done with referring physicians at a Tumor Board
setting was reported in 10.8%. Not interpreting PET scans that are
essential for staging was reported in 8.1%. Finally, 5.4% reported
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No. of Responses

Answer (n=15) Frequency

Believe in added value required 60 52.2%

from surgery or oncology

colleagues
Help the treatment decision 50 43.5%
Not applicable 40 34.8%
Educational value 38 33.0%
Other 17 14.8%

#The sum of responses exceeds the total number of responses (n = 115) because

participants were able to choose multiple answers for this particular question.

that the referring clinician may not fully understand the complex-
ity of staging based solely on imaging.

Reasons for Incorporating TN Staging in Routine
Radiology Reports

Responders who routinely assign TN staging indicated that the
reasons for such practice are the following; 1) They believe it adds
value to the report, 2) it helps determine treatment decisions, and
3) it is of educational value (Table 3). “Not applicable” was avail-
able for those who did not routinely assign TN staging. The num-
ber of people who answered this question (1 = 115) exceeded the
number responding that they routinely assign TN staging. We
speculate that some selected the reasons for incorporating TN
staging on the basis of their expertise, despite not routinely assign-
ing TN staging in their reports. Other responses included the fol-
lowing: 1) to speak same language as head and neck surgery col-
leagues, 2) marketing, 3) faster presentation at the Tumor Board,
and 5) the pathology department follows the College of American
Pathologists protocol to assign pTNM staging, as such radiolo-
gists should assign rTNM staging.

Measurements of Primary Tumor

The survey also asked how radiologists measure the size of a pri-
mary H&N tumor, which is an important determinant of TN
staging. Measuring a primary tumor in 3D was reported in 76.9%
(95% CI, 72.%-81.5%), 17.3% (95% CI, 13.2%-21.4%) of the
responders measure a primary tumor in 2D, and 5.8% (95% CI,
3.%—8.1%) of participants measure a primary tumor in 1D (ie, in
the axial plane; Figs 2 and 3).

Measurements of Cervical Lymph Node Size

Measurements of cervical lymph node size were quite variable.
The survey showed 37.3% (95% CI, 32%—42.6%) of respondents
measured lymph nodes in the longest axial dimension, 17.3% (95%
CI, 13.2%-21.4%) reported that they measure along the short axial
dimension, 28.4% (95% CI, 23.5%-33.3%) of responders measure
cervical lymph nodes in 2 and 16.9% (95% CI, 12.8%-21%) re-
ponders measured in 3D, including the craniocaudal dimension.

Perceived Importance of Incorporating TN Staging into
Routine Practice

Approximately half (48.9%) of the responders answered that assign-
ing TN staging was important, and 34.9% were neutral in their views.
Only 16.2% thought it was not important (Table 4). However,
among the respondents who indicated that TN staging was impor-
tant, 53.6% were not incorporating the stage into their routine
dictations.



FIG 2. Contrast-enhanced axial (A) and coronal (B) CT images of a patient with posterior pharyn-
geal wall cancer. The transaxial dimension is 2.5 cm (short arrow), though the craniocaudal di-
mension exceeds 4 cm (long arrow). Therefore, based on size alone, the stage is T3. Addition of
concurrent chemotherapy to radiation therapy would be appropriate in a T3, but not a T2 lesion.
Additional factors that would upstage this tumor, as described in American Joint Committee on
Cancer, 7th edition (https://cancerstaging.org/Pages/default.aspx) are extension to the larynx,
involvement of extrinsic tongue muscles, medial pterygoid muscle involvement, or hard palate or
mandible invasion. These are all imaging-based characteristics.

FIG 3. Contrast-enhanced axial (A) and coronal (B) CT images of a patient with squamous cell
carcinoma of the right base of the tongue. Although the transaxial dimension is 1.8 cm (short
arrow), the craniocaudal dimension is 3.5 cm, technically at least a T2 lesion, if only the size is
considered. These measurements can only be accurately acquired on imaging. Note that the
largest craniocaudal dimension (long arrow) is submucosal, and on the basis of physical examina-
tion alone, this tumor could be grossly understaged.

responding radiologists viewed it as im-
portant to incorporate TN staging in re-
ports, though only 24.5% of radiologists
routinely assign a stage in these reports.

One of the more common factors
preventing radiologists from using TN
staging appeared to be alack of sufficient
clinical data available to the radiologist.
TN staging based solely on imaging find-
ings is thus perceived to be inaccurate.
Some radiologists thought that with in-
complete history and clinical data, it was
outside their scope of practice to rou-
tinely report formal TN staging. They
also replied that applying TN staging on
the basis of imaging alone can lead to
incomplete data and may potentially
carry medical-legal ramifications. For
practices with robust electronic medical
records allowing readily available clini-
cal information, this concern may not be
amajor barrier. One subsite where stag-
ing might be limited by not knowing the
clinical examination results is staging of

> where vocal cord

laryngeal cancer,'
mobility would change the T stage. An-
other subsite where lack of clinical infor-
mation may limit accurate imaging-
based staging is oral cavity cancer, where
mucosal extent is clearly assessed by the
physical examination. Cross-sectional
imaging does not demonstrate the ex-
tent of the superficial mucosal portion
of the oral cavity lesion. If this informa-
tion is not available in the electronic
medical records, the interpretation
could include all other imaging findings
needed for staging.

Some responders thought that radi-
ologists must provide surgeons and
treating physicians with the relevant
staging information, but it is treating
physicians’ responsibility to merge the
clinical and radiology information to
stage the patient. No studies to date have
addressed how often radiology reports
include all relevant staging information

DISCUSSION
We conducted this survey to understand the current practice
among radiologists primarily in the United States regarding the
use of the TNM staging, and more specifically the TN character-
istics, in their routine reports. Our goal is to open a discussion
among radiologists, referring physicians, administrators, and
payers on how radiology reports could provide relevant staging
information in an unambiguous fashion."'

To our knowledge, this is the first reported national survey
regarding imaging-based staging for practicing neuroradiologists
and H&N radiologists. We found that approximately half of the

for treating physicians to determine accurate staging. A structured
reporting system incorporating the American Joint Committee
on Cancer staging system may help provide complete information
necessary for staging each head and neck subsite. To mitigate the
perceived limitations related to lack of clinical information, the
radiology report could state, “Stage based on imaging alone is T2
N1,” for example. Another method of reporting could be similar
to the pathology report, by using a lowercase r, for example rT2
N1, similar to ¢T2 N1, which represents staging based on clinical
examination.

In addition, an important goal of cross-sectional imaging such
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FIG 4. Axial contrast-enhanced CT at the floor of mouth level. Clin-
ically, this tumor was staged as T2 right oral cavity squamous cell
carcinoma because there was mucosal ulceration and a >2-cm pal-
pable mass. However, there is invasion of the lateral and posterior
genioglossus muscle (long arrow). Note a normal hyoglossus muscle
on the left (short arrow); tumor has completely replaced right hyo-
glossus muscle. This is upstaged to T4a on the basis of CT findings,
changing the prognosis and treatment.

Table 4: Perceived importance of incorporating TN staging in
radiology reports

Answer No. of Responses (n=229)  Frequency
Very important 44 19.2%
Somewhat important 68 29.7%
Neutral 80 34.9%
Not very important 18 7.9%
Not important 19 8.3%

as CT or MR imaging is to address the deeper extension of tumor
(Fig 4), not to measure the superficial mucosal extent of a tumor.
A superficial tongue lesion with no deep invasion may not be
visible on CT or MR imaging and therefore would be potentially
understaged on the basis of imaging alone. Contrary to other body
sites, such as lung cancer in which staging is based solely on im-
aging findings, the staging of H&N cancer sometimes requires
knowledge of the clinical findings. In these settings, the dicta-
tion can be as thorough as possible so that Tumor Board mem-
bers can assign a stage. These examples support the above-
mentioned concerns of radiologists, and such limitations
should be acknowledged. A multidisciplinary Tumor Board
setting is an ideal situation to discuss the clinical and imaging
findings and assign a single TN stage, so that proper treatment
can be planned.

This survey revealed that 76.9% of the responders measure a
primary H&N tumor in 3D. It is critically important because the
staging depends on the largest dimension of a tumor, which is not
necessarily the largest transaxial dimension (Fig 2). For example,
a 1.8-cm tonsil cancer in the transaxial dimension may extend
more than 2 cm in the craniocaudal dimension, which should be
staged at least T2 based on size, and not T1 (Fig 3). Even though
response evaluation criteria in solid tumors require only 1D mea-
surement to address the therapeutic effect of investigational drugs
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in clinical trials, 3D measurement of H&N cancer more accurately
reflects real tumor burden in an individual patient.'*'?

The measurement of cervical lymph nodes was more variable
than that for primary tumors among the survey responders. It has
been reported that the short axial diameter of lymph nodes is the
most accurate indicator of metastatic versus normal or reactive
nodes.®'* The largest diameter of the lymph node also affects the
nodal staging, which is not necessarily the largest transaxial diam-
eter of the lymph nodes. With the advancement of CT technology
and isometric voxel size, coronal or sagittal reformatted images
are routinely obtained in most current practices.'” Thus, measur-
ing the largest dimension of a lymph node is essential for accurate
nodal staging.

TN staging in radiology reports is critical in providing essential
information for treatment planning and prognosis of various

117 It allows precise preoperative extent of tumor, which

cancers.
enhances levels of objectivity of clinical staging based on physical
examination.'® The Quality and Productivity: Proposed Case
Study performed by the National Institute for Health and Care
Excellence in the United Kingdom demonstrated that TNM clas-
sification not explicitly stated but rather implied in free text for-
mat led to delays in treatment or incorrect decisions regarding
treatment.'® This study showed that structured radiology reports
that include explicit TNM staging for cervical, endometrial, ovar-
ian, prostate, and rectal cancer improved prognostic accuracy and
reduced cost on the basis of reduced time secking clarification,
with approximate saving of £2900 (US $4,150) per 100,000 pop-
ulation (www.evidence.nhs.uk/qualityandproductivity)."”

One of the limitations of the current study is that it was sent to
only members of the American Society of Head and Neck Radi-
ology. These results may not apply to a broader and less special-
ized group of radiologists. The argument can be made that all
oncologic studies should be interpreted and reported by subspe-
cialists because treatment regimens vary, on the basis almost en-
tirely of the stage. The importance of providing accurate staging,
especially in the H&N, cannot be overemphasized. A future study
might include the assessment of the clinical practice of incorpo-
rating FDG-PET for staging H&N cancer’™*' and reporting of
TNM staging of H&N cancer on FDG-PET.

CONCLUSIONS

Staging H&N cancer based on imaging presents unique chal-
lenges, but also opportunities. Although some H&N cancers may
not be accurately staged with imaging, staging for most H&N
cancer is determined by the size and local extent, best noted on
cross-sectional imaging, often in conjunction with PET. Future
study is needed to determine whether assigning an imaging-based
stage could improve treatment decisions for patients with H&N
cancer or impact referring physicians’ and patients’ satisfaction.
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ORIGINAL RESEARCH
HEAD & NECK

Reduced Field-of-View Diffusion Tensor Imaging of the Optic
Nerve in Retinitis Pigmentosa at 3T

Y. Zhang, ““'X. Guo, “’M. Wang, ““L. Wang, ““’'Q. Tian, ““'D. Zheng, and ““'D. Shi

O=

ABSTRACT

BACKGROUND AND PURPOSE: Diffusion tensor imaging may reflect pathology of the optic nerve; however, the ability of DTl to evaluate
alterations of the optic nerve in retinitis pigmentosa has not yet been assessed, to our knowledge. The aim of this study was to investigate
the diagnostic potential of reduced FOV-DTI in optic neuropathy of retinitis pigmentosa at 3T.

MATERIALS AND METHODS: Thirty-eight patients and thirty-five healthy controls were enrolled in this study. Measures of visual field and
visual acuity of both eyes in all subjects were performed. A reduced FOV-DTI sequence was used to derive fractional anisotropy, apparent
diffusion coefficient, principal eigenvalue, and orthogonal eigenvalue of the individual optic nerves. Mean fractional anisotropy, ADC, and
eigenvalue maps were obtained for quantitative analysis. Further analyses were performed to determine the correlation of fractional
anisotropy, ADC, principal eigenvalue, and orthogonal eigenvalue with optic nerves in patients with mean deviation of the visual field and
visual acuity, respectively.

RESULTS: The optic nerves of patients with retinitis pigmentosa compared with control subjects showed significantly higher ADC,
principal eigenvalue, and orthogonal eigenvalue and significantly lower fractional anisotropy (P << .01). For patients with retinitis pigmen-
tosa, the mean deviation of the visual field of the optic nerve was significantly correlated with mean fractional anisotropy (r = 0.364, P =
.001) and orthogonal eigenvalue (r = —0.254, P = .029), but it was not correlated with mean ADC (P = .154) and principal eigenvalue (P =
.337). Moreover, no correlation between any DTI parameter and visual acuity in patients with retinitis pigmentosa was observed (P > .05).

CONCLUSIONS: Reduced FOV-DTI measurement of the optic nerve may serve as a biomarker of axonal and myelin damage in optic
neuropathy for patients with retinitis pigmentosa.

ABBREVIATIONS: FA = fractional anisotropy; A L = orthogonal eigenvalue; A// = principal eigenvalue; MDVF = mean deviation of the visual field; ON = optic

nerve; rFOV = reduced FOV; RP = retinitis pigmentosa; VA = visual acuity; VF = visual field

Retinitis pigmentosa (RP) is a common refractory visual dis-
ease and accounts for a large proportion of hereditary visual
impairment. It is characterized by the progressive death of rod
and cone photoreceptors, which leads to corresponding visual
field (VF) defects." As a heterogeneous group of inherited retinal
degenerative diseases,” RP displays extreme genetic heterogeneity.
More than 80 disease genes have been identified so far, 58 of which
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correspond to nonsyndromic RP.” Clinical features of RP include
night blindness, progressive loss of peripheral VFs, reduced or
nondetectable electroretinogram amplitudes, and characteristic
pigmentary degenerative changes of the retina.

Several studies observed that the retinal nerve fiber layer,
formed by expansion of optic nerve (ON) fibers, is significantly
thinner in patients with RP by using optical coherence tomogra-
phy,*” which reflects the changes of the ON in RP. Furthermore,
the occurrence of optic neuropathy in RP was confirmed by a
postmortem study that showed that total axon counts of the ON
were significantly decreased in patients with end-stage RP com-
pared with healthy controls.® However, in vivo diagnosis of optic
neuropathy in patients with RP remains challenging because con-
ventional MR imaging and ophthalmologic examinations often
fail to detect ON disease.

Recently, DTI has emerged as a noninvasive imaging method
with great potential to investigate the morphology and function of
the ON in vivo.”® However, there has been no study of DTT in
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FIG1. Non-diffusion-weighted (BO) image and FA, ADC, and eigenvector maps of DTI. Three ROls
are placed over each intraorbital nerve on the b=0 image (A). ROIs on the b=0-averaged image
(A) are then transferred onto the FA (B), ADC (C), and eigenvector (D) maps.

optic neuropathy of RP to date, especially reduced FOV-DTI
(rFOV-DTI) at 3T, which has the potential advantages of im-
proved signal-to-noise ratio and reduced susceptibility-related
artifacts over conventional DTI.>'° This study set out to investi-
gate the potential clinical utility of rTFOV-DTT in diagnosing optic
neuropathy in RP at 3T. Specifically, we hypothesized that quan-
titative tFOV-DTI might reveal the injury to the ON of RP, which
may be related to visual functions, including both VF and visual
acuity (VA).

MATERIALS AND METHODS
Subjects
Thirty-eight patients (24 males, 14 females; mean age, 37 years;
range, 6—62 years) with RP were recruited for this study from
August 2014 to September 2015 from Zhengzhou University Peo-
ple’s Hospital. No patient had any potentially contributory his-
tory of trauma, poisoning, or metabolic or autoimmune diseases.
Each patient underwent a complete ophthalmologic examination.
Diagnosis of RP was made according to the following criteria: 1) a
history of night blindness, with gradual loss of VA during the day;
2) progressive VF defects, from peripheral to central, leading to
typical tunnel vision; 3) typical fundus changes: optic disc pallor,
attenuated retinal arterioles, and peripheral intraretinal pigment
deposits in a bone-spicule configuration; and 4) abnormal find-
ings on electroretinography: moderately reduced or almost non-
detectable amplitudes of a- and b-waves and prolonged time in-
tervals from stimuli to peak rod or cone isolated responses.*>' '
Patients who had other ocular diseases, such as age-related mac-
ular degeneration, ischemic optic neuropathy, glaucoma, diabetic
retinopathy, and optic neuritis were excluded."”"®

Thirty-five healthy volunteers (22 males, 13 females; mean
age, 36 years; range, 9—60 years) were enrolled as a control group.
All healthy volunteers completed formal ophthalmologic evalua-
tion, including VA and VF. No healthy volunteers had any oph-
thalmologic or neurologic disorders. The bilateral corrected VA
of healthy subjects was =0.8.

This study was approved by the local ethics committee, and all
subjects provided informed consent in writing in accordance with
the Declaration of Helsinki.

MR Imaging Protocol

A 3T whole-body scanner (Discovery
MR 750; GE Healthcare, Milwaukee,
Wisconsin) equipped with an 8-channel
head coil was used, and subjects were in-
structed to close their eyes and remain
still during the MR imaging study. Rou-
tine MR imaging of the brain and orbits
was performed to exclude intracranial
and intraorbital diseases. A 1-mm
isotropic-resolution anatomic 3D TI1-
weighted acquisition based on a magne-
tization-prepared rapid acquisition of
gradient echo sequence was acquired.
For the rFOV-DTT acquisition, a diffu-
sion-weighted spin-echo single-shot
echo-planar imaging with a 2D excita-
tion pulse was used. Thirty noncollinear
diffusion directions with b=600 s/mm”
and a B0 image were acquired with the following parameters: TR =
1800 ms, TE = 90 ms, FOV = 16 X 8 cm?, matrix = 96 X 48, section
thickness = 2 mm with a 0-mm section gap, NEX = 6. The DTI
scanning plane was oriented approximately parallel to the ON with
the scanned volume from the infraorbital rim to the supraorbital rim.

The acquisition time of rFOV-DTI was 5 minutes 37 seconds.

MR Imaging Postprocessing

Postprocessing of rTFOV-DTI was performed by using FuncTool
software (GE Healthcare) on an ADW4.5 workstation (GE
Healthcare). Fractional anisotropy (FA), ADC, and eigenvector
maps were calculated on a pixel-by-pixel basis. Each ON was
manually segmented by 2 experienced neuroradiologists blinded
to the clinical conditions of the patient, on the basis of the section
of the BO images where the intraorbital nerve could be clearly
seen. To further reduce measurement errors, we manually drew 3
ROIs (each with an area of 2 mm?) at the level of intraorbital ON
on the B0 image. ROIs were then transferred to the corrected FA,
ADC, and eigenvector maps (Fig 1). For each ON, mean FA,
ADC, principal eigenvalue (A// = A,), and orthogonal eigenvalue
[AL = (A, + A;)/2]"° were calculated. The routine orbital MR
images of patients with RP were reviewed by 2 experienced
neuroradiologists.

Ophthalmologic Examination

The Humphrey Visual Field Analyzer (Carl Zeiss Meditec, Dub-
lin, California) was used to assess the VF, and analysis was per-
formed while pupils were in natural state. Subjects were in-
structed to keep their eyes open and focus their vision on the
central target to the best of their ability. The threshold testing
program 30-2 was selected to detect central 30° VF with sighting
mark III and background 31.5asb. Results with fixation losses of
<20%, false-negatives of <<33%, and false-positives of <15% were
considered reliable.'* The test was performed twice, and the more
reliable result was used for analysis, to reduce learning effects. The
data were only included in the study if reliable data were obtained in
repeat tests. The mean deviation of the visual field (MDVF) was ob-
tained for quantitative analysis. The best corrected VA was measured
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with the international standard VA chart and was converted to a
logarithm of minimum angle of resolution.

Statistical Analysis

Statistical analyses were performed by using SPSS 17.0 (IBM, Ar-
monk, New York). For DTI measurement, differences between
patients and controls and differences between right and left eyes
were both evaluated by using an independent-samples ¢ test and
paired ¢ test, respectively. Spearman rank correlations were calcu-
lated between DTI parameters (FA, ADC, A//, and A L) and visual
function (MDVF and VA) in patients with RP. Pvalues < .05 were
considered statistically significant.

RESULTS
Epidemiologic and pathologic information of all 38 patients and
35 controls are shown in Table 1. The results of orbital MR imag-
ing are shown in Fig 2, and no morphologic and signal-intensity
abnormality of the ON’s in patients with RP was observed. Al DTI
measurements from patients and controls are summarized in Ta-
ble 2. We made the following observations:

1) Mean FA from the right ONs in the patient group was lower
than that from homolateral nerves in the control group (P <
.001), and the mean FA from the left ONs in the patient group was

lower than that from the homolateral nerves in the control group
(P < .001).

2) Mean ADC from the right ONs in the patient group was
higher than that from the homolateral nerves in the control group
(P <.001), and mean ADC from the left ONs in the patient group
was higher than that from the homolateral nerves in the control
group (P <.001).

3) Mean A// from the right ONs in the patient group was
higher than that from the homolateral nerves in the control group
(P =0.003), and mean A// from the left ONs in the patient group
was higher than that from the homolateral nerves in the control
group (P = .001).

4) Mean AL from the right ONs in the patient group was
higher than that from the homolateral nerves in the control group
(P <.001), and mean A L from the left ONs in the patient group
was higher than that from the homolateral nerves in the control
group (P <.001).

5) All DTT parameters (FA, ADC, A/, A L) between the right
and left nerves in patients showed no significant differences (P >
.05).

DTI measurements of both right and left nerves of the patients
were compared with those of the controls (Fig 3). Significant cor-
relations between MDVF and mean FA (r = 0.364, P = .001) and
between MDVF and AL (r = —0.254,
P = .029) (Fig 4) were observed for pa-

Table 1: Epidemiologic and pathologic information of patients with RP and controls

Patients (n = 38) Controls (n = 35) P Value

Sex (male/female) 24:14 2213 979
Age (yr)? 37 + 15 (6~62) 36 + 14 (9~60) 921
Eyes (Ng/N,) 76 (38:38) 70 (35:35) /
MDVF (dB)®

R —30.26 = 8.94(—37.00~—4.68) —0.69 +0.98(—2.00~1.23) .000°

L —29.41 £ 9.73 (—35.68~—3.85) —0.54 £ 115(—2.71~145)  .000°
VA (LogMAR)®

R 0.52 = 0.70 (0~2) —0.067 £ 0.08 (—0.2~0.1) .000°

L 0.52 = 0.68 (0~2) —0.065 + 0.072(—02~01)  .000°

Note:—LogMAR indicates logarithm of minimal angle of resolution; Ng, number of right eyes; N, number of left eyes;

R, right eye; L, left eye; /, not available.
?Values are mean = SD (range).

5 Values from patient group are median * interquartile range (range), and values from control group are mean = SD (range).

< Significant difference is noted between patients and controls.

tients with RP, but no correlation between
MDVF and mean ADC (P = .154) or be-
tween MDVF and A// (P = .337) was seen.
Moreover, none of DTI parameters for
ONs in RP were correlated with VA (P >
05).

DISCUSSION

In this study, the use of rFOV-DTI for in
vivo characterization of ONs in patients
with RP has been investigated for the
first time. Routine orbital MR imaging
showed no morphologic and signal ab-

FIG 2. Routine orbital MR imaging of patients with RP together with DTI maps. Axial TIWI (A), axial fat-saturated T2WI (B), coronal fat-saturated
T2WI (C), and the corresponding FA (D), ADC (E), and eigenvector maps (F) of DTl in a 48-year-old patient with RP.
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Table 2: DTI parameter data® of patients with RP and controls

conventional excitation, is more advan-

Patients (n = 38)

Controls (n = 35)

FA
R 0.442 + 0.077 0.572 * 0.046
L 0.447 + 0.067 0.581 + 0.044
ADC (X10 >mm?s )
R 1367 = 0.250 1.099 = 0.166
L 1343 +0.218 1.068 = 0122
M/ (X710 mm?s )
R 5.548 * 0.288 5361+ 0.231
L 5.521 = 0.250 5333 £ 0191
AL (X710 >mm?s )
R 4526 + 0249 4.218 + 0146
L 4503 +0.213 4187 * 0106

t Value PValue  tageous in alleviating several problem-
atic issues.”'>'>'” When we compared

—8.840 .000° the measurements of heathy subjects
—10.083 000° with those obtained by using conven-
5417 000° tional DTT as reported in past studies,
6.667 000° the mean FA and ADC were in agree-
ment (0.587 * 0.023, 0.928 * 0.111 X

3.030 .003° 10 >mm?s™"),”'® whereas discrepancy
3.609 001° existed in the mean A//and A L (0.874 =
651 000b 0.262 X 10 *mm?s ™', 2.088 * 0.136 X
8.041 000° 10 >mm?s~").”"? As expected, A// and

Note:—R indicates right eye; L, left eye.
?Values are mean = SD.

® Significant difference between patient nerves and control nerves as determined by using an independent-samples t test.

AL are subject to larger variance subse-
quent to different scan protocols and
hardware compared with ADC and
FA 7-9,18,19

FA measures the level of diffusion an-
isotropy and has been most widely used to
assess the integrity of white matter tracts.”

*% *k

¥

I Gradualloss of retinal ganglion cells in pa-
tients with RP takes place with the pro-
= gressive death of photoreceptor cells, gov-
erned by the trans-synaptic neuronal
degeneration mechanism,”*** and may
lead to axonal degeneration, axonal dis-
ruption or loss, and demyelination in
the ONs of patients with RP. In chronic
ON damage in RP, as the integrity of
axon and myelin is compromised, ON

M control right nerves
|  Bpatient right nerves
Ocontrol left nerves

[ patient left nerves

I tissue is no longer tightly packed and
the widened interstitial space leads to

decreased levels of diffusion anisot-

FA ADC

ropy. This outcome explains the re-

FIG3. The DTl measures of both right and left ONs of patients are compared with corresponding
normal ONs of controls. Bar graphs of mean FA, ADC, principal eigenvalue, and orthogonal
eigenvalue averaged across the right and left optic nerves are shown in 38 patients with RP
compared with the homolateral optic nerves of 35 controls. The error bars denote the SDs across
subjects. The units of the ADC, A//, and AL measures are in X10 > mm? per second . The
asterisk indicates a significant difference compared with the homolateral nerves of controls

(*P < .01, **P < .001).

normality, whereas DTI measurements showed that mean ADC,
A//,and AL for ONs in patients with RP were higher than those of
controls, and mean FA was lower than that of controls. Hence,
rFOV-DTI measurements convey potentially useful information
in the diagnosis of optic neuropathy in RP. Furthermore, FA and
AL respectively decreased and increased with the reduced VF.
In vivo DTT of the ON is challenging in practice due to its
small dimension, which increases the vulnerability to motion and
magnetic susceptibility artifacts. The effect of the hyperintense
signal from surrounding orbital fat and CSF is also pro-
nounced.”®'*'* In our study, rFOV-DTI was achieved with 90°
2D echo-planar radiofrequency excitation followed by a refocus-
ing 180° pulse at 3T. This technique allows multisection imaging,
and contiguous sections using this method can be obtained with
no section gap as needed in zonal oblique multisection EPI.'®
Also, the SNR does not depend on the number of sections because
neighboring sections are not significantly excited by the 2D exci-
tation pulse. Consequently, rFOV 2D excitation, compared with

duced FA for the ON in patients with
RP compared with controls. These re-
sults were similar to those reported in
glaucoma.®*’

VF loss in patients with RP has been
attributed to the death of photorecep-
tors.* With the death of photoreceptor
cells and following loss of retinal ganglion cells, optic neuropathy
of RP advances. VF defects may reflect ON damage in RP. The
significant correlation of the VF defect with FA reduction in pa-
tients with RP suggests that the reduced anisotropy is of func-
tional relevance and may reflect axonal disruption or loss and
demyelination. A previous study by Khong et al** showed that
ADC was not as sensitive as FA for the assessment of neural tissue
degeneration. This finding may explain ADC values for ONsin RP
being higher than those in controls and not correlating with VF in
our study. Another study”” in glaucoma also suggested that FA is
more sensitive than ADC in assessing ON damage.

The A// and AL, as the biomarkers for the integrity of axons
and myelin respectively, are commonly used to gather pathologic
information of ON disease.'>*** In this study, both A// and A L
values for ONs in patients with RP were observed to be higher
than those of controls; this finding likely indicates that axon and
myelin injury might be linked. Because optic neuropathy in RP is
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FIG 4. Correlation of DTl data with visual function. Plot of FA and
orthogonal eigenvalue versus mean deviation of the visual field, re-
spectively, averaged across the pixels inside the ROIs along the optic
nerves of 38 patients with RP (76 affected eyes).

the result of gradual loss of retinal ganglion cells, axonal degener-
ation in the ON rather than demyelination might be the leading
consequence of ON damage in patients with RP. However, our
study showed that there was a significant correlation of A L with
VF, but no correlation of A// with VF in patients with RP. In
general, in patients with RP, there is a delay between pathologic
changes and clinically evident symptoms.'" Consequently, pa-
tients with RP diagnosed by typical symptoms in our study were
likely manifesting a chronic stage of ON damage. A previous
study”” revealed that A// becomes less informative as pathologic
conditions of the human central nervous system progress from
acute to chronic. Hence, changes of A// in patients compared with
controls were detected, but no correlation of A// with visual func-
tion was seen, which was similar to the observation in our previ-
ous study in glaucoma.®

A previous study by Ohno et al' using DTI showed correlation
of FA in the optic radiation with VA but not with VF; in this study,
results from rFOV-DTI showed correlation between FA for ONs
and VF, but no statistically significant correlation was observed
for any other parameters. This might be attributed to the patho-
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logic difference between the ON and optic radiation in patients
with RP, and further studies are needed to better understand the
trans-synaptic degeneration mechanism in RP.

There are several limitations to this study. First, there is a lack
of correlation analysis between DTI measurements and the dis-
ease time course of RP, which could be an important factor in the
damage of ONs. Only the age of onset of symptoms in RP was
obtained, which is an imprecise measure of disease severity and
gives little or no indication of the time point when photoreceptor
degeneration actually began."' Second, suppression of CSF was
not performed, and the hyperintense signal may obscure signal
changes of the ON and lead to potential underestimation of dif-
fusion anisotropy measures such as FA.?® However, the consis-
tency of measurements such as FA with those obtained by using
acquisitions with both fat and CSF suppression'® supports the
validity of the results. Third, the relatively long scan time (5 min-
utes 37 seconds) may still limit the clinical use of this technique,
given the susceptibility to motion.

CONCLUSIONS

The present study demonstrated that rFOV-DTI measurements
of the ON may reflect pathologic conditions in patients with RP
and may serve as a biomarker of axonal and myelin damage in the
optic neuropathy of RP. The use of rFOV-DTI in optic neuropa-
thy of RP may allow early assessment of the status of the ON in this
patient group. The alterations of ON reflected in rFOV-DTI mea-
surements would also be valuable for assessing treatment trials in
patients with RP.
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A New Ultrasound Marker for Bedside Monitoring of Preterm
Brain Growth

I.K.M. Reiss,
J. Dudink

J.A. Roelants, ““I.V.Koning, “/M.M.A. Raets, ““'S.P. Willemsen, “*'M.H. Lequin, ““'RP.M. Steegers-Theunissen,

M. Vermeulen, ““P. Govaert, and

ABSTRACT

BACKGROUND AND PURPOSE: Preterm neonates are at risk for neurodevelopmental impairment, but reliable, bedside-available markers
to monitor preterm brain growth during hospital stay are still lacking. The aim of this study was to assess the feasibility of corpus
callosum—fastigium length as a new cranial sonography marker for monitoring of preterm brain growth.

MATERIALS AND METHODS: In this longitudinal prospective cohort study, cranial ultrasound was planned on the day of birth, days 1, 2,
3,and7 of life; and then weekly until discharge in preterm infants born before 29 weeks of gestational age. Reproducibility and associations
between clinical variables and corpus callosum—fastigium growth trajectories were studied.

RESULTS: A series of 1-8 cranial ultrasounds was performed in 140 infants (median gestational age at birth, 272

weeks (interquartile
range, 26 "' to 28", 57.9% male infants). Corpus callosum—fastigium measurements showed good-to-excellent agreement for inter-
and intraobserver reproducibility (intraclass correlation coefficient >0.89). Growth charts for preterm infants between 24 and 32
weeks of gestation were developed. Male sex and birth weight SD score were positively associated with corpus callosum—fastigium

growth rate.

CONCLUSIONS: Corpus callosum—fastigium length measurement is a new reproducible marker applicable for bedside monitoring of
preterm brain growth during neonatal intensive care stay.

ABBREVIATIONS: BW = birth weight; CC = corpus callosum; CCF = corpus callosum—fastigium; CUS = cranial ultrasound; GA = gestational age; HELLP =

hemolysis, elevated liver enzymes, low platelet count; NICU = neonatal intensive care unit

B rain growth is an important predictor of neurodevelopmental
outcome in preterm infants."™* In neonatal intensive care
units (NICUs), brain growth is usually monitored by manual
measurement of head circumference. However, head circumfer-
ence measurement has a low interrater agreement and does not
correspond well with actual brain development.”® Therefore,
there is a need for a new reliable bedside marker for monitoring
preterm brain growth in clinical practice.
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Brain structures measured by cranial ultrasound (CUS) could
provide clinically applicable markers for brain growth. A few
sonographic markers of brain growth have been used in the past,
mainly measuring the corpus callosum (CC) or cerebellum,
thereby reflecting growth of a small part of the brain only.”'! In
addition to currently available markers of preterm brain develop-
ment, we propose that the length between the genu of the CC and
the fastigium (roof of the fourth ventricle) could serve as a new
marker for brain growth.

The aim of this study was to evaluate the usefulness of corpus
callosum—fastigium (CCF) length and CC length, an existing
marker, as markers for monitoring brain growth in preterm in-
fants during the NICU stay. We assessed the reproducibility of CC
and CCF length measurements, developed growth charts for pre-
term infants between 24 and 32 weeks of gestation, and evaluated
prenatal and postnatal characteristics possibly associated with CC
and CCF growth trajectories. We hypothesized that both mea-
surements are highly reproducible. Furthermore, we hypothe-
sized that CCF and CC growth trajectories are associated with
prenatal and postnatal determinants of neurodevelopmental out-
come in preterm infants.
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FIG1. Inthe upper part, we show the coronal view of the brain and the position of the sonography probe for assessment of the corresponding
correct sagittal plane below. Measurements of the corpus callosum—fastigium and corpus callosum length are displayed in the sagittal sonog-
raphy view (left) and schematically (right). S. Cinguli indicates sulcus cinguli.

MATERIALS AND METHODS

This prospective observational cohort study was performed at the
level III NICU of the Sophia Children’s Hospital, Erasmus MC,
Rotterdam, the Netherlands. The local medical ethics review
board approved this study. Written parental consent was ob-
tained before participation. Between 2010 and 2012, all newly
admitted singleton, preterm infants born before 29 weeks’ ges-
tational age (GA) were eligible for enrollment. We applied the
following exclusion criteria: 1) unknown GA at birth; 2) major
congenital abnormalities, and 3) extensive brain injury (including
intraventricular hemorrhage grade III, posthemorrhagic ventric-
ular dilation, and venous infarction). The latter complications are
expected to influence the validity of the measurements due to
possible midline shift and expected altered brain growth. GA at
birth was dated by using the first day of the last menstrual period
and was confirmed by first trimester crown rump length measure-
ment on sonography. Postnatal age was expressed by postmen-
strual age, calculated as GA at birth + weeks and days of postnatal
age. Pregnancy and neonatal characteristics were collected pro-
spectively. Maternal characteristics were collected retrospectively
from medical records. Pregnancy complications, including intra-
uterine growth retardation and pre-eclampsia and hemolysis, el-
evated liver enzymes, low platelet count (HELLP) syndrome were
obtained from obstetric records and were defined on the basis of
clinical definitions according to national guidelines.'*

Cranial Sonography and Measurements
CUS was performed according to the standard local protocol on
the day of birth; on days 1, 2, 3, and 7 of life; and then weekly until

discharge. The protocol was only disregarded on clinical grounds
(eg, hemodynamic instability). One researcher (M.M.A.R.) per-
formed all CUS by using a MyLab 70 scanner (Esaote, Genoa,
Italy), with a convex neonatal probe (7.5 MHz). Measurements
were performed off-line by using the Mylab software (Esaote).
Measurements of CC and CCF length were performed on a stan-
dard sagittal plane. In this plane, a complete corpus callosum
(genu to the splenium) and distinct vermis of the cerebellum,
including the fastigium, had to be visualized. CCF length was
measured from the genu of the corpus callosum (outer border) to
the fastigium. CC length was measured from outer to outer bor-
der (genu to the splenium, Fig 1). All measurements were per-
formed by 1 investigator (M.M.A.R.). To establish the reliability,
a second investigator (J.A.R), blinded to the previous results,
measured 30 randomly selected scans of varying quality and of
neonates with different GAs.

Statistical Methods

Data were analyzed by using SPSS (Release 21 for Windows; IBM,
Armonk, New York) and R statistical and computing software
(http://www.r-project.org/). P values < .05 were statistically sig-
nificant. Median value and interquartile range and means and SDs
were used as appropriate.

Intraobserver and interobserver agreements for CC and CCF
lengths were evaluated by using the intraclass correlation coeffi-
cient and Bland-Altman plots.'” The intraclass correlation coeffi-
cient was analyzed by using a 2-way mixed model. Cutoff values
were in accordance with Landis and Koch."'* Growth charts were
developed for CCF and CC growth as a function of postmenstrual
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Table 1: Baseline characteristics®

N=140 Missing®

Maternal characteristics
Age (yr) (mean) (SD) 30 (5.6) 0
Ethnicity© 0

Dutch 74 (52.9%)
Other Western 9 (6.4%)
Non-Western 57 (40.7%)

Maternal smoking during pregnancy 26 (18.6%) 17
IVF/ICSI 9 (6.4%) 0
IUGR 42 (30%) 4
PE/HELLP syndrome 37 (26.4%) 0
Chorioamnionitis 37 (26.4%) 0
PPROM 32(22.9%) 0

Neonatal characteristics
GA at birth (wk ™ &%) 2772 (2611-28™) 0
Male sex 81(57.9%) 0
BW (g) 955 (780-1125) 0
Use of antenatal steroids 127 (90.7%) 2
Apgar score at fifth minute 8(7-9) 0
CRIB score 3(1-6) 1
Death 17 (121%) 0
Days on mechanical ventilation 5 (1-14) 3
Days to regain birth weight 9(7-12) 14
Sepsis 67 (47.9%) 0
IVH grade | or I 32(22.9%) 0
Severe BPD 15(10.7%) 33

Note:—IVF/ICSI indicates in vitro fertilization with or without intracytoplasmic
sperm injection; IUGR, intrauterine growth retardation; PE, pre-eclampsia; PPROM,
prolonged premature rupture of membranes; CRIB, clinical risk index for babies; IVH,
intraventricular hemorrhage; BPD, bronchopulmonary disease.

?Baseline data of maternal and neonatal characteristics are presented as median
(interquartile range) or No. (%) unless otherwise specified.

© Missing data were mainly due to early transfer to a secondary hospital.

€ Ethnicity was reported to provide insight in the generalizablity of the study
population.

age (weeks) and weight (grams). To model the relation be-
tween the measured CCF and CC lengths and a predefined list
of covariates, we estimated linear mixed models by using lme
(in the R nlme package; http://www.inside-r.org/r-doc/nlme/
Ime)."'® To account for the within-subject correlation, we used
arandom intercept and random coefficient of GA and a power
variance function to model the residual covariance. The pre-
defined covariates were GA at birth, birth weight (BW) SD
score, sex, intrauterine growth retardation (defined as esti-
mated fetal weight below 10th percentile), pre-eclampsia/
HELLP, chorioamnionitis, death, sepsis, and days on mechan-
ical ventilation. In all models, both GA and GA? (square of GA)
were used as covariates. The additional predictors were added
to this basic model separately (termed “univariable models”
below) and all at once (the multivariable model).

RESULTS

Of 336 neonates admitted to our NICU during the study period,
152 were eligible for inclusion. Twelve neonates were excluded
because they met the exclusion criterion of extensive brain injury,
resulting in a sample size of 140 neonates. Baseline maternal
and neonatal characteristics are listed in Table 1. The median
gestational age at birth was 272 weeks (interquartile range,
26"'-28™"); the median birth weight was 955 g (interquartile
range, 780—1125 g). The number of sonography scans per neonate
ranged from 1 to 8.
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Reproducibility

The mean interobserver difference was —0.3207 % 1.4527 mm for
CCF (P = .244) and 0.4600 * 1.8463 mm for CC length (P =
.183).

The ICCs for interobserver and intraobserver analysis showed
excellent agreement for both CCF and CC length (respectively,
intraobserver: 0.958; 95% CI, 0.912—0.980; interobserver: 0.885;
95% CI, 0.770—-0.944; and intraobserver: 0.922; 95% CI, 0.844—
0.962; and interobserver: 0.893; 95% CI, 0.783-0.948). Figure 2
shows Bland-Altman plots of interobserver and intraobserver
agreement for both measurements.

CC and CCF Length

The mean CCF length was 40.9 = 2.97 mm, with a range from 34.0
to 54.3 mm. The mean CC length was 36.3 = 3.33 mm, with a
range from 26.6 to 48.8 mm. Growth charts of CCF and CC
lengths by postmenstrual age and by weight are shown in Fig 3.

Linear Mixed Models

Results of univariable analyses are shown in Table 2 for CC and
CCF growth. The multivariable analysis confirmed a positive as-
sociation between the BW SD score and the CCF growth rate and
a negative association between female sex and the CCF growth
rate. For the CC growth rate, a positive association was found with
the BW SD score by using multivariable analysis.

DISCUSSION

In this report, we demonstrated that CCF length, measured by
using CUS, is a reproducible and feasible marker that could serve
as a new bedside tool to monitor preterm infant brain growth
during the NICU stay. We provided growth charts of CCF and CC
length for preterm infants from 24 to 32 weeks’ postmenstrual
age. We found that a higher BW SD score results in an increased
CCF and CC growth rate during the hospital stay, while female
infants have a slower CCF growth compared with male infants.

Previous sonography studies have evaluated only a limited
number of brain structures as potential markers for brain growth
or predictors for neurodevelopmental outcome in preterm in-
fants.””'” One explanation for this is that the brain has few easily
recognizable and consistent landmarks for reliable measurements
on CUS. The CC, a flat bundle of white matter that connects the
left and right hemispheres, is one of the brain structures that is
easily visualized and recognizable on CUS.'® Prematurity is
known to affect CC development, by the early transition from
intrauterine to extrauterine life and by postnatal stress and in-
jury,'” leading to both structural and functional impairment.'®'?
Associations have been found between the length and thickness
of the CC and brain volumes and neurodevelopmental out-
come.'"?>?! Purther studies should elucidate whether CC
length can be considered a proxy of telencephalon develop-
ment, creating an impression of white matter development and
brain maturation.

The advantages of using CCF length in the monitoring of brain
growth rely on anatomic and practical issues. CCF length may
be considered a marker of diencephalon and mesencephalon
development and vermis growth. The diencephalon includes
the thalamus, a neural relay center crucial for adequate cogni-
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FIG 2. Reproducibility of corpus callosum—fastigium and corpus callosum lengths by using Bland-Altman plots. The middle dashed lines depict
the average measurement bias in percentage differences. The bold dashed horizontal lines represent the 95% limits of agreement for these

percentage differences.

tive function.?” Altered development of the thalamus, and thus
of the diencephalon, may lead to adverse neurodevelopmental
outcome. Several studies showed impaired thalamus volume
and extreme vulnerability of the thalamus to be neonatal risk
factors after preterm birth.”>?* Whether thalamic injury or
growth impairment directly influences CCF length needs to be
further studied.

One of the other advantages of CCF length measurement is the
use of CUS instead of MR imaging or head circumference mea-
surements. In Table 3, the pros and cons of every method are
depicted. Although volumetric MR imaging is increasingly used
for growth assessment of the preterm brain, its use for serial as-
sessment is still very limited.” Head circumference measurement
has a low interrater agreement and limited association with long-
term outcome and does not measure actual brain growth, but
growth of the skull and the subarachnoid spaces, which are fre-
quently enlarged in preterm infants.>*>> Measurement of CCF
length is not considered a burden compared with head circum-
ference measurement because it can be performed on routine
CUS, which is often recommended weekly in preterm infants.?®
Both CCF length and CC length can already be measured prena-
tally because the CC and the fastigium are visible on sonography
at around 18 weeks of gestation; this feature allows the use of the
same marker prenatally and postnatally for monitoring of brain
growth.””

In accordance with previous studies, we showed satisfactory
reproducibility for CC length.” CCF reproducibility was excellent
too; this finding suggests that both measurements are feasible for

longitudinal evaluation of brain growth. Increasing lengths with
increasing ages and weights, as shown in the growth charts, sup-
port the use of these markers in clinical practice.

We observed a nonlinear growth pattern for CC and CCF
length. Previous studies found an intrauterine constant growth
rate of 0.20—0.22 mm/day of the CC.>**? Also in preterm infants,
a constant-though-slower growth rate was observed.” In contrast
to previous studies, we performed longitudinal measurements
(1-8 scans per infant), allowing a more reliable estimation of CC
growth. Other brain structures, such as the vermis of the cerebel-
lum, show a nonlinear growth pattern as well.® Because we are the
first to evaluate the use of CCF length, no literature is available for
comparison, to our knowledge. We did expect a nonlinear growth
pattern based on current literature.

In Fig 3, parts of the weight charts are gray because we advise
not using these parts as a reference curve. We chose to analyze and
present the complete original data of infants with a postmenstrual
age between 24 and 32 weeks and not to select ideal reference
cases. The drawback is seen in the upper part of the weight charts;
the curves appear to go down above 1400 g and, despite the very
small numbers, the confidence interval narrows. This finding, of
course, does not reflect an incline of brain size, but rather selec-
tion and censoring. These data are not “first measurements”
(reflecting intrauterine accomplished growth) but are follow-up
data of patients with prolonged NICU admission, representing
the most complex cases (eg, with severe chronic lung disease) not
stable enough to be discharged early. In conclusion, the last part of
this curve depicts valid data that you would expect in a NICU
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FIG3. Growth charts of corpus callosum—fastigium (left) and corpus callosum (right) length for preterm neonates as a function of postmenstrual
age (in days) and weight (in grams). On the y-axis, CCF (left) and CC (right) lengths are presented in centimeters. The gray areas indicate the parts
of the weight charts that should not be used as reference curves.

Table 2: Linear mixed models®

CCF Growth CC Growth
Univariable Multivariable Univariable Multivariable
B SE P B SE P B SE P B SE P
GA at birth 0.029 0.012 022° 0.01  0.017 518 0.024 0.017 146 0.004 0.021 857
BW SDS 0.053 0.009 <.0001° 0.050 0.014 <.001° 0.094 001 <.001° 0.075 0.017 <.001°
Sex (female) —0109 0.030 <.001°® —0070 0029 .018® —0.066 0.043 124  —0003 0.035 938
IUGR (no) 0.094 0.033 005°  —0.034 0.045 451 0267 0041 <.001° 0.046 0.054 390
PE/HELLP (yes) —0.064 0.035 068 0.000 0.038 992 —0200 0.045 <.00° —0.052 0046 260
Chorioamnionitis (yes) ~ 0.030  0.035 397 0.031  0.035 370 0136  0.047 004° 0069 0.042 106
Death (yes) —0103 0.048  .033® —0061 0046 186 —0200 0064  .002° —0105 0.054 057
Sepsis (yes) —0.034 0.031 272 —0.021 0029 477 —0.050 0.042 239 —0.043 0.035 218
Days on mechanical —0.001  0.002 432 0.002 0.002 340 —0.003 0.002 160 0.002 0.002 397

ventilation

Note:—SDS indicates SD score; SE, standard error; IUGR, intrauterine growth retardation; PE, pre-eclampsia.

? The effect estimates of maternal and neonatal characteristics on CCF and CC growth in both univariable and multivariable linear mixed models are shown. The effect estimates
(B), standard errors, and P values are given.

® Significant.
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Table 3: Pros and cons of different methods for assessment of
brain growth

HC Ccus MRI
Patient friendly ++ ++ -
Bedside available ++ ++ -
Serial measurement possible ++ ++ -
Fast measurement ++ + -
Reproducible + + ++
Reflecting actual brain growth - + ++
Low costs ++ + -
Dimension 1D 2D 3D

Note:—+ + indicates very good; +, acceptable; —, bad agreement with the corre-
sponding item; %, mediocre; HC, head circumference.

population, but we consider these not representative of normal
growth in preterm infants.

The decreased growth rate of the CCF length in female infants
is in accordance with previous studies, which identified sex differ-
ences in brain structures and neurodevelopmental outcome.”**!
The positive association between BW SD score and CCF and CC
growth rate is also in accordance with current literature.””

One investigator who was trained in visualizing a standard
sagittal plane performed all the scans. This likely improved the
quality of the scans and may have enhanced the reproducibility.
We realize, therefore, that the clinical applicability is probably
overestimated in our cohort. Reliable measurements and a correct
sagittal plane by using CUS depend on the experience of the ob-
server but are easy to learn. Recently developed software to iden-
tify the sagittal plane automatically may further increase the re-
producibility and clinical applicability.*”

This study has some limitations. First, in the Netherlands, pre-
term neonates are transferred to a secondary hospital relatively
early, accounting for very little data in our cohort of infants born
at 29 weeks’ gestation and limited data of infants after 30 weeks’
gestation. Although white matter injury is already visible on scans
after a few days, brain atrophy is often only noticeable after weeks
to months.”* Our short follow-up time could explain why we did
not find an association between expected clinical variables, such
as sepsis and days on mechanical ventilation, and CCF or CC
growth rate. Second, including all scans between 24 and 32 weeks’
postmenstrual age may have influenced the reliability of the
growth charts; that preterm infants lose weight after birth and
start to grow days later is a common finding. Brain growth may be
limited before regaining birth weight (usually after 10 days). This
limitation may have increased variation in CC and CCF lengths.
Extremely preterm and clinically unstable infants have longer
NICU stays and are likely to undergo more CUS. This feature
might have biased our growth charts. On the other hand, our data
reflect clinical practice in a neonatal intensive care setting.

In future studies, it would be interesting to compare fetal and
preterm CCF growth. Currently, we are scanning fetuses in the
second and third trimesters of pregnancy to develop reference
curves for fetal brain growth, which could also serve as an ideal
growth curve for preterm neonates. We were not yet able to assess
the association between feeding regimens and growth during the
NICU stay and CCF growth trajectories. This is of interest because
it may have clinical implications for nutritional practices. More-
over, CCF length can possibly be used as an outcome measure in
nutritional and other intervention studies. It would be of main

interest to assess whether CCF length, possibly combined with
other available markers of brain growth such as CC length, could
serve as a predictor of neurodevelopmental outcome. The clinical
applicability may extend beyond the NICU stay into the outpa-
tient follow-up period because the anterior fontanelle can be used
as an acoustic window until approximately 6 months in most
infants.

CONCLUSIONS

There is a lack of bedside markers for brain growth in preterm
infants during the NICU stay. We propose a feasible, new sonog-
raphy measurement called “corpus callosum—fastigium length”
with high reproducibility for monitoring brain growth in preterm
infants during the hospital stay. This marker may help clinicians
determine whether preterm infants show adequate postnatal
brain growth and may eventually be used as an outcome measure
in nutritional and other intervention studies. Further research is
warranted to assess whether this marker could also serve as an
early predictor for short-term and long-term neurodevelopmen-
tal outcome.
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MR Imaging of the Pituitary Gland and Postsphenoid
Ossification in Fetal Specimens

T.M. Mehemed, “Y. Fushimi, ““'T. Okada, “*M. Kanagaki, ““’A. Yamamoto, ““T. Okada, ““T. Takakuwa,
S. Yamada, and “*K. Togashi
O=

ABSTRACT

BACKGROUND AND PURPOSE: A thorough knowledge of fetal growth and development is key to understanding both the normal and
abnormal fetal MR imaging findings. We investigated the size and signal intensity of the normal pituitary gland and the intrasphenoidal
ossification around the Rathke pouch in formalin-fixed fetuses on MR imaging.

MATERIALS AND METHODS: Thirty-two fetuses with undamaged brains were included in this study (mean age, 19.93 weeks; age range,
12-31 weeks). Visual inspection of the pituitary and ossification around the Rathke pouch in the sphenoid bone or the postsphenoid
ossification was conducted. The extent of pituitary and postsphenoid ossification, pituitary/pons signal ratio, and postsphenoidal ossifi-
cation/sphenoid bone signal ratio was compared according to gestational age.

RESULTS: The pituitary gland was identified as a hyperintense intrasellar structure in all cases, and postsphenoid ossification was identified
as an intrasphenoidal hyperintense area in 27 of the 32 cases (84%). The mean pituitary/pons signal ratio was 113 = 0.18 and correlated
weakly with gestational age (R* = 0.243), while the mean postsphenoid ossification/sphenoid bone signal ratio was 2.14 = 0.56 and did not
show any increase with gestational age (R* = 0.05). No apparent change in the size of pituitary hyperintensity was seen with gestational age
(R* = 0.001). Postsphenoid ossification showed an increase in size with gestational age (R* = 0.307).

CONCLUSIONS: The fetal pituitary gland was hyperintense on TI-weighted images and the pituitary/pons ratio and extent of postsphe-

noid ossification correlated weakly with gestational age.

ABBREVIATION: SP = sphenoid bone

he pituitary gland of fetuses and neonates is hyperintense on

T1-weighted images, with no distinct signal differences be-
tween the anterior and posterior lobes, thus differing it from the
adult pituitary gland.! The pituitary gland plays an essential role
in the maintenance of homeostasis, metabolism, reproduction,
growth, and lactation and comprises 2 different parts in terms of
function and embryologic origin: the adenohypophysis and the
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neurohypophysis. During embryologic development, the adeno-
hypophysis is formed by the Rathke pouch, which is derived from
oral ectoderm from the roof of the stomodeum. Conversely, the
neurohypophysis is derived from neural ectoderm. The ventral
diencephalon extends downward, forming the infundibular pro-
cess, which later differentiates into the neurohypophysis.>™

The Rathke pouch is supposed to elongate, forming the adeno-
hypophyseal stalk and connecting to the stomodeum through a
cleft surrounded by the ossification centers of the medial hypo-
physeal cartilages. Several disagreements remain regarding the
development of the pituitary gland, such as whether remnant pi-
tuitary tissue exists at the pharynx in adulthood®” or at the cra-
niopharyngeal canal.® The postsphenoid contains 2 medial and 2
lateral ossification centers, and the medial centers usually fuse to
form a single ossification center,” but normal variations in timing
are speculated to exist in terms of complete fusion of the ossifica-
tion centers.'®'? The adenohypophyseal stalk would normally be
obliterated later and fully separated from the stomodeum by the
development and ossification of the postsphenoid skull base car-
tilages. Defects in this fusion will lead to nonobliteration of the
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adenohypophyseal stalk connecting the Rathke pouch to the sto-
modeum, creating a patent canal connecting the sella turcica and
pharynx, known as the craniopharyngeal canal.'>'* A patent cra-
niopharyngeal canal with a small diameter can be observed in
healthy patients.® We will refer to the ossification around the
Rathke pouch as “postsphenoid ossification” for simplicity in this
study.®'®

Fetal MR imaging offers a useful tool for assessing congenital
anomalies in fetuses.'” Recent advances in MR imaging, such as
the development of much faster imaging sequences, have in-
creased the use of fetal MR imaging applications as complemen-
tary studies to ultrasonography, particularly for congenital anom-
alies of the fetal brain. Fetal MR imaging before 18 weeks’
gestation is limited by the small size of the fetus and the higher
frequency of fetal motion, in addition, some congenital anomalies
may not have formed yet. Fetal MR imaging has been reported to
be most beneficial in the assessment of central nervous system
anomalies for which interventions can be performed, such as neu-
ral tube defects.'®*° Congenital hypopituitarism due to either a
pituitary developmental abnormality with or without additional
hypothalamic and forebrain structural deformities is associated
with genetic abnormalities in transcription factors and signaling
molecules; therefore, visualization of the fetal pituitary is impor-
tant for management of hypopituitarism.”' Interpreting images
from fetal pituitary MR imaging can be challenging due to the
limited training opportunities.'”>* Fetal MR imaging also in-
volves challenges such as positioning the pregnant mother in the
scanner and the lack of suitable coils for pregnant women. Knowl-
edge of normal findings for fetal pituitary, sellar, and parasellar
structures is particularly important in the diagnosis of craniopha-
ryngeal canal anomalies, but fetal MR imaging for early-stage
pregnancy is currently challenging.

A thorough knowledge of fetal growth and development is key
to understanding both normal and abnormal fetal MR imaging
findings. The purpose of this study was to investigate the size and
signal intensity of the normal pituitary gland and postsphenoid
ossification for formalin-fixed fetuses on MR imaging.

MATERIALS AND METHODS

Kyoto Collection

This study was approved by the local institutional review board
and written informed consent was waived. About 44,000 aborted
fetuses are collected and stored at the Congenital Anomaly Re-
search Center of Kyoto University; in most cases, pregnancy was
terminated for socioeconomic reasons, under the Maternity Pro-
tection Law of Japan.>> Seventy-six induced aborted fetuses
(mean age, 21.32 weeks; age range, 12—40 weeks) were randomly
chosen for this study, from which the 32 fetuses (mean age, 19.93
weeks; age range, 12-31 weeks) with undamaged brains were in-
cluded in the final analysis. None of the cases included in this
study showed any apparent intracranial cephaloceles or tumors.

MR Imaging Parameters

All scans were conducted with a 1.5T MR imaging system
(Excelart Vantage, powered by Atlas; Toshiba Medical Systems,
Tokyo, Japan) with knee or head coils. After obtaining localizers,
a 3D gradient-echo sequence was used for T1-weighted images
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FIG1. Method of ROl analysis. First, 10 points are manually placed on the
contour of both the pituitary (PIT) and postsphenoid ossification, and a
round ROI (diameter, 5 pixels) is drawn on both the pons and sphenoid
bone. With the convex hull function of Image) software, these 10 points
are automatically connected to provide an ROI defining the contours of
both the pituitary gland and postsphenoid ossification.

with the following parameters: TR, 30 ms; TE, 7 ms; flip angle, 50°
FOV, 180 X 135 mm; matrix, 256 X 192; 120 sections with a
thickness of 0.70 mm, resulting in isotropic resolution of 0.70
mm; number of averages, 2; bandwidth, 122; total scan time, 25
minutes 21 seconds.

Visual Assessment

The fetal intrasellar pituitary gland was visually evaluated to com-
pare signal intensities of the pituitary and pons and to determine
whether the anterior and posterior lobes of the pituitary could be
recognized and differentiated.

Postsphenoid ossification was visually evaluated to determine
whether it could be recognized. If recognized, the shape of post-
sphenoid ossification was classified as condensed hyperintensity,
diffusely spreading hyperintensity, or rim-shaped hyperintensity.

Visual inspections were performed separately by 2 neuroradi-
ologists (Y.F., with 17 years of experience, T.M.M., with 5 years of
experience). They reached a consensus in any case with a
discrepancy.

ROI Analysis

ROIs were defined by 2 neuroradiologists (Y.F., 17 years of expe-
rience, T.M.M., 5 years of experience). ROIs were placed for the
pituitary, pons, postsphenoid ossification, and sphenoid bone
(SP) on sagittal TIWIL. We used the convex hull function of Image]J
software (National Institutes of Health, Bethesda, Maryland) for
pituitary gland and postsphenoid ossification, by manually
choosing 10 points on the contour of the pituitary gland and
postsphenoid ossification. A fixed, round ROI (diameter, 5 pixels)
was used for the SP and pons (Fig 1). The ROI of the SP was placed
so as not to include hyperintensity, which corresponds to ossifi-
cation in the presphenoid. The area and mean signal intensity of
each ROI were calculated. The pituitary/pons ratio and postsphe-
noid ossification/SP signal intensity ratios were calculated. The



FIG2. Sagittal TIWI of a12-week-old fetus (A) and a 31-week-old fetus (B). The fetal pituitary gland
shows homogeneous hyperintensity on TIWI (arrows). No clear distinction between the anterior

and posterior lobes of the pituitary gland is visualized.

Fig 3B). Interobserver agreement was
substantial (k = 0.67) for the pituitary/
pons signal ratio.

Postsphenoid Ossification
Postsphenoid ossification was identified
as an intrasphenoidal hyperintensity on
TIWI in 27 of the 32 cases (84%). The
shape of the postsphenoid ossification
was recognized as condensed hyperin-
tensity in 15 cases (55%), diffusely
spread hyperintensity in 4 (15%), and
rim-shaped hyperintensity in 8 (30%)
(Fig 4).

Postsphenoid ossification showed an
increase in size with increasing gesta-
tional age (R* = 0.307, Fig 5A).

Th mean postsphenoid ossifica-
tion/SP signal ratio was 2.14 % 0.56 and
did not show any increase with gesta-
tional age (R* = 0.05, Fig 5B). Interob-
server agreement was moderate (k =
0.59) for postsphenoid ossification/SP
signal ratio.
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FIG 3. Area of the pituitary hyperintensity as a function of gestational age in weeks (A). No
apparent change in the hyperintense area is seen with increasing gestational age in weeks (R> =
0.001). The pituitary/pons signal ratios as a function of gestational age in weeks are shown (B). The
pituitary/pons signal ratio shows a weak increase with gestational age (R* = 0.243).

averages of each ROI by 2 observers were adopted for further
analysis.

Statistical Analysis

Interobserver agreement (k coefficient values) between the 2 ob-
servers was calculated for both signal intensity ratios and area.
Linear regression analysis was conducted to reveal any changes in
the pituitary/pons or postsphenoid ossification/SP signal ratios
and pituitary or postsphenoid ossification area with gestational
age. R? values were calculated.

RESULTS

Damage to the brain associated with the abortion procedure and
formalin-fixation process was found in 44 cases, which were then
excluded from analysis. The 32 cases with undamaged brains were
included in the final analysis. No CNS abnormalities were appar-
ent in these fetal brains.

Pituitary Gland
All fetuses showed a characteristic appearance of a homogeneous
hyperintense pituitary gland compared with the pons, and no
cases showed any distinction between the anterior and posterior
lobes of the pituitary gland on visual inspection (Fig 2). No
change in size of the pituitary hyperintensity was apparent with
gestational age (R* = 0.001, Fig 3A).

The mean pituitary/pons signal ratio was 1.13 * 0.18, and a
slight increase with gestational age was identified (R> = 0.243;

DISCUSSION
The pituitary gland showed a homoge-
neous hyperintense signal on MR im-
aging in all fetuses, and no distinction
between adenohypophysis and neuro-
hypophysis was evident in this study. Al-
though previous reports have shown pituitary hyperintensity in
neonates and fetus older than 21 weeks,"*° hyperintensity of the
pituitary gland was also demonstrated in fetal specimens younger
than 21 weeks of gestation in this study. Histologic changes within
the anterior pituitary lobe with increasing amounts of endoplas-
mic reticulum, high-level synthesis of pituitary protein, and the
higher fraction of bound water molecules due to hormonal secre-
tion are thought to cause hyperintensity of the anterior lobe on
TIWIL?*® Such hormonal hyperactivity was also observed in
women during pregnancy and postpartum as anterior pituitary
hyperintensity.>**> A weak correlation between the pituitary/
pons signal ratio and gestational weeks was shown in this study;
these findings were contradictory to those in previous studies tar-
geting prematurely born neonates."*° The population of fetuses
in this study was approximately 11-12 gestational weeks, younger
than the ages in previous reports; this difference may be the cause
of the discrepancy in the relationship between the pituitary signal
and gestational weeks. The pituitary gland did not show any in-
crease in size with gestational age in our study population, prob-
ably because an increase in pituitary size may not be evident dur-
ing a period of weeks or the pituitary may remain nonfunctional,
with the fetus relying solely on maternal hormones.*
Postsphenoid ossification was visualized as a hyperintense in-
trasphenoidal structure just inferior to the sellar floor. Postsphe-
noid ossification showed different shapes and increasing size with
gestational age and would be expected to progress to mature bone
tissue. Postsphenoid ossification showed a hyperintense intras-
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FIG 4. Postsphenoid ossification was identified as an intrasphenoidal hyperintense area on TIWIin 27 of the 32 cases (84%). Representative
images are shown of different shapes of postsphenoid ossification hyperintensity on sagittal TIWI: a 19-week-old fetus showing con-
densed hyperintensity (A), a 19-week-old fetus showing diffusely spreading hyperintensity (B), and a 31-week-old fetus showing rim-
shaped hyperintensity (C). The most common shape of postsphenoid ossification hyperintensity was condensed hyperintensity, appear-

ing in 15 of 27 cases (55%).

FIG 5. Postsphenoid ossification hyperintensity area as a function of gestational age in weeks (A).
A positive correlation is seen between the postsphenoid ossification hyperintensity area and
gestational age in weeks (R* = 0.307). The postsphenoid ossification/SP signal ratio as a function
of gestational age in weeks (B). The postsphenoid ossification/SP signal ratio does not show any

increase with gestational age (R? = 0.05).

phenoidal signal on TIWTin 84% of fetuses in this study along the
route of the adenohypophyseal stalk of the postsphenoid. The
medial ossification centers of the postsphenoid, which later form
the sella turcica, usually unite to form a single ossification center,
but such unity may not happen as soon as the individual centers
form, which may, in turn, cause the variable timing in the disap-
pearance of the craniopharyngeal canal, not restricted to a specific
gestational age.' 1?7

Imaging findings for postsphenoid ossification have been dis-
cussed in the literature only as hyperattenuation on CT and low
intensity on T2-weighted images,'® and the characteristic appear-
ance of postsphenoid ossification on T1WT as shown in this study
has not been previously reported, to our knowledge, due to a lack
of fetal MR imaging data on intrasphenoid lesions. Calcification
usually appears as a low signal on both TIWI and T2WI, but
calcium salts interact with water protons in the process of ossifi-
cation, in turn slowing the precession to near the Larmor fre-
quency and potentially leading to short T1 relaxation times.***’
Knowledge of the origins of such intrasphenoid hyperintensities
and the various shapes (condensed, diffusely spreading, and rim-
shaped) (Fig 4) may be beneficial for neuroradiologists in under-
standing the developmental process and avoiding a misdiagnosis
of intrasphenoid tumor. Variations in the appearance of post-
sphenoid ossification may be attributable to the different physical
shapes at different steps of the ossification process and the
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amount of water protons surrounding
the calcium salts, but further study is
required.

Several limitations to this study must
be considered when interpreting these
results. All fetuses included in our study
were aborted fetuses that had been fixed
in formaldehyde. Formaldehyde fixa-
tion has been reported to modify T1 and
T2 relaxation times of tissues through
alteration of tissue microstructures.
Such effects mean that our results might
differ from those of in vivo fetal MR im-
aging, but several MR imaging studies
have covered formalin-fixed fetal speci-

%39 and we have demonstrated

mens,

the similar appearance of fetal pituitary
hyperintensity reported from in vivo studies."”! Further in vivo
fetal MR imaging studies may be expected for validation of our
results. Another limitation was the small number of cases in-
cluded in this study, and a larger number of cases might have
more precisely clarified the relationship between gestational age
and the size of the pituitary gland or postsphenoid ossification.
Because negative correlations between pituitary hyperintensity
and postnatal time were revealed in 88 neonates' and 121 in-
fants,”® more cases may be required for better evaluation of cor-
relations in this study. In the future, more detailed volumetric
analysis of the fetal pituitary gland and postsphenoid ossification
with a larger in vivo study population and radiologic-histologic
correlations will further enhance the relevance of the present
results.

CONCLUSIONS

This study demonstrated that the fetal pituitary gland was hyper-
intense on TIWI, and both the pituitary/pons ratio and the size of
postsphenoid ossification correlated weakly with gestational age.
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Quiet TI-Weighted Pointwise Encoding Time Reduction
with Radial Acquisition for Assessing Myelination in the
Pediatric Brain

T. Obata

N. Aida, ““T. Niwa, ““Y. Fujii, ““K. Nozawa, ““M. Enokizono, ““K. Murata, and

ABSTRACT

BACKGROUND AND PURPOSE: TlI-weighted pointwise encoding time reduction with radial acquisition (PETRA) sequences require lim-
ited gradient activity and allow quiet scanning. We aimed to assess the usefulness of PETRA in pediatric brain imaging.

MATERIALS AND METHODS: We included consecutive pediatric patients who underwent both MPRAGE and PETRA. The contrast-to-
noise and contrast ratios between WM and GM were compared in the cerebellar WM, internal capsule, and corpus callosum. The degree
of myelination was rated by using 4-point scales at each of these locations plus the subcortical WM in the anterior frontal, anterior
temporal, and posterior occipital lobes. Two radiologists made all assessments, and the intra- and interrater agreement was calculated by
using intraclass correlation coefficients. Acoustic noise on MPRAGE and PETRA was measured.

RESULTS: We included 56 patients 5 days to 14 years of age (mean age, 36.6 months) who underwent both MPRAGE and PETRA. The
contrast-to-noise and contrast ratios for PETRA were significantly higher than those for MPRAGE (P < .05), excluding the signal ratio for
cerebellar WM. Excellent intra- and interrater agreement were obtained for myelination at all locations except the cerebellar WM. The
acoustic noise on PETRA (58.2 dB[A]) was much lower than that on MPRAGE (87.4 dB[A]).

CONCLUSIONS: PETRA generally showed better objective imaging quality without a difference in subjective image-quality evaluation
and produced much less acoustic noise compared with MPRAGE. We conclude that PETRA can substitute for MPRAGE in pediatric brain
imaging.

ABBREVIATIONS: CC= corpus callosum; ICC = intraclass correlation coefficient; PETRA = pointwise encoding time reduction with radial acquisition

Rimaging is widely used for brain assessment in both adults

and children, enabling the noninvasive and detailed evalu-
ation of morphologic and functional abnormalities."> However,
MR imaging has some drawbacks. Of note, an average scanning
time of 20—30 minutes is usually required for a routine brain
examination, during which the patient is subjected to loud acous-
tic noise. Consequently, the application of MR imaging is limited
in infants and small children, who often need sedation to undergo
MR imaging.”> Even under sedation, the acoustic noise from MR
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imaging can make children restless or cause them to awaken, re-
sulting in severe motion artifacts or incomplete examinations.
With the increased use of MR imaging in children, it is impor-
tant to reduce the loudness of MR imaging scanners to ensure that
scans are completed with minimal distress to the child and mini-
mal artifacts on the acquired images. Because the acoustic noise of
MR imaging is produced by the vibration of gradient coils during
the scan, noise reduction can be achieved by decreasing the noise
from these coils. One such method involves sealing gradient coils
in a vacaum chamber.® More recently, several methods have been
introduced to reduce acoustic noise that do not involve altering
the scanner hardware. These techniques include the use of acous-
tically optimized pulse shapes of the gradient coils to cancel single
frequencies extended by a second frequency,” ultrashort TE se-
quences such as zero TE,® sweep imaging with Fourier transfor-
mation,” and pointwise encoding time reduction with radial ac-
quisition (PETRA)." Of these, PETRA requires limited gradient
activity, which creates a particularly quiet MR imaging scan.'’
Considering that quiet sequences should be useful for reducing
patient stress during the scan, this technique might particularly
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FIG1. Pulse sequence diagram for the inversion pulse of the PETRA sequence. The center part of
the k-space is acquired with pointwise encoding after the first inversion pulse, and the outer edge
of the volumetric k-space is acquired with radial projections after the second and later inversion

pulses. Acq indicates acquisition.

benefit children. PETRA sequencing uses an inversion recovery
pulse to yield TIWI, which is a basic MR imaging sequence that
can be used to assess myelination in children.

In this study, we therefore aimed to compare the measure-
ments of pediatric brain myelination obtained by using a quiet
T1-weighted PETRA sequence with those captured by MPRAGE
to assess the suitability of PETRA for pediatric brain imaging.

MATERIALS AND METHODS

Patients

We performed T1-weighted PETRA in addition to routine MR
imaging in all pediatric patients undergoing brain MR imaging
with sedation from May to October 2013. To avoid unnecessary
delays and to keep scanning times short, we did not perform
PETRA for emergency cases and we excluded older children who
did not require sedation. We added T1-weighted PETRA after
routine MR imaging examinations without additional sedation
for consecutive patients, excluding cases with severe motion arti-
facts. Our institutional review board (Kanagawa Children’s Med-
ical Center) approved this prospective study, and written consent
was obtained from the parents.

MR Imaging
All MR imaging examinations were performed on a 3T clinical scan-
ner (Magnetom Verio; Siemens, Erlangen, Germany) by using a 32-
channel head coil. The routine MR imaging brain sequence included
axial and coronal T2-weighted fast spin-echo, axial MPRAGE, and
axial DWL. In addition, T1-weighted PETRA was performed.
PETRA uses an ultrashort TE sequence that acquires k-space
data in a combination of the central and outer part of the k-space
during different processes.'®'? Particularly, the central part of the
k-space is acquired with pointwise encoding after the first inver-
sion pulse, whereas the outer edge of volumetric k-space is

acquired by using radial projections af-
ter the second and later inversion pulses
(Fig 1). PETRA keeps gradients invari-
able for almost an entire repetition, and
the gradients change only slightly at the
end of each repetition. As a result, PETRA
achieves minimal vibration of the gradient
coils, generating only residual acoustic
noise because of radiofrequency switching.

In this study, we adjusted PETRA se-
quences for clinical use with children.
First, PETRA was set to have the shortest
possible acquisition time while main-
taining sufficient spatial resolution. Sec-
ond, the first TT on PETRA was indi-
vidualized to obtain an appropriate
contrast for the pediatric brain. The first
TImight greatly affect the contrast of the
PETRA image because the central part of
the k-space is acquired with a first inver-
sion pulse in the PETRA sequence (Fig
1) and the T1 value of the brain is
known to be longer in infants and small
children than in older children and
adults.'*'* Therefore, the first TI was set
to a longer value than that used in adult scans. We measured the
T1 value of each child before PETRA sequencing by using double
flip angle FLASH sequences with the following parameters:
TR/TE = 10/1.37 ms; double flip angle = 3°, 19°% FOV = 230 mm;
matrix = 95 X 128; thickness = 4 mm; number of sections = 19;
acquisition time = 26 seconds.

A T1 map was subsequently generated by the MR imaging scan-
ner software. We placed an ROI that corresponded to the contour of
the brain parenchyma at the level of the basal ganglia on the T1 map,
and the T1 value of the brain parenchyma was measured, excluding
values of =3000 ms to remove the CSF space. Then, the first TT on
PETRA was set as the measured T1 value multiplied by 0.7, and we set
the upper and lower limits of the first TT at 1000 and 1800 ms, respec-
tively; if the measured T'1 value exceeded these limits, the first TT was
setat 1000 or 1800 ms, respectively. This method was determined by
a pilot study and a study with adult volunteers (N.A., unpublished
data, April 2013). The imaging parameters for PETRA and MPRAGE
are shown in Table 1. The actual MPRAGE parameters varied de-
pending on the child’s head size.

Image Analysis

PETRA images were reformatted in the axial plane in the same
section angulation and thickness as those for MPRAGE. Images
were assessed qualitatively and quantitatively.

Quantitative Analysis

Quantitative analysis was performed by assessing the imaging con-
trast and calculating the contrast-to-noise and signal ratios between
WM and GM on MPRAGE and PETRA. The signal intensity and SD
at the WM and adjacent GM were measured by a neuroradiologist
(M.E., with 8 years of experience in neuroradiology) by ROI place-
ment. This analysis was conducted by selecting a population with
relatively advanced myelination (ie, children older than 7 months of
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Table 1: Parameters of MPRAGE and PETRA

MPRAGE
Parameters Small FOV Middle FOV Large FOV PETRA
FOV (mm) 150 200 240 285
Orientation Axial Axial Axial Sagittal
First T (ms) NA NA NA 1000-1800
Tl (ms) 800 800 800 700
TR (ms) 1570 1570 1570 375
TE (ms) 214 279 277 0.07
Echo space (ms) 52 5.2 5.2 3.75
Flip angle (degrees) 9 9 9 6
Section thickness (ms) 1.0 1.0 1.0 0.8
Section oversampling (%) 100 36.4 25.0 0
Matrix 154 X192 168 X192 224 X 256 352 X 352
Radial spokes NA NA NA 35,000
GRAPPA 2 2 2 NA
Resolution (mm) 0.98 X 0.78 X 1.00 1.04 X 1.04 X 1.00 0.94 X 0.94 X 1.00 0.81 X 0.81 X 0.81
Scan time (min/sec) 3:27 3:05 3:05 4:20
Note:—NA indicates not available; GRAPPA, generalized autocalibrating partially parallel acquisition.
Table 2: White—gray matter contrast for MPRAGE and PETRA
Contrast-to-Noise Ratio Contrast Ratio
Assessed Location MPRAGE PETRA P Value MPRAGE PETRA P Value
Cerebellar white matter 4.02 £0.78 6.48 £ 175 <.001 127 £ 0.06 126 = 0.01 .82
Anterior part of the posterior limb 225+ 0.68 3.69 £ 0.87 <.001 11+ 0.04 117 £ 0.05 <.001
of the internal capsule

Corpus callosum

Genu 6.74 =236 8.41+3.90 .004 146 £ 0.12 1.59 £ 0.20 <.001

Splenium 6.01 £1.87 817 =3.07 <.001 142 =010 145 £ 0.12 <.001

age). ROIs were placed at the following anatomic structures: the cer-
ebellar WM and the adjacent cortex, the anterior part of the posterior
limb of the internal capsule and thalami, the genu and splenium of
the corpus callosum (CC), and the adjacent cerebral cortex. The con-
trast-to-noise and contrast ratios were calculated by using the follow-
ing formulas, where ST is the signal intensity and SD is the standard
deviation:

Contrast-to-Noise Ratio
= (Mean Sl — Mean SI;,)/[(SDywa® + SDan™)]?
Contrast Ratio = Mean Sl,,\,/Mean Sl ;.

The ROI measurement was performed on both the right and
left sides, except for the corpus callosum, and the calculated values
were averaged.

Qualitative Assessment

Qualitative assessments were provided by experienced radiolo-
gists (K.N. and Y.F., who had 20 and 10 years of experience in
pediatric neuroradiology, respectively). The radiologists indepen-
dently rated the degree of myelination on MPRAGE and PETRA
in a random order by using a clinical PACS viewer. The following
2 sections were used for this assessment: section 1, at the level of
the inferior (temporal) horn of the lateral ventricle; and section 2,
at the level of the foramina of Monro. In turn, the following ana-
tomic locations were evaluated at each section: the subcortical
WM in the anterior temporal lobe and the cerebellar WM at sec-
tion 1; and the anterior part of the posterior limb of the internal
capsule, genu, and splenium of the CC, and the subcortical WM in
the anterior frontal and posterior occipital lobe at section 2. Be-
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cause myelination appears as a relative hypersignal on T1WI, the
degree of the myelination was assessed by the signal intensity at each
anatomic location in comparison with the adjacent GM. The follow-
ing 4-point scale was used for this assessment: 0, hyposignal; 1,
isosignal; 2, slight hypersignal; and 3, prominent hypersignal.

Acoustic Noise

In addition to the patient study, we also measured acoustic noise
by MPRAGE and PETRA during the scan of a phantom by using a
32-channel head coil. The acoustic noise level of each sequence
was recorded by using a microphone (NL-32; Rion, Tokyo, Japan),
which was placed horizontally at a distance of 2.5 m from the front
panel of the MR imaging scanner. The measurements took 10 sec-
onds to complete, and they were repeated 16 times. The measured
noise values were averaged for each sequence. For comparison, the
ambient sound level was measured 8 times for 10 seconds each.

Statistical Analysis

Statistical analyses were performed by using the MedCalc software
package for Windows, Version 15.4 (MedCalc Software, Mariakerke,
Belgium), and we considered P values < .05 to indicate a statistically
significant difference. The contrast-to-noise and signal ratios for
MPRAGE and PETRA were compared by using paired sample ¢ tests.
Inter- and intrarater agreement for the myelination scores between
MPRAGE and PETRA was evaluated by calculating the intraclass
correlation coefficient (ICC). ICCs were interpreted by using the cri-
teria reported by Landis and Koch'®: an ICC of 0.01-0.20 indicated
slight agreement; an ICC of 0.21-0.40, fair agreement; an ICC of
0.41-0.60, moderate agreement; an ICC of 0.61-0.80, substantial
agreement; and an ICC of 0.81-1.0, near-perfect agreement.



FIG 2. Images of a 9-day-old neonate. MPRAGE (A and B) and PETRA (C and D) images show slight
hypersignals in the cerebellar WM and the anterior part of the posterior limb of the internal

capsule (arrows), indicating myelination.

RESULTS

Patients

We added T1-weighted PETRA after routine MR imaging exam-
inations for 76 consecutive patients, of whom 20 were excluded
because of severe motion artifacts. Thus, 56 patients (age range, 5
days to 14 years; mean age, 36.6 months; median age, 25 months)
were enrolled in this study.

MR imaging was performed for the following reasons: devel-
opmental delay (n = 25), autism (n = 4), epilepsy (n = 4), rigidity
of the limbs (n = 3), small head size (n = 2), large head size (n =
1), eye-movement disorder (n = 2), mental retardation (n = 1),
headache (n = 1), follow-up examination of congenital cytomeg-
alovirus infection (n = 2), screening for patients with neurofibro-
matosis type 1 (n = 2) and café-au-lait spots on the skin (n = 1),
agenesis of the CC detected on fetal ultrasonography (n = 1),
phenylketonuria (n = 1), hypoxic ischemic injury (n = 1), car-
diopulmonary resuscitation (n = 1), follow-up examination of
mitochondrial encephalomyopathy, lactic acidosis and strokelike
episodes syndrome (n = 1), encephalopathy (n = 1), folate recep-
tor « deficiency (n = 1), and diabetes insipidus (n = 1).

Image Analysis

The results of the MRIs were as follows: no abnormality (n = 29),
WM volume loss (n = 6), hypogenesis (n = 3) and agenesis (n =
1) of the CC, parenchymal atrophy (n = 3), small cerebellum (n =
3), small cerebellum and brain stem (n = 2), cerebellar dysplasia

and heterotopia (n = 1), patchy T2 pro-
longation in the WM due to congenital
cytomegalovirus infection (n = 2), mul-
tiple foci of T2 prolongation in patients
with neurofibromatosis type 1 (n = 2),
medial temporal sclerosis (n = 1), small
foci of hypoxic change at the watershed
area (n = 1), subacute infarction of the
territory of the left middle cerebral ar-
tery (n = 1), and ventricular dilation
(n = 1). The measured T1 value of the
brain parenchyma ranged from 1273 to
2618 ms (mean, 1816 * 288 ms). Thus,
for the designated interval of 1000—1800
ms, we set the first TI at a mean of
1283 * 213 ms for PETRA.

Quantitative Analysis

The WM-GM contrast was measured in
49 patients older than 7 months of age.
The ROI measurements could not be
performed at the CC in 4 patients (1 case
of CC agenesis and 3 cases of CC hypo-
genesis). The results of the WM-GM
contrast for MPRAGE and PETRA are
summarized in Table 2. Contrast-to-noise
ratios were significantly higher for PETRA
than for MPRAGE at all the assessed loca-
tions. Contrast ratios were significantly
higher for PETRA than for MPRAGE in
the anterior part of the posterior limb of
the internal capsule and in the genu and
splenium of the CC. Contrast ratios were not significantly different
between MPRAGE and PETRA in the cerebellar WM.

Qualitative Analysis

The assessed myelination scores for each reader are summa-
rized in the On-line Table. Myelination at the CC was not
assessed in 1 case with CC agenesis and another case with CC
hypoplasia. In 1 case with a hypoplastic CC splenium, only the
genu was assessed. Myelination of the CC was assessed in 1 case
with slight CC hypoplasia.

The mean differences in the PETRA to MPRAGE scores for
reader 1 were —0.07—0.09; the corresponding values for reader
2 were —0.16—0.09 (On-line Table). Interrater correlation for
the degree of myelination was substantial or nearly perfect
between MPRAGE and PETRA at almost all assessed locations
(ICC range, 0.80-1.00; Figs 2—4). The ICC was <0.01 for the
intrarater correlation of the cerebellar WM rated by reader 2,
in which all the cases on PETRA were scored 3, and 51 (91.1%)
cases were scored 3 on MPRAGE (the remaining cases were
scored 2). Interrater correlation was almost perfect (ICC
range, 0.87—0.99) at most assessed locations. The ICC was also
<0.01 for the interrater correlation for the cerebellar WM on
PETRA, where all the cases on PETRA were scored 3 by reader
2 and 52 (92.9%) cases were scored 3 by reader 1 (with the
remainder scored 2).
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FIG 3. Images of a 5-month-old girl. MPRAGE (A and B) and PETRA (C and D) images both show
prominent hypersignals in the cerebellar WM, slight hypersignal in the anterior part of the pos-
terior limb of the internal capsule and the splenium of the corpus callosum, and isosignal in the
cerebral cortex at the genu of the corpus callosum and in the subcortical WM of the occipital

lobe, indicating myelination.

Acoustic Noise

The mean acoustic noise levels of MPRAGE and PETRA were 87.4
and 58.2 dB(A), respectively, set against an ambient sound level of
53.4 dB(A). Notably, the acoustic noise level of PETRA was only
4.8 dB(A) higher than that of ambient sound.

DISCUSSION

We found that PETRA had a generally better WM-GM contrast
than MPRAGE. In addition, there were relatively small differences
in subjective image quality between MPRAGE and PETRA. Intra-
rater agreement for MPRAGE and PETRA was substantial or
nearly perfect for most of the assessed locations. Although the ICC
for the cerebellar WM score on PETRA was very low for reader 2,
this result may have been because reader 2 rated all the scores as 3
for cerebellar WM myelination. Actually, small differences were
noted in the intrarater and interrater agreement for the cerebellar
WM scores. Thus, although further investigation is clearly war-
ranted, these results suggest that there may be no differences in the
assessment of myelination between MPRAGE and PETRA.

The assessment of brain myelination as an indicator of brain
maturation is one of the main uses of TIWI in pediatrics.'® Newer
3T MR imaging scanners yield lower contrast on spin-echo TIWI
than 1.5T scanners because of T1 prolongation.'” Therefore, gra-
dient-echo sequences such as MPRAGE provide better contrast
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than conventional spin-echo TIWI.'® In
addition, volumetric acquisition by us-
ing a 3D gradient-echo sequence pro-
vides greater anatomic detail for patho-
logic assessment than conventional 2D
spin-echo T1WL. Indeed, the use of a 3D
gradient-echo sequence may play a role
asimportantas TIWIona 3T MR imag-
ing.'” In a previous study of the produc-
tion of contrast-enhanced images by us-
ing PETRA,"! equal or better imaging
quality was obtained by PETRA com-
pared with MPRAGE for brain tumors.
Our results suggest that PETRA also of-
fers quality comparable with that of
MPRAGE for noncontrast TIWI of the
pediatric brain.

PETRA sequences need to be speci-
fied for the pediatric brain. Therefore,
we set the first TT on PETRA depending
on the individual T1 values, which were
measured before PETRA scanning. In
fast gradient-echo sequences, longitudi-
nal relaxation of the proton is fully
recovered at the first echo, whereas it
is partially recovered at subsequent
pulses, eventually achieving steady-
state. Therefore, several echoes are usu-
ally not obtained at first, which is called a
“dummy pulse.””® With PETRA, how-
ever, data are collected from the begin-
ning of the echoes after the first TI to
obtain a better signal-to-noise ratio. PE-
TRA acquires data by a pointwise
method at the center of k-space from the first inversion recovery
and from radial projection at the outer edge of the k-space after
subsequent inversion pulses. Thus, setting the first TT might
greatly affect the resulting imaging contrast, so we set the first TT
according to individual T1 values. A longer first TI might lead to a
better contrast on PETRA, but it means prolongation of the ac-
quisition time. Therefore, we set the first TI to the shortest possi-
ble value, preserving the imaging quality for clinical use. The ac-
tual setting of the first TI was determined by a preliminary
volunteer study. Although further assessment will be needed to
determine the appropriate first TI, our results may be appropriate
for PETRA T1WIL. On the other hand, this process is complex and
time-consuming. Therefore, we propose that the first TT be set at
1800 ms for infants 4 months or younger and 1300 ms for infants
and children older than 4 months of age for clinical use, according
to the measured T1 value.

Currently, PETRA has some limitations when setting the se-
quence. In the current implementation, patients were only
scanned with PETRA in the sagittal plane, so section orientation
differed between MPRAGE and PETRA. Notably, the parameter
setting and spatial resolution differed between PETRA and
MPRAGE. In addition, a small FOV cannot be applied for
PETRA, and although we set PETRA at a resolution similar to that



FIG 4. Images of a 27-month-old boy. MPRAGE (A and B) and PETRA (C and D) images both show
prominent hypersignals at all assessed locations, including the cerebellar WM, anterior part of the
posterior limb of the internal capsule, genu and splenium of the corpus callosum, and the sub-
cortical WM at the temporal, frontal, and occipital lobes, indicating myelination.

of MPRAGE, the acquisition time was about 1 minute longer than
that of MPRAGE. This might affect the imaging contrast results
for PETRA compared with MPRAGE in this study.

Generally, radial acquisition needs a large number of total
spokes. However, we used reduced radial spokes on PETRA for
clinical use with children to acquire MR data in a relatively short
time. However, this use resulted in undersampling for a radial
k-space acquisition. To improve imaging quality when working
with undersampled data, we used 2 techniques before the radial
spokes were gridded to the Cartesian grid on PETRA, namely,
adaptation of the attenuation matrix to the attenuation present in
the Cartesian center of the k-space and application of a certain
plateau level at the periphery.'®*"**> On the other hand, these
processes lead to image blurring, which might affect the imaging
analysis in this study.

We found that acoustic noise on PETRA was much less than
on MPRAGE; this difference was attributed to the unique gradi-
ent-pulse sequence of PETRA. PETRA yielded only a slight in-
crease in acoustic noise over background noise, achieving an al-
most silent sequence. Ida et al'! previously measured the acoustic
noise of MPRAGE and PETRA by using a clinical 3T MR imaging
scanner, which resulted in noise levels of 78.1 dB(A) and 51.4
dB(A), respectively. These results are consistent with our results,
indicating negligible acoustic noise when using PETRA, which

should translate to clinical benefit when
performing MR imaging examinations
in children. Although we measured only
a short period for acoustic noise on PE-
TRA, we think that our measurements
contained representative noise levels.
The limitations of this study are as
follows: First, the sample size was rela-
tively small and comprised a heteroge-
neous population. The assessed myeli-
nation process was, therefore, not based
on a normal population. In addition, we
only assessed the individual differences
between MPRAGE and PETRA, and fu-
ture studies will be needed to investigate
the detectability of intracranial lesions
on PETRA, such as ischemic, metabolic,
hemorrhagic, and hamartomatous, and
some neurodegenerative diseases; those
were generally well-visualized on TIWI.
We did not assess the utility of PETRA
for potential pathologic conditions, but
we believe that PETRA could visualize
good imaging contrast for neuropathol-
ogy. On the other hand, detailed morpho-
logic evaluation on PETRA may need
more radial spokes for k-space data ac-
quisition to avoid image blurring. Al-
though a relatively wide age range was
included in this study, we only included
patients who needed sedating agents.
Consequently, it was a large popula-
tion of relatively small children. Thus,
this can introduce a selection bias. Sec-
ond, the qualitative analysis was performed in patients older
than 7 months of age because in infants and small children, it
was difficult to put the ROI in areas where the myelination
showed less progression. Therefore, we only assessed myelina-
tion qualitatively for children 7 months of age and younger. In
addition, image noise was not assessed because of the differences
in the reconstruction methods used for MPRAGE and PETRA.

CONCLUSIONS

Compared with MPRAGE, the use of PETRA generally achieved
better objective imaging quality without a difference in subjective
image quality. In addition, PETRA produced near-silent scanning
conditions. Therefore, PETRA can substitute for MPRAGE when
scanning pediatric patients.
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Cranial Ultrasonography in Infantile Encephalitic Beriberi:
A Useful First-Line Imaging Tool for Screening and
Diagnosis in Suspected Cases

N.A. Wani, ““U.A. Qureshi, ““K. Ahmad, and ““N.A. Choh

ABSTRACT

BACKGROUND AND PURPOSE: Brain imaging is central to the diagnosis of infantile encephalitic beriberi. Because cranial sonography
findings have not been described in infantile encephalitic beriberi, our aim was to investigate its role in the diagnosis of this condition.

MATERIALS AND METHODS: We performed a retrospective review of head sonography of infants (admitted between November 1, 2014,
and March 31, 2015) who presented with encephalopathy. Cranial ultrasonography scans were studied for the alteration of echogenicity of
the basal ganglia.

RESULTS: Of the 145 consecutive infants who presented with encephalopathy, 58 had thiamine-responsive encephalopathy (infantile
encephalitic beriberi) and 87 had encephalopathy due to other causes. Forty-eight of 145 infants with encephalopathy showed hyper-
echoic basal ganglia. A hyperechoic appearance of the basal ganglia on cranial ultrasonography was found to have a sensitivity of 71%
(41/58) and a specificity of 92% (80/87) in diagnosing infantile encephalitic beriberi. The sensitivity of cranial sonography increased with age.
It was a maximum of 93% (14/15) in the 5 months and older age group. Specificity was a maximum of 100% (18/18) in infants older than 5
months of age. Sensitivity was maximum in Wernicke encephalopathy at 90% (18/20) and least in the acidotic form at 43% (10/23).
Follow-up showed gradual normalization of the hyperechoic appearance of the basal ganglia during 8 weeks in 26/41 (63%), with mild
atrophy of the basal ganglia in 6/41(15%)

CONCLUSIONS: Hyperechogenicity of the basal ganglia on cranial ultrasonography is a sensitive finding for the diagnosis of infantile

encephalitic beriberi in infants who present with Wernicke encephalopathy.

ABBREVIATIONS: cUS = cranial ultrasonography; IEBB = infantile encephalitic beriberi

hiamine deficiency disease is called beriberi and may have

neurologic (dry beriberi) or cardiovascular (wet beriberi)
manifestations. Thiamine deficiency is found in alcoholics and
rice-eating populations consuming polished rice." Wernicke en-
cephalopathy, characterized by ataxia, confusional state, and oc-
ular motor abnormalities, is an acute neurologic manifestation of
beriberi that can be seen in adults and children. Neurologic man-
ifestations of thiamine deficiency in infants are nonspecific and
include encephalopathy, vomiting, nystagmus, ptosis, moaning,
and convulsions—infantile encephalitic beriberi (IEBB). Infants
may develop beriberi, including its encephalitic form, if they are
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exclusively breastfeeding from thiamine-deficient mothers. Rapid
diagnosis of infantile encephalitic beriberi is essential to prevent
mortality and neurologic sequelae. Imaging can facilitate early
diagnosis of IEBB."

The infant brain can be imaged with CT, MR imaging, and
cranial ultrasonography (cUS). Use of CT for imaging the infant
brain is associated with the radiation-related risks due to use of
ionizing radiation and iodinated contrast agents. Apart from
these risks, limited spatial resolution of CT for imaging of the
infant brain is an additional disadvantage.>® Neuroimaging with
MR imaging is considered optimal for the diagnosis of IEBB.>*
However, MR imaging requires transfer of sick infants from the
intensive care unit to the imaging center and frequently requires
sedation before imaging.®® In addition, MR imaging may not be
available to all in developing countries. Cranial ultrasonography
is free from radiation hazards, less expensive than MR imaging,
and often widely available, even in the developing countries. cUS
is portable and can be performed rapidly at the bedside.*' cUS
can be repeated easily if and when deemed necessary without
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compromising patient safety. MR imaging findings have been
documented in IEBB, but there is no previous study describing
cranial sonography findings in IEBB, to our knowledge. The pres-
ent study aimed to evaluate the role of cUS in the diagnosis of
IEBB.

MATERIALS AND METHODS

A retrospective review of cranial ultrasonography of all infants
who were admitted between November 1, 2014, and March 31,
2015 with encephalopathy at our institution was performed. The
study was approved by the institutional review board. A waiver of
informed consent was granted for this retrospective analysis.

Encephalopathy had been diagnosed by the presence of 2 of
the following symptoms: altered state of consciousness, seizures,
and altered personality or cognition. All of these children had
been investigated for the cause of encephalopathy. Laboratory
investigations included complete blood count, serum biochemis-
try and electrolyte levels, blood sugar levels, and blood gases. CSF
examination had been done at the discretion of the treating phy-
sician. Blood ammonia levels, tandem mass spectrometry, and
urine gas chromatography—mass spectrometry had been per-
formed to rule out inborn errors of metabolism.

Thiamine had been given at admission as a 100-mg intrave-
nous infusion in all the infants with encephalopathy.

Infants were divided into 2 groups: 1) those who had enceph-
alopathy due to thiamine deficiency, labeled IEBB; and 2) those
who had a diagnosis other than IEBB.

The diagnosis of thiamine deficiency had been made by a dra-
matic response to thiamine (in all) and low blood thiamine levels
(in 7). Detailed epidemiologic, dietary, clinical, laboratory, and
treatment data of these children had been obtained.

Cranial ultrasonography had been performed with the Acuson
X300 scanner (Siemens Medical Solutions, Malvern, Pennsylva-
nia) by using the anterior fontanelle as the window, by a pediatric
radiologist (N.A.W.) or sonologist with 3-5 years’ experience per-
forming head sonography in infants. A multifrequency (3-7.5
MHz) phased array (sectoral) transducer with a small footprint
had been used for scanning the brain parenchyma in the coronal
and sagittal planes. All infants had the first cUS at initial presen-
tation. Repeat scans were performed 2—3 weeks after the initial
presentation and serially thereafter at intervals of 2—4 weeks.

Archived cUS studies were independently interpreted in ret-
rospect by 2 radiologists with 5 and 8 years’ experience in inter-
preting head sonography. The radiologists who interpreted the
cUS studies were blinded to the clinical diagnosis and reviewed
sonograms for normal anatomy and focal or diffuse altered echo-
genicity of brain parenchyma, with particular focus on deep gray
matter structures. The basal ganglia were labeled as hyperechoic
when their echogenicity was comparable with that of the choroid
plexus or slightly less; and they were labeled mildly hyperechoic
when the echogenicity was more than that of gray matter and
comparable with that of periventricular white matter. The pres-
ence of ventricular dilation and any space-occupying lesion was
sought on cUS. Initial findings were serially assessed in the fol-
low-up studies.
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Statistical Analysis

The accuracy of cUS was assessed by calculating sensitivity and
specificity. Comparison of proportions and percentages was per-
formed by applying x> and Fisher exact tests. All significant vari-
ables on univariate analysis were subjected to multivariate analy-
sis. Agreement between 2 radiologists was calculated with linear
weighted k by using VassarStats: Website for Statistical Compu-
tation (http://www.vassarstats.net/). Ninety-five percent confi-
dence intervals were calculated. Statistical software, SPSS 20
(IBM, Armonk, New York), was used for all other data analysis. P
values < .05 were considered significant.

RESULTS

One hundred forty-five consecutive infants with encephalopathy
were included in the study. Fifty-eight of 145 (40%) had IEBB,
and 87/145 (60%) had encephalopathy due to causes other than
1IEBB.

Forty-one infants (41/58) with IEBB had positive findings on
cUS. There were 13 male and 28 female infants in the age range of
35 days to 9 months (mean age, 3.5 months). Consanguinity was
present in 4, and sibling death due to similar illness, in 2. All the
infants were exclusively breastfed by mothers, 29/41(71%) of
whom resided in rural areas. Complementary diet (solid food
introduced after 6 months) was not started in 12 infants despite
being at least 6 months of age. Maternal staple diet consisted of
polished rice consumed after washing it multiple times. As a part
of cultural practice, 28/41 (68%) lactating mothers consumed a
diet that was restricted to soup derived from boiling meat with
rice. We noticed 3 patterns: 1- to 2-month-old infants (16/41)
presented with lactic acidosis. Infants older than 5 months of age
(11/41) presented with Wernicke encephalopathy. The interme-
diate group (14/41) had mixed features of acidosis and Wernicke
encephalopathy.

Clinical and laboratory features of infants in the IEBB group
with positive findings and negative findings on cUS are compared
in the Table. There was no statistically significant difference in
individual clinical features between the 2 subgroups.

Forty-one of 58 (71%) infants with IEBB had symmetric hy-
perechoic basal ganglia on cUS, and 17/58 (29%) had normal
findings on cUS. Seven of 87 (8%) infants with encephalopathy
due to other reasons had symmetric hyperechoic basal ganglia,
and 80/87 (92%) had normal findings on cUS or findings other
than hyperechoic basal ganglia (Fig 1).

Forty-eight of 145 infants with encephalopathy showed hyper-
echoic basal ganglia. Forty-one of 48 (85%) with hyperechoic
basal ganglia had IEBB, and 17/97 (17.5%) with nonhyperechoic
basal ganglia had IEBB. A hyperechoic appearance of the basal
ganglia on cUS was found to have a sensitivity of 71% (41/58; 95%
CI, 57.99%—80.82%) and a specificity of 92% (80/87; 95% ClI,
84.31%-96.05%) in diagnosing IEBB. The sensitivity of head ul-
trasonography increased with age. It was 55% (16/29; 95% CI,
37.55%-71.59%), 78% (11/14; 95% CI, 52.41%-92.43%), and
93% (14/15; 95% CI, 70.18%-98.81%) in the age groups of 1-2
months, 3-4 months, and 5 months and older, respectively. The
specificity of head ultrasonography was 91% (40/44; 95% CI,
78.8%-96.4%) in the age group of 1-2 months, 88% (22/25; 95%
CI, 70.9%-95.8%) in the age group of 3—4 months, and 100%



Clinical features of infants with IEBB with hyperechoic basal
ganglia (n = 41) and normal basal fangha (n = 17) on HUS, with
univariate analysis showing the relationship between different
variables and tﬁe presence of hyperechoic basal ganglia on HUS

Hyperechoic BG Normal BG

(No.) (%) (No.) (%) P Value
Age
-2 mo 16 (39%) 13(76%) 019
3-4 mo 1(27%) 3(18%)
=5mo 14 (34%) 1(6%)
Sex
Male 13 (32%) 7 (41%) .551
Female 28 (68%) 10 (59%)
Clinical symptom complex
WE 18 (44%) 2 (12%) 001
Mixed 13 (32%) 2 (12%)
Acidosis 10 (24%) 13 (76%)
Clinical features
Systemic
Fever 1(27%) 3(18%) 523
Vomiting/reflux 21(51%) 12 (70%) 247
Diarrhea 5(12%) 3(18%) .681
Decreased feeding 16 (39%) 5(29%) .560
Constipation 1(2%) 0(0%) >.999
CNS
Altered sensorium 41(100%) 17 (100%)
Irritability 22 (43) 12 (70%) 260
Lethargy 8 (19%) 2(12%) 707
Moaning 29 (71%) 14 (82%) 514
Vacant stare 16 (39%) 3(18%) 137
Ptosis 18 (44%) 2(12%) 032
Divergent squint 13 (32%) 2 (12%) 188
Gross motor delay 2(5%) 0(0%) >.999
Motor regression 1(2%) 0(0%) >.999
Seizures 15 (36%) 3(18%) 217
Tonic posturing 10 (24%) 3(18%) 736
Hypotonia 2(5%) 0(0%) >.999
CVS
Shock 19 (46%) 14 (82%) 019
Tachycardia 18 (44%) 15 (88%) .003
Metabolic
Acidotic breathing 10 (24%) 13(76%)  <.001

Note:—HUS indicates head ultrasonography; CVS, cardiovascular system; BG, basal
ganglia; WE, Wernicke encephalopathy.

Encephalopathy (145 infants)

Thiamine responsive/Low thiamine level

(58 infants) (87 infants)
Hyperechoic BG Normal Hyperechoic BG
(41 infants) (17 infants) (7 infants)

FIG 1. Breakdown of infants with encephalopathy. “Hyperechoic BG” indicates cUS finding of in-
creased echogenicity of the bilateral basal ganglia. “Normal” indicates cUS showing normal brain
parenchyma and basal ganglia echogenicity. “Other findings” indicates cUS abnormalities other than

hyperechoic basal ganglia-like hydrocephalus or a mass lesion.

Non thiamine responsive

(18/18;95% CI, 78.47%—100%) in infants older than 5 months of
age. The sensitivity also varied with clinical presentation. The sen-
sitivity was maximum in Wernicke encephalopathy, 90% (18/20;
95% CI, 69.9%-97.2%), and least in acidotic forms, 43% (10/23;
95% CI, 25.63%—-63.19%). The specificity was similar, 92% (80/
87; 95% CI, 84.31%-96.05%) in Wernicke encephalopathy,
mixed and acidotic forms.

Univariate analysis (Table) showed that in IEBB, infants in the
upper age groups, presenting with Wernicke encephalopathy and
without shock, had a statistically significant presence of hyper-
echoic basal ganglia. Sex, standard base excess, and seizures were
not significantly associated with this condition.

Multivariate logistic regression analysis showed that clinical
presentation was an independent risk factor for positive findings
of hyperechoic basal ganglia on cranial sonography (Wernicke
encephalopathy: OR = 9.810; 95% CI, 1.085-88.687; mixed:
OR = 7.560; 95% CI, 1.113-51.335). Shock was not an indepen-
dent factor in depicting the positive findings on sonography
(OR = 0.778; 95% CI, 0.110-5.643).

cUS Imaging

The basal ganglia showed a bilaterally symmetric hyperechoic ap-
pearance in 41 infants with IEBB in the initial scan at presentation.
Hyperechoic putamina (Figs 2A and 3A, -B) were seen in 41/41
(100%) infants. The caudate nuclei appeared hyperechoic (Figs
3A, -B and 4A, -B) in 31/41 (76%); an isolated hyperechoic ap-
pearance of the bilateral putamen was seen in 10/41 (24%). Slight
hyperechogenicity of the bilateral median thalami (Fig 5) was seen
in 3/41 (7%). None of the scans showed any midline shift or mass
lesion/hemorrhage. Seven infants with encephalopathy other
than IEBB had hyperechoic basal ganglia on head ultrasonogra-
phy. Bilateral putamina were hyperechoic in 7/7 (100%); caudate
nuclei, in 5/7 (71%); and thalami, in 4/7 (57%).

Mild increased echogenicity of the basal ganglia was noted in
infants 1-2 months of age, comprising 16/41 (39%) cases with
positive findings of IEBB on cUS. Children older than 2 months of
age, comprising 25/41 (61%) cases positive for IEBB, showed a
distinctly hyperechoic appearance of the basal ganglia. Twelve of
16 (75%) infants younger than 2 months of age showed hyper-
echoic putamina and caudate nuclei, and 4/16 (25%) had hyper-

echoic putamina only. Nineteen of 25
(76%) infants older than 2 months of
age showed hyperechoic putamina and
caudate nuclei, and 6/25 (24%) had hy-
perechoic putamina only. There was no
correlation between the age of the chil-
dren and the relative involvement of the
putamen and caudate nucleus (x> =
0.09, P = .764).

Follow-up scans showed regression
of basal ganglia hyperechogenicity (Fig
2B) after thiamine administration, with

Normal/Other findings 11 o5t normal appearance of basal gan-
gliain 2—4 weeks in 18/41; in 4—8 weeks,
an additional 8/23 children showed
resolution of basal ganglia hyperechoge-
nicity, totaling 26/41 (63%) infants.
Twenty-two of 26 infants with resolu-

(80 infants)
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FIG 2. A 3-month-old girl with encephalopathy, reflux, and ptosis due to IEBB. A, Coronal plane
cUS shows a bilaterally symmetric hyperechoic putamen (arrows). B, Follow-up cUS (after thia-
mine supplementation) in the coronal plane 6 weeks later shows very minimal hyperechogenicity
in the putamen (arrows). Hyperechogenicity has regressed compared with the initial cUS (A).

FIG 3. A 3-month-old girl with encephalopathy, reflux, and ptosis due to IEBB. A, Sagittal plane
cUS shows a hyperechoic putamen (arrows). B, Coronal plane cUS shows a bilaterally symmetric
hyperechoic caudate nucleus (downward arrows) and putamen (upward arrows).

FIG 4. A 4-month-old boy with encephalopathy, moaning, and seizures diagnosed as IEBB. A,
Sagittal plane cUS shows a curvilinear hyperechoic structure representing the caudate nucleus
(arrows). B, Coronal plane cUS shows a bilateral symmetric hyperechoic caudate head (arrows).

<4 weeks. Ten children (10/15) with
persistent basal ganglia hyperechogenic-
ity showed delayed developmental mile-
stones. Mild ventricular dilation of the
lateral ventricles was seen in 6/41 (15%).
Three children (3/6) showed ventricular
dilation at 2-4 weeks, and 3 (3/6)
showed ventriculomegaly after 4 weeks.

The symptomatic response to thia-
mine in IEBB was dramatic with moan-
ing and tachycardia subsiding within 4
hours, and vacant stare and ptosis, in 6
hours. Lethargy persisted for 24 hours.
In patients with developmental delay,
milestones and tone were slow to re-
cover during 4-14 weeks. Normal
breastfeeding was achieved in a mean of 6
hours. The mean duration of the hospital
stay was 3.25 days. At discharge, patients
were put on 6 weeks of daily thiamine,
with dietary advice to the mothers.

DISCUSSION
Early and rapid diagnosis of IEBB is es-
sential so that thiamine is administered
in time to prevent permanent brain
damage and neurologic morbidity in the
child.'"'* Thiamine levels can be deter-
mined in body fluids, but the procedure
is time-consuming and may not be
available to all. MR imaging of the brain
is considered optimal for a rapid imag-
ing-based diagnosis of IEBB.>*!?
Several studies and case reports have
documented abnormal findings on brain
MR imaging in infants with IEBB.>*"’
MR imaging in IEBB shows signal-inten-
sity changes in the basal ganglia and cere-
bral cortex universally, besides changes in
the medial thalami, periaqueductal gray
matter, and mammillary bodies. Extra-
basal ganglia changes (in the brain stem
and mammillary bodies) are reported to
be less frequent in the IEBB seen in the
developing countries where symmetric
T2WI hyperintense signal intensity in-
volving the putamina alone or along with
the caudate nuclei may be considered sug-
gestive of the diagnosis in the presence of
relevant clinical features. Altered-signal-
intensity lesions in the thalami and cere-
bral cortex are seen in a small proportion
of children with IEBB.>* These lesions are
always seen in the presence of basal ganglia

tion of basal ganglia hyperechogenicity achieved developmental  lesions and are never seen in the absence of putaminal signal changes

milestones at an appropriate age, and 4/26 showed motor delayat  in IEBB.>*

follow-up. Fifteen of 41 (37%) infants did not have normalization Ultrasonography can be used for imaging of the brain in in-

of basal ganglia echogenicity at follow-up; 4/15 were followed for ~ fants, without risk of radiation exposure, and is readily available.
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FIG5. A3-month-old boy with encephalopathy, ptosis, moaning, and
reflux due to IEBB. Coronal plane cUS shows bilaterally symmetric
hyperechoic putamen (downward arrows) and mildly hyperechoic
thalami (upward arrows).

Cranial ultrasonography has been described as useful in condi-
tions like hypoxic-ischemic injury and inborn errors of metabo-
lism. However, there is no previous study describing cUS findings
in IEBB, to our knowledge. This prompted us to undertake the
present study.

Our study showed a hyperechoic appearance of the basal gan-
glia (putamen and caudate nucleus) on cUS in 71% of infants with
[EBB. Putaminal hyperechogenicity was seen in all, and caudate
hyperechogenicity was seen in 76% of the infants with abnormal
findings on cUS. Putaminal and caudate changes on brain MR
imaging are reported to be universally present in IEBB according
to both Western and Indian literature.”*'” Studies from the
thiamine-deficient Indian population report changes in the thal-
ami, cerebral cortex, mammillary bodies, and brain stem in a
smaller percentage of infants, always in the presence of basal gan-
glia lesions. We could not delineate cortical or brain stem changes
in any infant, though a mild hyperechoic appearance of the thal-
ami was seen in 7%.

We have shown, in a sizeable cohort of infants with IEBB, that
cUS detects main brain parenchymal changes that support the
clinical diagnosis. Although some aspects of brain parenchymal
changes are only or better seen with MR imaging, most salient
features of basal ganglia involvement in IEBB were easily detected
with cUS. The sensitivity and specificity of cUS were high for the
diagnosis of IEBB in infants older than 5 months of age with
features of Wernicke encephalopathy.

Hyperechoic basal ganglia on cUS in an infant with encepha-
lopathy, metabolic acidosis, gastroesophageal reflux, and ptosis
from the lower socioeconomic strata of developing countries sug-
gest a diagnosis of IEBB. In the absence of blood thiamine levels
and the availability of MR imaging, cUS may be useful in the triage
of such infants. Infants older than 5 months of age with hyper-
echoic basal ganglia on cUS should always receive parenteral thi-
amine. cUS can rule out hydrocephalus, space-occupying lesion-
like hemorrhage/abscess, or extra-axial collection as the cause and
should be part of routine evaluation in such infants.'*'® The dif-

ferential diagnosis of hyperechoic deep gray matter structures on
cUS includes severe hypoxic-ischemic injury, inborn errors of
metabolism, and encephalitis/congenital infection.>'®'?"*?
Clinical features, serologic/biochemical investigations, and
CSF analysis can help in making the proper diagnosis.>**

The basal ganglia are metabolically very active in children hav-
ing high concentrations of mitochondria and increased glucose
use. Thiamine deficiency resulting in deficient adenosine triphos-
phate production consequent to defective thiamine-dependent
oxidative glucose metabolism preferentially manifests with
changes in the basal ganglia in children.*''"* Vasogenic and cy-
totoxic edema has been proposed as the underlying cause of basal
ganglia changes in IEBB. An edematous appearance of the basal
ganglia on cUS manifests with increased echogenicity. Basal gan-
glia changes in IEBB have been documented as reversible with
early thiamine supplementation, and failure to administer thia-
mine may result in permanent brain damage.*'""?

We were able to recognize basal ganglia lesions on cUS at pre-
sentation and continued with thiamine supplementation with fa-
vorable immediate clinical outcome in all. Basal ganglia hyper-
echogenicity was demonstrated to decrease slowly with thiamine,
reverting to a normal appearance in 6—8 weeks in 63% (26/41). In
37% (15/41) of children, the basal ganglia showed persistent hy-
perechogenicity, and 15% (6/41) showed some atrophy of the
basal ganglia with ventriculomegaly in the follow-up.

Limitations

The low sensitivity of hyperechoic basal ganglia on cUS in infants
younger than 2 months of age (55%) and in infants who present
with clinical acidosis (43%) prevents its use as a screening tool for
the diagnosis of IEBB in these patients. The suboptimal and inad-
equate visualization of changes in the thalami, brain stem, and
mammillary bodies may limit the usefulness of cUS in cases in
which changes are seen predominantly in these structures. An
inadequate acoustic window through a closed anterior fontanelle
makes cUS difficult in infants with craniosynostosis. Closure of
the anterior fontanelle with time also limits the duration of long-
term follow-up with cUS.

CONCLUSIONS

cUS is a preferable initial imaging technique for the infant brain
because it is cheap and readily available, even in developing coun-
tries; is safe from radiation risk; and does not need transfer of
infants and sedation before examination. Access across the ante-
rior fontanelle is optimal in the age group afflicted with IEBB.
Hyperechogenicity of the basal ganglia on cUS is a sensitive find-
ing (90%) for the diagnosis of IEBB in infants who present with
Wernicke encephalopathy. Sensitivity is, however, low in those
presenting with clinical acidosis (43%). In the appropriate clinical
settings, symmetric hyperechoic basal ganglia on cUS in an infant
are also highly specific for the diagnosis of IEBB.
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ORIGINAL RESEARCH
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Spectrum of Clinical and Associated MR Imaging Findings in
Children with Olfactory Anomalies

ABSTRACT

T.N. Booth and ““'N.K. Rollins

BACKGROUND AND PURPOSE: The olfactory apparatus, consisting of the bulb and tract, is readily identifiable on MR imaging. Anom-
alous development of the olfactory apparatus may be the harbinger of anomalies of the secondary olfactory cortex and associated
structures. We report a large single-site series of associated MR imaging findings in patients with olfactory anomalies.

MATERIALS AND METHODS: A retrospective search of radiologic reports (2010 through 2014) was performed by using the keyword
“olfactory”; MR imaging studies were reviewed for olfactory anomalies and intracranial and skull base malformations. Medical records were
reviewed for clinical symptoms, neuroendocrine dysfunction, syndromic associations, and genetics.

RESULTS: We identified 41 patients with olfactory anomalies (range, 0.03-18 years of age; M/F ratio, 19:22); olfactory anomalies were
bilateral in 31 of 41 patients (76%) and absent olfactory bulbs and olfactory tracts were found in 56 of 82 (68%). Developmental delay was
found in 24 (59%), and seizures, in 14 (34%). Pituitary dysfunction was present in 14 (34%), 8 had panhypopituitarism, and 2 had isolated
hypogonadotropic hypogonadism. CNS anomalies, seen in 95% of patients, included hippocampal dysplasia in 26, cortical malformations
in 15, malformed corpus callosum in 10, and optic pathway hypoplasia in 12. Infratentorial anomalies were seen in 15 (37%) patients and
included an abnormal brain stem in 9 and an abnormal cerebellum in 3. Four patients had an abnormal membranous labyrinth. Genetic
testing was performed in 23 (56%) and findings were abnormal in 11 (48%).

CONCLUSIONS: Olfactory anomalies should prompt careful screening of the brain, skull base, and the pituitary gland for additional
anomalies. Genetic testing should be considered.

ABBREVIATIONS: CHARGE = Coloboma of the eye, Heart defects, Atresia of the choanae, Retardation of growth and/or development, Genital and/or urinary

abnormalities (hypogonadism), Ear anomalies and/or deafness; OB = olfactory bulb; OT = olfactory tract

Ifaction involves recognition of myriad chemicals in var-

ious concentrations enabling discrimination among scents.

In humans, the olfactory system provides less survival advantage

than the other senses and the olfactory apparatus is proportion-

ately much smaller than that in other mammals but is readily
identifiable on routine MR imaging.'

The olfactory system begins to form early in gestation and has

multiple origins, including the olfactory placode, cranial neural

crest, and the olfactory bulb (OB), which is an extension of the
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telencephalon. The olfactory placode develops into the olfactory
epithelium and nerves, which migrate toward the developing OB.
Olfactory ensheathing cells are likely neural crest derivatives,
which serve as a scaffolding for initial migration.> Adjacent to the
olfactory placode is the developing adenohypophyseal placode.
The OB projection neurons or olfactory tracts (OTs) innervate
multiple cortical regions and are collectively referred to as the
olfactory cortex. The olfactory cortex comprises the anterior ol-
factory nucleus, olfactory tubercle, piriform cortex, entorhinal
cortex, and septal, habenular, and brain stem nuclei as well as the
amygdale, hippocampus, and parahippocampal gyrus.>”

Thus, anomalies of the primary olfactory system might be as-
sociated with diverse and widespread anomalies of the remainder
of the brain. Syndromes associated with malformed primary ol-
factory pathways include Kallmann syndrome; CHARGE syn-
drome (Coloboma of the eye, Heart defects, Atresia of the cho-
anae, Retardation of growth and/or development, Genital and/or
urinary abnormalities [hypogonadism], Ear anomalies and/or
deafness); septo-optic dysplasia; and craniotelencephalic dyspla-
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FIG1. Coronal T2-weighted images at the expected region of the olfactory bulb demonstrating representative examples of olfactory anomalies
found. A, There is bilateral absence of the OBs (arrows) with absence of the right olfactory sulcus. Small vessels are noted in the expected region
of the olfactory OBs. No OTs are present (not shown). B, There is unilateral absence of the left OB (arrow) and OT (not shown). The olfactory
sulcus is hypoplastic on the left. C, Note unilateral hypoplasia of the right OB (arrow) with a normal OT (not shown). The ipsilateral sulcus is

hypoplastic.

FIG 2. A 2-year-old child with seizures and bilateral absent OBs and OTs. Coronal T2-weighted
image (A) through the mid-temporal lobes demonstrates abnormal rotation of both hippocampi
with laterally positioned fimbria (arrows). Midline sagittal TI-weighted image (B) shows hypoplasia

of the ventral pons (arrow). Genetic information was not available.

sia, malformations for which the molecular genetics are variably
defined.”* We reviewed a sizable population of patients with abnor-
malities of the primary olfactory pathways to further categorize the
clinical presentation, syndromic associations, and genetic results and
expand the range of associated brain malformations and provide cor-
relative diffusion tensor imaging and results of genetic testing.

MATERIALS AND METHODS
The study was approved by the Institutional Internal Review
Board (University of Texas Southwestern Medical Center) and is
Health Insurance Portability and Accountability Act—compliant.
A retrospective search of radiologic reports was performed at a
tertiary pediatric hospital by using the keyword “olfactory” with
inclusive dates of January 2010 to December 2014. Consensus was
reached about findings on MR imaging after review by 2 pediatric
neuroradiologists with Certificates of Added Qualification in
neuroradiology, each with =18 years’ experience.

Inclusion criteria were diagnostic-quality coronal T2WI of
=4-mm section thickness and absence or hypoplasia of the pri-
mary olfactory pathways. Patients with regional masses or paren-
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chymal destruction were excluded. The
medical record was reviewed for clinical
presentation, clinical and laboratory
evidence of neuroendocrine function,
hearing loss, and additional cranial
nerve dysfunction. Genetic results in-
cluding chromosomal microarray, flu-
orescence in situ hybridization, karyo-
type, and any potential syndromic
associations, were noted.

The OBs and OTs were qualitatively
classified as normal, absent, or hyp-
oplastic. Bulbs classified as hypoplastic
lacked the typical anterior focal expan-
sion at the level of the posterior crista
galli. In cases of asymmetric OB or OT,
the small side was considered abnormal.
The olfactory sulci were designated as
normal, hypoplastic, absent, or dysplastic. A pattern search of
supratentorial content focused on callosal morphology, the sep-
tum pellucidum, hippocampus rotation, and malformations of
cortical development. The posterior fossa was evaluated for the
mid- and hind brain malformations and skull base anomalies. The
optic nerves, chiasm, and tracts were evaluated for hypoplasia or
absence. The presence and position of the neurohypophysis
were documented, along with the presence of the infundibu-
lum. When possible, the structures of the membranous laby-
rinth and lower cranial nerves were evaluated. The directionally
encoded color maps from diffusion imaging were reviewed in a
subset of patients for anomalies of major commissural, associ-
ation, and projection fibers.

RESULTS

Forty-four patients with olfactory anomalies were found by using the
specified inclusion criteria. Three patients were excluded due to hy-
dranencephaly, large craniopharyngioma, and a frontal encephalo-
cele, resulting in a cohort of 41 patients. The age range was 0.03—-18
years with a mean age of 4.5 years. The male/female ratio was 19:22.



FIG 3. A1-month-old infant with dysmorphic features and hypothy-
roidism and absent ONs and OTs. Axial T2-weighted image shows
thalamic fusion (arrow) and mild diffuse undersulcation. Note multi-
ple chromosomal abnormalities on chromosomal microarray (Table,
patient 9).

Olfactory Findings

Of the 41 patients, abnormalities of the primary olfactory appa-
ratus were bilateral in 31 (76%) and unilateral in 10 (24%). Fifty-
six of 82 (68%) OBs and OT's were absent. Other olfactory find-
ings included absent OB with OT hypoplasia in 5, hypoplastic OB
with a normal OT in 5, absent OB with a normal OT in 2, hyp-
oplastic OB and OT in 3, and a normal OB with a hypoplastic OT
in 1. Sixty-one of 82 (74%) olfactory sulci were abnormal, and 38
were classified as hypoplastic. The sulcus was absent in 16 and
dysplastic in 7. An abnormal sulcus was consistently associated
with an abnormal OB and/or OT (Fig 1).

Associated Imaging Abnormalities
Ofthe 41 patients, only 2 (5%) had no associated brain anomalies;
1 patient had an absent OB and OT bilaterally, and the other had
bilateral OB hypoplasia. Anomalies seen in the other 39 (95%)
patients included hippocampal dysplasia in 26/41 (63%), which
was bilateral in 22 patients and unilateral in 4 (Fig 2). Fifteen
(37%) patients had supratentorial cortical malformations. The
most common cortical malformation was polymicrogyria involv-
ing the insular cortex and was found in 8 patients. Other malfor-
mations included pachygyria in 1, subependymal heterotopias in
4, transmantle heterotopias in 2, and thalamic fusion of varying
degrees in 3 patients (Figs 3 and 4). The corpus callosum was
dysgenetic in 10 (24%) patients, with complete agenesis in 4 (Fig 5).
Anatomic pituitary abnormalities were present in 11 of 41
(27%) patients, which included ectopic or absent neurohypoph-
ysis. The optic nerves, chiasm, and or tracts were absent, hyp-
oplastic, or dysplastic in 12/41 (29%) patients, with associated
septum pellucidum agenesis in 4. Ten of 12 (83%) patients with
optic abnormalities had abnormalities of the pituitary gland. Ad-
ditional intracranial abnormalities were found in 11 of 12 (92%)
patients with optic abnormalities, most commonly peri-Sylvian
polymicrogyria (Fig 6). Pituitary abnormalities were found in 2
patients without associated optic hypoplasia, both with ectopic
neurohypophysis. Pituitary cysts were not considered abnormal.
Five of 6 patients with sensorineural hearing loss had high-

FIG 4. A 5-year-old child with seizures and absent OBs and OTs. Cor-
onal T2-weighted image through the frontal lobes shows right trans-
mantle cortical dysplasia (arrow).

FIG 5. A 3-year-old child with developmental delay and hypoplastic
OBs and OTs. Midline sagittal Tl-weighted image shows a thickened
body of the corpus callosum (arrow) and poor definition of the pon-
tomedullary junction (arrowhead). The occipital cervical junction is
abnormal as well. A directionally encoded fractional anisotropy map
confirms anomalous supracallosal fibers (not shown), which result in
the enlargement of the callosal body. Trisomy 2p was found on chro-
mosomal microarray.

resolution MR imaging, which showed typical imaging findings of
CHARGE syndrome, with absent semicircular canals and small
vestibules in 3 (Fig 7). The cochlear nerve was deficient or absent
in 4 ears, and the vestibular nerves were absent in 4 ears. One of
these patients was found to have unilateral absence of the seventh
cranial nerve as well. The 2 other patients had dilated vestibules
with incorporation of the lateral semicircular canals, with 1 hav-
ing enlarged cisternal segments of the fifth cranial nerve. Absent
or hypoplastic third and fifth cranial nerves, both demonstrating
a hypoplastic pons, were found in 2 children without sensorineu-
ral hearing loss.

Anomalies of the posterior fossa were found in 15 (37%) pa-
tients and were not usually isolated. Mid- and hind brain abnor-
malities included ventral pontine hypoplasia in 8 patients and an
abnormal pontomedullary junction in 2 (Fig 2). Cerebellar verm-
ian hypoplasia was seen in 3, and hemispheric dysplasia, in 1 (Fig 8).
Four patients had a hypoplastic or dysplastic clivus with associ-
ated basilar invagination in 1 (Fig 7).

Diffusion tensor imaging was available in 15 patients, and
findings were abnormal in 8; 2 had complete callosal agenesis.

AJNR Am J Neuroradiol 37:1541-48  Aug 2016  www.ajnr.org 1543



Anomalous supracallosal fibers were seen in 1 patient with a
thickened body of the corpus callosum (Fig 2). Anomalies of the
brain stem on DTI included absence of the dorsal transverse pon-
tine fibers in 3 patients and complete absence of transverse fibers
in 1 patient (Fig 9). In this group, 1 patient had a normal pons by
routine MR imaging but DTI showed a small corticospinal tract
ipsilateral to left-sided basal ganglia hypoplasia and extensive bi-
lateral frontal polymicrogyria.

Clinical Findings

The medical record was available for review in all patients. Twen-
ty-four of 41 (59%) children were found to have developmental
delay. Seizures were present in 14 of 41 (34%) patients, with co-
existing developmental delay in 9. Neuroendocrine dysfunction
was present in 14 of 41 (34%) patients, with 8 having panhypopi-
tuitarism; 2, isolated absent gonadotropin-releasing hormones;
and 1, isolated growth hormone deficiency. Diabetes insipidus
was present in 6 patients and was usually associated with anterior
pituitary dysfunction. Pituitary hormone levels were evaluated in
18 of 41 patients. Pituitary function was considered normal in the
absence of clinical indicators to suggest hormone deficiency or

FIG 6. A 6-year-old child with blindness, nystagmus, developmental delay, and absent OBs and
OTs. Midline sagittal T1-weighted image (A) demonstrates hypoplasia of the optic chiasm (long
arrow) and a small anterior pituitary gland with an absent neurohypophysis (short arrow). Coro-
nal T2-weighted image (B) through the insular cortex shows subtle nodularity of the insular cortex
bilaterally, consistent with polymicrogyria (arrows) and a small subependymal heterotopia adja-
cent to the right temporal horn (arrowhead). Imaging and clinical findings are consistent with
optic hypoplasia syndrome with the septum pellucidum present. No abnormality was present on

chromosomal microarray.

normal laboratory values. Eight patients had clinical findings in-
dicating optic pathway pathology, including optic nerve hypopla-
sia and/or nystagmus, and sensorineural hearing loss was present
in 6. Children commonly had multiple presenting symptoms
(n = 25,61%). Isolated anosmia or hyposmia was noted in only 3
patients.

Six children had multiple congenital anomalies reported, most
commonly congenital heart disease, and 5 had dysmorphic facies.
Cleft lip/palate or a bifid crista galli was noted in 4 patients. Syn-
dromic associations were found in 9 (22%) and included
CHARGE in 3, Kallmann in 2, as well as DiGeorge, Johanson-
Blizzard, Jacobsen, and PHACE (posterior fossa malformations—
hemangiomas—arterial anomalies—cardiac defects—eye abnor-
malities—sternal cleft and supraumbilical raphe) syndrome. A
history of fetal alcohol syndrome or maternal drug exposure was
present in 2 patients.

Genetic evaluation was performed in 23 (56%) patients, in-
cluding chromosomal microarray in 19, fluorescence in situ hy-
bridization in 3, and karyotype in 3, with some patients undergo-
ing multiple genetic tests. Abnormal and diverse results were
found in 11 (48%) patients (Table).

DISCUSSION

A search of a large radiology report ar-
chive in a tertiary children’s hospital
netted 41 patients with confirmed ab-
normalities of the primary olfactory
apparatus during a 5-year period, indi-
cating that this malformation is uncom-
mon. However, because detection of
malformed OBs, OTs, and sulci requires
coronal imaging, preferably T2, which
may not be routinely performed, this
spectrum of malformations is presum-
ably more common than we appreci-
ated. In our cohort, review of the medi-
cal records showed that most patients
had no clinical symptoms referable to
the olfactory pathway and usually pre-
sented with developmental delay (59%)
and or seizures (34%). Neuroendocrine

FIG7. AT/-year-old adolescent with sensorineural hearing loss, panhypopituitarism, and absent OBs and OTs. Axial 3D T2-weighted MIP image (A)
shows diminutive vestibules with vestigial posterior semicircular canals (arrows). No other semicircular canals are present. The cochlea is
dysplastic bilaterally. Sagittal T1-weighted image (B) demonstrates an abnormal brain stem with an accentuated dorsal concavity and poor
delineation of the ventral pontomedullary junction and a dysmorphic clivus (arrow). The optic chiasm is hypoplastic (arrowhead), and an
anterior pituitary cyst is present. Imaging and clinical findings met criteria for CHARGE syndrome. Genetics information was not available.
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FIG 8. An18-month-old child with developmental delay and an absent left OB and OT. Midline
sagittal TI-weighted image (A) shows hypoplasia of the vermis with disorganization of the supe-
rior cerebellar lobules and deformity of the fourth ventricular roof (arrow). There is an incidental
anterior pituitary cyst. Axial T2-weighted image (B) demonstrates a hypoplastic left cerebellar

hemisphere with gyral disorganization (arrow).

FIG9. A2-month-old infant with esotropia, seventh nerve palsy, and
absent OBs and OTs. Axial directionally encoded fractional anisot-
ropy map shows a single transverse pontine fiber bundle anterior to
the corticospinal tracts (arrow). Anatomic images show only mild
ventral pontine hypoplasia (not shown). Genetic information was not
available.

dysfunction (34%) was often associated as well. The myriad
intracranial malformations associated with anomalies of the OB
and/or OT may be explained by the extensive known anatomic
and functional connections.” Pachygyria, polymicrogyria, sub-
ependymal heterotopias, transmantle cortical dysplasia, and tha-
lamic fusion were all found in this group of patients. There are
multiple case reports and small series of olfactory anomalies ei-
ther isolated or with associated abnormalities®®; however, this is
largest pediatric cohort reported.

The lateral projections or stria of the OTs extends to the para-
hippocampal cortex, with the region likely responsible for the
characterization and memorization of odors. This feature may
explain the high incidence of abnormal hippocampi seen in pa-
tients with olfactory anomalies. The presence of abnormalities of
the brain stem may be predicted by the anatomic connections of
medial projections of the OTs that extend to multiple locations
within the brain stem, including the reticular formation, salivary
nuclei, dorsal nucleus of cranial nerve X, and the olfacto-hypo-

thalamo-tegmental bundle. Also, the de-
velopment of the olfactory system oc-
curs very early in gestation, suggesting
the potential association with anomalies
of phylogenetically older structures such
as the posterior fossa.” Potentially link-
ing the formation of the cerebellar ver-
mis and olfactory apparatus is the tran-
scription factor zinc finger protein 423,
which has been shown to be a require-
ment for patterning the development of
precursors in the cerebellar vermis and
olfactory apparatus in rats.”

In this cohort, agenesis of the corpus
callosum was commonly found associ-
ated with olfactory anomalies. Abnor-
malities of the corpus callosum have
been linked to OB absence, and this may
be related to an absent induction phe-
nomenon, with the olfactory bulbs rep-
resenting a trigger for callosal development. In fetal mice, agenesis
of the corpus callosum has been shown to result from destruction
of the olfactory bulb.'® PAX6 mutations may result in agenesis of
the OBs and corpus callosum as well as polymicrogyria.® Also,
TUBAIA mutations have been reported associated with absent
OBs and agenesis of the corpus callosum and extensive brain
anomalies, including dysplastic basal ganglia/thalami, cerebellar
hypoplasia, and lissencephaly.'">'*

One of the first reported clinical finding associated with congen-
ital olfactory anomalies was isolated hypogonadotropic hypogonad-
ism with absent or incomplete puberty, usually in males, in the set-
ting of Kallmann syndrome. The gonadotropin receptors migrate
along the olfactory tracts in the early fetus, explaining the association
between low follicular stimulating and luteinizing hormones and ab-
sent olfactory bulbs and tracts.>'” In our cohort, a minority of pa-
tients had isolated hypogonadotropic hypogonadism consistent with
Kallmann syndrome. Panhypopituitarism was by far the more com-
mon pituitary presentation. Multiple genetic loci for Kallmann syn-
drome have been found, including the X-linked gene KALI and au-
tosomal transmission on FGFRI (chromosome 8), FGF8
(chromosome 10), PROKR2 (chromosome 3), and PROK2 (chro-
mosome 20) genes.'*'> The PROKR2 and PROK2 mutations have
also been reported to be the cause of isolated congenital anosmia.'®
The 2 patients with suspected Kallmann syndrome did not have a
chromosomal microarray.

Septo-optic dysplasia has been reported associated with olfac-
tory bulb and tract hypoplasia.” Ten of our patients with olfactory
anomalies had imaging findings consistent with septo-optic dys-
plasia, with the entity defined in patients fulfilling 2 of 3 criteria
(optic hypoplasia, pituitary dysfunction, and absent septum pel-
lucidum). Two patients had imaging evidence of optic hypoplasia
without additional criteria present. Most interesting, 6 of 10 pa-
tients with septo-optic dysplasia had a normal septum pelluci-
dum. In the recent literature, the term “optic nerve hypoplasia
syndrome” has been proposed as a more appropriate name be-

cause the development of the septum pellucidum is likely an in-
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Abnormal genetic results

Additional chromosomal abnormal-

Patient No. Chromosomal Abnormality Syndrome ities have been reported associated with
4 6927 loss, 1124.1925 gain None olfactory anomalies. In a recent report, a
! 793132 copy number loss None 6927 microdeletion was present in 2 pa-
9 10g25:1-g26.3 duplication, 11q23.3-q25 deletion, copy Jacobsen Vq ) P . P
number neutral mosaic, allelic homozygosity tients with olfactory bulb aplasia.” One
17q13.3-pll patient in our series had this microdele-
E 22qu,2 d.elet'on DiGeorge tion and associated ventral pontine hyp-
18 Partial trisomy 13 None . . .
19 Partial trisomy 18 None oplasia. Partial trisomy (13 and 18) has
21 CHD7 mutation CHARGE been reported with olfactory aplasia,
22 9p24.3p22.3 loss, 17g25.3 gain, unbalanced translocation ~ None and these mutations were found in 2 of
?:;x:i? chromosomes 9 and 7, trisomy distal 17q our patients.”® A 10q25 duplication was
24 Continuous duplication and terminal deletion of None present in 1 patient and is in close prox-
chromosome 6 imity to the 10q24.32 gene mutation re-
30 13912.12 gain, UBRT mutation Johanson-Blizzard ported in the FGFS type of Kallmann
39 Trisomy 2p None

dependent process. The more consistent association with optic
hypoplasia is cortical dysgenesis and hypopituitarism.'”'® Pitu-
itary dysfunction was routinely identified (83%) in this subset of
patients. Most interesting, a genetic link may be present between
Kallmann syndrome and optic hypoplasia syndrome with loss-of-
function mutations in PROKR2 found in both.'® The association
of anterior pituitary dysfunction may relate to the proximity of
the developing adenohypophyseal and olfactory placodes.” Brain
MR imaging protocols may benefit from the routine addition of
coronal T2-weighted imaging, which would be optimal for eval-
uation of the olfactory apparatus and optic nerves.

Six patients had sensorineural hearing loss associated with ol-
factory anomalies. CHARGE syndrome was suspected 3 patients
with typical inner ear malformations, including a small vestibule
and absent semicircular canals. The olfactory nerves should be
carefully evaluated in children with sensorineural hearing loss,
especially with imaging findings consistent with CHARGE syn-
drome.°® The presence of anosmia in patients with CHARGE syn-
drome can be predictive of associated pituitary dysfunction; how-
ever, this association may be difficult to clinically assess in young
patients and the presence of olfactory anomalies should prompt
an evaluation of pituitary function.”>*! Panhypopituitarism was
present in one of the patients with CHARGE. Basioccipital hyp-
oplasia has also been reported to be common in CHARGE syn-
drome, with the CHD? gene thought to have a role in neural crest
development.”” Two of the patients with CHARGE syndrome had
an abnormal clivus, and all 3 had dysmorphic brain stems. The
olfactory nerves, regional facial structures, and skull base are de-
rived from the cranial neural crest, and the association may ex-
plain the incidence of facial and skull base abnormalities present
in this patient population.” Absent semicircular canals and olfac-
tory anomalies have also been reported in Waardenburg syn-
drome with SOX10 mutations, but this syndrome is typically
associated with large vestibules. SOX10 is a regulator of neural
crest development, which offers an additional link between
normal development of neural crest structures and the olfac-

tory apparatus.””?*
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syndrome. DiGeorge syndrome is asso-
ciated with a 22q11.2 deletion, with the
findings of the fluorescence in situ hybridization analysis positive
in our patient. A diverse clinical spectrum has been demonstrated
with the syndrome.”®*” There are multiple reports linking the
DiGeorge genetic abnormality to absent olfactory bulbs.”®>’

The patients with Johanson-Blizzard syndrome had a con-
firmed UBRI gene mutation as well as a 13q12.12 gain. The gene
encodes for a protein involved in many basic biologic functions
including neurogenesis and has been associated with absent
OBs.” The patient with Jacobsen syndrome had an 11q23.3 dele-
tion and additional genetic abnormalities. Patients typically have
facial dysmorphism, thrombocytopenia, and multiple malforma-
tions that include the CNS. Pachygyria, subependymal heteroto-
pias, ventriculomegaly, and agenesis of the corpus callosum have
been reported.’** Our patient had vermian hypoplasia, thalamic
fusion, and optic hypoplasia. More than 40% of the 856 olfactory
receptor genes are located along chromosome 11, possibly ex-
plaining the association, but to our knowledge, OB absence has
not been reported in this syndrome. TUBA 1A mutations were not
found in our cohort but have been reported associated with ab-
sent OBs.

Fetal alcohol exposure has been reported to lead to abnormal
olfactory development in adult mice, and impaired odor discrim-
ination has been seen in children with heavy prenatal alcohol
exposure.”””* Our 2 cases of fetal alcohol and drug exposure may
represent an in utero toxic acquired etiology rather than a genetic
origin.

Diffusion tensor imaging has been reported to be helpful in
evaluating the brain stem to determine the location and integrity
of different white matter tracts.” Diffusion tensor imaging found
additional or clarified associated intracranial abnormalities in
many of our patients. Morphologically abnormal brain stems
were demonstrated in 10 patients, with absence or fusion of the
transverse pontine fiber tracts often found in these patients.
Asymmetric association tracts were identified, with associated
thickened corpus callosum and prominent hippocampal com-
missures in children with agenesis of the corpus callosum. Diffu-

sion tractography has been shown to be helpful in distinguishing



the white matter connections within the corpus callosum, such as

the presence of homo- or heterotopic fiber tracts.”®*”

This was a retrospective study with resultant limitations inher-
ently present. We cannot infer the incidence of olfactory anoma-
lies in the pediatric population. The patients did not undergo a
uniform clinical evaluation, and genetic evaluation was per-
formed in just over one-half of the patients. All patients were not
evaluated by an endocrinologist and did not undergo laboratory
evaluation of pituitary function. Imaging was not specifically tai-
lored to visualization of the OBs and OTs; however in our expe-
rience, the structures are adequately visualized on standard 4-mm
coronal T2-weighted images. Olfactory bulb hypoplasia designa-
tion was subjective but was agreed on by consensus.

CONCLUSIONS

Children with OB and OT anomalies rarely present with symp-
toms referable to diminished smell. While pituitary dysfunction
was a typical presentation in patients with olfactory anomalies,
panhypopituitarism, not isolated hypogonadotropic hypogonad-
ism, was the most common presentation. A wide spectrum of
neurologic presentations was found, with seizures and develop-
mental delay most common. Two distinct known associations of
optic nerve hypoplasia syndrome and sensorineural hearing loss
were commonly encountered. However, novel syndromic and ge-
netic associations were also found. Anomalies of the olfactory
apparatus are indicators of the presence of pituitary dysfunction
and additional and often multiple brain malformations, with cor-
onal T2-weighted imaging required for diagnosis. The results of
genetic testing in this group are commonly abnormal and are
suggested in the evaluation.
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ORIGINAL RESEARCH
PEDIATRICS

Reduction of Oxygen-Induced CSF Hyperintensity on FLAIR MR
Images in Sedated Children: Usefulness of Magnetization-

ABSTRACT

Prepared FLAIR Imaging

S.W. Oh, S.-K. Lee, and ““'S ). Ahn

H.-K. Jeong, ). Kim,

BACKGROUND AND PURPOSE: Oxygen-induced CSF hyperintensity on FLAIR MR imaging is often observed in sedated children. This
phenomenon can mimic leptomeningeal pathology and lead to a misdiagnosis. The purpose of this study was to investigate whether
magnetization-prepared FLAIR MR imaging can reduce oxygen-induced CSF hyperintensity and improve image quality compared with
conventional (non-magnetization-prepared) FLAIR MR imaging.

MATERIALS AND METHODS: Bloch simulation for magnetization-prepared and non-magnetization-prepared FLAIR sequences was per-
formed for tissue contrast. We retrospectively reviewed 85 children with epilepsy who underwent MR imaging under general anesthesia
with supplemental oxygen (41 with non-magnetization-prepared FLAIR and 44 with magnetization-prepared FLAIR). CSF hyperintensity was
scored from 0 to 3 points according to the degree of CSF signal intensity and was compared between the 2 sequences. The contrast-to-
noise ratios among GM, WM, and CSF were evaluated to assess general image quality from both sequences. To assess the diagnostic
accuracy for hemorrhage, we reviewed an additional 25 patients with hemorrhage.

RESULTS: Bloch simulation demonstrated that CSF hyperintensity can be reduced on magnetization-prepared FLAIR compared with
non-magnetization-prepared FLAIR. CSF hyperintensity scores were significantly lower in magnetization-prepared FLAIR than in non-
magnetization-prepared FLAIR (P < .01). The contrast-to-noise ratios for GM-WM, GM-CSF, and WM-CSF were significantly higher in
magnetization-prepared FLAIR than in non-magnetization-prepared FLAIR (P < .05). Hemorrhage was clearly demarcated from CSF
hyperintensity in the magnetization-prepared group (100%, 12/12) and non-magnetization-prepared group (38%, 5/13).

CONCLUSIONS: Magnetization-prepared 3D-FLAIR MR imaging can significantly reduce oxygen-induced CSF artifacts and increase the
tissue contrast-to-noise ratio beyond the levels achieved with conventional non-magnetization-prepared 3D-FLAIR MR imaging.

ABBREVIATIONS: MP = magnetization-prepared; oxy-CSF = oxygenated CSF

R imaging is the diagnostic tool of choice in pediatric neu-

rologic diseases because it has no ionizing radiation and is
noninvasive. However, sedation is unavoidable if suitable MR im-
ages are sought because pediatric patients usually do not cooper-
ate during long-duration scans.
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CSF hyperintensity on FLAIR MR images is frequently encoun-
tered in sedated children.'” These artifacts cause a diagnostic di-
lemma because they can mimic hemorrhage, infection, and lepto-
meningeal seeding metastasis, which are all known to generate
hyperintense CSF signals on FLAIR MR images.® ™ Initially, CSF hy-
perintensity was attributed to anesthetic-induced T1-shortening,
protein redistribution due to changes in the intravascular membrane
permeability, hyperdynamic CSF pulsation due to altered vascular
tone, and supplemental oxygen during anesthesia.”*'® However,
several studies have revealed that the most plausible cause of hyper-
intense CSF artifacts in FLAIR imaging is the administration of sup-
plemental oxygen during anesthesia."»>*>'°

Oxygen is a weak paramagnetic substance, which has 2 un-
paired electrons that can cause a moderate increase in the T1
relaxation rate.'"*'* Studies have shown that the diffusional trans-
fer of oxygen from blood to CSF and a consequent FLAIR MR

signal increase depend on the inhaled oxygen concentration>*"?

3,10

and oxygen delivery methods.
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Table 1: Demographic characteristics and MRI findings

Non-MP 3D MP 3D
FLAIR FLAIR P
(n=41) (n=44) Value
Age (yr) 6.31+49 518 +4.63 27
Sex 17 girls (41%) 17 girls (39%) .96
MRI findings (No.) 94
Normal 23 (56%) 24 (54%)
Cortical malformation 8 (19%) 11(25%)
Ischemia 3(8%) 4(9%)
Tumor 6 (14%) 3(7%)
Metabolic disease 1(3%) 2(5%)

3D-FLAIR imaging is based on the 3D TSE imaging technique
that modulates a refocusing flip angle at the TSE echo-train to
maintain relatively steady signal levels during a long train of echo
signals, which can provide improved image sharpness, helpful in
detecting small structures. Consequently, the relaxation-induced
image blurring, partial volume effect, and specific absorption rate
can be reduced allowing high-resolution 3D data acquisition at
isotropic voxels during clinically feasible scan durations.'* 3D-
FLAIR also provides increased SNR and reduces CSF pulsation
artifacts compared with 2D FLAIR.>'>"'® In magnetization-pre-
pared (MP) 3D-FLAIR imaging, a dedicated magnetization prep-
aration is implemented before typical inversion recovery, fol-
lowed by TSE imaging, which is known to reduce unwanted T1-
weighting and image TR.'”?° Therefore, the purpose of this study
was to compare magnetization-prepared 3D-FLAIR imaging with
conventional (non-MP) 3D-FLAIR imaging in terms of the ability
to reduce oxygen-induced CSF hyperintensity and improve image
quality in sedated pediatric patients.

MATERIALS AND METHODS
Study Population
We retrospectively screened consecutive children with epilepsy
who were referred to our pediatric neurology outpatient clinic
from June 2014 to June 2015. This retrospective study was ap-
proved by the institutional review board of Severance hospital.
We included patients who underwent MR imaging by using a
routine seizure protocol in the hospital and excluded patients
with a history of brain operations due to the possibility of metal
artifacts. We identified 85 pediatric patients (51 boys and 34 girls;
age range, 0—12 years; mean age, 6 years). Detailed demographic
characteristics and MR imaging findings are described in Table 1.
To assess the diagnostic accuracy for hemorrhage, we addi-
tionally included in the study 25 patients (17 boys and 8 girls; age
range, 0—10 years; mean age, 5 years) who underwent neurosur-
gery due to epilepsy in our hospital from June 2014 to June 2015.
These patients underwent immediate postoperative brain CT and
MR imaging sequentially within 3 days after the operation. Hem-
orrhage was detected on their brain CTs. Patients were excluded if
hemorrhage was not detected on the brain CT scan. In most cases,
the preoperative MR imaging findings were normal (11/25, 44%);
however, cortical malformation (9/25, 36%), ischemia (3/25,
12%), tumor (6/25, 24%), and hippocampal sclerosis (1/25, 4%)
were also observed. The most frequent type of operation per-
formed was callosotomy (13/25, 52%), followed by lesionectomy
(6/25, 24%), lobectomy (4/25, 16%), and hemispherectomy
(2/25, 8%).
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Table 2: Imaging and sequence timing parameters for non-MP
and MP 3D-FLAIR

Non-MP 3D MP 3D

Parameter FLAIR FLAIR
FOV (mm) 224 250
TR (ms) 8000 4800
TE (ms) 340 299
TE, effective (ms) 154 128
Acquisition voxel size (RO/PE/SS) (mm)  1.0/1.0/1.0  0.98/0.99/1.0
Matrix (RO/PE) 224 X223 256 X 253
Sensitivity encoding factor (PE/SS) 2.5/2.0 2.6/2.0
Acquisition time 7min44 sec 6 min 10 sec
No. of sections 350 360
TSE factor 110 182
NSA 1 2
Echo-train length (ms) (75) 626 572
Inversion time (ms) () 2400 1650
T2 preparation (ms) (7,) N/A 125
Spoiler duration (ms) (73) N/A 17.23
Sequence dead time® (ms) () 4974 2435.77

Note:—RO indicates readout; PE, phase-encoding; SS, section-selection; NSA, num-
ber of signals averaged.
2 Duration between the end of the echo-train and TR.

MR Imaging

All pediatric patients were examined with 1 of 2 3T MR imaging
scanners (Achieva; Philips Medical System, Best, the Nether-
lands). One MR imaging scanner was operated with the conven-
tional (non-MP) 3D-FLAIR imaging protocol, and the other MR
imaging scanner was operated with the MP 3D-FLAIR imaging
protocol due to the difference in the MR imaging scanner soft-
ware versions. Patients were randomly assigned to 1 of the 2 MR
imaging scanners according to a patient schedule and the avail-
ability of the scanners. The scan parameters for FLAIR imaging
were optimal for suppression of CSF signals and are used for
nonsedated adult patients in our institution. Detailed imaging
and sequence timing parameters are shown in Table 2.

In our pediatric neurology clinic, general anesthesia was rec-
ommended to achieve a suitable diagnostic quality in the acquired
MR images. Parent consent was obtained by the anesthesiologist
before each procedure. Anesthesia was induced at an infusion rate
of 125-250 ug of propofol per kilogram of body weight per min-
ute, and all patients breathed spontaneously with supplemental
70%-—80% oxygen via a nasal cannula during anesthesia.

Simulation

The magnetization behavior was simulated by using Bloch
equations for the current MR imaging sequence and parame-
ters as shown in Fig 1 and Table 2, respectively. The magneti-
zation preparation used in 3D-FLAIR included nonselective
radiofrequency pulses that consisted of a 90° block pulse for
excitation, followed by 4 hyperbolic secant adiabatic refocus-
ing pulses and a —90° flip-up pulse (FU). This was followed by
inversion recovery, fat-saturation, and TSE readout with a
variable refocusing flip angle scheme available in the scan-
ner.'” The longitudinal magnetization after magnetization
preparation and inversion recovery before TSE readout can be
represented as follows:

1) M,(Tf):M0<l—{2—[l—<l—e7ﬁ>eiﬁ:|eiﬁ}eiﬁ>,

where M, is the equilibrium magnetization, M, is the longitudinal
magnetization, and 7, 7,, 75 _and 7, are the sequence timing pa-



FIG 1. Pulse sequence diagram for MP 3D-FLAIR imaging. Magnetization preparation is imple-
mented during 7, with radiofrequency pulses for 90° excitation (EX), followed by T2-preparation
and —90° flip-up (FU). FLAIR inversion recovery is achieved during 7, with radiofrequency pulses
for inversion (INV), followed by spectral fat saturation (FS) and TSE readout with 90° excitation
(EX), followed by a train of refocusing pulses during 7. 75 and 7, are the times for gradient spoiling
and to the end of the current TR period, respectively. Black shaded trapezoids represent spoiling

gradients to eliminate transverse magnetization.

Table 3: Tissue relaxation parameters

GM WM CSF Oxy-CSF
T1 (ms) 1820% 1084 4356.6° 3510¢
T2 (ms) 99° 69° 25009 2500
Proton density 0.81° 0.71° 1.0 1.0

2 Values acquired from Stanisz et al.**

® Values acquired from Neeb et al.??

< Value estimated from Lu et al*' for the best CSF nulling in FLAIR.

9 Value acquired from Smith et al.?>

© Value acquired from Zaharchuk et al”® (measured at 1.5T, see “Discussion”).

rameters, as shown in Fig 1 and Table 2. The superscript “minus
sign” represents the time before radiofrequency irradiation.
When 7, is negligible, Equation 1 can be reduced to

T4 T2 T1
2) MZ(T]_)=M0{1—|:1+<1—e T‘)e “]e T‘},

and Equation 2 becomes M,."”*° When magnetization preparation
isnot used, longitudinal magnetization can be represented as follows:

al (4 + 1)
3) MZ(T;):MO[l—Ze e T ]

and Equation 3 becomes M, for inversion recovery.'>'? The evo-
lution of magnetization with and without magnetization prepa-
ration was simulated to determine T1-weighting and signal con-
trast among brain tissues. In the simulation, the imaging and
sequence timing parameters used are shown in Table 2, and the
tissue relaxation parameters are demonstrated in Table 3.'%%'**
Because there was no significant difference in the T2 relaxation
constant between CSF and oxygenated CSF (oxy-CSF),'"” the T2
relaxation constant for oxy-CSF was assumed to be equal to that
of the CSF. The simulation was performed with effective TE,
where the T2 contrast in the pure T2-weighting sequence was
equivalent to the T2 contrast in a sequence with a long refocusing

train of radiofrequency with a variable flip angle.'***

Image Analysis

Two experienced neuroradiologists (S.J.A. with 4 years of experi-
ence in neuroimaging and J.K. with 10 years of experience in
neuroimaging) were blinded to the patient information and im-
aging sequences. In the first session, the investigators indepen-
dently evaluated CSF hyperintensity on non-MP 3D-FLAIR and
MP 3D-FLAIR images, modifying a previous method.” Imaging
data were randomly assigned to each reader. CSF hyperintensity
artifacts were scored from 0 to 3 according to the degree of the
CSF signal intensity: 0, no visual CSF signal; 1, homogeneous

diffuse minimal CSF signal; 2, CSF sig-
nal similar to that of the pons; 3, CSF
signal higher than that of the pons
(On-line Fig). The premedullary, pre-
pontine, suprasellar, basal, ambient,
quadrigeminal cistern, and sulci regions
of the cerebral convex were evaluated.
The averaged values of CSF hyperinten-
sity from each neuroradiologist were
used for further analysis.

To assess tissue contrast on 2
sequences, a third neuroradiologist
(S.W.O. with 2 years of experience in
neuroimaging) independently drew 4 circular ROIs (area = 10
mm?) in the caudate nucleus of the right basal ganglia and aver-
aged the values representing GM. He was blinded to the patient
information and sequences. Averaged values for the ROIs from
the right frontal subcortical WM and adjacent lateral ventricle
at the same plane represent WM and CSF, respectively. To
ensure identical placement of the ROIs on both sequences, he
carefully positioned the ROIs by hand in the same region of
both images. Contrast-to-noise ratios were calculated among
the GM, WM, and CSF. A contrast-to-noise ratio was defined
on the basis of the signal intensity (SI) and SD in the ROI as
follows:

4) (SI, — SI)/(SD; + SD))"?,

where the subscripts i and j for ST and SD represent tissue types,
such as GM, WM, or CSF.

Three weeks later, in the second session, the first 2 radiol-
ogists assessed whether the intracranial hemorrhage that oc-
curred after neurosurgery could be clearly demarcated from
CSF hyperintensity in the second study population. The deci-
sion for discrepant cases was established by consensus between
the 2 neurologists. The flow chart for image analysis is summa-
rized in Fig 2.

Statistical Analysis

CSF hyperintensity artifact scores for the premedullary, prepon-
tine, suprasellar, basal, ambient, quadrigeminal cistern, and sulci
regions of the cerebral convex were compared between non-MP
3D-FLAIR and MP 3D-FLAIR images by using the Student ¢ test.
Interobserver agreement for CSF hyperintensity was analyzed by
using k statistics. The contrast-to-noise ratios (GM/WM, GM/
CSF, and WM/CSF) were compared between the 2 FLAIR MR
imaging sequences. Statistical analyses were performed by using
commercial software (MedCalc for Windows, Version 10.1.2.0;
MedCalc Software, Mariakerke, Belgium). A P value < .05 was
statistically significant.

RESULTS

Figure 3 shows the simulation results for the evolution of steady-
state magnetization for the non-MP and MP sequences by using
imaging and sequence timing parameters and tissue relaxation
constants. Magnetization preparation (7,) induced lower T1-
weighting than the non-MP sequences. Finally, oxygen-induced
CSF hyperintensities were markedly reduced, and the contrast
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between GM and WM was enhanced at the TE on MP FLAIR
images compared with non-MP FLAIR images (see magnified

view in Fig 3).

1st session

3 weeks later

CSF hyperintensity artifact scores for the premedullary, pre-
pontine, suprasellar, basal, ambient, quadrigeminal cistern, and

sulci regions of the cerebral convex were significantly lower in MP

v

1st cohort
(without hemorrhage)

v

Non MP (n=41), MP (n=44)
Randomly assigned

R

Grade CSF hyperintensity

U

CNR measurement
between GM and WM

Two neuroradiogists
(Qualitative analysis)

A neuroradiogist
(Quantitative analysis)

v

2 session

R

2nd cohort
(with hemorrhage)

U

Non MP (n=13), MP (n=12)
Randomly assigned

v

Distinguish hemorrhage
from CSF hyperintensity

FIG 2. Flow chart for image analysis. CNR indicates contrast-to-noise ratio.

3D-FLAIR than in non-MP 3D-FLAIR
(Fig 4 and Table 4). The interobserver
agreement between the 2 readers was ex-
cellent for CSF hyperintensity artifact
scores (k > 0.85).

The contrast-to-noise ratio values
for GM-WM, GM-CSF, and WM-CSF
were significantly higher on MP 3D-
FLAIR than on non-MP 3D-FLAIR
(Table 4).

Hemorrhage was clearly demarcated
from CSF hyperintensity in all 12 pa-
tients who underwent the MP sequence
but in only 5 of 13 patients (38%) who
underwent the non-MP sequence (Fig
5). There were no instances of discrep-
ancy between the investigators.

FIG3. Simulation results for the evolution of steady-state magnetization for each type of tissue (WM, GM, CSF, and oxy-CSF) are presented for
non-MP (A) and MP (B) FLAIR sequences. Imaging and sequence timing parameters (Table 2) and tissue relaxation constants (Table 3) were used
in simulation. Sequence timing parameters (7, ~ 75) are presented along with the time axis at each figure. An inset within each figure presents a
magnified segment of the evolution of magnetization around the TE (dotted black vertical line). A.U. indicates arbitrary unit.
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FIG 4. The non-MP 3D-FLAIR sequences of a 3-year-old boy with epilepsy (upper row). CSF hyperintensity artifact scores totaled 17 (premed-
ullary cistern, 2; prepontine cistern, 2; suprasellar cistern, 3; basal cistern, 3; ambient cistern, 3; quadrigeminal cistern, 3; sulci of cerebral convex,
1). MP 3D-FLAIR sequences of a 4-year-old boy with epilepsy (lower row). CSF hyperintensity artifact scores totaled 4 (premedullary cistern, 0;
prepontine cistern, 0; suprasellar cistern, T; basal cistern, 1; ambient cistern, 1, quadrigeminal cistern, 1; sulci of the cerebral convex, 0).

Table 4: Hyperintense CSF artifact scores and CNR between GM
and WM

Non-MP3D  MP 3D
FLAIR FLAIR P
(n=4) (n=44) Value

Hyperintense CSF artifact scores

Premedullary cistern 1.09 £0.58 0.38 =049 <.01

Prepontine cistern 1.8 =055 077 =047 <.01
Suprasellar cistern 219074 0.86 =041 <.01
Basal cistern 226074 088+ 038 <.01
Ambient cistern 229 +0.87 0.88*+0.38 <.01
Quadrigeminal cistern 253077 086041 <.l

Sulci of cerebral convex 119 =055 021+ 046 <.01

CNR
GM-WM 328115 414128 .02
GM-CSF 1285 £279 1614 £243 <01
WM-CSF 10.67 =278 13.82 =316 <.01

Note:—CNR indicates contrast-to-noise ratio.

DISCUSSION

In this study, we found that oxygen-induced CSF hyperintensity
was significantly reduced in MP 3D-FLAIR compared with
non-MP 3D-FLAIR. Moreover, MP 3D-FLAIR provided higher
contrast-to-noise ratios among GM, WM, and CSF than non-MP
3D-FLAIR. The clinical implications of this observation are im-
portant because supplemental oxygen-induced hyperintense CSF
artifacts can reduce the diagnostic accuracy of CSF pathology in
sedated pediatric patients."'® Therefore, MP 3D-FLAIR can im-
prove the diagnosis rate of CSF abnormalities and provide en-
hanced contrast among GM, WM, and CSF.

Previous studies hypothesized that CSF hyperintensity is asso-
ciated with anesthetic-induced T1 shortening or redistribution of
proteins due to changes in intravascular membrane permeability.
However, subsequent studies have revealed that this hypothesis

might not be valid. For example, Deliganis et al” investigated the
impact of the T1 relaxation constant on different anesthetic solu-
tions with varying anesthetic concentrations that ranged from
low-to-high clinical dose levels. They found no major differences
in T1 over diverse anesthetic concentrations. Anzai et al'’
showed, in a phantom study, that no noticeable FLAIR signal
changes were observed over various albumin concentrations, ex-
cept at a very high concentration (>1250 mg/dL). The normal
CSF protein content is 22-52 mg/dL**: 15-45 mg/dL in adults
and 20-120 mg/dL in children.” Vascular pulsation might par-
tially explain CSF hyperintensity, but these effects can be reduced
further by using 3D-FLAIR imaging in place of 2D FLAIR imag-
ing.'>'® Additionally, pulsation artifacts can be easily distin-
guished by analyzing the signal-intensity pattern distributions
throughout the brain.

Studies claim that the most reliable explanation for CSF hy-
perintensity in sedated pediatric patients is attributable to the
T1-shortening effect caused by the high concentration of para-
magnetic supplemental oxygen administered during anesthesia.
Moreover, various experimental factors (eg, inhaled oxygen con-
centrations and oxygen delivery methods) during supplemental
oxygen administration are known to influence CSF hyperinten-
sity. Deliganis et al” found that a patient who received 50% sup-
plemental oxygen did not demonstrate any CSF hyperintensity,
whereas patients with 100% supplemental oxygen showed notice-
able signal increases in FLAIR images. This finding was confirmed
in the study by Frigon et al,* in which CSF hyperintensity was
observed in patients with 100% supplemental oxygen but only
partial or no CSF hyperintensity was observed in patients with
30% oxygen inhalation. In a study with healthy volunteers, Anzai
et al'® observed CSF hyperintensity with 100% supplemental ox-
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FIG5. The subdural hemorrhage (solid arrow) is suspected in the non-MP 3D-FLAIR (upper row) of a 5-year-old girl after a callosotomy, which
is also observed in the immediate postoperative CT scan. However, it is not clearly demarcated from CSF hyperintensity artifacts (dotted arrow).
Hemorrhage (solid arrow) is clearly demarcated in the MP 3D-FLAIR (lower row) of an 8-month-old boy after lesionectomy, which is also
observed in the immediate postoperative CT scan because CSF hyperintensity artifacts are suppressed.

ygen but no visible CSF hyperintensity in room air conditions
(21% oxygen inhalation). The oxygen delivery method affects the
efficiency of oxygen transport from the blood to the CSF. Oxygen
delivery methods (eg, loose oxygen mask, nonrebreathing oxygen
mask, or nasal cannula) were also reported to be important factors
that influence CSF hyperintensity.”"°

Oxygen distribution within the CSF is facilitated by diffusion
of dissolved free oxygen from the blood into the CSF because
there are no oxygen-carrying molecules such as hemoglobin or
myoglobin in the CSE. Although dissolved free oxygen occupies
only a small fraction of blood (<0.3%), a relatively large amount
of inhaled oxygen can increase the concentration and facilitate
oxygen transport into the CSF.>'? The primary locations of oxy-
gen entry into the CSF have been reported to be regions where
large arterial vessels are lined with abundant pia-arachnoid sur-
face areas.”'® According to our results, CSF hyperintensity was
more prominent in the suprasellar, basal, ambient, and quadri-
geminal cistern than in the premedullary, prepontine cistern, and
sulci regions of the cerebral convex on both MP and non-MP
FLAIR sequences. These regional differences in the appearance of
CSF hyperintensity can be explained by the following factors:
First, the amount of CSF that surrounds the suprasellar, basal,
ambient, and quadrigeminal cisterns is relatively small; therefore,
there would be relatively less dilution of dissolved oxygen than in
the premedullary and prepontine cisterns, which contain larger
CSF pools.'? Second, the pituitary and pineal glands are circum-
ventricular organs that have leaky blood-brain barriers, and they
might facilitate the transport of dissolved oxygen into the CSF in
the basal, suprasellar, ambient, and quadrigeminal cisterns.””
However, this regional differential appearance of CSF hyperin-
tensity requires further investigation.

In this study, Bloch simulations were used to compare MP and
non-MP FLAIR sequences with previously reported tissue relax-
ation properties and sequence timing parameters. The behavior of
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the simulated FLAIR signals was compatible with that in our in
vivo observations, in which the magnitude of MR signals was
oxy-CSF > GM > WM in non-MP FLAIR and GM > WM >
oxy-CSF in MP FLAIR. The tissue magnetizations experienced
inversion recovery in non-MP FLAIR, while they behaved more
like saturation recovery in MP FLAIR,"® providing an oxy-CSF
MP FLAIR longitudinal magnetization of only 67% to the
non-MP FLAIR longitudinal magnetization before excitation
(7,). Therefore, superior suppression of CSF hyperintensity
might be achieved in MP FLAIR compared with non-MP FLAIR.
Because magnetization preparation reduces T1 shortening, it is
possible that the sensitivity of the detection of leptomeningeal
pathology also decreases. However, according to our results, hem-
orrhage was clearly demarcated from CSF hyperintensity on MP
FLAIR, whereas it was difficult to differentiate hemorrhage from
CSF hyperintensity on non-MP FLAIR. Reducing T1 shortening
might not be enough to suppress the signal intensity of hemor-
rhage. In addition, suppression of CSF artifacts makes it easier to
assess the extent of hemorrhage on MP 3D-FLAIR compared with
non-MP FLAIR.

The magnetization preparation provided additional benefits
other than reducing CSF hyperintensity. The desired T2 contrast
can be compromised because of reducing unwanted T1-weight-
ing. MP 3D-FLAIR imaging provided better T2-weighted contrast
among GM, WM, and CSF than non-MP 3D-FLAIR imaging. The
improved contrast between GM and WM is crucial for identifying
and characterizing epileptogenic lesions.”® Therefore, MP 3D-
FLAIR might also be helpful for detecting epileptic foci, which can
be verified in a future study.

There were some limitations in this study. First, on FLAIR
images, WM progressed from hyperintense to hypointense rela-
tive to adjacent GM during the first 2 years of life, which is slightly
delayed compared with the observations on T2-weighted im-
ages.”””% Therefore, young children with incomplete myelination



may have different GM-MW contrast enhancements from those
in older children. Our cohort was heterogeneous, ranging in age
from 0 to 12 years, which might have affected the contrast-to-
noise ratios. However, our Bloch simulation also supports our
GM-WM contrast findings. Therefore, our results might be appli-
cable to patients with complete myelination. Future studies with
larger and more homogeneous populations are necessary to vali-
date and extend these results. Second, in the simulation, we used
an oxy-CSF T1 constant of 3510 ms on the basis of a study that
used 1.5T MR imaging'® because the oxy-CSF T1 constant at 3T
MR imaging was not available. However, the simulated FLAIR
signal was comparable with that our in vivo observations. Accu-
rate measurement of the oxy-CSF T1 constant at 3T MR imaging
is required for more effective sequence design and in vivo
application.

CONCLUSIONS

MP 3D-FLAIR imaging yields fewer CSF hyperintensity artifacts
and provides superior contrast between GM and WM compared
with non-MP 3D-FLAIR imaging. Therefore, we propose that MP
3D-FLAIR imaging provides better diagnostic accuracy in CSF
pathologies and epileptogeniclesions in sedated pediatric patients
who receive supplemental oxygen.

Disclosures: Ha-Kyu Jeong—RELATED: Employment: Philips Korea (regular salary).
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Effect of the Suboccipital Musculature on Symptom Severity
and Recovery after Mild Traumatic Brain Injury

L.M. Alhilali

S. Fakhran, ““C. Qu, and

ABSTRACT

BACKGROUND AND PURPOSE: Neck musculature mass has been suggested as a biomechanical contributor to injury severity in mild
traumatic brain injury. We sought to determine how the cross-sectional areas of the suboccipital muscles affect symptom severity,
neurocognitive performance, and recovery time in patients with mild traumatic brain injury.

MATERIALS AND METHODS: Sixty-four consecutive patients with mild traumatic brain injury underwent MR imaging and serial neuro-
cognitive testing with the Immediate Post-Concussion Assessment and Cognitive Test. Cross-sectional areas of the rectus capitis posterior
musculature were retrospectively obtained at Cl, and cross-sectional areas of the remaining 7 suboccipital muscles were measured at C2.
Cross-sectional area reproducibility was evaluated. Overall and individual muscle cross-sectional areas were correlated with symptom
severity, neuropsychological testing, recovery time, and headache.

RESULTS: Sixty-four patients with mild traumatic brain injury had imaging through C1, and 43 had imaging through C2. Reproducibility of
cross-sectional area measurements was substantial (correlation coefficients = 0.9517—-0.9891). Lower cross-sectional area of the rectus
capitis posterior minor was correlated with greater symptom severity (r = 0.596, P <.0001), longer recovery time (r = 0.387, P = .002), poor
verbal memory performance (r = 0.285, P = .02), and headache (r = 0.39, P = .001). None of the other cross-sectional areas were associated
with symptom severity, recovery time, neurocognitive testing, or headache.

CONCLUSIONS: In mild traumatic brain injury, the rectus capitis posterior minor is the only suboccipital muscle whose cross-sectional
area is associated with symptom severity and worse outcome. Given the unique connection of this muscle to the dura, this finding may
suggest that pathology of the myodural bridge contributes to symptomatology and prognosis in mild traumatic brain injury.

ABBREVIATIONS: AV = change in head velocity; INPACT = Immediate Post-Concussion Assessment and Cognitive Test; mTBI = mild traumatic brain injury; rectus

capitis-PMaj = rectus capitis posterior major; rectus capitis-PMin = rectus capitis posterior minor

M ild traumatic brain injury (mTBI), often referred to as “con-
cussion,” is a common hazard in contact sports, with approx-
imately 3.8 million sports-related injuries documented each year.'
Despite the outwardly mild nature of these injuries, approximately
15% of patients with mTBI have persistent, often debilitating symp-
toms beyond 3 months, termed “postconcussion syndrome.””

The underlying injury in mTBI is theorized to be related to

acceleration and deceleration of the brain within the cranial
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vault.” Animal models have shown that the severity of brain injury
is correlated with the change in head velocity (AV).* Forces from
a large AV predominantly impact frequent locations of shear in-
juries associated with postconcussive syndrome.”

In computer models of mTBI, early neck resistance is key in
decreasing AV.®7 As impact forces are proportional to AV,*” this
means that very small reductions in AV by the neck musculature
can result in a significant reduction in impact forces in regions
associated with postconcussive syndrome.

Supporting the finding of increased neck strength and de-
creased AV, studies have shown that increased neck muscle
strength results in decreased risk of postconcussion syndrome.®’
However, increased overall neck strength has not resulted in al-
terations in AV during trauma in the experimental setting.'® This
finding raises the question of whether specific muscles rather than
overall strength are key to decreasing brain injury. Notably, mus-
cles resisting head movement have been found central in deter-
mining outcome after linear acceleration injuries in whiplash.'"
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FIG1. Measurement of cross-sectional areas for the suboccipital muscles. Representative tracing
of the cross-sectional areas on TI-weighted imaging of the rectus capitis posterior minor (1) and
rectus capitis posterior major (2) muscles at the level of the anterior arch of C1(A) and the longus
colli/capitis (3), inferior oblique capitis (4), semispinalis cervicis/multifidus (5), semispinalis capitis

(6), and splenius capitis (7) muscles at the middens level (B).

The suboccipital musculature is central to promoting and re-
sisting head motion, including flexion, extension, and rotation.'?
The rectus capitis posterior major (rectus capitis-PMaj), rectus
capitis posterior minor (rectus capitis-PMin), semispinalis cervi-
cis, multifidus, semispinal capitis, and splenius capitis are head
extenders, while the longus colli and longus capitis are head flex-
ors. The rectus capitis-PMaj, inferior oblique capitis, and semi-
spinalis capitis are also involved in rotation. Because the cross-
sectional area of muscles has previously been shown to be

proportional to muscle strength,'>'*

we sought to determine how
the cross-sectional area of the suboccipital muscles affects symp-
tom severity, neurocognitive performance, and recovery time in

patients with mTBI.

MATERIALS AND METHODS

Patient Selection and Image Acquisition

Our institutional review board approved this study with a waiver of
informed consent. All MR imaging examinations were performed
during the routine care of patients and were retrospectively reviewed.

We searched our electronic medical record to identify MR
imaging studies performed for mTBI. Radiology reports from
January 1, 2008, to July 31, 2013, were searched by using the key-
word “concussion.” Inclusion criteria were 10-50 years of age,
English language proficiency, and mild TBI defined as witnessed
closed head trauma, no focal neurologic deficit, loss of conscious-
ness of <1 minute, and posttraumatic amnesia of <30 minutes.
Exclusion criteria were any abnormality on brain MR imaging as
defined by a fellowship-trained neuroradiologist, including mi-
crohemorrhage/shear injury on gradient sequence (3 patients),
the imaging not extending to C1 (4 patients), unavailable neuro-
cognitive Total Symptom Score (4 patients), the Total Symptom
Score being zero (3 patients), or excessive motion precluding ac-
curate measurements (3 patients).

Neurocognitive testing was performed at the time of presen-
tation, and the Immediate Post-Concussion Assessment Cogni-
tive Test (ImPACT), a computerized test measuring cognitive
function and postconcussion symptoms, was used. The InPACT
is the most scientifically validated and commonly used comput-
erized neurocognitive evaluation system.'” It determines a total
symptom score by using a 7-point Likert scale over 22 different

categories and measures cognitive per-
formance against normative data gath-
ered on >17,000 athletes who partici-
pated in baseline testing as part of their
pre-sport participation. The percentile
rank for a subject’s performance is de-
termined by using the normative data
from the control athletes of the same age
group.'® After the initial neurocognitive
testing, serial postconcussion symptom
scores were obtained to determine the
time to recovery, which was defined as
the score being zero or the patient stat-
ing that he or she was asymptomatic.

Age and sex were recorded. Data col-
lected included type of trauma, dates of
injury and clinical evaluation, neuro-
cognitive results, history of prior concussions, imaging results,
clinical management, and any edema of the suboccipital muscu-
lature on T2 imaging. A prior concussion was defined as a diag-
nosis of concussion by an athletic trainer, neuropsychologist, or
other medical personnel at any facility; however, documentation
of that diagnosis had to be placed in the medical record. Recovery
time was defined as when the patient stated that he or she was asymp-
tomatic or the neurocognitive Total Symptom Score was zero.

MR imaging examinations were performed within 3 days of
clinical examination on a 1.5T system (Signa; GE Healthcare, Mil-
waukee, Wisconsin) with a standard head coil and included axial
images through C2. During the study period, all patients included
in this study underwent the identical postconcussion imaging
protocol on the same magnet system as follows: sequences in-
cluded sagittal and axial T1-weighted imaging (TR, 600 ms; TE,
minimum; section thickness, 5 mm; NEX, 1), and T2-weighted
imaging (TR, 20002500 ms; TE, 84—102 ms; section thickness, 5
mm; NEX, 1). FOV ranged from 200 to 240 mm.

Suboccipital Muscle Cross-Sectional Area Calculations

Neck muscle boundaries were manually outlined along their fas-
cial borders by 2 radiologists on T1-weighted images with an ori-
entation parallel to the foramen magnum with the assistance of a
3D viewer (Vitrea Core; Vital Images, Minnetonka, Minnesota).
The cross-sectional area of the following muscles was evaluated at
the CI anterior arch: 1) rectus capitis-PMin, and 2) rectus capitis-
PMaj; and the following, at the middens level: 3) longus colli and
longus capitis (traced together), 4) inferior oblique capitis, 5)
semispinalis cervicis and multifidus (traced together), 6) semispi-
nalis capitis, and 7) splenius capitis musculature (Fig). Individual
muscle cross-sectional areas were calculated, and total neck mus-
cle cross-sectional area was determined by summing all of the
individual neck musculature cross-sectional areas. Radiologists
each reviewed 10 sample cases for training purposes. Reproduc-
ibility of muscle cross-sectional area measurements was then as-
sessed on 20 test cases for each muscle group using 2 neuroradi-
ologists, blinded to both the patient’s history and the other
observer’s measurements. The Lin concordance correlation coef-
ficient was used to evaluate agreement'” and was interpreted as
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Table 1: Clinical and demographic characteristics of patients with
mTBI

Table 2: Lin correlation coefficients for CSA of the muscles of
head movement

No. (%) or Mean (SD)

Age (yr) 17.7 (5.6)
Male sex 44 (69%)
Prior concussion 15 (23%)
Postconcussive headache 29 (45%)
Injury mechanism:

Sports injury 40 (63%)

Motor vehicle collision 5(8%)
Time to presentation (days) 10.1(10-50)*
Initial Total Symptom Score 337(24)
Verbal Memory Score (percentile) 32.5(29)
Visual Memory Score (percentile) 27.1(28)
Processing Speed Score (percentile) 36.1(29)
Reaction Speed Score (percentile) 33.5(29)
Recovery time (wk) 36.6 (11-74)

2 Time intervals are presented as median (interquartile range).

follows'®: poor agreement (<0.90), moderate agreement (0.90 to
<0.95), substantial agreement (0.95-0.99), and almost perfect
agreement (>0.99). Following the 20 test cases, a single neurora-
diologist blinded to the patient’s history made measurements.

Univariate Data Analysis

Comparison of the demographic data was performed with a
Fisher exact test or a 2-tailed t test. Comparison of cross-sectional
area measurements was performed with an unpaired t test. Cor-
relation of the cross-sectional area measurements with clinical
metrics was performed with the Pearson correlation coefficient or
a point-biserial coefficient. Correlation of clinical variables or
muscle cross-sectional areas with recovery time was performed
with a Pearson correlation coefficient or point-biserial coefficient.
P values of < .05 were statistically significant.

Multivariate Data Analysis

Multivariate analysis for variables correlating with recovery time
was performed with an ordinary least-squares model, by using
variables whose P values were <0.10 by univariate analysis. Good-
ness of fit was evaluated with the Hosmer-Lemeshow statistic.
Odds ratios and their 95% confidence intervals were calculated. P
values < .05 were statistically significant.

RESULTS

Patient Selection and Image Acquisition

Sixty-four patients were included (44 males, 20 females). A sum-
mary of the demographic and clinical data is shown in Table 1. No
patients had macroscopic edema of the suboccipital musculature
on T2-weighted imaging on the included FOV.

Suboccipital Muscle Cross-Sectional Area Calculations
Reproducibility of the cross-sectional areas was substantial for all
muscles (Lin correlation coefficients = 0.9517—0.9891) (Table 2).
The average cross-sectional area measurements for the rectus ca-
pitis-PMin and rectus capitis-PMaj at C1 and the remaining sub-
occipital musculature at C2 are shown in Table 3.

Univariate Data Analysis
The lower cross-sectional area of the rectus capitis-PMin was cor-
related with the following outcome measures: 1) greater symptom
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Lin Correlation

Muscle Coefficient 95% ClI
Rectus capitis posterior minor 0.9891 0.9737-0.9955
Rectus capitis posterior major 0.9645 0.9137-0.9856
Longus colli/capitis 0.9531 0.8887-0.9806
Inferior oblique capitis 0.9608 0.9070-0.9837
Semispinalis cervicis/multifidus 0.9517 0.8830-0.9804
Semispinalis capitis 0.9797 0.9497-0.9919
Splenius capitis 0.9586 0.9001-0.9831

Note:—CSA indicates cross-sectional area.

Table 3: Average CSAs of the suboccipital musculature

Muscle Mean CSA (cm?) SD
Rectus capitis posterior minor 236 120
Rectus capitis posterior major 512 176
Longus colli/capitis 119 0.45
Inferior oblique capitis 3.73 0.54
Semispinalis cervicis/multifidus 148 0.45
Semispinalis capitis 4.04 0.61
Splenius capitis 4.98 0.82
Total muscle CSA 19.70 6.80

Note:—CSA indicates cross-sectional area.

Table 4: Variables trending towards correlation with recovery
time (P <.10) on univariate analysis

Variable r P
Rectus capitis posterior minor CSA —0.387 .002
Longus colli/capitis CSA 0.218 .08
Age 0423 .005
Male sex —0.318 .01

Note:—CSA indicates cross-sectional area.

Table 5: Subsequent performance in a multivariate model

Adjusted Odds
Variable Ratio (95% Cl) P Value
Rectus capitis posterior minor CSA 0.22(0.11-0.43) .03
Longus colli/capitis CSA 1.66 (1.18-2.34) 14
Age 115 (1.01-1.31) 27
Male sex 0.78(0.43-137) 65

Note:—CSA indicates cross-sectional area.

severity (r = 0.596; P <.0001), 2) longer recovery time (r = 0.387;
P = .002), 3) poorer verbal memory performance (r = 0.285;
P =.02), and 4) postconcussive headache (r,;, = 0.39; P = .001).
Neither the overall cross-sectional area nor those for any of the
other individual muscles were associated with symptom severity,
recovery time, neurocognitive testing, or headache. Among demo-
graphic factors, age and male sex correlated with recovery time on
univariate analysis (r = 0.423 and —0.318; P = .005 and .01, respec-
tively). Correlation results are summarized in the On-line Table.

Multivariate Analysis

Four variables had P values < .10 by univariate analysis: the rectus
capitis-PMin cross-sectional area, longus coli/capitis cross-sec-
tional area, age, and sex. Multivariate analysis found that the only
statistically significant factor for prognosis was the rectus capitis-
PMin cross-sectional area. A larger rectus capitis-PMin cross-sec-
tional area was protective against a longer recovery time (adjusted
odds ratio, 0.22; P = .03). Summary of the multivariate analysis is
shown in Tables 4 and 5.



DISCUSSION

In mTBI, a lower cross-sectional area of the rectus capitis-PMin
alone among the suboccipital muscles was associated with greater
symptom severity, longer recovery time, poor neurocognitive test
performance, and postconcussive headache. Overall suboccipital
muscle cross-sectional area did not correlate with clinical metrics
or symptomatology after mTBI.

Suboccipital muscle atrophy has long been associated with
chronic pain.'” Previous studies have shown greater atrophy in
the rectus capitis-PMaj and rectus capitis-PMin among the sub-
occipital muscles in patients with persistent whiplash symp-

toms,?*!

and atrophy of these muscles has been associated with
higher inflammatory biomarkers, hyperalgesia, and worse out-
comes in patients with whiplash.>> However, these studies focus-
ing on the effects of the suboccipital musculature on posttrau-
matic outcomes have focused exclusively on patients with
whiplash-associated neck pain.>” No studies have extended these
findings to patients with mTBI, who may not necessarily have an
associated neck injury but often have an acceleration-deceleration
energy transfer similar to that in whiplash injuries.**

Most interesting, decreased cross-sectional area in the rectus
capitis-PMaj and rectus capitis-PMin musculature has also been
found in patients with chronic tension-type headaches, in which
the lower cross-sectional areas of the rectus capitis-PMaj and
rectus capitis-PMin were associated with greater headache in-
tensity, duration, and frequency.”” Tension-type headaches
are among the most common headaches experienced after
mTBI, with almost 40% of postconcussive headaches reported
as tension headaches.?® However, the role of the rectus capitis-
PMaj and rectus capitis-PMin in mTBI and their association
with posttraumatic headaches have not been investigated, to
our knowledge.

In our study, only the rectus capitis-PMin was associated with
greater symptomatology, poorer outcome, and posttraumatic
headaches after mTBI. Although the rectus capitis-PMaj and rec-

tus capitis-PMin are both head extenders,*

the rectus capitis-
PMin experiences the greatest load in low-energy impacts.”” In
these low-energy injuries, the proportion of energy absorbed by
the suboccipital muscles themselves is decreased relative to the
strain on their tendons and connective tissue connections.”’
The rectus capitis-PMin has a unique connective tissue bridge to
the dura mater,?® which has been noted on both anatomic speci-
mens and MR imaging.>”~" This connective tissue bridge is re-
sponsible for resisting dural enfolding during neck extension.
Traumatic injury to this myodural bridge can occur with a weak
or atrophic rectus capitis-PMin. A smaller/weaker rectus capitis-
PMin can absorb less energy, and as a result, higher energy is
deposited in the myodural bridge, increasing the risk of injury.””
Secondary atrophy of the rectus capitis-PMin after trauma can
also cause chronic dysfunction of the myodural bridge® because
an atrophic rectus capitis-PMin is less able to resist inward folding
of the dura, resulting in abnormal dural movement and tension.”®
This outcome can result in prominent referred pain because the
dura itself is highly sensitive to tractional forces.

The dura is innervated by the first 3 cervical nerves, which
converge with the trigeminal nerve in the trigeminal nucleus cau-
dalis. Resulting activation of the nociceptors in the trigeminocer-

vical nucleus by these cervical nerves produces a cervicogenic
headache. It is therefore not surprising that the low cross-sec-
tional area of the rectus capitis-PMin was associated with greater
symptom severity and headaches in our cohort. In fact, cervico-
genic headache from injury to the rectus capitis-PMin—dural con-
nection is a well-known phenomenon in headaches from suboc-
cipital procedures, where injury to the myodural bridge results in
abnormal adhesions between the rectus capitis-PMin and the
dura.** Lysis of these abnormal rectus capitis-PMin—dural adhe-
sions in these patients has been shown to provide symptom
relief.”®

Additional symptomatology associated with rectus capitis-
PMin atrophy could arise from its role as the proprioceptive cen-
ter of the upper cervical spine.’® The rectus capitis-PMin has the
greatest concentration of muscle spindles among the suboccipital
musculature,”” with an especially high concentration of large-
diameter A-f fibers, which convey proprioceptive information.
Transmission of proprioceptive data along these A-f3 fibers effec-
tively blocks nociceptive signals from muscle C-fibers from reach-
ing the spinal cord and higher order pain centers.”® Atrophy of the
rectus capitis-PMin results in a decrease in A- fibers, which, in
turn, causes less inhibitory signals and greater pain impulses to
central pain pathways.

Cognitive difficulties are commonly seen in patients with both
acute and chronic pain,”® and pain is one of the most significant
contributors to neurocognitive performance after mTBI.*® Thus,
rectus capitis-PMin atrophy may play a role in both the symptom-
atology and cognitive deficits after mTBI. Together, these findings
may indicate a role for preventive strengthening exercises focused
on the rectus capitis-PMin musculature in individuals at high-risk
for mTBI.

Our study has limitations. Our evaluation was a retrospective,
single-institution study with a moderate sample size. Accordingly,
the findings should be corroborated with a larger prospective
study. Furthermore, our study included both patients who were
thought to warrant imaging clinically and those with prior con-
cussions. Thus, a selection bias may exist toward more seriously
injured patients who present with significant symptoms that war-
rant imaging. Arguably, although a bias exists, it is a bias toward
the patients that would most benefit from imaging biomarkers.
Additionally, only the suboccipital muscles were evaluated in our
study, and further studies evaluating the relationship of the lower
neck muscles to symptoms and outcomes in mTBI would help to
better understand how the biomechanical and physiologic prop-
erties of the neck affect what has often been considered exclusively
brain pathology.

CONCLUSIONS

In mild TBI, the rectus capitis-PMin is the only suboccipital mus-
cle whose cross-sectional area is correlated with symptom severity
and worse outcome. This may reflect greater strain on the myo-
dural bridge in patients with a smaller rectus capitis-PMin or
perhaps decreased inhibition of nociceptive pathways from rectus
capitis-PMin spindle atrophy. Understanding how suboccipital
muscle loss influences the pathophysiology of mTBI may help
develop physical therapy rehabilitation programs to improve out-
comes in this population.
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Evaluation of Focal Cervical Spinal Cord Lesions in Multiple
Sclerosis: Comparison of White Matter—Suppressed T1
Inversion Recovery Sequence versus Conventional STIR and
Proton Density—Weighted Turbo Spin-Echo Sequences

C.M. Smith, M. Mossa-Basha, and ““K.R. Maravilla

I

D.K. Sundarakumar, W.D. Hwang,

ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging of the cervical spinal cord in MS is challenged by numerous artifacts and
interreader variability in lesion counts. This study compares the relatively novel WM-suppressed Tl inversion recovery sequence with STIR
and proton density—weighted TSE sequences in the evaluation of cervical cord lesions in patients with MS.

MATERIALS AND METHODS: Retrospective blinded analysis of cervical cord MR imaging examinations of 50 patients with MS was
performed by 2 neuroradiologists. In each patient, the number of focal lesions and overall lesion conspicuity were measured in the
STIR/proton density—weighted TSE and WM-suppressed T1 inversion recovery sequence groups. Independent side-by-side comparison
was performed to categorize the discrepant lesions as either “definite” or “spurious.” Lesion contrast ratio and edge sharpness were
independently calculated in each sequence.

RESULTS: Substantial interreader agreement was noted on the WM-suppressed Tl inversion recovery sequence (k = 0.82) compared with
STIR/proton density—weighted TSE (k = 0.52). Average lesion conspicuity was better on the WM-suppressed T1 inversion recovery
sequence (conspicuity of 3.1/5.0 versus 3.7/5.0, P < .01, in the WM-suppressed TI inversion recovery sequence versus STIR/proton
density—weighted TSE, respectively). Spurious lesions were more common on STIR/proton density—weighted TSE than on the WM-
suppressed Tl inversion recovery sequence (23 and 30 versus 3 and 4 by readers 1and 2, respectively; P < .01). More “definite” lesions were
missed on STIR/proton density—weighted TSE compared with the WM-suppressed T1inversion recovery sequence (37 and 38 versus 3 and
6 by readers 1and 2, respectively). Lesion contrast ratio and edge sharpness were highest on the WM-suppressed T1 inversion recovery
sequence.

CONCLUSIONS: There is better interreader consistency in the lesion count on the WM-suppressed T1 inversion recovery sequence
compared with STIR/proton density—weighted TSE sequences. The focal cord lesions are visualized with better conspicuity due to better
contrast ratio and edge sharpness. There are fewer spurious lesions on the WM-suppressed Tlinversion recovery sequence compared with
STIR/proton density—weighted TSE. The WM-suppressed Tl inversion recovery sequence could potentially be substituted for either STIR
or proton density—weighted TSE sequences in routine clinical protocols.

ABBREVIATIONS: LES = lesion edge sharpness; PDWTSE = proton density—weighted TSE; WMS = WM-suppressed Tl inversion recovery

he cervical spinal cord is commonly affected in multiple scle-  fore, have heterogeneity in the prolongation of T1 and T2 relax-

rosis, which is often associated with an increase in clinical ation times, which influence their conspicuity on the standard

disability.' A focal form of involvement is more common in the
relapsing-remitting variant of MS compared with the other less
common MS subtypes.* MS lesions undergo complex cycles of
inflammation, followed by variable extent of repair and, there-
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MR imaging sequences such as STIR and proton density—
weighted TSE (PDWTSE).

The PDWTSE sequence with a lower TE is better than the
longer TE T2-weighted sequences in the detection of focal MS
lesions in the spinal cord.>® STIR has intrinsic sensitivity to T1
shortening effects in addition to T2 prolongation effects and im-
proves the lesion contrast compared with T2-weighted sequences,
translating to a better interreader agreement in the assessment of
the extent of disease.” Nevertheless, artifacts and lower lesion con-
spicuity prevalent on these sequences may cause variability in the
clinical evaluation of lesion burden, which is difficult to resolve in
the absence of a true reference standard.® Reliable characteriza-
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tion of the lesion burden on follow-up examinations is therefore
important for assessing treatment efficacy and optimizing treat-
ment strategies.

Many novel sequences have been devised attempting to im-
prove imaging quality and lesion conspicuity with fewer artifacts
and with a reasonable acquisition time. In a smaller study popu-
lation, the WM-suppressed T1 inversion recovery (WMS) se-
quence has shown improvement in lesion conspicuity over STIR
and dual-echo fast spin-echo.” While the principles of the con-
trast mechanism on WMS are similar to those on STIR, the se-
quence parameters of WMS are optimized for better intramedul-
lary imaging. In WMS, the section-selective inversion pulse is
applied at 385 ms to suppress the background signal from white
matter, whereas in STIR, it is applied at 160 ms to optimize fat
suppression.'® A shorter TE is used in WMS compared with STIR
or PDWTSE, which further increases the T1-weighting of the se-
quence, which acts as the main contrast mechanism in this long
TR/short TE sequence.'"'? MS lesions have increased T1 relax-
ation times and thus are not suppressed with a white matter se-
lective inversion recovery suppression pulse. There is a need for
larger scale evaluation of WMS for clinical utility in routine prac-
tice against the standard sequences (STIR and PDWTSE) in the
detection of MS cord lesions. The purpose of this retrospective
study was to compare the utility of WMS compared with routinely
used STIR and PDWTSE sequences in the evaluation of focal cer-
vical cord lesions is MS.

MATERIALS AND METHODS

Subjects

This retrospective study was approved by the institutional review
board and was conducted in compliance with the Health Insur-
ance Portability and Accountability Act. Following earlier imple-
mentation of the WMS sequence, cervical spinal cord MR imag-
ing examinations of 50 consecutive patients with multiple
sclerosis (14 men and 36 women; average age, 43.1 years; range,
19—64 years; median age, 43.5 years; disease duration range, 3—20
years; Expanded Disability Status Scale range, 1.0-5.5) with
known or suspected involvement of the spinal cord, scanned be-
tween August 2013 and June 2014, were retrospectively reviewed.
There were 40 relapsing-remitting, 5 primary-progressive, and 5
secondary-progressive subtypes of MS in the study population.
These patients were being treated by using various regimens, in-
cluding immunomodulatory therapy, as clinically appropriate.

MR Image Acquisition

The images were acquired on a 3T MR imaging scanner (Ingenia;
Philips Healthcare, Best, the Netherlands), by using an integrated
head and neck coil (18-channel maximum). Sagittal STIR (TR/
TE/TI, 2700/50/250 ms; FOV, 250 mm; echo-train length, 15;
NEX, 1), sagittal PDWTSE (TR/TE, 2700/45 ms; FOV, 250 mm;
echo-train length, 15; NEX, 1), and axial PDWTSE (TR/TE,
2700/45 ms; FOV, 140 mm; echo-train length, 15; NEX, 1) se-
quences were compared with sagittal WMS (TR/TE/TT, 3600/11/
385 ms; FOV, 240 mm; echo-train length, 8; NEX, 2) and axial
WMS (TR/TE/TI, 3600/11/380 ms; FOV, 250 mm; echo-train
length, 19; NEX, 1), acquired in the same corresponding geomet-
ric planes. The TIs and TEs in WMS were chosen from a pilot trial
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performed by us (data not presented here). The sagittal images
were acquired with a section thickness of 3 mm; and axial images,
with 5-mm thickness with a 10% intersection gap. The in-plane
acquired pixel size was 0.89 X 0.89 mm for sagittal STIR and
sagittal PDWTSE sequences, and it was 0.54 X 0.61 mm for the
axial PDWTSE sequences. The in-plane acquired pixel sizes for
sagittal and axial WMS sequences were 0.68 X 0.95 mm and
0.69 X 0.92 mm, respectively. The average combined scan time
for both sagittal and axial WMS imaging was 7 minutes 30 sec-
onds. WMS images were reconstructed in both magnitude and
phase-sensitive modes. On magnitude reconstruction, there is the
possibility of suppressing signal from lesions having a null point very
close to that of normal white matter. Phase-sensitive reconstruction
overcomes this “blind-spot” by using the directional information of
the longitudinal magnetization, thereby improving the dynamic
range of contrast near the TL.” To maintain uniformity between im-
aging sequences, we used only the magnitude images for analysis and
statistical comparison. Postcontrast sagittal and axial imaging was
performed after IV injection of 0.1 mL/kg of gadoteridol (ProHance;
Bracco Diagnostics, Princeton, New Jersey).

Image Analysis

The image series of the patients were segregated and randomized
with the conventional sequences (sagittal STIR/sagittal PDWTSE/
axial PDWTSE) in 1 anonymized folder, and the WMS sequences
(sagittal WMS/axial WMS), in a separate folder. The 2 image
groups were independently examined by 2 blinded fellowship-
trained neuroradiologists having 3 and 7 years’ experience, re-
spectively. The axial images were cross-referenced to the sagittal
sequences in each group. The cervical spine was arbitrarily di-
vided into 2 levels: C1-C4 and C5—C7. The lesion count and the
overall lesion conspicuity were reported for the 2 cervical levels in
each sequence group. We decided to divide the cervical spine into
upper and lower levels during evaluation due to imaging hetero-
geneity between these 2 regions that arises from field inhomoge-
neity artifacts and dielectric effects. These factors affect the image
quality of the lower cervical region more than the upper region,
due to increased body thickness at the shoulders, which can po-
tentially confound evaluation.'” Thus, we thought that separate
comparison of upper and lower cervical lesions would be a more
accurate assessment. This separation also allowed minimizing
variation of measurements by limiting the region of cord being
evaluated at one time. To assess the overall burden of focal abnor-
malities, we initially asked the readers to count all visualized focal
abnormalities, including those later determined to be spurious.
Overall conspicuity for focal findings in each cervical level was
then graded on the following scale: 1, image quality was nondiag-
nostic; 2, >50% of lesions were uncertain; 3, 25%-50% of lesions
were uncertain; 4, <25% of lesions were uncertain; and 5, all the
lesions were well-visualized and certain.

In a second reading session, each reader individually com-
pared both sequence groups side-by-side and noted each discrep-
ant finding. “True” lesions were selected and distinguished from
spurious findings on the basis of the following criteria: biplanar
visualization of a lesion and lesion presence on 2 consecutive MR
imaging studies or the presence of enhancement on postcontrast
sequences. Further discrepancies in the lesion characterization



were resolved by consensus. Then, within the STIR/PDWTSE
group, each reader was asked the following question: On which
sagittal sequence—STIR (A), PDWTSE (B), or similar on both
(A = B)—were the lesions better visualized?

Quantitative contrast (lesion-to-cord) ratios for 82 selected focal
lesions, visualized in all 3 sagittal sequences (up to 4 lesions in each
patient), were calculated by D.K.S. by using following formula:

(Signal Lesion—Signal Normal Cord)

Contrast RatioLeson = Signal Normal Cord

The lesion edge sharpness (LES) of 25 selected lesions (measuring
=1 cm, up to 1 lesion per patient) was measured on the sagittal
STIR, WMS, and PDWTSE sequences by D.K.S. A line was drawn
along the length of these lesions and was extended slightly to in-
clude normal-appearing cord at both ends. An intensity profile
was obtained along this length (Fig 1). The lesion-margin sharp-
ness was defined as the average of the distance for a 20%—80%
difference in signal intensity on the line-intensity profile at the
cranial and caudal margins of the lesion."*

Statistical Analysis

Weighted k statistics were used to analyze the interreader variabil-
ity in the lesion count in each group at each cervical level. The
Wilcoxon signed rank test was used to compare the lesion conspi-

FIG 1. Measurement of lesion edge sharpness on a sagittal WMS image in a 39-year-old woman
with a relapsing-remitting subtype of multiple sclerosis. A line is drawn along the long axis of the
lesion located at the C2-C3 level, which includes the adjoining normal-appearing cord. The
histogram derived represents the signal-intensity profile along the line. Lesion edge sharpness is
determined by the average of distance required for a 20%—80% change in the signal intensity at

the upper and lower margins of the lesion.

Table 1: Lesion counts in STIR/PDWTSE and WMS

cuity between the 2 groups. The difference in lesion count per
patient between sequence groups and the LES was analyzed by
using a paired Student ¢ test. A linear regression model based on a
generalized estimation equation was used to analyze the differ-
ence in lesion contrast ratios among STIR, PDWTSE, and WMS. The
comparison of reader preference between STIR and PDWTSE was
analyzed by a x” test. The threshold for statistical significance was
set at P < .05.

RESULTS

The number of lesions detected on STIR/PDWTSE by readers 1
and 2, respectively, was 177 (average lesions per patient, 4.2 = 3.0)
and 183 (average lesions per patient, 4.3 = 3.4). The total number
of lesions detected was marginally higher on WMS for both read-
ers (reader 1: 191; average lesions per patient, 4.5 * 3.5; and
reader 2: 189; average lesions per patient, 4.5 = 3.5). There was no
statistically significant difference in the lesion count per patient
between STIR/PDWTSE and WMS (P = .64) (Table 1). No le-
sions were identified in 8 patients in both sequence groups by
both readers.

Qualitative Analysis

Interreader agreement on lesion count per cervical level on STIR/
PDWTSE was fair (k = 0.49 and 0.52 at C1-C4 and C5-C7 levels,
respectively; overall agreement, k =
0.52). On the other hand, the interreader
agreement for lesion count was substan-
tial on WMS (k = 0.82 and 0.84 at
C1-C4 and C5-C7 levels, respectively;
overall agreement, k = 0.82).

The average score of both reviewers
for overall subjective lesion conspicuity
at the C1-C4 and C5-C7 levels was bet-
ter on WMS (3.7/5 and 3.8/5) than on
STIR/PDWTSE (3.1/5 and 3.1/5), re-
spectively (P < .01) (Fig 2 and Table 2).
Within the STIR/PDWTSE group, the
lesions were better visualized on STIR in
21 and 17 patients and better seen on
PDWTSE in 10 and 12 patients. They
were equal in 11 and 13 patients by read-
ers 1 and 2, respectively (P = .1).

On a side-by-side comparison of the
2 sequence groups, 191 true lesions were
identified. More spurious findings were

STIR/PDWTSE WMS
Independent Analysis TL, MPL (SD) Interreader Agreement (k) TL, MPL (SD) Interreader Agreement (k)
Total lesion count in 42 patients
Reader 1 177,42 (3.0) 191,45 (3.5)
Reader 2 183,4.3(3.4) 189,4.5 (3.5)
C1-C4 lesion count
Reader 1 101,24 (1.6) 049 104,25 (1.9) 0.82
Reader 2 108, 2.6 (2.0) 104, 2.5 (2.0)
C5—-C7 lesion count
Reader 1 76,1.8 (1.7) 0.52 87,21(1.9) 0.84
Reader 2 79,19 (1.8) 85,2.0(1.8)

Note:—TL indicates total lesion count; MPL, mean lesions per patient.
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FIG 2. Example of improved lesion conspicuity in a 45-year-old woman with a relapsing-remitting
subtype of multiple sclerosis. Sagittal STIR (A) and PDWTSE (B) images show a focal lesion in the
dorsum of the cord at the lower C2 level (arrow). Anterior to this lesion, there is linear hyperin-
tensity in the center of the cord usually noted on the STIR/PDWTSE sequence group (arrow-
head). The central canal is more homogeneous in signal intensity on sagittal WMS image (C); this
feature improves the definition of the superior margin of the dorsal lesion. An additional focal
lesion is noted in the ventral cord at the upper C2 level (open arrow), better identified on the
WMS sequence (C).

Table 2: Qualitative analysis of focal lesions

STIR/PDWTSE WMS P Value
Independent analysis
Overall subjective lesion conspicuity, 3.1,31,3.0 37,3.8,37 <.01
C1-C4 (M;,, M, M,)
Overall subjective lesion conspicuity, 31,3.2,3.0 3.8,41,35 <.01
C5-C7 My, My, M)
Side-by-side analysis
Spurious discrepant lesions
Reader 1 (DL, Mp,) 23,05 3,0 <0l
Reader 2 (DL, Mp,) 30,0.7 4,01 <.01
True missed discrepant lesions
Reader 1 (DL, Mp,) 37,0.9 3,0 <0l
Reader 2 (DL, Mp,) 38,0.9 6,0.1 <.01

Note:—M, , indicates mean lesions per level for reviewers 1and 2; M;, mean lesions per level for reviewer T; M,, mean
lesions per level for reviewer 2; DL, total discrepant lesion; M, , average mean discrepant lesion.

FIG 3. An example of a definite lesion missed on STIR/PDWTSE in a 40-year-old woman with
multiple sclerosis. Sagittal STIR (A) and PDWTSE (B) images show focal lesions at the C3 and C6
levels (arrowheads). Another lesion at the C2 level (arrow) is less conspicuous due to central cord
high signal in STIR/PDWTSE. On WMS (C), the lesion at C2 is better visualized. An additional focal
lesion is noted on WMS at the C4 level (open arrow), which is identified on PDWTSE as a faint
hyperintensity on the side-by-side comparison.
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noted on STIR/PDWTSE than on WMS
by readers 1 and 2 in the cervical cord
(23, 30 and 3, 4 on STIR/PDWTSE and
WMS, respectively, P < .01). Of 53
spurious lesions noted by both readers
in the STIR/PDWTSE group, 32 of 53
spurious lesions (60.4%) were noted
on PDWTSE and 21 of 53 were noted
on STIR (39.6%). Readers 1 and 2
missed 37 and 38 definite lesions on
STIR/PDWTSE, whereas 3 and 6 such
lesions were missed on WMS (P < .01)
(Fig 3 and Table 2).

Quantitative Analysis

The average contrast ratio and lesion
sharpness were measured on the sagittal
STIR, PDWTSE, and WMS sequences.
Analysis was done on 82 lesions using all
3 sagittal sequences. Average length of
the lesions was 1.0 = 0.5 cm. The con-
trast ratio of these analyzed lesions was
higher in WMS (0.8) compared with
STIR (0.4) and PDWTSE (0.2) (P <
.01). The contrast ratio was higher in
STIR (0.4) compared with PDWTSE
(0.2) (P < .01). The lesion edge sharp-
ness was measured in a subset of 25 se-
lected lesions by using a line-intensity
profile tool. LES was higher on WMS
(2.3 mm) than in the other group (3.1
mm on STIR and 2.9 mm on PDWTSE,
P <.01). Furthermore, within the STIR/
PDWTSE group, the LES was marginally
better for PDWTSE (2.9) than on STIR
(3.1), though this finding was not statis-
tically significant (P = .11) (Table 3).

DISCUSSION

Detection of the focal spinal cord lesions
may increase confidence in the clinical
diagnosis of MS or can predict conver-
sion of a clinically isolated syndrome
into definite MS.">"'” In diagnosed cases
of MS, quantification of disease activity
is important for monitoring treatment
efficacy.'® The purpose of this study was
to compare the WMS sequence with a
short TE with the conventional se-
quences of STIR and PDWTSE in imag-
ing the cervical spinal cord in MS. Be-
cause there are no studies that detail the
optimal TE used in the inversion recov-
ery sequence for imaging MS lesions, we
chose a WMS TE of 11 ms after compar-
ing the signal-to-noise ratio and lesion
contrast with TE = 5 ms, TE = 11 ms,
and TE = 25 ms in a pilot study (data



Table 3: Quantitative analysis of focal lesions

the LES was not significantly different;

STIR PDWTSE WMS P Value therefore, there was no reader prefer-

(Mean)  (Mean) (Mean) STIRvs STIR PDWTSE  ence toward either of these sequences in

(SD) (SD) (SD) PDWTSE vs WMS  vs WMS terms of lesion delineation. The low in-

Contrastratio (n = 82) 04(0.2) 02(02) 08(05)  <.0i <0l <0l terreader agreement on lesion count on
LES in mm (n = 25) 31(09)  29(05)  23(0.6) n <.01 <.01 STIR is comparable with findings de-

not shown). A shorter TE in WMS (11 ms) compared with STIR
or PDWTSE (50 and 45 ms, respectively) is advantageous for MS
imaging. T1 prolongation is a manifestation of myelin loss in MS,
which acts as a dominant contrast mechanism in long TR/shorter
TE sequences such as WMS. Additionally, the dephasing effects of
CSF pulsation artifacts are less pronounced at lower TEs.'” On the
other hand, T2 prolongation is less specific for MS and occurs due
to edema in active lesions and gliosis in chronic lesions.*® Also, as
discussed earlier, there is a loss of contrast between the MS
plaques and spinal cord on T2-weighted sequences with longer
TEs.

The combined acquisition time of the axial and sagittal WMS
sequence used in the current study (7.5 minutes) is similar or less
compared with the sagittal and axial 2D single-inversion WMS
(10.5 minutes) described in a prior study’ and compared with
previous descriptions using 3D double inversion recovery or
T1WI magnetization-prepared rapid acquisition of gradient echo
sequences (7-7.5 minutes).”">> While separate axial and sagittal
acquisitions do not have the advantage of the isotropic resolution
needed for multiplanar evaluation, they are less prone to image
degradation due to shorter acquisition times compared with the
3D techniques.*

By implementing the WMS sequence in a routine MS cervical
cord imaging protocol, we were able to increase interreader agree-
ment in level-by-level focal lesion counts, improve lesion conspi-
cuity, and decrease artifacts compared with standard STIR/
PDWTSE, without a serious time penalty.

The average number of lesions per patient detected on WMS
was similar to that in STIR/PDWTSE. However, the lesion counts
per patient at each cervical level varied between these techniques
and had only fair intersequence group agreement. This finding
signifies an underlying difference in the perception and interpre-
tation of focal findings between the techniques (ie, in terms of
what constitutes a lesion versus artifacts). The interreader agree-
ment on the lesion count per each level and overall on WMS was
significantly better compared with STIR/PDWTSE. Higher inter-
reader agreement in WMS was probably related to better lesion
contrast and margin delineation of lesions compared with STIR/
PDWTSE, a feature vital for maintaining consistency in monitor-
ing MS disease activity across different radiologists on follow-up
imaging.

The contrast ratio on WMS was 2-fold better than that on
STIR and approximately 4 times better than that on PDWTSE.
However, the extent of improvement in the contrast ratio on the
WMS sequence we used was less than that reported by Poonawalla
et al.” This difference may be due to variations in sequence pa-
rameters, such as the TE used in this study. Previous studies have
demonstrated that STIR provided a superior contrast ratio and
better lesion depiction over PDWTSE.” In this study, although the
contrast ratio on STIR was 2 times better than that on PDWTSE,

scribed in an earlier study.” Tradition-

ally, STIR and PDWTSE have been used
in combination to overcome each other’s shortcomings.'®** The
LES in WMS was marginally but statistically better than that on
STIR and PDWTSE; this finding may be due to better background
suppression of the normal white matter. Better LES could also be
a result of a shorter TE, which, in addition to improving lesion
contrast by decreasing T2-weighting, also limited the dephasing
effects of CSF pulsation, which could result in blurring of the
tissue interfaces.’

The number of missed definite lesions was higher on STIR/
PDWTSE sequences. All these lesions could be retrospectively vi-
sualized on STIR/PDWTSE by side-by-side comparison with
WMS. The higher chance of missing true lesions on STIR/
PDWTSE could be explained on the basis of the lower contrast
ratio of the definite lesions, higher number of artifacts, and
decreased margin sharpness that was essential to resolve closely
situated multiple lesions in the STIR/PDWTSE group.

Artifacts related to CSF pulsations are known to produce focal
T2WTI signal changes on the STIR sequence, which can be mis-
taken for real abnormalities.** Similarly, the higher T2WI signal
of gray matter and the central canal on STIR and PDWTSE can
cause spurious T2WT hyperintense foci or can obscure the central
lesions, which have a signal intensity similar to that of gray mat-
ter.”> WMS provided a more homogeneous background, in which
the centrally located lesions were better appreciated than in the
STIR/PDWTSE group. Nelson et al** have demonstrated im-
proved visualization of cortical and juxtacortical MS lesions on
WMS over FLAIR and dual FSE in the cerebral cortex. Later,
Poonwalla et al’ described the advantage of phase-sensitive inver-
sion recovery over STIR and dual-echo T2 sequences in the delin-
eation of gray matter involvement in the cervical spinal cord. An-
other study found that phase-sensitive inversion recovery retains
this advantage over high-resolution axial 3D proton density—
weighted gradient-echo (fast-field echo) imaging as well, though
the latter sequence was better in detecting focal abnormalities.””
Studies specifically evaluating the utility of WMS in depicting
lesions within the spinal cord gray matter will be needed in the
future.

The study has a few limitations. Undersampling in the phase-
encoding direction in WMS resulted in lower spatial resolution
along the phase-encoding direction, manifesting as mild blurring.
Further work is needed to overcome this shortcoming while lim-
iting the image-acquisition time. While WMS was better than
STIR and PDWTSE in the evaluation of focal cord lesions, the
extra-axial structures such as disc, spine, and paraspinal tissues
were not as well-visualized on WMS. Therefore, inclusion of ei-
ther STIR or PDWTSE is still necessary for complete evaluation of
extramedullary structures in the cervical spine MR imaging exam-
ination. In this limited study, WMS was not advantageous over
STIR or PDWTSE in evaluating diffuse lesions and cord atrophy
in progressive subtypes of MS. In these patients, cord-volume
assessment, magnetization transfer, and diffusion tensor imaging
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may be better for the quantification of disease activity.'® Finally,
there is no reference standard for identification of “true” lesions
in the spinal cord. Instead, we relied on follow-up imaging and
2-plane visualization to select lesions deemed most likely to rep-
resent actual spinal cord lesions. With this classification system,
WMS imaging outperformed STIR and PDWTSE sequences in
our analysis.

CONCLUSIONS

WMS could potentially be substituted for either STIR or
PDWTSE sequences in routine clinical protocols. There is better
interreader consistency in the lesion count on WMS compared
with STIR/PDWTSE sequences. The focal cord lesions are visual-
ized with better conspicuity due to better contrast ratio and edge
sharpness. There are fewer spurious lesions on WMS compared
with STIR/PDWTSE. The WMS techniques can allow better le-
sion delineation and confidence in lesion counts.

Disclosures: Kenneth R. Maravilla—UNRELATED: Consultancy: Guerbet; Grants/
Grants Pending: Bayer,* Bracco,* Guerbet,* Comments: clinical trial grants; Payment
for Lectures (including service on Speakers Bureaus): Bracco. *Money paid to the
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SAPHO Syndrome: Imaging Findings of Vertebral Involvement

AM. McGauvran, ““A L. Kotsenas, ““'F.E. Diehn, ““').T. Wald, “*’C.M. Carr, and “*').M. Morris

ABSTRACT

BACKGROUND AND PURPOSE: Imaging findings in patients with a combination of synovitis, acne, pustulosis, hyperostosis, and osteitis
(SAPHO) are often misinterpreted as discitis/osteomyelitis or metastases, resulting in multiple biopsies and delayed diagnosis. We have
incidentally noted a semicircular morphology in vertebral body imaging in several cases of SAPHO syndrome with vertebral involvement.
Our goal was to evaluate the prevalence of this distinctive morphology in these patients.

MATERIALS AND METHODS: A retrospective review of patients with SAPHO syndrome diagnosed between July 1998 and August 2013 was
conducted. A descriptive analysis of MR imaging, CT, radiography, bone scanning, and PET imaging was performed for the presence and
distribution of vertebral body signal intensity or attenuation changes and/or enhancement; contiguous vertebral body involvement;
vertebral body collapse; endplate irregularity; disc space, facet, and spinous process involvement; subligamentous thickening; and para-
spinal soft-tissue involvement.

RESULTS: Eighteen patients (16 women [89%]; mean age, 52.9 years) with SAPHO and spine involvement were included. Contiguous
involvement of =2 vertebral bodies was found in 16 patients (89%), with a curvilinear or “semicircular” pattern involving portions of
adjacent vertebral bodies in 10 (63%, P = .14). Most intervertebral discs demonstrated absence of abnormal T2 hyperintensity (73%) and
enhancement (89%). Subligamentous thickening was present in 12 (67%). Paraspinal soft-tissue involvement was present in 6 (33%).

CONCLUSIONS: SAPHO syndrome should be included in the differential diagnosis in a patient with a curvilinear or semicircular pattern
of vertebral involvement, contiguous vertebral body involvement, and absence of intervertebral disc edema and enhancement.

ABBREVIATION: SAPHO = combination of synovitis, acne, pustulosis, hyperostosis, and osteitis

he association of bone disease and chronic cutaneous pustular

lesions has been observed since the 1960s, but it was not until
1987 that Chamot et al' first used the acronym SAPHO to de-
scribe this rare group of chronic, relapsing, inflammatory osteo-
articular disorders commonly associated with skin manifesta-
tions. SAPHO was proposed to refer to a combination of
synovitis, acne, pustulosis, hyperostosis, and osteitis as a heading
for these syndromes. Cutaneous lesions are characterized by pal-
moplantar pustulosis, acne conglobata, and/or hidradenitis sup-
purativa. A wide variety of bone and joint manifestations has been
described.
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SAPHO syndrome shares some overlapping features with
other spondyloarthropathies, including reactive arthritis, psori-
atic arthritis, spondyloarthropathy associated with inflammatory
bowel disease, and idiopathic ankylosing spondylitis. In children,
the disease most commonly presents as a recurrent multifocal
osteomyelitis, favoring the long bone metaphysis. This presenta-
tion is in contradistinction to that in adults in whom the anterior
chest wall, including the sternoclavicular and manubriosternal
junctions, is most commonly affected.'™ The spine is also fre-
quently involved in adults. Findings of spinal involvement on
conventional radiographic imaging have been reported to include
vertebral body osteosclerosis, paravertebral ligament ossification,
hyperostosis, and discovertebral junction lesions. Although plain
radiographic findings of vertebral involvement have been well-
described, the radiology literature has only a limited number of
case reports and small case series describing imaging findings in
detail with other modalities, specifically MR imaging.’'° These
advanced imaging findings are often misinterpreted as discitis/

osteomyelitis or metastases.' "' In our experience, this misinter-
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FIG 1. Flow chart demonstrating how patients were narrowed from a large subset to 18 patients
with SAPHO syndrome and spinal involvement. *SAPHO criteria were based on Benhamou et al."

pretation can lead to unnecessary biopsies, other invasive proce-
dures, and, ultimately, delayed diagnosis.

Anecdotally, we have commonly observed a “semicircular”
pattern of contiguous vertebral body involvement localized to
either the anterior or posterior vertebral bodies of the middle
segments and adjacent anterior or posterior endplates of the sur-
rounding vertebral bodies. This was first reported by Peffers et al.'”
The goal of the study was to evaluate the imaging findings in a
series of patients with vertebral involvement as part of SAPHO
syndrome, with specific attention paid to the prevalence of this

unique semicircular morphology in the vertebral bodies.

MATERIALS AND METHODS

Patients

Institutional review board approval was obtained, and informed
consent was waived for this retrospective review. This study com-
plied with all Health Insurance Portability and Accountability Act
requirements. A search of clinical notes and the radiology infor-
mation management system for patients with the possible diag-
nosis of SAPHO or any combination of the terms “synovitis,”
“acne,” “pustulosis,” “hyperostosis,” and “osteitis” between July
1998 and August 2013 identified 66 patients (Fig 1). Of these, 36
patients had a final clinical diagnosis of SAPHO meeting at least 1
of the 4 criteria proposed by Benhamou et al'*: 1) osteoarticular
manifestations of acne conglobata, acne fulminans, or hidradeni-
tis suppurativa; 2) osteoarticular manifestations of palmar plantar
pustulosis; 3) hyperostosis involving either the anterior chest wall,
spine, or limbs with or without dermatosis; and 4) chronic recur-
rent multifocal osteomyelitis with or without dermatosis. Eigh-
teen patients were further excluded because they did not have
imaging of the spine.

Imaging and Analysis

We retrospectively reviewed the radiographic imaging findings,
including MR imaging, CT, bone scintigraphy, and PET/CT. The
images were evaluated by 2 experienced neuroradiologists in con-
sensus (A.L.K. with 15 years, ].M.M. with 7 years). Biopsies, in-
cludinglocation, number, and histopathologic and microbiologic
culture results, were also recorded.

MR imaging was evaluated for vertebral body signal-intensity
changes and/or enhancement; contiguous vertebral body involve-
ment; the presence of vertebral body collapse; endplate irregular-
ity; disc space involvement including enhancement; facet and spi-
nous process involvement; subligamentous thickening; and
paraspinal soft-tissue involvement. MR imaging sequences, imag-
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ing parameters, and magnet strength
varied because many of the scans came
from outside facilities. Vertebral body
signal intensity was evaluated on T1-
and T2-weighted MR images and on
gadolinium-enhanced T1-weighted im-
ages when available. The semicircular
pattern of enhancement was recorded if
present. The intervertebral discs were
evaluated for enhancement, irregularity,
associated fluid, and narrowing or wid-
ening. The number and laterality of the facet joints with signal
abnormalities and/or enhancement and the presence of spinous
process signal changes were recorded. We looked for ligamentous
thickening of the anterior or posterior longitudinal ligaments and
ligamenta flava, including thickening that extended to uninvolved
vertebral bodies. When there was masslike soft-tissue involve-
ment, the location, maximal diameter (in millimeters), and lon-
gitudinal extent of the abnormal tissues were recorded.

CT was evaluated for vertebral body sclerosis or lysis. Radio-
tracer uptake, if present, was recorded for bone scintigraphy and

PET/CT examinations.

Statistical Analysis

Statistical analysis was performed by using the JMP software
package (Version 9.0; SAS Institute, Cary, North Carolina). The
Fisher exact test was used to determine the association between
the presence of vertebral involvement and sex, the semicircular
pattern of involvement, disc space narrowing, and endplate irreg-
ularities. Only 2-tailed tests were used. A P value of < .05 was
significant.

RESULTS

Demographics

Of the 36 patients with SAPHO who were identified (Fig 1), 26
(72%) were female with an age range of 11-76 years (mean, 44
years; median, 47.5 years). Eighteen patients had spinal imaging
available for review, and all demonstrated spinal involvement
(50%; 16 women [89%; P = .06]; age range, 23— 69 years).

Vertebral Lesions

A total of 104 vertebral bodies were involved in 18 patients
(Table). One patient had a single level of involvement (6%),
while the remaining 17 patients had a median of 5 vertebral
levels involved (range, 2—13 levels; mean, 5.8 = 3.4 levels). The
thoracic spine was most commonly involved (n = 14, 78%),
with =2 separate thoracic segments involved in 57% of pa-
tients (n = 8/14). The lumbosacral spine was the next most
commonly involved (n = 7, 39%), followed by the cervical
spine (n = 3, 17%). Multiple regions of the spine were involved
in 7 patients (39%). Contiguous involvement of =2 vertebral
bodies was found in 16 patients (89%), with a curvilinear or
semicircular pattern involving the anterior or posterior por-
tions of adjacent vertebral bodies in 10 of these patients (63%,
P = .14) (Fig 24, -B).



Vertebral body findings per imaging modality

Nine patients had technetium Tc99m

Imaging Modality Vertebral Body Finding

No. of Patients  methylene diphosphonate 3-phase whole-

MRI (n = 16)

Tl-weighted images (n = 16) T1 hypointensity

T1 hypointensity — T1 hyperintensity

T2-weighted images (n = 15) T2 hyperintensity

Mixed T2 hypo- and hyperintensity

Enhancement corresponding to areas of 9
T1 hypointensity/T2 hyperintensity

Sclerosis corresponding to MR signal

Gadolinium-enhanced images
(n=9)
CT (n = 14)
abnormalities
Technetium Tc99m methylene Increased radiotracer uptake
diphosphonate 3-phase bone
scan (n = 10)

Whole-body FDG-PET/CT (n = 2) No abnormal FDG uptake

body bone scans to correlate with the spi-

15 . . .

1 nal MR imaging. All 9 patients demon-
n strated increased radiotracer on MR
3 imaging in the vertebral bodies affected

(Fig 2D). There were no discordant areas
14 of vertebral body uptake between the 2
modalities. Extravertebral findings on bone
scans are described in further detail below.

In 2 of the 18 (11%) patients with

FIG 2. MR imaging, CT, and bone scan of the thoracic spine in a 74-year-old woman with back
pain. Sagittal TI-weighted (A) and STIR (B) images demonstrate hypo- and hyperintensity, respec-
tively, in a curvilinear or semicircular pattern (dashed line) in contiguous vertebral body segments.
Note the absence of abnormal signal within the intervertebral disc spaces. C, Sagittal CT image
shows associated sclerosis (arrows) corresponding to levels of abnormal increased signal on MR
imaging. D, Bone scan, posteroanterior view, demonstrates focal areas of increased radiotracer
uptake within thoracic vertebral bodies and the right sternoclavicular joint (arrow). E, Previously

undiagnosed plantar pustulosis was evident on physical examination.

MR imaging was available for 16 patients (89%). Many pa-
tients came to our institution with imaging from other facilities.
Therefore, there was variation in the MR imaging field strength,
sequences, and imaging parameters. T1-weighted images were
available in all cases; 1 patient (6%) did not have T2-weighted
imaging. Vertebral body low-signal intensity on T1-weighted im-
ages was seen in 15/16 patients (93%) with corresponding high-
signal intensity on T2-weighted images in 12 patients (75%),
compatible with bone marrow edema (Fig 24, -B). One patient
(6%) had mixed hypo-/hyperintensity on T1-weighted images,
while 3 patients (18%) had mixed hypo-/hyperintensity on T2-
weighted images, suggestive of concomitant bone marrow
edema and cancellous bone sclerosis. Gadolinium-based con-
trast was administered in 9 patients in whom MR imaging was
available (56%), with 100% of patients demonstrating en-
hancement in the same distribution as the signal changes de-
scribed above. Vertebral body corner erosions were not ob-
served in any patient.

Corresponding noncontrast CT imaging was available in 14 of
the 16 patients in whom MR imaging was available. CT demon-
strated sclerosis in the areas of MR signal abnormality in 100% of
patients, regardless of the pattern of the MR imaging signal
changes (Fig 2C). No lytic lesions were identified.

spinal involvement who did not have an
MR imaging, the number, level, and
contiguity of vertebral lesions were de-
termined solely by nuclear medicine
bone scanning in 1 patient and with
lumbar spine radiographs in the second.
In the first patient, the bone scan dem-
onstrated radiotracer uptake in the non-
contiguous T5, T9, T11, and L1 vertebral
bodies and right sacroiliac joint. In the
second, lumbar spine radiographs dem-
onstrated attenuated vertebral body
sclerosis from L3 to the sacrum and par-
tial fusion of the left sacroiliac joint.

Thirteen of 18 patients (72%) had
plain radiographs. One patient had nor-
mal findings on plain radiographic im-
aging (8%). Twelve patients had verte-
bral body sclerotic changes, including
shiny corners (92%). Despite abnormal
findings on MR imaging, no abnormal
FDG uptake was seen in the 2 patients
with whole-body FDG-PET/CT.

Facet Joints/Spinous Processes

There were 34 facet joints involved with T2 hyperintensity and/or
enhancement in 7 patients (39%), with unilateral involvement at
6 levels (3 patients, 17%) and bilateral involvement at 14 levels (4
patients, 22%). Spinous process T2 hyperintensity or enhance-
ment or both was observed at 15 levels in 5 patients (28%), all with
concurrent uni- or bilateral facet joint involvement at the same
levels (Fig 3).

Disc Spaces

MR imaging demonstrated at least 1 intervening or adjacent disc
space that was narrowed in 8 of 16 (50%) patients, with irregular
endplates observed in 7 patients (43%). The combination of disc
space narrowing with endplate irregularity was noted in 5 patients
who had MR imaging (62%; P = .11). High signal on T2-weighted
images in the disc was seen in 5 patients (31%). Disc space enhance-
ment on gadolinium-enhanced T1-weighted images was observed in
2 of 9 patients receiving gadolinium (22%). The combination of disc
space narrowing, abnormal T2 hyperintensity, and endplate irregu-
larity was observed in 3 patients (18%), while only 1 patient (11%)
had all 4 findings: disc space narrowing, abnormal T2 hyperintensity,

endplate irregularity, and disc space enhancement.
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FIG 3. MR images in a 32-year-old woman with back pain. Sagittal TI-weighted fat-saturated
images of the thoracic spine following administration of gadolinium demonstrate multilevel
enhancement (arrows) of the spinous processes (B) and bilateral facet joints (A and C).

FIG 4. MR images in a 69-year-old woman with cervical and thoracic back pain. A, Sagittal T2-
weighted fat-suppressed image of the cervical spine demonstrates paravertebral soft-tissue

sis (Fig 2E), 2 patients (12%) had acne
conglobata, 1 patient (6%) had hidrad-
enitis suppurativa, and 6 patients (35%)
had nonspecific dermatoses. Two pa-
tients (12%) had >1 skin manifestation,
with 1 patient having both palmoplantar
pustulosis and acne conglobata, while
the other patient had both palmoplan-
tar pustulosis and hidradenitis suppu-
rativa. Seven of the 18 patients (39%)
with SAPHO syndrome and spinal in-
volvement also had concurrent sterno-
clavicular involvement (Fig 2), while 4
patients (22%) had involvement of the
first costovertebral joint. Four of the
18 patients (22%) had plain radio-
graphs of the sacroiliac joints, with 1
patient (25%) demonstrating sclerosis
and the remaining 3 patients demon-
strating no involvement of the sacroil-
iac joint.

Pathology/Microbiology

Twelve patients (67%) underwent biop-
sy; 7 patients had a single biopsy, 3 pa-
tients had 2 biopsies, and 2 patients had
3 biopsies, totaling 19 biopsies. The ver-
tebral body was the most commonly bi-
opsied location (n = 11), followed by
the paravertebral soft tissues (n = 5) and
disc interspace (n = 1). In 2 patients
with spinal involvement, a concomitant
sternal lesion was biopsied. Pathology
was negative for malignancy in all biopsy
specimens (n = 19), including 2 patients
(11%) with a known history of malig-
nancy. Microbiologic cultures were also
negative for infection in all 8 patients
who had microbiologic testing performed.

thickening (arrows), extending from the C3-C4 interspace to T3. Note the abnormally high
T2-weighted signal within the C5-Cé disc (arrowhead). B, Sagittal Tl-weighted gadolinium-en-

hanced fat-suppressed image demonstrates corresponding enhancement of the paravertebral
soft tissue (arrows) with disc space enhancement (arrowhead). C, Axial T1-weighted gadolinium-
enhanced fat-suppressed image demonstrates enhancement of the thickened paravertebral soft
tissues (arrows). D, Axial T2-weighted fat-suppressed image further demonstrates the extent of

the paravertebral soft-tissue thickening (arrows).

Soft Tissues

Thickening of the anterior longitudinal ligament was present in
12 patients (80%) and extended to otherwise uninvolved verte-
bral bodies in 3 patients (25%). No other spinal ligaments were
involved. Paraspinal soft-tissue involvement consisted of mass-
like soft-tissue thickening with enhancement (Fig 4). This was
observed in 6 patients (37%), with a range of 1-6 vertebral levels
involved. Masslike paraspinal soft-tissue involvement did not ex-
ceed 15 mm in maximal diameter in any case (range, 2—-15 mm).

Extraspinal Involvement
Seventeen of 18 patients (94%) had typical skin manifesta-
tions. Ten (59%) of the 17 patients had palmoplantar pustulo-
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Inflammatory/Infectious Markers
C-reactive protein levels were available in
13 of 18 patients (72%), with elevated lev-
elsin 8 patients (62%). Sedimentation rate
levels were available in 16 of 18 patients
(89%), with elevated levels in 6 patients (38%). White blood cell
counts were available in 17 of 18 patients (94%), with all patients
having normal levels.

DISCUSSION

A curvilinear or a semicircular pattern of contiguous vertebral
body involvement localized to either the anterior or posterior
vertebral bodies of the middle segments and adjacent anterior or
posterior endplates of the surrounding vertebral bodies was
found in most of our patients (63%) with SAPHO and spinal
involvement. The high prevalence of this semicircular pattern of

vertebral body signal alteration and enhancement may help to



differentiate SAPHO syndrome from metastases, which tend to be
randomly distributed throughout the spine. When combined
with a relatively low prevalence of abnormal disc space T2-signal
and enhancement, the high prevalence of the semicircular pattern
may also be helpful to radiologists in cases in which spinal infec-
tion is being considered. Correlation with CT may be beneficial
because sclerosis in the areas of MR signal abnormality was pres-
ent in 100% of our patients, regardless of the pattern of the MR
signal changes. Recognition of these findings by radiologists
should prompt clinical consultation with dermatology and/or
rheumatology to assess typical skin and other musculoskeletal
manifestations.

Osteosclerosis of the vertebral bodies in SAPHO syndrome has

been described by Leone et al'’

and may progress to produce
diffuse and generalized sclerosis with development of hyperosto-
sis in more chronic cases. Prior case reports'®'® have shown the
utility of ['®*F] FDG-PET/CT to differentiate active from healed
chronic inflammatory lesions because PET/CT shows increased
uptake only in lesions with active inflammation. The chronic os-
teosclerotic changes seen in our patients are hypothesized to rep-
resent a quiescent phase of the disease, which likely accounts for
the normal FDG uptake in the 2 patients who had PET/CT scans
in our series.

In contrast to a study performed by Laredo et al,® our patients
were more likely to have involvement at contiguous levels. In
addition, while our patients had frequent involvement of verte-
bral body corners, we did not identify erosion in any case. Because
we are a tertiary referral center, our patients may have presented at
alater clinical stage. In fact, nearly all our patients presented after
other manifestations such as skin lesions or sternoclavicular in-
volvement, both of which are considered highly specific, were
evident.

The frequency of spondylodiscitis in SAPHO syndrome has
been reported to be 9%-32%.'® Prior studies have shown chronic
sterile nonspecific inflammation from intervertebral disc biopsies
in patients with SAPHO syndrome, equivalent to the Andersson
lesion, which has been identified in 4.5% of patients with anky-
losing spondylitis.>'® Others have suggested that spondylodiscitis
is due to Propionibacterium acnes.'® Although disc space involve-
ment with fluidlike signal on T2-weighted images and disc space
enhancement have been previously described in patients with
SAPHO syndrome,”” our study showed that most intervertebral
discs in patients with SAPHO syndrome demonstrated the ab-
sence of both fluidlike signal on T2-weighted images (69%) and
disc space enhancement (78%). The absence of these findings may
be helpful in distinguishing SAPHO involvement from spinal
infection.

We found single-level vertebral involvement rare, with contig-
uous involvement of =2 levels in nearly 90%, often with =5 levels
involved. This finding is in contrast to cases of spondyloarthropa-
thy, in which it is uncommon to see contiguous involvement.°

Nachtigal et al” previously described the paravertebral soft tis-
sues in patients with SAPHO involvement of the spine possibly

showing abnormal signal intensity. We found similar results, with
thickening and enhancement of the anterior longitudinal liga-
ment present in 37% of patients with SAPHO syndrome. These
findings further complicate the differential diagnosis of SAPHO
syndrome versus infection but may help to differentiate it from
spondyloarthropathies, which, to our knowledge, have only been
reported to affect the supraspinous ligament, interspinal liga-
ments, and ligamenta flava.”® Additionally, in the 2 patients with
vertebral body involvement determined solely on nuclear medi-
cine bone scans or plain radiographs, both demonstrated unilat-
eral sacroiliac joint involvement. Depasquale et al'' and Leone et
al'® have both described increased sclerosis and hyperostosis, par-
ticularly at the iliac side of the joint, in patients with SAPHO.
When seen in patients with features of moderate sacroiliitis,
this presentation was thought to be highly suggestive of
SAPHO syndrome and helped to differentiate it from other
spondyloarthropathies.

Peffers et al' first described a subset of patients with nonbac-
terial osteitis involving the thoracic spine. Spinal involvement in
our study had a strong female predominance and preferentially
affected the thoracic spine. This is in contrast to osteomyelitis and
discitis, in which males are affected twice as often as females and
the lumbar spine is most commonly affected.”'

MR imaging of the spine and sacroiliac joints has played a key
role in patients with spondyloarthropathies and has led to im-
proved understanding of the course of the disease and to an earlier
diagnosis.”® We suggest an imaging protocol consisting of at
least a sagittal T1-weighted turbo spin-echo sequence, sagittal
fat-saturated T2-weighted turbo spin-echo sequence or STIR
sequence with high resolution, and a sagittal fat-saturated gad-
olinium-enhanced T1-weighted sequence for evaluation of pa-
tients with suspected SAPHO syndrome, spondyloarthropa-
thy, or osteomyelitis/discitis.

Our study had a number of limitations. This was a retrospec-
tive review without a control group, and images were reviewed in
consensus rather than independently by the 2 neuroradiologists,
which might limit the reproducibility. Additionally, the number
of patients was small; however, SAPHO syndrome is an uncom-
mon entity, and ours is one of the largest studies to date. The MR
imaging protocols were not standardized. For example, not every
patient had a fat-saturated sequence, 1 patient lacked a T2-
weighted sequence, and 7 of 16 patients (44%) did not receive
intravenous contrast material. Variation in MR imaging field
strength and imaging protocols was a relatively minor limitation
because signal change was noted on precontrast T1-weighted
images in all patients. Finally, biopsy and microbiologic results
were not available in half of the patients, perhaps due to the
presence of other highly specific anterior chest wall and/or skin
manifestations.

Additional studies involving larger numbers of patients with
SAPHO syndrome and comparison groups of other infectious

and noninfectious spinal inflammatory conditions are needed to
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determine whether this semicircular pattern is a unique spinal

finding in patients with SAPHO syndrome.

CONCLUSIONS

In a patient with a curvilinear or semicircular pattern of contigu-
ous vertebral involvement, sclerosis along ligamentous attach-
ment sites, and the absence of intervertebral disc abnormal T2
hyperintensity and enhancement, SAPHO syndrome should be
included in the differential diagnosis and clinical consultation
with dermatology and/or rheumatology should be considered.
This may prevent the imaging findings from being misinterpreted
as discitis/osteomyelitis or metastases, with subsequent potential
reduction in the number of unnecessary biopsies and delayed
diagnoses.
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