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A 360-Degree Approach
to Neuroendovascular Therapy

S

Aneurysm
Therapy
Solutions

LVIS® | LVIS® Jr.

Intraluminal Support Device

Braided Coil Assist Stents with High
Neck Coverage, Excellent Opening,
and Improved Radial Force*

*Humanitarian Device: Authorized by Federal Law for use with bare platinum embolic

coils for the treatment of unruptured, wide neck (neck > 4 mm or dome to neck ratio < 2),

intracranial, saccular aneurysms arising from a parent vessel with a diameter > 2.5 mm
and < 4.5mm. The effectiveness of this device for this use has not been demonstrated.

For more information or a product demonstration,
contact your local MicroVention representative:

\\\ Microventions

TERUMO

Access
Product
Solutions

Headway® DUO

Microcatheter

Innovative Catheter Technology
and Construction in a Complete
Range of Sizes and Softness

MicroVention, Inc.

Worldwide Headquarters PH +1.714.247.8000

35 Enterprise

Aliso Viejo, CA 92656 USA

MicroVention UK Limited PH +44 (0) 191 258 6777
MicroVention Europe, S.A.R.L. PH +33 (1) 39 21 77 46
MicroVention Deutschland GmbH  PH +49 211 210 798-0

microvention.com

MICROVENTION, Scepter C, Scepter XC, Sofia, LVIS and Headway are registered trademarks of MicroVention, Inc. * Refer to Instructions for Use, contraindications and
warnings for additional information. Federal (USA) law restricts this device for sale by or on the order of a physician. ©2017 MicroVention, Inc. Aug. 2017
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Unipedicular
approach.

Bipedicular

results.

AVAflex® Balloon System

Simplify your approach in treating vertebral
compression fractures (VCFs) and create larger
voids with a single incision. The AVAflex
system's flexible, curved balloon is available

up to 30mm, the longest balloon on the market
today.” Our curved, coaxial needle achieves
targeted cement placement. It's more than a
minimally invasive approach with the potential
for less risk of patient trauma. It's a powerful
reminder that we're in this together.

Achieve precision with a single incision.



FLOW-DEPENDENT MICROCATHETER SERIES

w available through Balt USA

ordermagics@balt-usa.com

€ Lalt

MAGIC catheters are designed for general intravascular use.

They may be used for the controlled, selective regional infusion Inspiring innovation
of therapeutic agents or embolic materials into vessels!

Federal (USA) law restricts this device to sale, distribution by BALT USA
or on the order of a physician. Indications, contraindications, . .

warnings and instructions for use can be found in the product 18 Technology Drive #169, Irvine, CA 92618
labeling supplied with each device P 9497881443 F 949.7881444

1. Magic Catheters IFU - Ind 19 © 2017 BALT USA MKTG-068 Rev. B



Unleash
Your
liger @

- > RAPIDMEDICAL

The brain at your fingertips

//www.rapid-medical.com



ASNR 56" Annual Meeting &

The Foundation of the ASNR Symposium 2018
June 2 -7, 2018 | Vancouver, B.C., CANADA

The Vancouver Convention Centre East
© 2013 Vancouver Convention Centre

Welcome and Greetings

Please join us in Vancouver, CANADA for the 56th Annual
Meeting of the American Society of Neuroradiology on

June 2-7, 2018 at the Vancouver Convention Centre East.
Surrounded by the coastal mountains and located on the
waterfront, you can enjoy these spectacular views in the heart
of downtown Vancouver. With its undeniable charm and friendly
atmosphere, Vancouver is known around the world as both a
popular tourist attraction and one of the best places to live.

ASNR enthusiastically presents Neuroradiology: Adding Value
and Improving Healthcare at the Symposium of the Foundation
of the ASNR, as well as the common thread throughout the
Annual Meeting. Implementing a value-based strategy in
imaging has grasped the attention of nearly every healthcare
provider; in particular with Radiologists understanding that the
future will demand their imaging practices deliver better value.
Value in healthcare is typically defined as those imaging
strategies that yield improved outcomes, lower costs, or both.
As payment transitions from a fee-for-service to a value-based
system, thus creating a fundamentally different marketplace
dynamic, measuring good outcomes are at the center of this
changeover. At this time of uncertainty what little remains clear
is that without a well-defined knowledge of their outcomes, no
medical specialty will be able to succeed in the future value-
based system. The Symposium will feature how Neuroradiology,
in its many subspecialty areas, adds value to clinical care
pathways by directing healthcare practice towards better
outcomes. The annual meeting programming will continue on
this theme emphasizing imaging that improves health
outcomes, while considering costs, thus adding value. Our
discussions will incorporate many innovative approaches to
how neuroimaging currently does and will continue to improve
overall healthcare performance.

As the Program Chair for ASNR 2018, it is my pleasure and
honor to welcome you to Vancouver, CANADA for our annual
meeting! Vancouver is known for being a very walkable city
with a compact downtown core hosting many places to enjoy.
So pack your comfortable walking shoes and let’s tour together
with our colleagues and friends!

7D _ Pina C. Sanelli, MD, MPH, FACR
Ana |\ ASNR 2018 Program Chair/President-Elect

ASNR 2018 = VANCOUVER

ASFNR ASHNR ASPNR ASSR SNIS

N
THE FOUNDATION OF THE ASNR *(7

Pina C. Sanelli, MD, MPH, FACR
ASNR 2018 Program Chair/President-Elect
Programming developed in cooperation with the...

American Society of Functional Neuroradiology (ASFNR)
Max Wintermark, MD

American Society of Head and Neck Radiology (ASHNR)

Deborah R. Shatzkes, MD

American Society of Pediatric Neuroradiology (ASPNR)

Ashok Panigrahy, MD
American Society of Spine Radiology (ASSR)
John D. Barr, MD, FACR, FSIR, FAHA
Society of Neurolnterventional Surgery (SNIS)
Mahesh V. Jayaraman, MD
ASNR Health Policy (HPC) Committee
William D. Donovan, MD, MPH, FACR,
Gregory N. Nicola, MD, FACR
ASNR Computer Sciences & Informatics (CSI) Committee
John L. Go, MD, FACR
ASNR Research Scientist Programming Committee
Dikoma C. Shungu, PhD, Timothy P.L. Roberts, PhD
The International Hydrocephalus Imaging Working Group
(IHIWG) / CSF Flow Group
William G. Bradley, Jr., MD, PhD, FACR, Harold L. Rekate, MD
and Bryn A. Martin, PhD

Fairmont Waterfront
© Copyright 2017 FRHI

© 2017 Pan Pacific Hotels and Resorts
ASNR 56" Annual Meeting E ul E
c/0 American Society of Neuroradiology

800 Enterprise Drive, Suite 205 -
Oak Brook, lllinois 60523-4216

Phone: 630-574-0220 + Fax: 630 574-0661
2018.asnr.org




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.




Trevo® XP ProVue Retrievers

See package insert for
warnings, and instructions for use.

INDICATIONS FOR USE

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

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 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.

n

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).

SPECIFIC WARNINGS FOR INDICATION 1

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

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

WARNINGS APPLIED TO BOTH INDICATIONS
* Administration of IV t-PA should be within the FDA-approved window (within
3 hours of stroke symptom onset).
* Contents supplied STERILE, using an ethylene oxide (EQ) process.
Nonpyrogenic.
© To reduce risk of vessel damage, adhere to the following recommendations:
— Take care to appropriately size Retriever to vessel diameter at intended
site of deployment.
— Do not perform more than six (6) retrieval attempts in same vessel using
Retriever devices.
— Maintain Retriever position in vessel when removing or exchanging
Microcatheter.
* To reduce risk of kinking/fracture, adhere to the following recommendations:
— Immediately after unsheathing Retriever, position Microcatheter tip
marker just proximal to shaped section. Maintain Microcatheter tip marker
just proximal to shaped section of Retriever during manipulation and
withdrawal.
— Do not rotate or torque Retriever.
— Use caution when passing Retriever through stented arteries.
© Do not resterilize and reuse. Structural integrity and/or function may be
impaired by reuse or cleaning.
* 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.

Concentric Medical
301 East Evelyn Avenue

.

Do not advance or withdraw Retriever against resistance or significant
vasospasm. Moving or torquing device against resistance or significant
vasospasm may result in damage to vessel or device. Assess cause of
resistance using fluoroscopy and if needed resheath the device to withdraw.
If Retriever is difficult to withdraw from the vessel, do not torque Retriever.
Advance Microcatheter distally, gently pull Retriever back into Microcatheter,
and remove Retriever and Microcatheter as a unit. If undue resistance is met
when withdrawing the Retriever into the Microcatheter, consider extending
the Retriever using the Abbott Vascular DOC guidewire extension (REF 22260)
so that the Microcatheter can be exchanged for a larger diameter catheter
such as a DAC® catheter. Gently withdraw the Retriever into the larger
diameter catheter.

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

PRECAUTIONS

 Prescription only — device restricted to use by or on order of a physician.
 Store in cool, dry, dark place.

* 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.

Stryker Neurovascular
47900 Bayside Parkway

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

Copyright © 2016 Stryker
NV00018973.AB

Target® Detachable Coil

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

INTENDED USE / INDICATIONS FOR USE

Target Detachable Coils are intended to endovascularly
obstruct or occlude blood flow in vascular abnormalities of the
neurovascular and peripheral vessels.

Target Detachable Coils are indicated for endovascular
embolization of:

e |ntracranial aneurysms

 Other neurovascular abnormalities such as arteriovenous
malformations and arteriovenous fistulae

 Arterial and venous embolizations in the peripheral
vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS

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

WARNINGS

 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.

Copyright © 2016 Stryker
NV00018669.AB

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

o This device should only be used by physicians
who have received appropriate training in
interventional neuroradiology or interventional
radiology and preclinical training on the
use of this device as established by Stryker
Neurovascular.

 Patients with hypersensitivity to 316LVM stainless steel
may suffer an allergic reaction to this implant.

* MR temperature testing was not conducted in peripheral
vasculature, arteriovenous malformations or fistulae
models.

 The safety and performance characteristics of the Target
Detachable Coil System (Target Detachable Coils, InZone
Detachment Systems, delivery systems and accessories)
have not been demonstrated with other manufacturer's
devices (whether coils, coil delivery devices, coil
detachment systems, catheters, guidewires, and/or other
accessories). Due to the potential incompatibility of non
Stryker Neurovascular devices with the Target Detachable
Coil System, the use of other manufacturer's device(s) with
the Target Detachable Coil System is not recommended.

 To reduce risk of coil migration, the diameter of the first

and second coil should never be less than the width of

the ostium.

In order to achieve optimal performance of the Target

Detachable Coil System and to reduce the risk of

thromboembolic complications, it is critical that a

continuous infusion of appropriate flush solution be

maintained between a) the femoral sheath and guiding
catheter, b) the 2-tip microcatheter and guiding catheters,
and c) the 2-tip microcatheter and Stryker Neurovascular
guidewire and delivery wire. Continuous flush also reduces
the potential for thrombus formation on, and crystallization
of infusate around, the detachment zone of the Target

Detachable Coil.

* Do not use the product after the “Use By" date specified

on the package.

Reuse of the flush port/dispenser coil or use with any coil

other than the original coil may result in contamination of,

or damage to, the coil.

 Utilization of damaged coils may affect coil delivery to, and
stability inside, the vessel or aneurysm, possibly resulting
in coil migration and/or stretching.

 The fluoro-saver marker is designed for use with a Rotating
Hemostatic Valve (RHV). If used without an RHV, the distal
end of the coil may be beyond the alignment marker when
the fluoro-saver marker reaches the microcatheter hub.

Mountain View, CA 94041

 |f the fluoro-saver marker is not visible, do not advance the

coil without fluoroscopy.

Do not rotate delivery wire during or after delivery of the

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.

Verify there is no coil loop protrusion into the parent

vessel after coil placement and prior to coil detachment.

Coil loop protrusion after coil placement may result in

thromboembolic events if the coil is detached.

Verify there is no movement of the coil after coil placement

and prior to coil detachment. Movement of the coil after

coil placement may indicate that the coil could migrate

once it is detached.

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.

 \erify 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.

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

CAUTIONS / PRECAUTIONS

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

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

Fremont, CA 94538
strykerneurovascular.com
Date of Release: SEP/2016
EX_EN_US

* 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.

e 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
anew Target Detachable Coil. If friction or resistance is
still noted, carefully remove the Target Detachable Coil and
microcatheter and examine the microcatheter for damage.

If it is necessary to reposition the Target Detachable

Coil, verify under fluoroscopy that the coil moves with

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

one-to-one motion or movement is difficult, the coil may

have stretched and could possibly migrate or break. Gently
remove both the coil and microcatheter and replace with
new devices.

 Increased detachment times may occur when:

— Other embolic agents are present.

— Delivery wire and microcatheter markers are not
properly aligned.

— Thrombus is present on the coil detachment zone.

Do not use detachment systems other than the InZone

Detachment System.

 Increased detachment times may occur when delivery wire
and microcatheter markers are not properly aligned.

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

-

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

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

A New Standard of Care in Stroke

FIRST

& . \Aa\“

‘g' ~, mechanical thrombectomy device ,.
v ) e . o .
v St Y, indicated to reduce disability in stroke.*
v Y
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v
Y Y FIRST
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N & .o
‘\))).((‘L new trgatment indication for
stroke in 20 years.

Trevo XP

PROVUE RETRIEVER

Success accelerated.

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

Copyright © 2016 Stryker
NV00018973.AB



CALL FOR AJNR EDITORIAL
FELLOWSHIP CANDIDATES

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

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

2018 Candidate Information and Requirements

GOALS

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

» Increase understanding and participation in the AJNR review process.

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

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

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

* Increase visibility of AJNR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP

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

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

e Learn how electronic manuscript review systems work.

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

* Participate in all monthly Senior Editor telephone conference calls.

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

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

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

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

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

* Organize and host a Fellows' Journal Club podcast.

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

QUALIFICATIONS

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

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

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

APPLICATION

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

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

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

* Applications should be received by March 1, 2018 and sent to Ms. Karen Halm, AJNR Managing Editor,
electronically at khalm®@asnr.org.



Simplify CMEgateway.org

the MOC Process

It's Easy and Free!
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Gadolinium-based contrast agents (GBCAs) increase the risk for NSF among patients with impaired elimination of the drugs.
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— Chronic, severe kidney disease (GFR < 30 mL/min/1.73m?), or
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administration may result in tissue irritation.
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arrest, respiratory arrest, pharyngeal edema, laryngospasm,
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¢ Pregnancy: There are no available data with DOTAREM use in
pregnant women to inform a drug-associated risk of adverse
developmental outcomes. While it is unknown if gadoterate
crosses the placenta, other GBCAs have been shown to cross the
human placenta and result in fetal exposure. Advise pregnant
women of the potential risk of fetal exposure to GBCAs.

e Lactation: There are no data on the presence of gadoterate in
human milk, the effects on the breastfed infant, or the effects
on milk production. However, published lactation data on other
GBCAs indicate that 0.01 to 0.04% of the maternal gadolinium
dose is present in breast milk.

¢ Pediatric Use: The safety and efficacy of DOTAREM at a single
dose of 0.1 mmol/kg has been established in pediatric patients
from birth (term neonates > 37 weeks gestational age) to 17 years
of age based on clinical data. The safety of DOTAREM has not been
established in preterm neonates. No cases of NSF associated with
DOTAREM or any other GBCA have been identified in pediatric
patients age 6 years and younger.

You are encouraged to report negative side effects of
prescription drugs to the FDA. Visit www.fda.gov/medwatch
or call 1-800-FDA-1088.
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PERSPECTIVES

Title: Monument Valley Utah, viewed from Hunts Mesa. As the sun sets, the shadows of the monuments lengthen, creating a beautiful otherworldly perspective. Over 200
million years ago, this area and most of the American West was covered by a large shallow sea. These monuments were created by water currents within that sea. The
Rocky Mountains thrust upward, and the sea receded into swamp and eventually became desert. Fossilized dinosaur footprints are found on the tops of the monuments.
This is Navajo land and Native Americans, Navajo and before them Anasazi, have lived here for thousands of years.

On October 16,1984, a USAF B-52 on a low altitude training run between Fairchild AFB in Spokane, Washington and Lovelace AFB in Albuquerque, New Mexico crashed
into Hunts Mesa very near where this photo was taken more than 20 years later. | was EMS Director for this area and though not on duty, | was called in. Assisted by a local
Search and Rescue 4-wheel drive team, my EMTs and | made our way to the crash site in a heavy snow storm and rescued 5 of 7 airmen who were subsequently flown out
by helicopter. The strength and endurance displayed by the injured airmen that night cannot be underestimated and we were very glad when all 5 returned a year later for
a more peaceful visit to Hunts Mesa.

John H. Rees, MD, Assistant Professor of Radiology, University of Florida, Shands Hospital, Gainesville, Florida

AINR Am J Neuroradiol 38:2033  Nov 2017  www.ajnr.org 2033



REVIEW ARTICLE

The Management and Imaging of Vestibular Schwannomas

E.P.Lin and ““B.T. Crane

O=

ABSTRACT

SUMMARY: Vestibular schwannomas are the most common cerebellopontine angle tumor. During the past century, the management
goals of vestibular schwannomas have shifted from total resection to functional preservation. Current treatment options include surgical
resection, stereotactic radiosurgery, and observation. Imaging has become a crucial part of the initial screening, evaluation, and follow-up
assessment of vestibular schwannomas. Recognizing and understanding the management objectives, various treatment modalities, ex-
pected posttreatment findings, and complications allows the radiologist to play an essential role in a multidisciplinary team by providing
key findings relevant to treatment planning and outcome assessment. The authors provide a comprehensive discussion of the surgical
management, role of radiation therapy and observation, imaging differential, and pre- and posttreatment imaging findings of vestibular
schwannomas.

ABBREVIATIONS: AAO-HNS = American Academy of Otolaryngology-Head and Neck Surgery; CN = cranial nerve; CPA = cerebellopontine angle; 3D SS-GRE =
volumetrically acquired steady-state gradient-echo; IAC = internal auditory canal; MF = middle fossa craniotomy; PF = posterior fossa; RS = retrosigmoid craniotomy;

SRS = stereotactic radiosurgery; TL = translabyrinthine craniotomy; VS = vestibular schwannoma

estibular schwannomas (VSs) are benign neoplasms of the
Vnerve sheath and account for 6%-8% of all intracranial tu-
mors and 80% of cerebellopontine angle (CPA) tumors.' VSs may
remain within the internal auditory canal (IAC) or extend into
the CPA. Symptoms are typically related to compression of
adjacent cranial nerves (CNs), brain stem, or posterior fossa
(PF) structures.

Imaging plays a central role in the screening and initial and
follow-up assessment of VSs. Imaging can often differentiate VS
from other entities such as facial nerve schwannoma, meningi-
oma, epidermoid cyst, arachnoid cyst, aneurysm, and metastasis.”
MR imaging is the preferred technique and can provide exquisite
tumor characterization, surgical planning, and posttherapeutic
evaluation.’> Contrast-enhanced CT of the temporal bones can
serve as an alternative if the patient cannot undergo MR imaging.
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The goals of VS management have shifted from total resection
to functional preservation, particularly when the entire tumor
cannot be safely resected with respect to cranial nerve preserva-
tion.®” Studies have revealed suboptimal postsurgical facial nerve
function in gross total resection of large VSs.*” Depending on
many factors, including patient age, tumor size and growth,
and symptomatology, patients can choose surgery, radiation,
or conservative management. Patients with neurofibromatosis
type 2, which is characterized by bilateral VSs, other schwan-
nomas, meningiomas, ependymomas, and ocular abnormali-
ties, are managed differently than those with sporadic unilat-
eral VSs'? and will not be further discussed due to the scope of
this topic.

Advances in surgical management of VS during the past cen-
tury have defined lateral skull base approaches that are now ap-
plied in the management of other PF and skull base pathologies.
Each approach offers different surgical exposures, benefits, and
disadvantages. Stereotactic radiosurgery (SRS) is an acceptable
option, with similar rates of tumor control and a low risk for
permanent facial nerve palsy. Observation is a reasonable option
for smaller tumors, older patients, and those with major
comorbidities.

This article will review the treatment objectives, surgical ap-
proaches, and expected posttreatment findings and complica-
tions of VS management. Knowledge of these advances enhances
the radiologist’s ability to participate in a multidisciplinary team
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by providing key information relevant to the treatment planning
and outcome.

Background

VS, often referred to as “acoustic neuroma,” most commonly
originates from the vestibular division of the vestibulocochlear
nerve sheath, often at the transition from central to peripheral
myelin near the vestibular ganglion at the IAC fundus.

Inactivation of the neurofibromin 2 gene has been implicated
in sporadic and neurofibromatosis type 2 VS."" This gene is lo-
cated on chromosome 22 and produces schwannomin (merlin), a
tumor-suppressor cell membrane-related protein. Perineural el-
ements of Schwann cells, with areas of dense (Antoni A) and
sparse (Antoni B) cellularity, are found histopathologically.
Immunohistochemical staining is typically positive for S-100
protein.

VS presents at a median age of 50 years and is unilateral in
>90% of patients, with an equal incidence on the left and right.
Symptomatology is often related to cranial neuropathies. Patients
more often present with chronic asymmetric sensorineural hear-
ing loss than tinnitus or unsteadiness. True vertigo, sudden hear-
ing loss, facial pain, numbness, and weakness are uncommon due
to slow tumor growth. Sensorineural hearing loss is confirmed by
audiometry and brain stem—evoked response audiometry, with
findings that are abnormal in >90%-95% of patients with VS."?

Historical Perspective

Charles McBurney performed the first suboccipital plate removal
in1891,% though the patient died soon after. A few years later, Sir
Charles Ballance in England was the first to successfully remove a
VS via a suboccipital plate and blunt dissection of a CPA mass."*
Surgical outcome, in general, remained poor in the late 1800s,
with a surgical mortality rate of 80% and high postoperative
morbidity."

By observing the radiographic properties of bowel gas, Walter
Dandy injected air into the subarachnoid spaces, creating the first
pneumoencephalographic images in the early 1900s.'® Pneumo-
encephalography allowed the localization of intracranial masses
by observing the mass effect on the ventricles and the direction of
the midline shift."”

Advances in neurosurgery in the early 1900s led to a decrease
in surgical mortality to 20%. Harvey Cushing promoted a bilat-
eral suboccipital approach and removal of the tumor core while
leaving the tumor capsule in place to improve CN preservation.'®

In 1961, William House introduced the operative microscope
in temporal bone surgeries, allowing exquisite visualization and
improved preservation of the facial nerve.'” William House fos-
tered collaboration with the neurosurgeon William Hitselberger,
establishing a multidisciplinary approach to VS resections. Wil-
liam House re-introduced the translabyrinthine approach as an
option for patients with unserviceable hearing.*® In 1979, Tomas
Delgado performed the first intraoperative CN monitoring,
which improved CN preservation.”!

During the same period, Lars Leksell in Sweden invented the
gamma knife in 1968 and performed the first SRS on a VS in
1969.7%** SRS was later confirmed as an effective alternative to
surgery in the treatment of VS.**

Radiographically, positive-contrast cisternography in the
1960s improved delineation of PF structures.”> Polytome-pan-
topaque allowed depiction of even smaller intracanalicular VSs.*
The advent of cross-sectional imaging in the 1970s now provides
noninvasive means of detecting and evaluating small VSs.

Natural History of VS

More than half of all VSs grow at an average of 2—4 mm/year,
whereas <10% regress.”” One study revealed that extrameatal tu-
mors (28.9%) were more likely to grow compared with in-
trameatal tumors (17%) and a larger percentage of tumors grew
early on after detection.”® A VS of >2 cm is more likely to grow
compared with a smaller VS.>*?° Growth rates of >2 mm/year are
associated with decreased rates of hearing preservation compared
with slower growth rates.”!

Surgical Management of VS
Surgical objectives have shifted from total resection to long-term
functional preservation.”” Subtotal resection followed by obser-
vation or SRS, particularly for a large VS, can achieve long-term
tumor control with improved CN preservation.””>** In general, a
small-to-medium VS of <3 c¢m is managed differently from a
large VS because surgery is often favored over SRS for a large VS.
While some investigators have experience in successfully treating
large VSs with SRS, others believe that SRS may risk compres-
sive ischemia of CN VII and brain stem compression in the treat-
ment of a large VS.?*?> The optimal treatment of a VS, particu-
larly a small-to-medium one, remains controversial, and
treatment technique preference will vary from center to center.
Gross total resection is offered to younger patients with per-
sistent dizziness, patients with small anatomically favorable tu-
mors and good hearing, cystic tumors, and larger tumors with
symptoms related to mass effect.”® Surgery, as opposed to SRS,
provides a definitive histopathologic diagnosis. Due to the post-
radiation effects on tissue, SRS following surgical resection is
more favorable than surgical resection following SRS. Surgery,
however, is associated with a greater risk of permanent facial
nerve palsy compared with SRS.”” Other risks of surgical resection
include iatrogenic hearing loss, CSF leak, meningitis, headache,
and anesthesia-related complications. Following gross total resec-
tion, the 5-year recurrence rate of VS has been reported as up to
10%.” The 10-year tumor control rates for gross total and subtotal
resection are 78% and 82%, respectivr;ely.7

Surgical Approaches

VS may be approached by a translabyrinthine (TL), retrosigmoid
(RS), or middle fossa (MF) craniotomy. The indications, advan-
tages, and disadvantages of each are summarized in Table 1.

Translabyrinthine Craniotomy

The TL is a posterior approach through the mastoid temporal
bone, anterior to the sigmoid sinus (Fig 1). Following a simple
mastoidectomy, the vertical facial nerve canal is skeletonized and
a labyrinthectomy is performed, allowing access to the IAC be-
hind the vestibule (Fig 1).>® Access to the CPA can be gained by
removing bone posterior to the porus acusticus. While one per-
forms facial nerve monitoring, the tumor is debulked and micro-
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Table 1: Indications, benefits, and disadvantages of lateral skull base approaches for VS resection

Translabyrinthine

Retrosigmoid Middle Fossa

Indications Unserviceable hearing; any IAC
or CPA VS IAC VS
Advantages Minimal brain retraction

VS with large CPA component; medial

Panoramic CPA exposure; better facial

Small lateral IAC VS (<0.5 cm);
small medial IAC VS with <1
cm CPA component

Better exposure, lateral IAC

nerve and hearing preservation for
medial VS

Disadvantages Complete hearing loss; difficult
approach for CPA VS ventral
to porus acusticus; risk for

facial nerve injury

Limited access to lateral IAC; potential
for cerebellar and brain stem injury

Limited PF access; temporal lobe
retraction; risk for facial nerve
injury

FIG 1. Axial illustration (A) of a translabyrinthine craniotomy demonstrates exposure of the IAC and CPA, and it may be performed with or
without cerebellar retraction. Intraoperative images just before (B) and following (C) the labyrinthectomy demonstrate exposure to the
intracanalicular vestibular schwannoma. PA indicates porus acusticus. A is reproduced with permission from the University of Rochester.

FIG 2. Precontrast axial TIWI (A) and postcontrast axial TIWI with
fat-suppression (B) demonstrate typical postoperative findings fol-
lowing a translabyrinthine craniotomy, with abdominal fat packing
within the mastoidectomy defect (asterisk). Linear enhancement
along the mastoidectomy bed reflects postsurgical changes without
evidence of recurrent tumor within the IAC.

dissected. The craniotomy is closed by placing the temporalis fas-
cia at the aditus ad antrum and abdominal fat packing within the
mastoidectomy defect. Fat is preferred to muscle because fat is
easily obtainable and associated with less morbidity. The fat signal
can be advantageously suppressed on follow-up contrast-en-
hanced MR imaging (Fig 2).

The TL allows adequate exposure of the IAC and PF with min-
imal brain retraction. The RS approach may be preferred if a large
PF component is present. Due to the complete loss of hearing, TL
is reserved only for patients with unserviceable hearing or poor
hearing prognosis.

Retrosigmoid Craniotomy
RS is a posterior approach that allows panoramic visualization of
the CPA (Fig 3). Following a suboccipital craniotomy posterior to
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the sigmoid sinus, the cerebellum is retracted medially, exposing
the CPA mass and neurovascular structures (Fig 3). The facial
nerve is identified, and the CPA component is dissected. The in-
trameatal component can then be accessed and removed by dril-
ling the posterior meatal lip (Fig 3). Tumor infiltration of the
cochlear nerve, poor preoperative hearing, and larger tumor size
decrease the likelihood of hearing preservation.*

RS permits resection of large extrameatal and small medial
intrameatal tumors while allowing hearing preservation.’”>° The
RS approach to intrameatal VS can be limited by a high-riding
jugular bulb or obstructed by the labyrinth.”® Cerebellum retrac-
tion may lead to parenchymal injury. Early postoperative head-
aches following RS may be higher than in TL,*° possibly second-
ary to subarachnoid bone dust dissemination or the use of a
titanium plate.

Middle Fossa Approach

The MF is a lateral approach to the IAC (Fig 4). A temporal cra-
niotomy is performed above the external auditory canal (Fig 4).
The dura is elevated off the skull base, and the temporal lobe is
retracted superiorly. Landmarks for this approach include the ar-
cuate eminence and the greater superficial petrosal nerve. The
TAC can then be accessed from above (Fig 4), and the tumor can
be resected following microdissection of the facial and cochlear
nerves. Bone wax is used to fill exposed mastoid air cells.

The MF is best for small lateral IAC tumors, particularly those
that extend to the IAC fundus, when hearing preservation is a
treatment objective. MF is not typically attempted on tumors with
a >1-cm CPA component due to limited exposure to the PF,*°
though some surgeons have had success with larger tumors via



FIG 3. Axialillustration (A) of a retrosigmoid craniotomy reveals a typical exposure of the CPA and lateral IAC by drilling through the posterior
meatal lip. Intraoperative image (B) reveals excellent exposure of the CPA VS and adjacent cranial nerves (CNs V, IX—=XI). A second intraoperative
image (C) following removal of the posterior face of the IAC wall exposes the intrameatal component of the VS (IAC VS). Immediate postop-
erative noncontrast axial CT (D) and a contrast-enhanced TIWI with fat-suppression (E) demonstrate a retrosigmoid craniectomy with a defect
in the posterior meatal lip (arrow) and a residual extrameatal enhancing VS on the contrast-enhanced TIWI. A is reproduced with permission

from the University of Rochester.

FIG 4. Coronal illustration (A) of a middle fossa craniotomy demonstrates retraction of the
temporal lobe and drilling of the petrous apex over the superior semicircular canal to provide
access to the IAC. Postoperative coronal reformation of noncontrast CT (B) and coronal TIWI
with fat suppression (C) reveal a temporal craniotomy and absence of the IAC roof (arrows),
through which the VS was accessed, and linear enhancement within the IAC, which reflects
expected postsurgical changes without evidence of residual tumor. A is reproduced with permis-

sion from the University of Rochester.

this approach. Temporal lobe retraction is associated with a small
risk of seizures, aphasia, and stroke. MF is optimal for a VS arising
from the superior division, which displaces the facial nerve
anteriorly.

Radiation Therapy

Radiation can be performed by using SRS, stereotactic radiation
therapy, and conventional fractionated radiation therapy. SRS is
the most commonly used technique and converges multiple
beams onto a delineated volume by using cross-sectional imaging

to minimize injury to adjacent tissues.
An initial SRS dosage of a 16- to 20-Gy
marginal dose achieved a 98% tumor
control rate but resulted in unacceptably
high rates of early hearing loss (60%)
and facial and trigeminal neuropathies
(330/0)'24,4 1-43

SRS dose reductions from 13-14 to
11-12 Gy in more recent years
have resulted in >90% tumor control
rates and <1% risk for permanent fa-
cial nerve palsies.”**> Slightly lower
doses of 12—13 Gy can be preferentially
given to patients with serviceable
hearing, and slightly higher doses of
13-14 Gy, to patients with poor hear-
ing prognosis.”’

While hearing preservation rates of 60%—70% were initially
reported, longer term follow-up studies of up to 10 years revealed
progressive hearing deterioration in most patients. Serviceable
hearing was preserved in only 23%-24% patients at 10
years.***® Older age, larger tumors, and poorer pretreatment hear-
ing were found to be risk factors for progressive posttreatment hear-
ing loss.”®*®** Reducing the cochlear dose to improve hearing pres-
ervation continues to be controversial and has not been confirmed to

reduce long-term hearing deterioration.™
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FIG 5. Examples of various enhancing IAC and CPA masses on contrast-enhanced TIWI with fat-suppression (B-D, and F) and 3D echo-spoiled
gradient-echo images (A and E). A, A large CPA meningioma, located eccentric to the porus acusticus (the asterisk denotes the tumor midline),
extends into the IAC without the associated bony expansion often seen with VS (see Fig 6). B, An enhancing facial nerve schwannoma within the
IAC extends into the labyrinthine segment (arrow), which differentiates a facial nerve from a vestibular schwannoma, as well as into the anterior
genu and tympanic segments. C, A small enhancing metastatic lesion within the IAC in a patient with non-small cell lung cancer extends into the
IAC fundus, labyrinthine, anterior genu, and tympanic segments. D, Perineural spread along the intratemporal and intracanicular segments of the
facial nerve in a patient with squamous cell carcinoma of the periauricular skin (the asterisk indicates the anterior genu; arrow, the greater
superficial petrosal nerve). E, An ill-defined tuft of enhancement within the IAC fundus extending into the labyrinthine segment (arrow) and
anterior genu of the facial nerve in a patient with right Bell palsy. F, Bilateral ill-defined enhancement of the distal IAC bilaterally extending into
the labyrinthine segment and anterior genu of the facial nerve canal in a patient with neurosarcoidosis.

Observation

Observation is offered to select patients who are typically followed
with serial MR imaging every 6—12 months. Indications include
patients older than 60 years of age with significant comorbidity,
small tumor size, and absence of symptoms. Patients who are at
risk for hearing loss from other causes or prefer observation may
also be offered conservative management. Observation, however,
is associated with progressive hearing loss, due to the slow growth
of most of these tumors. Tumor growth of >2.5 mm/year is asso-
ciated with higher rates of hearing deterioration compared
with slower growing tumors.”! If hearing preservation remains
a treatment objective, earlier intervention may lead to a better
outcome.”’

Imaging

Differential. VS is the most common extra-axial CPA mass
(70%—80%), followed by meningiomas (10%—15%) and epider-
moid cysts (5%).>> CPA meningiomas are dural-based enhancing
masses that grow along the petrous ridge and can extend into the
TAC. Large meningiomas are often located asymmetrically relative
to the IAC (Fig 5). Meningiomas may contain intralesional calci-
fications, and a dural tail and can result in changes of the under-
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lying bone, as well as peritumoral vasogenic edema if mass effect is
present.

Other enhancing lesions of the IAC and CPA include neoplas-
tic etiologies, such as leptomeningeal metastasis, lymphoma,
meningeal melanocytoma, or malignant melanoma; facial nerve
perineural spread; inflammatory processes, such as Bell palsy and
neurosarcoidosis; and aneurysms (Fig 5). Identifying enhance-
ment of the labyrinthine facial nerve can distinguish CN VII pa-
thologies from a VS (Fig 5). Aneurysms demonstrate nodular en-
hancement but are contiguous with vascular structures and often
exhibit flow voids, eccentric peripheral enhancement, and pulsa-
tion artifacts on MR imaging.

Because a VS can contain cystic components, the radiologist
should also be aware of other cystic lesions of the CPA. The char-
acteristic MR signal and enhancement patterns of these lesions,
however, should not lead to any confusion among these entities.
Epidermoid cysts are nonenhancing cysts of congenital ectoder-
mal elements that encase or displace neurovascular structures and
extend into the cerebellar fissures with ill-defined margins. Rela-
tive to CSF, these cysts demonstrate similar attenuation on CT,
isointense-to-slightly hyperintense signal to CSF on T1WI and
T2WI, and incomplete suppression on T2 FLAIR. The presence of



FIG 6. Contrast-enhanced axial TIWI (A), axial T2WI (B), and sagittal TIWI (C) reveal a large right CPA VS with asymmetric enlargement of the IAC,
brain stem and cerebellar compression, peritumoral edema, and tonsillar herniation.

Table 2: A sample MR imaging protocol for the evaluation of VS®

FOV  Thickness and TR (ms) TE

Sequence (cm)  Spacing (mm) (or Flip Angle)  (ms) Matrix Comments
Sag TI FLAIR 24 5% 1 2800 9 320X224 (TI858ms)
Ax DTI 26 3X0 8000 Min 128 X 128
Sag 3D T2 FLAIR FS 27 14 7600 120 256 X 256  With Ax and Cor reformations
Ax T2 FLAIR 24 5X1 9500 125 352 X 224 Alternative to 3D T2 FLAIR (Tl = 2250 ms)
Ax T2 FS 18 3X0.5 4917 87 320 X320  Through PF only
Ax FIESTA 18 0.8 (45) Min 300 X 300  With Ax and Sag oblique reformations
Ax SWAN or SWI 25 2 Min (15°) 25 320 X 224 Optional
Sag 3D TIFS+C 25 12 600 Min 288 X288  With Ax and Cor reformations
Ax 3D SPGR+C 25 15 (207) Min 320 X224  For treatment planning; nonangled orthogonal Ax
Ax TIFS+C 18 3X05 27235 22 320 X 320  Alternative to 3D T1FS +C (Tl = Tl ms)
Cor TIFS+C 18 3X05 2475 Min 383 X224  Alternative to 3D TIFS +C (Tl = 111 ms)

Note:—SPGR indicates echo-spoiled gradient echo; FS, fat suppression; C, contrast; Sag, sagittal; Ax, axial; Cor, coronal; SWAN, T2 star-weighted angiography; Min, minimum.
? Except for the axial 3D SPGR+C, all sequences are referenced to the anterior/posterior commissure line. An axial T2 FLAIR can be performed instead of the sagittal 3D T2 FLAIR.

An axial and coronal T1 FS+C can be performed in lieu of a sagittal 3D T1 FS+C.

b4

FIG7. Precontrast axial T2WI (A) and postcontrast axial TIWI (B) dem-
onstrate a small intracanalicular VS with lateral extension into the IAC
fundus and the modiolus, which is associated with a decreased rate of
hearing preservation.

diffusion restriction differentiates epidermoid from arachnoid
cysts, which follow CSF signal on all sequences. Arachnoid cysts
do not enhance, and they displace rather than engulf adjacent
structures. Other uncommon cysts include dermoid cysts, neuro-
cysticercosis, and neuroenteric cysts.

Initial Assessment. CT can detect moderate-large VSs, though
small intracanalicular tumors can be missed. On CT, a solid VS is
isoattenuating relative to the cerebellar parenchyma and typically
enhances. Unlike a meningioma, a VS does not have
calcifications.

CT is advantageous in assessing bony anatomy and pathologic
changes. Unlike meningiomas, a moderate-large VS tends to ex-
pand the IAC (Fig 6), which may reflect tumor aggressiveness.””
TAC expansion is associated with poorer preoperative hearing and
postoperative hearing function.”” Because the cochlear nerve is
often located anterior or inferior to the tumor, larger tumors ex-
tending in this direction may encapsulate, infiltrate, or stretch the

nerve.””>” The facial nerve can be affected by anterior extension
of the tumor, though it appears to be more resilient than the
cochlear nerve.””

Due to superior contrast resolution, MR imaging is now the
standard of care in evaluating VS. A sample MR imaging protocol
used in the evaluation of CPA masses is included in Table 2. VS is
typically T1 isointense relative to the cerebellar parenchyma and
demonstrates avid enhancement on postcontrast TIWI (Fig 6). A
VS may contain intralesional hemorrhage, which may exhibit T1
hyperintense signal and susceptibility artifacts on T2* gradient-
echo sequences. A larger VS often demonstrates inhomogeneous
enhancement secondary to intralesional hemorrhage and cysts.
Concerning features include larger size, brain stem or cerebellar
compression, peritumoral edema, hydrocephalus, and tonsillar
herniation (Fig 6). Enhancement may extend into the modiolus
secondary to cochlear infiltration (Fig 7), which decreases the rate
of hearing preservation.

Cystic VSs are a subtype that accounts for approximately 10%
of all VSs and are associated with higher degrees of hearing loss.”*
VS cysts are thought to arise from recurrent microbleeding or
osmosis-induced expansion of CSF trapped in arachnoid tissue,”*
leading to T2 hyperintense signal and variable T1 signal (Fig 7).
Enhancement of the cyst wall differentiates a cystic VS from an
arachnoid or epidermoid cyst, the latter of which demonstrates
diffusion restriction. Cystic VS may rapidly expand, leading to
brain stem and cerebellar compression, edema, and hydrocepha-
lus.>® Surgical intervention is favored over SRS in the manage-
ment of cystic VS because cystic VSs may respond poorly and
unpredictably to SRS.>*” In 1 study, 6.4% of cystic VSs initially
treated with radiation therapy required surgical intervention.””
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Cystic VSs are considered more aggressive, with shorter symp-
tomatic periods before presentation. They may surround and ad-
here to neurovascular structures as well as the more hypervascular
solid component of the mass, leading to a less favorable surgical
outcome.”® Subtotal resection of cystic VS is sometimes advo-
cated, particularly if there are peripherally located thin-walled
cysts,”> which should be emphasized in radiologic reporting
(Fig 8).

FIG 8. Axial FIESTA reveals a large left CPA VS with multiple superfi-
cial cysts, which may indicate increased adherence to neurovascular
structures and lead to a more difficult surgical resection. Note asym-
metric decreased T2 signal within the left cochlea (arrow) compared
with the right.

FIG 9. Two examples of post-SRS imaging. Postcontrast axial TIWI with fat suppression in a
patient before (A) and following (B) SRS reveals decreased enhancement centrally within the
tumor on posttherapeutic imaging (B), confirming a positive response to SRS. Two axial FIESTA
images (C and D) obtained during 2 consecutive follow-up examinations in a 2-year period dem-
onstrate interval enlargement of the cystic component within the right CPA associated with a
predominantly intrameatal VS following radiation therapy. The cystic component was later re-

sected (not shown).
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High-resolution volumetrically acquired steady-state gradi-
ent-echo (3D SS-GRE) sequences with heavily T2-weighted signal
provide exquisite detail of the location and morphology of the
mass, the presence of decreased labyrinthine signal, the course of
neighboring CNs in relation to the mass, and the relationship of
the labyrinth to the posterior meatal lip. Identifying CSF lateral to
an intracanalicular mass near the IAC fundus on 3D SS-GRE or
contrast-enhanced T1WI is a favorable prognostic finding be-
cause involvement of the IAC fundus is associated with decreased
rates of hearing preservation (Fig 7). Decreased labyrinthine
signal of 3D SS-GRE on initial imaging is associated with lower
rates of posttreatment hearing preservation (Fig 8).>°

Sagittal-oblique reformations of 3D SS-GRE sequences allow
detailed assessment of the facial nerve course relative to a mass. A
VS arising from the superior division of the vestibular nerve will
often displace the facial nerve anteriorly, whereas one arising from
the inferior division will displace the facial nerve more superiorly.
The location of the facial nerve in relation to the VS influences the
surgical approach chosen. Facial nerves that are displaced superi-
orly by the VS may be more easily injured with a TL or MF ap-
proach, leading the surgeon to favor the RS.

Because the posterior meatal lip is drilled to access the IAC in
the RS approach, this region is carefully evaluated preoperatively
by either CT or MR imaging. Pneumatized air cells in this region
may lead to a postsurgical CSF fistula.”® A high-riding jugular
bulb or jugular bulb diverticulum within the posterior meatal lip
may potentially lead to vascular injury. Portions of the labyrin-
thine lying medial to the fundus-sinus
line (the line from the sigmoid sinus to
the IAC fundus) pose a higher risk
for fenestration than those located
laterally.”?

An abbreviated noncontrast MR im-
aging with 3D SS-GRE has been pro-
posed as an inexpensive screening exam-
ination to exclude an TAC mass.’® This
study reported 100% sensitivity with
high specificity and advocated adding a
coronal T2WI to reduce false-positive/
-negative examination findings secondary
to volume averaging and banding arti-
facts, which could occur if relying solely
on 3D SS-GRE.® An abbreviated non-
contrast screening MR imaging, how-
ever, may not identify etiologies that are
better depicted with contrast-enhanced
MR imaging, such as other neoplastic
and inflammatory conditions discussed
above.

Increased labyrinthine T2 FLAIR
hyperintense signal has been detected
in patients with various pathologies,
including VS, meningiomas, Meniére
disease, Ramsay Hunt syndrome, oto-
sclerosis, and sudden idiopathic senso-
rineural hearing loss.®' ° The T2 FLAIR
hyperintense cochlear signal in patients
with VS is attributed to increased pro-



tein content within the perilymph,®"®*

which may be secondary
to tumor compression of the cochlear nerve, resulting in interfer-
ence with neuroaxonal transport of proteins.”’ 3D-FLAIR se-
quences can optimally detect cochlear T2 FLAIR hyperintense
signal.®>°>% Kim et al®® reported a significant correlation be-
tween the T2 FLAIR hyperintense cochlear signal and the degree
of hearing impairment in patients with intracanalicular VS. This
retrospective study, however, did not specify whether the 3D-
FLAIR sequence was performed consistently before or following
intravenous contrast administration. Two smaller retrospective
studies reported no correlation and a weak correlation between
postcontrast T2 FLAIR hyperintense signal and the level of hear-
ing impairment in patients with VS.°»°® Additional studies
should be performed to further clarify the significance of the T2
FLAIR hyperintense cochlear signal in VS.

Follow-Up Assessment

Objectives of follow-up imaging include identification of residu-
al/recurrent tumor, assessment of tumor size, response to radia-
tion therapy, and the presence of posttherapeutic complications.
Residual tumor is best assessed with a fat-suppressed contrast-
enhanced TIWI, because the signal from fat packing can be nul-
lified (Fig 2). Because the goals of therapy have shifted from total
resection to functional preservation, residual tumor is often in-
tentionally left behind in areas near the facial nerve. The presence
of residual enhancing tumor is not uncommon and may be fol-
lowed with serial imaging and further treated with SRS (Fig 3). A
residual mass tends to contract and become more rounded within
6-12 months of completion of SRS.

Standardized methods of tumor reporting and measurements
have been promoted by national organizations, such as the Amer-
ican Academy of Otolaryngology-Head and Neck Surgery (AAO-
HNS) in 19957 and the Consensus Meeting on Systems for Re-
porting Results in Acoustic Neuroma in 2003,°® though no single
method has been clearly adopted. VS should be described as int-
racanalicular, extrameatal, or intrameatal and extrameatal, and
cross-sectional measurements should be specific for each compo-
nent. Growth tends to be the greatest in the extrameatal compo-
nent, and recommendations have focused on the extrameatal
measurements. The AAO-HNS has recommended the square
root product of the extrameatal anteroposterior X medial lateral
diameters, with the anteroposterior diameter measured parallel to
the petrous ridge.®” The Consensus Meeting in 2003 favored using
the maximum extrameatal diameter, which, by itself, sufficiently
reflected growth of the tumor.®® One study has found the AAO-
HNS methodology to be preferable because tumors tend to grow
in both anteroposterior and ML directions.®”

Immediately following SRS, the tumor may increase in size
due to intralesional edema, which rarely indicates treatment fail-
ure.”’ In 1 study, 5% of tumors enlarged following SRS but re-
mained stable on subsequent imaging.”' Most VSs treated with
SRS will subsequently decrease or remain stable in size, reflecting
adequate tumor control.*> Decreased enhancement centrally
within the tumor is considered a positive response to therapy and
is typically seen within 6 months following SRS (Fig 9).*” Radia-
tion therapy may uncommonly induce cystic degeneration that
may be secondary to microbleeding, increased vascular permea-

bility, or scarring of arachnoid adhesions (Fig 9).”> The potential
for postradiation cystic degeneration is one rationale for treating
cystic VS initially with surgical resection.

While uncommon, dural sinus thrombus may be seen follow-
ing an RS or TL approach secondary to injury of the sigmoid sinus
and may result in venous congestion or infarction. Brain retrac-
tion during an RS or MF approach may result in edema or isch-
emia of the cerebellum or temporal lobe, respectively. Postoper-
ative infection may result in meningitis or, if severe, cerebritis.
CSF leak can sometimes be detected by identifying the presence of
a fluid collection within or subjacent to the craniotomy site. Other
complications such as CN deficits are better assessed by clinical
examination.

Labyrinthine fenestration may present with postoperative
hearing loss and can be evaluated with a dedicated CT of the
temporal bones. Bony labyrinthine dehiscence, however, may not
always correlate with hearing loss or vestibular symptoms.”> De-
creased T2 signal within the vestibulocochlear complex on 3D
SS-GRE imaging postsurgically may reflect membranous fenes-
tration, microvascular injury to the cochlea, or labyrinthitis ossi-
ficans. The decrease in T2 signal has been correlated with postop-
erative hearing loss.””

CONCLUSIONS

VSs are benign neoplasms of the vestibulocochlear nerve sheath
and are the most common CPA tumor. VS can be managed by
surgical resection, radiation therapy, and observation, though
only select patients are followed conservatively due to its associa-
tion with hearingloss. The treatment objectives of VS have shifted
from total resection to long-term tumor control with maximum
functional preservation. Larger tumors of >3 cm are generally
surgically resected because radiation poses a risk of brain stem
compression due to posttreatment edema. Smaller tumors may be
treated with surgery or radiation. Lateral skull base approaches
include the TL, RS, and MF and have been applied to other skull
base and PF pathologies. Knowledge of the management options
and objectives allows the radiologist to provide imaging findings
pertinent to initial management and to recognize expected post-
therapeutic findings and unexpected complications.
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ABSTRACT

BACKGROUND AND PURPOSE: Brain temperature is critical for homeostasis, relating intimately to cerebral perfusion and metabolism.
Cerebral thermometry is historically challenged by the cost and invasiveness of clinical and laboratory methodologies. We propose the use
of noninvasive MR thermometry in patients with cerebrovascular disease, hypothesizing the presence of a measurable brain thermal
response reflecting the tissue hemodynamic state.

MATERIALS AND METHODS: Contemporaneous imaging and MR thermometry were performed in 10 patients (32—68 years of age) undergoing
acetazolamide challenge for chronic, anterior circulation steno-occlusive disease. Cerebrovascular reactivity was calculated with blood oxygen
level-dependent imaging and arterial spin-labeling methods. Brain temperature was calculated pre- and post-acetazolamide using previously
established chemical shift thermometry. Mixed-effects models of the voxelwise relationships between the brain thermal response and cerebro-
vascular reactivity were computed, and the significance of model coefficients was determined with an F test (P << .05).

RESULTS: We observed significant, voxelwise quadratic relationships between cerebrovascular reactivity from blood oxygen level-
dependent imaging and the brain thermal response (x coefficient = 0.052, P < .001; x’coefficient = 0.0068, P < .001) and baseline brain
temperatures (x coefficient = 0.59, P = .008; x* coefficient = —0.13, P < .001). A significant linear relationship was observed for the brain
thermal response with cerebrovascular reactivity from arterial spin-labeling (P = .001).

CONCLUSIONS: The findings support the presence of a brain thermal response exhibiting complex but significant interactions with tissue
hemodynamics, which we posit to reflect a relative balance of heat-producing versus heat-dissipating tissue states. The brain thermal

response is a potential noninvasive biomarker for cerebrovascular impairment.

ABBREVIATIONS: ACZ = acetazolamide; ASL = arterial spin-labeling; BOLD = blood oxygen level-dependent; BTR = brain thermal response; CMRO, = cerebral
metabolic rate of oxygen; CVR = cerebrovascular reactivity; MRSI = MR spectroscopic imaging; OEF = oxygen extraction fraction

hronic cerebrovascular disease remains a common cause of
death and disability. While treatment advances have reduced

tients may deviate from the proposed paradigm of decompensa-
tion, misery perfusion confers an increased risk for future

stroke rates in such individuals, there exists a subset of patients at
heightened ongoing risk linked to a tenuous state of so-called
misery perfusion and characterized by exhaustion of hemody-
namic compensatory mechanisms.'* Although individual pa-
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ischemic injury, and refined characterization of the pathophysio-
logic underpinnings may allow improved prognostication or
therapy selection in such patients."?

Historically, '>O-PET has been used to identify misery perfu-
sion as defined by disturbances in CBF, CBV, oxygen extraction
fraction (OEF), and the cerebral metabolic rate of oxygen
(CMRO,).”” Challenges inherent to 'O-PET, including reliance
on short half-life radioisotope tracers and radiation exposure,
compel the development of pragmatic, ideally noninvasive and
noncontrast, MR imaging biomarkers to identify and characterize
misery perfusion. Such approaches would enable safe and repeat-
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able imaging, allowing structural and functional characterization
of the tissue state.®* Among MR imaging techniques, cerebrovas-
cular reactivity (CVR) measured from blood oxygen level-depen-
dent (BOLD) imaging or calculated from arterial spin-labeling
(ASL) has been proposed using hemodynamic augmentation
such asinduced hypercapnia or acetazolamide (ACZ) administra-
tion.* '* Impaired CVR is strongly associated with ischemic risk in
patients with carotid steno-occlusive disease, suggesting that early
identification combined with appropriate intervention may im-
prove outcomes.'"'?

Under-represented in such studies is the role of brain temper-
ature, a homeostatic variable inextricably linked to CBF and cere-
bral metabolism.'*'* Increased brain and systemic temperatures
strongly potentiate ischemic injury due to the high sensitivity of neu-
ronal substrate to even small temperature fluctuations.'>'® Cerebral
thermoregulation remains poorly understood, owing to historically
limited methodologies consisting of highly invasive and costly im-
plantable probes. Past study has thus relied primarily on animal
models or used systemic temperature as a surrogate for brain tem-
perature, with limited empirical exploration of the effect of hemody-
namic impairment on thermal dynamics.'>'”*%->*

Our goal was to explore the feasibility of a “brain thermal
response” (BTR) as a potential MR neuroimaging biomarker for
hemodynamic impairment by characterizing the relationship be-
tween BTR and CVR. We propose BTR as a measurement of dy-
namic brain temperature fluctuations in response to a hemody-
namic maneuver, hypothesizing the presence of detectable,
coherent temperature response differences paralleling tissue-level
hemodynamic impairment.

MATERIALS AND METHODS

Experimental Design

Retrospective analysis was performed on data acquired in patients
undergoing treatment for chronic, unilateral anterior circulation
steno-occlusive disease and recurring neurovascular events (mi-
nor stroke or transient ischemic attack), referred by a vascular
neurologist to undergo a standardized institutional protocol in
our chronic neurovascular disease patient population. A waiver of
Health Insurance Portability and Accountability Act authoriza-
tion and informed consent was approved by the institutional re-
view board. Exclusion criteria included contraindications to MR im-
aging, renal impairment, sensitivity to sulfa derivatives, extreme head
motion during the scan, or inability to comply with the study proto-
col for 2-day multiphasic MR imaging (3 subjects excluded). After
exclusion, 10 subjects between 32 and 68 years of age (mean, 46 * 13
years) were included in the study (8 women, 32—68 years of age;
mean, 41 * 12 years; 2 men, 56 and 61 years of age).

MR Imaging and Spectroscopy

Subjects completed a standardized, 2-day MR imaging protocol
with ACZ challenge (Fig 1). Multivoxel MR spectroscopic imag-
ing (MRSI), ASL, and BOLD data were acquired both pre- and
post-ACZ. All scanning was performed on a Tim Trio 3T whole-
body MR imaging scanner (Siemens, Erlangen, Germany) with a
32-channel head-array coil. A 3D T1-weighted MPRAGE (TR/
TE = 1900/3.5 ms, T1 = 900 ms, flip angle = 9°, 1 mm isotropic
resolution) anatomic image was used to guide MRSI grid place-

| Pre-ACZ | Post-ACZ |

FIG 1. Schematic of MR imaging scan protocol. ACZ was injected 5
minutes after the start of the BOLD sequence and data were acquired
for ~10 minutes post-injection. ASL and MRSI were acquired pre- and
post-ACZ.

ment and to plan the ASL and BOLD experiments. A 6-minute
multi-TI ASL sequence with background suppression was ac-
quired with a multidelay single-shot 3D gradient- and spin-echo
readout and flow-sensitive alternating inversion recovery tagging
with the following parameters: TR/TE = 3600/19.3 ms, FOV =
320 X 160 mm, section thickness = 3.5 mm, 32 sections, 5 aver-
ages, and 10 postlabel delays: first TT = 300 ms, increment = 300
ms. A 20-minute continuous BOLD study was performed, begin-
ning with 5 minutes of baseline acquisition, after which ACZ (Di-
amox, 1 g dissolved in 10 mL of normal saline) was administered
without scan interruption or patient repositioning. ACZ was de-
livered via slow, manual IV infusion for 3—5 minutes in aliquots of
approximately 2 mL per minute, followed by a normal saline
flush, after which the remaining ~ 10 minutes of continuous and
uninterrupted BOLD imaging was performed. BOLD data were
acquired with a gradient-echo echo-planar imaging sequence
(TR/TE = 2000/30 ms, FOV = 220 mm, matrix = 64 X 64,
section thickness = 4 mm, 30 sections).

MRSI scans for thermometry were acquired pre- and post-
ACZ injection with the semi-localized by adiabatic selective refo-
cusing sequence”’>* with an 8 X 8 voxel ROI with the center of
the grid aligned over the midline of the brain (TR/TE = 1700/35
ms, 3 averages, 10 X 10 X 15 mm? nominal voxel size, 16 X 16
voxel acquisition matrix with lipid saturation outside the ROI,
50-Hz water-suppression bandwidth).

For each subject, the diseased hemisphere was identified on
contemporaneous 3D time-of-flight brain MRA, as well as on
conventional DSA or CTA when available. All imaging was eval-
uated by a dedicated neuroradiologist with subspecialty certifica-
tion and 8 years of experience in advanced stroke imaging (S.D.),
and a vascular neurologist with >10 years of experience in stroke
and neurovascular imaging (F.N.).

Cerebrovascular Reactivity

CVR pre- versus post-ACZ administration was calculated using
both relative CBF from ASL data (CVR,g;) and BOLD signal
augmentation (CVRyo; ). For CVRg;, the CBF map from the
post-ACZ ASL acquisition (CBF
ACZ CBF (CBF,,.
smoothed with a Gaussian kernel (full width at half maximum =

post) Was coregistered to the pre-

) map to correct for motion effects and

8 mm). The raw data were fit with a kinetic model reported else-

where using the inline vendor-supplied processing output.>**”

CVR,g; was calculated from Equation 1.

CBF,,, — CBF,,,
1) CVRyq =~ opr—— X 100%

pre

CVRyo1p was calculated from BOLD images following realign-
ment to correct for motion and smoothed with a Gaussian kernel
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(full width at half maximum = 8 mm). The voxelwise mean in-
tensity values from 30 BOLD volumes acquired before ACZ injec-
tion (BOLD,,.) and the mean intensity values from the final 30
BOLD volumes (BOLD,,,
computed with Equation 2.

) were calculated. CVR; 1, was then

BOLD,,,, — BOLD,,,,

2) CVRgorp = BOLD
pre

X 100%

The final CVR maps were coregistered to the T1-weighted images
in the patient coordinate system, to facilitate voxelwise analysis
with the MRSI data, and were resampled to a nominal 1 mm
isotropic resolution. For CVR g, values, augmentation of <30%
was used as a threshold to identify regions of hemodynamic im-
pairment as previously reported.'®**~° For CVR; 1y, 70% of the
subject-wise mean contralateral CVR value was used as a thresh-
old. The use of an individual cutoff value was chosen to minimize
variation from intersubject BOLD fluctuations. To generate the
CVR maps for display, a brain mask was generated using the T1-
weighted image with the FSL Brain Extraction Tool (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/BET),>' and masked CVR color maps
were generated in Matlab (Version 2015a; MathWorks, Natick,
Massachusetts).

Thermometry and Brain Thermal Response
MRSI data for thermometry were processed using LCModel

)** as reported previously.'”**?> Tem-

(http://www.lcmodel.com
perature analysis and localization of the grid onto CVR maps were
performed using in-house software written in Matlab. Specifi-
cally, absolute temperature was calculated using the difference
between water and NAA proton resonance frequencies and the
relationship —0.01 ppm/°C.*>** Voxelwise temperature changes
were calculated as a difference between post- and pre-ACZ abso-

lute temperatures (T, — T,..). The unitless parameter, BTR,

post
was defined as the temperature change normalized to the pre-
ACZ temperature (Equation 3). Temperature maps were calcu-
lated on a voxelwise basis and interpolated using bicubic interpo-

lation for visualization purposes.

3) BTR =

To facilitate the voxelwise analysis between BTR and CVR, the
MRSI grid was localized onto the CVR images. Because the MRSI
grid was planned using the T1-weighted image in the patient co-
ordinate system, the data for both MRSI and CVR use the same
coordinate system. The MRSI grid was first rotated parallel to the
axial plane of the patient coordinate system, followed by a linear
translation of the center of the MRSI grid to the origin (0,0,0 mm).
These same transformations were also applied to the CVR data,
which were then resliced using the trilinear interpolation method
while retaining the nominal 1-mm isotropic resolution. The same
transformation and reslicing were also applied to the T1-weighted
image to visually confirm the location of the MRSI grid onto the
CVR map and to overlay the temperature grid onto the anatomic
image. The final CVR data were interpolated to an 8 X 8 grid
(10 X 10 X 15 mm? voxel resolution), identical to the MRSI grid,
and an average CVR value was calculated for each MRSI voxel.
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Statistical Analysis

Statistical analysis was performed with SPSS (Version 22.0; IBM,
Armonk, New York). Hemispheric comparisons (ipsilateral ver-
sus contralateral) of baseline brain temperature and BTR were
performed for both random and fixed effects. However, most of
the analysis was performed voxelwise to permit comparison of
BTR, baseline brain temperature, and CVR and to explore local-
ized impairment across the entire ROI. The voxelwise relation-
ships among these parameters were determined with a mixed-
effects model (Equation 4), in which y is the vector of measured
BTR or baseline temperature values; X is a matrix of fixed effects
(CVR, square of CVR, and intercept) and the corresponding vec-
tor of fixed-effect coefficients, B; 7 is a matrix of random be-
tween-subject variations and the corresponding vector of ran-

dom-effect coefficients, b; and & is a vector of random errors.
4) y=XB+2b+¢

The restricted maximum likelihood estimation with 150 itera-
tions was used to fit the model using either unstructured or first-
order autoregressive covariance structures, along with a random
intercept to account for multiple nonindependent measurements
from voxels within each subject. The best fit models, comparing
both linear and quadratic models along with different covariance
structures for the random effects, were determined with the
Schwarz Bayesian information criterion and a value of >10 to
establish differences among models.>® In the case in which the
Schwarz Bayesian information criterion was <10, parsimony was
applied for the final model selection. df for the mixed-models
were determined with the Satterthwaite approximation. Expo-
nential models were also explored but did not converge. The sig-
nificance of the regression was determined with the mixed-model
F statistic and P < .05.

RESULTS

Patient characteristics are presented in Table 1. Representative
CVRyorp and CVR,g; augmentation maps, the corresponding
BTR map, and a diffusion-weighted image for a patient with uni-
lateral left middle cerebral artery stenosis are presented in Fig 2.
The position of the MRSI grid is shown in white.

Best-fit models and respective parameters for the voxelwise
relationships are summarized in Table 2. We observed a signif-
icant, positive quadratic relationship for all voxels between
BTR and CVRyq, , (Fig 3; CVR coefficient, P < .001; CVR?
coefficient, P < .001). A significant, negative quadratic rela-
tionship between baseline brain temperature and CVRyo;p
was also observed (CVR coefficient, P = .008; CVR? coeffi-
cient, P < .001). No significant global relationships were ob-
served with CVR ;.

In the analysis of CVR ,g; , thresholded and dichotomized into
voxels exhibiting either <30% augmentation (impaired) or
=30% augmentation (healthy), a significant linear relationship
was observed for BTR with CVR y5; of =30% augmentation (P =
.001). No significant relationships were observed for the thresh-
olded CVR,q; values with baseline brain temperature. Similarly,
we used the CVR; 1 values thresholded subject-wise at <70%
(impaired) or =70% (healthy) of the mean contralateral CVR
augmentation. Significant relationships were observed between



BTR and CVRyo,p, of <70% (positive quadratic: CVR coeffi-
cient, P < .001; CVR?, coefficient, P < .001) and =70% (linear,
P = .02) of the mean contralateral hemisphere. Additionally,
significant relationships for baseline brain temperature and
CVRyorp of <70% (negative quadratic: CVR, P <.001; CVR?,

Table 1: Patient characteristics

P < .001) and =70% (linear, P = .001) of the contralateral
hemisphere were also observed.

We did not observe a significant difference in BTR (P = .58) or
baseline temperature (P = .38) between the ipsilateral and con-
tralateral hemispheres. However, within-subject variations (ran-
dom-effects, Equation 4) were highly
significant for both BTR (P < .001) and

Patient Age

baseline brain temperature (P < .001).

No. (years)  Sex Presentation and Diagnosis
1 41 F Left-sided-predominate supraclinoid ICA stenosis
2 61 M Left cervical ICA stenosis; aphasia DISCUSSION
3 39 F Right-sided-predominate ICA stenosis; recurrent minor stroke The results support the presence of a
4 32 F Left M1 stenosis; left monocular vision loss and recurrent right hemiparesis . . . .
5 56 M Intracranial ICA stenosis; recurrent TIA BTR as a potent1al heurolmaging bio-
6 68 F Left ICA stenosis; recurrent left hemispheric TIA and borderzone ischemia marker reﬂecting a hypothesized, con-
7 33 F Right-sided-predominate supraclinoid ICA stenosis; Moyamoya disease volved interaction of hemodynamic and

following STA-MCA bypass and recurrent TIA . R

8 36 F Left Ml stenosis; recurrent left deep borderzone ischemia metabolic tissue properties. The mea-
9 38 F Right-sided-predominate intracranial stenosis; recurrent MCA infarctions surement of a BTR is feasible in routine
10 51 F Left ICA stenosis; recurrent TIA

clinical MR imaging implementations,

Note:—STA indicates superficial temporal artery.

FIG 2. Representative CVR percentage augmentation maps calculated with BOLD and ASL, along with a BTR map overlaid on a Tl-weighted
image. Images are all from the same subject (a 32-year-old woman) with unilateral left MCA stenosis without infarction. The white grid overlay
represents the MR thermometry grid derived from multivoxel spectroscopy analysis using the water-NAA chemical shift difference. Diffusion-
weighted imaging demonstrates no evidence for acute infarction. Images are displayed in the radiologic convention. Impaired CVR in the left
hemisphere is present in both BOLD and ASL, with a greater severity of impairment in ASL likely related to delay sensitivity and tag decay (see
text). The BTR map demonstrates an asymmetric thermal response, with less brain cooling following vasodilatory stimulus in the diseased left
hemisphere, indicated by lower and more positive BTR values and corresponding primarily to the areas of greatest impairment in the anterior

and posterior MCA borderzone territories.

Table 2: Parameter estimates calculated with a mixed-effects model of BTR and baseline brain temperature as a function of CVR

CVR? Intercept

F df* PValue Coefficient F df* P Value®

CVR
Coefficient F df* PValue Coefficient

BTR

CVRsorp 0052 741 153  <.001 0.0068

CVR,s. 0.0018 12 1,80 30 -

CVRporp < 70° —0.096 59.7 1,97 <.001 0.024

CVRyo p = 70° 00070 55 1200 .02 -

CVR,q, < 30¢ 0.0018 1,74 33 -

CVR,g = 30¢ 0.0014 121 1,47 .001 -
Tore® ()

CVRsoip 0.59 7.0 1,598 .008 —-013

CVR s —0.039 09 1,73 .39 -

CVRyorp < 70° 21 195 1,139 <001  —0.65

CVRyoyp =70°  —038 107 1,429 001 -

CVR, <309  —0.049 11 168 34 -

CVR,q, = 30° 00026 001 1198 91 -

575 1,619  <.001 0.031 60 1,35 .02
- - - —0.069 205 1,38 <.001
250 1,128  <.001 0.031 28 1,1 12
- - - —0.081 46.0 1,51 <.001
- - - —0.068 183.2 1,69 <.001
- - - —0.10 335 1,44 <.001
148 1,630 <.001 37.5 4871 1,27 <.001
- - - 384 8655 1,60 <.001
129 1,150 <.001 371 1810 1,17 <.001
- - - 39.0 4575 1,28 <.001
- - - 385 12,953 1,65 <.001
- - - 37.5 1094 1,27 <.001

2 df calculated with the Satterthwaite approximation are reported as numerator, denominator.

© P value represents the significance of a nonzero intercept.
€ CVRgo, p Values thresholded to 70% of the subject-wise mean contralateral value.
9 CVR,, values thresholded to 30% augmentation.

© Tpre is the baseline brain temperature.
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FIG 3. Voxelwise relationship of the BTR versus BOLD MR imaging
signal augmentation following ACZ administration. The blue line and
corresponding equation represent the fit of the raw data (circles)
calculated with a mixed-effects model. A significant quadratic rela-
tionship between BTR and CVRy, , was identified for all voxels,
wherein an initially negative slope is observed at low CVRy, 5 but a
positive trend is observed for CVRy, , augmentation upward of ap-
proximately 4% (see “Results” and “Discussion”; F, x? = 57.5, P < .001;
F, x =741,P <.001).

with significant relationships identified between both BTR and
baseline brain temperature relative to CVR, supporting further
exploration of BTR as a fully noninvasive and dynamic bio-
marker. The use of voxelwise measurements facilitated a nuanced
description of local hemodynamics and temperature, allowing
contemporaneous, multiparametric classification of the diseased
hemisphere, all potentially achievable in a single imaging session.
MR chemical shift thermometry, exploiting the temperature-de-
pendent difference between water and the methyl proton reso-
nance of NAA, was chosen to approximate temperature using our
previously reported protocol for phantom as well as human and
nonhuman primate in vivo thermometry.'>**?>*> The present
study takes advantage of the unique pathophysiologic attributes
of chronic cerebrovascular ischemia, in a cohort allowing multi-
phasic interrogation of a flow-temperature relationship, which
may not be pragmatic in the clinical acute stroke setting. Ishigaki

et al’®

previously reported the use of PET combined with local-
ized, single-voxel MR spectroscopy—based thermometry to ex-
plore the relationship of brain temperature in steno-occlusive dis-
ease, observing positive correlations between the brain
temperature difference (ipsilateral-contralateral hemisphere)
with both CBV and OEF. A limited number of additional studies
using single-voxel MR spectroscopy thermometry have observed
higher temperatures in ischemic brain tissues, further supporting
the investigation of brain temperature in the development of a
pathophysiologic framework defining cerebral energetics.'®?°*

Our analysis of the relationship between BTR and baseline
brain temperature with CVR was performed voxelwise to exam-
ine whole-brain effects in patients with steno-occlusive disease.
CVR and flow augmentation are generally hypothesized to reduce
brain temperature and might, therefore, have been expected to
produce a negative BTR. Our results were, however, more com-
plex, and the observed flow-temperature relationship may not be
immediately intuitive but, on deeper examination, can be recon-
ciled with prevailing theories regarding cerebral blood flow, tem-

perature, oxygen metabolism, and BOLD signal evolution. Exist-
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ing models of cerebral temperature homeostasis propose a
dynamic modulation of heat-producing mechanisms (oxygen
cleavage from hemoglobin, glycolysis, and generation of meta-
bolic by-products) and heat dissipation through the inflow of
cooler systemic blood with lesser contributions from conduction
to the brain surface. This is predicated on the notion of heat sink/
radiator effects of inflowing blood, cooling tissues through the
removal of metabolic waste.

We would also anticipate relative heating among those tissues
with insufficient blood flow to meet metabolic demands. Concep-
tually, a linear or at least monotonically changing thermal re-
sponse as a function of flow might be expected. However, several
factors could interfere with this conceptual framework: 1) the
temperature-flow relationship may vary radially within the brain,
whereby superficial structures closer to the surface CSF are cooler
than arterial inflow, thus warming with increasing flow; and 2)
oxygen extraction, a primary contributor to the production of
thermal waste, may be variably upregulated depending on the
depth of misery perfusion, ostensibly at its highest among tissues
with the most impaired flow. However, as demonstrated in several
past studies, the capacity for flow augmentation may remain even
among tissues with OEF elevation. The downregulation of OEF
among such tissues during hemodynamic augmentation may oc-
cur on a time scale shorter than the duration of the BOLD scan
and therefore shorter than the separation in time between CBF or
thermometry imaging. This may, in part, drive a component of
time shifts observed in BOLD signal augmentation if, for instance,
a very high OEF must be overcome before BOLD augmentation
can be detectable (ie, for deoxyhemoglobin dilution to occur suf-
ficiently).”® Accordingly, CVR augmentation following ACZ was
initially anticipated to produce negative BTR values as a result of
the increased inflow of cooler arterial blood, acting as a heat sink
for warmer cerebral temperatures and removing metabolic by-
products, including thermal waste.

Such interactions could underlie the observed quadratic rela-
tionship between BTR with CVR, 15, wherein a negative BTR-
CVR relationship was present at a low CVR but a positive trend
was observed for CVRy,; , augmentation upward of approxi-
mately 4%. The far left of the curve follows the expected relation-
ship, with decreasing (ie, more negative) BTR accompanied by
increasing CVR augmentation and, indirectly, CBF. The source of
the observed positive correlation between BTR and CVR above
4% remains inconclusive within the limitations of this explor-
atory analysis, in the absence of concurrent OEF and CMRO,
interrogation (see below).

An opposing relationship (positive-versus-negative quadratic
curve) was observed between baseline brain temperature and
CVRporp» Suggesting that resting brain temperature alone may
not fully explain the dynamics of the brain temperature response
to a hemodynamic maneuver. This difference may, in part, reflect
that baseline brain temperature is inherently a known indicator of
diseased tissue energetics, with higher temperature associated
positively with hypoperfusion and ischemia.'®'*?**® The benefit
of BTR is the ability to quantify a maneuver response, thus pro-
ducing a form of physiologic contrast with the potential for char-
acterizing not only static tissue impairment, as with baseline brain
temperatures, but also the dynamics of the hemodynamic re-



sponse in a manner similar to that of CVR. The overall quadratic
relationships suggest the presence of multiple regimes of temper-
ature regulation or dysregulation across the brain, determined by
additional hemodynamic parameters such as OEF and CMRO,.

In addition to the relationships observed among BTR, baseline
temperature, and CVRy, » for all voxels, significant associations
were also observed for the CVRy,; 1, values thresholded to 70% of
the contralateral hemispheres, demonstrating a robust interac-
tion between BTR and CVRy,; o The use of thresholding to ex-
plore voxelwise relationships enabled discrimination between im-
paired and healthy voxels, given the absence of a healthy control
cohort undergoing the MR imaging ACZ protocol for compari-
son in this study.

Using CVR g, to study the same relationships resulted in a
single significant correlation for BTR with CVR ,g; of =30%. In-
herent challenges to ASL perfusion in highly delayed or low-flow
environments, such as expected even in compensated territories
downstream from steno-occlusive disease, may impact its use in
this context, even when using multi-TT approaches to the extent
governed by tag decay. We suspect that several, potentially diver-
gent errors in ASL quantitation in such patients may have con-
founded the BTR relationship with CVR ., , among them: 1) ex-
aggerated hypoperfusion if tagged spins are undelivered to the
vascular network at the selected T1I; 2) exaggerated hyperperfu-
sion if tagged spins are delivered but linger in the arterial network
overlying the tissue of interest (particularly when crusher gradi-
ents are not used, or when partial volume effects preclude reliable
segmentation of the cortical tissues from such overlying vessels,
both of which exist in our protocol); or 3) exaggerated hypoper-
fusion due to excessive tag decay, which may affect our measure-
ments, particularly at the longest TI of 3000 ms. An additional
circumstance of negative CVR,g;, which we have observed to
occur despite preserved BOLD and dynamic susceptibility con-
trast augmentation, exists in tissues with large delays. Arterial
transit artifacts at baseline that spuriously elevate perfusion are
somewhat cleared following ACZ but appear not to increase the
apparent tissue perfusion to the same extent that the arterial tran-
sit artifacts previously had, therefore leading to apparently nega-
tive CVR. While exploratory, we suspect that temperature dy-
namics, together with flow, blood volume, and oxygen use, may
be better subsumed by CVR, 5, albeit in an entangled manner
requiring deeper, multiparametric study. Taken together, the ob-
served trends imply the presence of at least 2 distinct regimes for
BTR as a function of CVR augmentation: 1) decreasing BTR in
response to increasing CVR (negative relationship) as predicted
from existing models of brain temperature regulation, which we
hypothesize may be dominated by heat-dissipating CBF augmen-
tation over metabolic heat production, with decreasing tempera-
tures in response to ACZ'>'*; and 2) a positive BTR-CVR regime
in which increasing CVR augmentation is accompanied by in-
creasing, or more positive, BTR values.

In line with previous work examining hemispheric differences
in the study of hemodynamics and brain temperature,*® we com-
pared BTR and baseline brain temperature across hemispheres.
Our analysis, however, did not reveal differences in baseline brain
temperature and BTR between the ipsilateral and contralateral
hemispheres such as those previously observed following isch-

193¢ However, the lack of hemispheric temperature

emic injury.
differences is not surprising because even in cases of unilateral
disease, consequential hemodynamic impairment may not be
limited to the affected hemisphere and compromised function
and tissue damage may exist bilaterally and heterogeneously.’
Consequently, temperature differences resulting from impaired
cerebral perfusion and impaired autoregulation may be averaged
out in coarse hemispheric comparisons. Nevertheless, the pres-
ence of significant random-effects differences in BTR and baseline
brain temperature between hemispheres could suggest that in a
larger sample size, a difference may exist.

We acknowledge several study limitations. While it was de-
signed to test our hypothesis regarding the association between
brain temperature changes and hemodynamic augmentation, the
lengthy, multiparametric protocol necessitated a 2-day study,
which limited the sample size. The findings nevertheless empha-
size the feasibility of dynamic brain thermometry in this setting
and compel more rigorous study of BTR as a prognostic bio-
marker. A challenge in the analysis was the observation of negative
CVR values, suggesting the possibility of vascular steal and limi-

F.192? As discussed above, sev-

tations in the measurement of CB
eral possible mechanisms may contribute to negative CVR values,
particularly arterial transit artifacts, collateral rather than antero-
grade flow after ACZ, and the time scale of ASL-based measures of
CVR. These may also contribute to spuriously high CVR values.
As a result, continuous BOLD measurements may be a more re-
liable surrogate for the hemodynamic response to ACZ. The tem-
poral dynamics of the ACZ response are worth considering. To
mitigate potential errors related to a rapidly changing baseline,
the initial BOLD signal used for CVR 5 in our study was de-
rived from a pre-ACZ phase of the examination spanning the
initial 5 minutes of BOLD acquisition. A uniform protocol was
prescribed in which a slow infusion of ACZ was then administered
for 3—5 minutes without patient repositioning or scan interrup-
tion, followed by ~10 more minutes of uninterrupted BOLD sig-
nal acquisition. It was recently reported that CVRyq, , increases
continuously following ACZ administration, reaching a plateau at
approximately 8.5 minutes, which continues through the remain-
der of the acquisition.*® While CVR delays beyond 20 minutes are
difficult to exclude, we expect that the window of maximal aug-
mentation is likely captured within this study design.

While we cannot conclusively parcellate the competing hemo-
dynamic effects from the technical challenges, further studies with
MR-based methods to characterize functional activity, CBF, and
metabolism in cerebrovascular disease would complement our
results. While direct estimation of OEF and CMRO,, with MR-
based techniques remains challenging, ongoing efforts to opti-
mize MR oximetry measurements will enable further studies into
the relationship of BTR with these metabolic parameters.® A more
thorough description could be facilitated through study of a
healthy control population; however, administration of intrave-
nous vasodilatory stimuli is not common practice in our experi-
ence. Other approaches such as induced hypercapnia or breath-
hold may be valuable in this regard, though the mechanism,
depth, and magnitude of flow augmentation may differ. Last, the
relatively small sample size and limited longitudinal follow-up
information in this cohort of patients limit our characterization of
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BTR as a prognostic tool to predict future stroke risk in such
patients. Further study in a larger and, ideally, prospectively col-
lected cohort is warranted to better assess the prognostic power of
BTR in a clinical population.

CONCLUSIONS

These findings suggest the feasibility and potential utility of non-
invasive brain thermometry during the dynamic modulation of
CBF and CVR, supporting further exploration of BTR as a poten-
tial biomarker in patients with steno-occlusive cerebrovascular
disease. These results compel further study into the mechanistic
nature of cerebral temperature regulation and the potential use of
noninvasive MR thermometry in the diagnosis, prognostication,
and treatment selection in chronic steno-occlusive disease.
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Added Value of Arterial Spin-Labeling MR Imaging for the
Differentiation of Cerebellar Hemangioblastoma from
Metastasis

KM. Kang, ““/C.-H. Sohn, ““'S.-H. You, “¥').G. Nam, ““’S.H. Choi, ““T). Yun, ““R-E. Yoo, and ““).-h. Kim
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ABSTRACT

BACKGROUND AND PURPOSE: In adults with only cerebellar masses, hemangioblastoma and metastasis are the 2 most important
differential diagnoses. Our aim was to investigate the added value of arterial spin-labeling MR imaging for differentiating hemangioblas-
toma from metastasis in patients with only cerebellar masses.

MATERIALS AND METHODS: This retrospective study included a homogeneous cohort comprising patients with only cerebellar masses,
including 16 hemangioblastomas and 14 metastases. All patients underwent enhanced MR imaging, including arterial spin-labeling. First, the
presence or absence of a hyperperfused mass was determined. Next, in the hyperperfused mass, relative tumor blood flow (mean blood
flow in the tumor divided by blood flow measured in normal-appearing cerebellar tissue) and the size ratio (size in the arterial spin-labeling
images divided by size in the postcontrast TIWI) were measured. To validate the arterial spin-labeling findings, 2 observers independently
evaluated the conventional MR images and the combined set of arterial spin-labeling images.

RESULTS: All patients with hemangioblastomas and half of the patients with metastases presented with a hyperperfused mass (P < .001).
The size ratio and relative tumor blood flow were significantly larger for hemangioblastomas than for metastases (P < .001 and P = .039,
respectively). The size ratio revealed excellent diagnostic power (area under the curve = 0.991), and the relative tumor blood flow
demonstrated moderate diagnostic power (area under the curve = 0.777). The diagnostic accuracy of both observers was significantly
improved after the addition of arterial spin-labeling; the area under the curve improved from 0.574 to 0.969 (P < .001) for observer 2 and
from 0.683 to 1(P < .001) for observer 2.

CONCLUSIONS: Arterial spin-labeling imaging can aid in distinguishing hemangioblastoma from metastasis in patients with only cerebel-
lar masses.

ABBREVIATIONS: ASL = arterial spin-labeling; AUC = area under the curve; ROC = receiver operating characteristic; rTBF = relative tumor blood flow

emangioblastoma and metastasis are the 2 most important
differential diagnoses of cerebellar masses in adults. Heman-
gioblastomas are benign tumors of vascular origin and are the
second most common infratentorial parenchymal tumor, ac-
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counting for 7% of posterior fossa tumors in adults." Metastases
are the most common type of brain tumor, and posterior fossa
metastases represent approximately 8.7%-10.9% of all brain
metastases.”” Discriminating between hemangioblastoma and
brain metastasis is important because their therapeutic ap-
proaches and prognoses are quite different. The standard treat-
ment for hemangioblastoma is complete surgical resection.
However, patients with a brain metastasis usually undergo sur-
gery, stereotactic surgery, whole-brain radiation therapy, che-
motherapy, or a combination of these. Furthermore, heman-
gioblastomas are associated with longer patient survival
times,” whereas brain metastases are associated with a poor
prognosis.” Because the frequency of metastasis increases with
time, patient age is often helpful in distinguishing between
these tumors but is not always reliable. In addition, although
one-third of patients with cerebellar hemangioblastomas also
have von Hippel-Lindau disease,® a clinical history of von Hip-
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pel-Lindau disease may not be available at the time of initial
presentation.

Hemangioblastoma is characterized by markedly increased
vascularity’; therefore, angiographically dense tumor staining
may suggest hemangioblastoma rather than metastasis.® How-
ever, cerebral angiography is invasive and involves risks of com-
plications, such as stroke. MR perfusion imaging can provide use-
ful information about vascularization in hemangioblastoma.
Previous studies using dynamic susceptibility contrast and dy-
namic contrast-enhanced MR perfusion imaging have reported
increased vascular perfusion in hemangioblastomas.”"’

Arterial spin-labeling (ASL), unlike DSC and dynamic con-
trast-enhanced perfusion imaging, is a noninvasive MR perfusion
technique that uses electromagnetic endogenous arterial water as
a freely diffusible tracer instead of an exogenous MR imaging
contrast agent. The utility of ASL perfusion imaging in the evalu-
ation of the vascularity of brain tumors has been explored in sev-
eral recent studies."'™'* One prior study differentiated hemangio-
blastomas from metastases on the basis of quantitative blood flow
measurements using ASL."> The authors reported that tumor
blood flow was significantly higher in hemangioblastomas than in
metastases. However, their study included a limited number of
patients and examined metastatic tumors located primarily in the
supratentorial region. Because metastasis usually presents with
multiple enhancing supratentorial and infratentorial masses and
90%-95% of hemangioblastomas are in the posterior fossa, it is
difficult to differentiate hemangioblastoma from metastasis in pa-
tients with only cerebellar masses in daily clinical practice.

Therefore, the aim of this study was to determine whether the
addition of ASL imaging is useful for differentiating hemangio-
blastoma from metastasis in a homogeneous cohort of patients
with only cerebellar masses and to validate the findings by inves-
tigating observer performance.

MATERIALS AND METHODS
This study was approved by our institutional review board, and
informed consent was waived due to its retrospective nature.

Subjects

After a review of our radiology data base from October 2011 to
October 2016, we identified 112 consecutive patients with cere-
bellar hemangioblastomas who satisfied the following inclusion
criteria: 1) patients whose histopathologic diagnoses were con-
firmed as cerebellar hemangioblastomas or patients with von
Hippel-Lindau disease having probable cerebellar hemangioblas-
tomas, and 2) patients who did not have supratentorial mass le-
sions. For the patients with von Hippel-Lindau disease having
probable cerebellar hemangioblastomas, the diagnosis of heman-
gioblastoma was made on the basis of radiologic evidence show-
ing no other tumors with metastatic potential, including renal cell
carcinomas, pheochromocytomas, or pancreatic neuroendocrine
tumors. Of these patients, 96 were excluded for the following
reasons: 1) lack of ASL images (n = 95), or 2) no contrast-en-
hanced MR imaging (n = 1). The remaining 16 patients were
included in this study. Ten of the 16 patients had von Hippel-
Lindau disease. Among the final 16 patients, 14 had pathologic
confirmations of hemangioblastomas, and 2 had von Hippel-

Lindau disease; abdominal CT revealed 2 hemangiomas in the
liver in 1 patient and multiple serous cystadenomas in the pan-
creas in the other.

We found 129 patients suspected of having cerebellar metas-
tases who met the following inclusion criteria: 1) patients whose
histopathologic diagnoses were confirmed as cerebellar metasta-
ses or patients whose diagnoses were made on the basis of their
clinical history and follow-up imaging studies,'® and 2) patients
who did not have supratentorial mass lesions. Of these patients,
115 were excluded on the basis of the following criteria: 1) the
presence of leptomeningeal seeding (n = 28), 2) history of previ-
ous radiation therapy or gamma knife surgery (n = 18), 3) coex-
isting acute infarction (n = 28), 4) no contrast-enhanced MR
imaging (n = 1), and 5) lack of ASL images (n = 40). Finally, 14
patients with cerebellar metastases confirmed by imaging fol-
low-up (n = 12) or pathologic examination (n = 2) were included
in the analysis.

MR Imaging Protocol

All patients underwent MR imaging with a 1.5T (Signa HDxt; GE
Healthcare, Milwaukee, Wisconsin) or 3T (Discovery 750w; GE
Healthcare) MR imaging scanner with an 8- or 32-channel head
coil. Imaging sequences included FSE T2WI, contrast-enhanced
spin-echo TIWI, and ASL images. MR imaging parameters were
as follows: TR = 467-567 ms, TE = 8-9 ms, flip angle = 90°, and
matrix = 320 X 192 for spin-echo TIWL; TR = 4850-5330 ms,
TE = 92-127 ms, flip angle = 90°-142°, and matrix = 448 X 256
for FSE T2WTI; and section thickness = 5 mm with a 1-mm gap,
FOV = 240 X 240 mm for TIWI and T2WI. Contrast-enhanced
TIWI was acquired after intravenous administration of gad-
obutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany) at a
dose of 0.1 mmol per kilogram of body weight.

ASL images were acquired before administration of the con-
trast agent. ASL perfusion imaging was performed with a pseudo-
continuous ASL pulse sequence, which significantly increases the
flow-labeling efficacy in a single-coil setting.'”'® ASL images were
acquired for 1.5 seconds of labeling followed by 1.5 seconds of
labeling delay. Saturation pulses were used to suppress the back-
ground.'® The image acquisition consisted of a stack of inter-
leaved 3D fast spin-echo spiral readouts, each of which lasted 4
ms. Each spiral arm included 512 sampling points in k-space, and
a total of 8 interleaves (arms) were acquired separately. The ASL
parameters were as follows: TR = 4446-4564 ms, TE = 9.4-9.9
ms, echo-train length = 1, FOV = 240 X 240 mm, matrix =
128 X 128, number of excitations = 3, number of interleaved
sections = 32, section thickness = 5-6 mm, intersection gap = 0
mm, and number of sections = 32—44. The signal intensity
change between the labeled image and the control image was fit-
ted to a model from which a quantitative perfusion map of cere-
bral blood flow was obtained.*”

Image Analysis

Two radiologists (a qualified neuroradiologist with 8 years of clin-
ical experience and a third-year resident radiologist) who were
blinded to the clinical and pathologic information independently
reviewed the MR image sets in a random order. First, they re-
viewed the ASL images and determined the presence or absence of
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Table 1: Results of intra- and interobserver reproducibility®

Hemangioblastomas

Metastases

Intraobserver

Interobserver Intraobserver Interobserver

Size of an enhancing mass on postcontrast TIWI (a) 0.900 (0.739-0.964)
0.786 (0.489-0.920)
0.862 (0.649—0.949)
0.824(0.567-0.935)

Size of a hyperintense mass on ASL images (b)
Size ratio (b/a)
rTBF

0.975(0.931-0.991)

0.958 (0.886-0.985)
0.934 (0.825-0.976)
0.643 (0.246-0.858)

0.987 (0.927-0.998)
0.973 (0.850-0.995)
0.730 (0.049-0.948)
0.996 (0.979-0.999)

0.983(0.916-0.997)
0.935(0.705-0.998)
0.801(—0.159-0.966)
0.969 (0.853-0.995)

? Data are intraclass correlation coefficient values, and the numbers in parentheses are 95% Cls.

a hyperperfused cerebellar mass in each patient. The hyperper-
fused mass was defined as a space-occupying hyperintense lesion
compared with the appearance of normal gray matter on the CBF
map from ASL imaging. In case of a hyperperfused mass, quanti-
tative analyses were performed. The size of the mass was measured
as the largest axial diameter on both the postcontrast TIWI and
the CBF map from ASL imaging. The size ratio was calculated as
the size on the CBF map divided by the size on the postcontrast
TIWL

Absolute tumor blood flow was calculated as the mean blood
flow in an ROI, which was drawn over the hyperperfused mass on
the section showing the largest cross-sectional area.'” Then, rela-
tive tumor blood flow (rTBF) was calculated by normalizing the
absolute tumor blood flow to the blood flow measured in cortical
gray matter with a normal appearance in the contralateral hemi-
sphere based on methods in previous reports.'>*' An ROI of
>100 mm? was selected in normal-appearing cortical gray mat-
ter. The reference ROI was placed in the same section as the one
with the ROI for the tumor or the nearest section. In the case of
tumors located across the midline, the reference ROI was placed
in the cortical gray matter of the side in which the tumor was least
present.

To assess the intraobserver reproducibility of the measure-
ments, the qualified neuroradiologist with 8 years of clinical ex-
perience performed the size measurements and ROI placement
twice at 2-week intervals. The mean value of the repeat measure-
ments was used to determine the tumor size, size ratio, and rTBF.
Mean ROI sizes were 83.3 = 100 mm?* for hemangioblastomas
and 204.4 + 75.6 mm? for their corresponding contralateral gray
matter; and 68.8 * 46.3 mm? for metastases and 267.2 * 66.8

mm? for their corresponding contralateral gray matter.

Observer Performance

To investigate the added value of ASL imaging with conven-
tional MR imaging for predicting hemangioblastomas, 2 qual-
ified neuroradiologists (with 27 and 7 years of clinical experi-
ence, individually) who were blinded to the patients’ histories
and pathologic data independently reviewed 2 MR image
sets—that is, the conventional image set including precontrast
T1WI, T2WI, and postcontrast TIWI, and the combined ASL
image set of the conventional image set and the CBF map de-
rived from ASL perfusion imaging. For the conventional image
set, hemangioblastoma diagnoses were made according to the
following findings: a markedly enhancing mural nodule with a
large surrounding cyst, a solid enhancing nodule, or the pres-
ence of large draining and feeding vessels within the periphery
and a solid nodule.®** For the combined ASL image set, the
observers were provided with the predictive findings, the mea-
surement results (median and ranges) of each tumor, and the
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Table 2: Results of the comparative analyses®

Hemangioblastomas Metastases
(n=16) (n=7) P Value®
Size ratio® 14(0.95-3.64) 0.80(0.60-0.98)  <.001
rTBF® 818 (195-17.15) 2.44 (1.88-14.36) 039

“Size, rTBF, and size ratio data are presented as median values, and the numbers in
parentheses are the lowest and highest values.

5 Mann-Whitney U test comparing the size ratio and rTBF between hemangioblasto-
mas and metastases.

diagnostic performances of rTBF and the size ratio, which were
acquired from the above image analyses.

For each set, the observers were asked to predict the presence
of a hemangioblastoma according to the provided criteria, and
they recorded their confidence levels with the following 5-point
scale: 1, definitely metastasis; 2, probably metastasis; 3, indeter-
minate lesion; 4, probably hemangioblastoma; and 5, definitely
hemangioblastoma.

Statistical Analysis

Intra- and interobserver reproducibility for the size, size ratio,
and r'TBF were assessed by calculating intraclass correlation coef-
ficients.”” The Fisher exact test was used to compare the frequen-
cies of a hyperperfused mass between hemangioblastomas and
metastases. The difference in sizes between the postcontrast TIWI
and the CBF map was evaluated with the Wilcoxon signed rank
test for hemangioblastomas and metastases. The size ratios and
r'TBF values were compared between hemangioblastomas and
metastases with the Mann-Whitney test. A receiver operating
characteristic (ROC) curve analysis was performed to evaluate the
diagnostic performance of the size ratio and rTBF for differenti-
ating hemangioblastoma from cerebellar metastasis. In addition,
a pair-wise comparison of the ROC curves was performed to com-
pare the diagnostic accuracies of the size ratio and rTBF.

For observer performance, interobserver variability regarding
the confidence level for diagnosing hemangioblastoma was as-
sessed with k statistics. The diagnostic performance of each ob-
server was assessed with an ROC curve analysis. To compare the
diagnostic accuracy before and after evaluating the ASL images,
we performed a pair-wise comparison of the ROC curves. We
used 95% confidence intervals to express the statistical precision
of the results. Sensitivity, specificity, and diagnostic accuracy were
calculated for both observers on the assumption that a confidence
level of 4 or higher was positive for the diagnosis of hemangio-
blastoma. Under this assumption, the McNemar test was used to
compare the overall accuracy before and after evaluating addi-
tional ASL images.

Statistical analyses were performed with MedCalc for Win-
dows (Version 9.3.0.0; MedCalc Software, Mariakerke, Belgium).
P < .05 was considered statistically significant.



FIG1. Contrast-enhanced TIWI (A and C) and CBF maps derived from ASL imaging (B and D) for 2
representative cases. A and B, A cerebellar hemangioblastoma in a 36-year-old woman with a high
size ratio of 1.92 and rTBF of 6.16. C and D, A cerebellar metastasis in a 42-year-old woman with
breast cancer with a relatively low size ratio of 0.71and rTBF of 2.1. Eand F, A cerebellar metastasis
in a 56-year-old man with renal cell carcinoma with a size ratio of 0.82 and rTBF of 14.36.

RESULTS

Patients with cerebellar hemangioblastomas included 11 men
(mean age, 41.8 years; range, 20—71 years) and 5 women (mean
age, 44.2 years; range, 36—62 years). Patients with cerebellar me-
tastases included 8 men (mean age, 60.6 years; range, 41-76 years)
and 6 women (mean age, 47.3 years; range, 40—58 years). The
primary types of cancer in these patients were as follows: lung
cancer (n = 6), breast cancer (n = 5), gastric cancer (n = 1), colon

cancer (n = 1), and renal cell carcinoma
(n = 1). Three of the 16 patients with
hemangioblastomas and 2 of the 14 pa-
tients with metastases had >2 masses. In
patients with multiple hyperperfused
masses, the largest representative mass
was included in the following quantita-
tive analyses.

Image Analysis for Differentiating
Hemangioblastoma from
Metastasis

The presence of at least 1 hyperperfused
mass in the cerebellum was observed in
all 16 patients with hemangioblastomas
and in 7 of the 14 (50%) patients with
metastases by both reviewers, with 100%
agreement. There was a significant dif-
ference in the frequency of hyperper-
fused cerebellar masses between patients
with hemangioblastomas and those with
metastases (P = .0002). Hyperperfused
cerebellar metastases were observed in
patients with lung cancer (n = 2), breast
cancer (n = 2), gastric cancer (n = 1),
colon cancer (n = 1), and renal cell car-
cinoma (n = 1). The other lung (n = 4)
and breast cancer (n = 3) metastases did
not demonstrate hyperperfusion. The
analyses described below were per-
formed on the hyperperfused masses (16
hemangioblastomas and 7 metastases).

The intraclass correlation coefficient
values, with 95% Cls, were calculated for
the size, size ratio, and rTBF data, as
shown in Table 1. For both hemangio-
blastomas and metastases, the intra- and
interobserver agreements were fair to
excellent for the size, size ratio, and rTBF
values.

The Wilcoxon signed rank test of the
paired samples revealed that the measured
size of hemangioblastomas was signifi-
cantly larger on the CBF map (median,
16.04 mm; range, 6.75-46.27 mm) than
on the postcontrast TIWI (median, 20.12
mm; range, 8.87-33.70 mm; P < .001).
Conversely, the measured size of hyper-
perfused metastases was significantly
larger on the postcontrast TIWI (median,
25.02 mm; range, 12.47-36.24 mm) than on the CBF map (median,
20.12 mm; range, 8.87-33.70 mm; P = .016). The Mann-Whitney
test revealed that the size ratio of hemangioblastomas was signifi-
cantly larger than that of metastases (P < .001). Furthermore, the
r'TBF of hemangioblastomas was significantly higher than that of
metastases (P = .039). The results are summarized in Table 2. Rep-
resentative images are shown in Fig 1.
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FIG 2. ROC curves used to differentiate hemangioblastomas
from metastases by comparing size ratio and rTBF values. The AUC
values for the rTBF and size ratio were 0.777 and 0.991,
respectively.

According to the ROC analysis, the area under the curve
(AUC) was 0.991 (95% CI, 0.83—1.000) for the size ratio and 0.777
(95% CI, 0.557—0.922) for the rTBF. A size ratio of >0.98 could
differentiate hemangioblastomas from hyperperfused metastases
with a sensitivity 0f 93.7% (15/16), a specificity of 100% (7/7), and
an accuracy of 91% (40/44). A r'TBF of >3.78 corresponded to a
sensitivity of 75% (12/16), a specificity of 85.7% (6/7), and an
accuracy of 78.3% (18/23) (Fig2). Although the AUC value for the
size ratio (0.991) was higher than for the rTBF (0.777), they were
not significantly different in the comparison of ROC curves (P =
062).

There were no significant differences in the frequencies of he-
mangioblastomas and metastases between patients examined
with 3T and 1.5T magnets (P = .657). Nine of the 16 patients with
hemangioblastomas and 8 of the 14 patients with metastases un-
derwent MR imaging at 1.5T, and the others underwent MR im-
aging at 3T. Among 7 patients with hyperperfused metastases, 5
underwent MR imaging at 1.5T. Detailed results for the size ratio
and rTBF data regarding magnetic strength are summarized in the
On-line Table.

Observer Performance

Interobserver agreement was improved from poor (k = 0.384;
95% CI, 0.217-0.551) to excellent (k = 0.911; 95% CI, 0.777-1)
after the addition of ASL imaging to conventional image sets. The
diagnostic accuracy in the differentiation of hemangioblastomas
from metastases was significantly improved for both observers
after they reviewed the ASL images: The AUC improved from
0.574 t0 0.969 (P < .001) for observer 1 and from 0.683to 1 (P <
.001) for observer 2 (Table 3 and Fig 3). The McNemar test re-
vealed that the overall accuracy significantly improved for both
observers after the addition of the ASL images (observer 1, P =
.0005; observer 2, P = .022). Additional ASL image interpretation
enabled observers to correct several diagnostic errors (observer 1,
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Table 3: Diagnostic predictive values for the differentiation of
hemangioblastomas from metastases®

Reading Session and Statistic Observer 1 Observer 2

Conventional image set

AuC® 0.594 (0.400-0.768)  0.683 (0.489-0.840)
Sensitivity (%) 18.8 (3/16) 437 (7/16)
Specificity (%) 100 (14/14) 92.9 (13/14)
Accuracy (%) 57 (17/30) 67 (20/30)

Combined ASL image set

AUC® 0.969 (0.831-0999) 1.000 (0.884-1.000)
Sensitivity (%) 93.7 (15/16) 100 (16/16)
Specificity (%) 100 (14/14) 100 (14/14)
Accuracy (%) 97 (29/30) 100 (30/30)
P value for pair-wise <.001 <.0001
comparison of ROC
curves
P value calculated with the <.001 .022

McNemar test for the
comparison of accuracy

#Unless otherwise indicated, the numbers in parentheses are raw data. Sensitivity,
specificity, and accuracy were calculated under the assumption that a confidence
score of 4 or higher was considered positive for the diagnosis of hemangioblastoma.
® Data in parentheses are 95% Cls.

n = 12; observer 2, n = 13) made on the basis of conventional
image interpretation alone.

DISCUSSION

Our study investigated the added diagnostic value of ASL imaging
for the differentiation of hemangioblastomas from metastasesin a
homogeneous cohort of patients with only cerebellar masses. All
patients with hemangioblastomas had at least 1 hyperperfused
mass, while only half of the patients with metastases presented
with a hyperperfused mass. The size ratios and rTBF of the masses
were measured for differential diagnoses between hemangioblas-
tomas and metastases for the hyperperfused cerebellar masses.
The values of both variables were significantly higher in heman-
gioblastomas than in metastases. The size ratio revealed excellent
diagnostic power (AUC = 0.991), and rTBF demonstrated mod-
erate diagnostic power (AUC = 0.777). In addition, we investi-
gated the 2 observers’ performances to validate the use of ASL for
distinguishing hemangioblastomas from metastases in patients
with only cerebellar masses. Both the diagnostic accuracy of the
observers and the interobserver agreement were significantly im-
proved after the addition of ASL images.

A prior study with ASL reported that rTBF was significantly
higher for hemangioblastomas than for metastases.'”> However,
the study included only 5 hemangioblastomas, and 10 of 14 (71%)
metastases were in the supratentorial region. In addition, there
was no information regarding visually assessed signal intensi-
ties—that is, the prevalence of a hyperperfused mass in the respec-
tive tumors. One of strengths of this study is that we included a
homogeneous cohort of patients with only cerebellar masses for
both hemangioblastomas and metastases. In addition, the fre-
quency of the presence of hyperperfused masses in the 2 tumor
types was assessed. In contrast to the patients with metastases, no
patients with hemangioblastomas had hypo- or isointense cere-
bellar masses. Therefore, when a patient has an enhancing mass in
the cerebellum that does not show hyperperfusion on ASL imag-
ing, the diagnosis might not be hemangioblastoma.

The rTBF and size ratio of hyperperfused masses aided in dif-
ferentiating hemangioblastomas and metastases. Our rTBF re-
sults are like those of a previous study.'” They reported that the
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FIG 3. ROC curves used to differentiate hemangioblastomas from metastases before and  generally used.”” Therefore, better diag-

after the addition of ASL MR images for both observers. A, For

significantly improved after additional review of the ASL MR images (from 0.594 to 0.969). B,
For observer 2, the AUC was also significantly improved after this review (from 0.683 to 1).

mean rTBF was 7.96 = 3.12 in hemangioblastomas and 2.98 *
3.91 in metastases, and its diagnostic accuracy was 84.2%, with a
cutoff value of 3.3. In our study, the median rTBF was 8.18 (in-
terquartile range, 4.10—12.19) in hemangioblastomas and 2.44
(interquartile range, 2.04-3.73) in metastases, and the diagnostic
accuracy was 78.3%, with a cutoff value of 3.78.

However, we also investigated the diagnostic performance of
size ratio, and it revealed a better accuracy of 91%, with a cutoff
value of 0.98. In addition, the multivariable analysis revealed that
size ratio was the only independent predictor of a differential di-
agnosis. Therefore, the size ratio seems to be useful for differenti-
ating hemangioblastoma from metastasis. For example, a metas-
tasis from renal cell carcinoma mimicked a hemangioblastoma
due to its very high rTBF (16.2), like the findings for hemangio-
blastomas reported in the previous study.'”> However, in our
study, an accurate diagnosis of a metastasis from renal cell carci-
noma was made when it was based on the low size ratio of 0.82,
which took precedence over a high rTBF of 14.36 (Fig 1).

The size ratio determined by ASL imaging suggests that he-
mangioblastomas appear to become enlarged or “bloom” in ASL
sequences. Because a hemangioblastoma is composed of a cluster
of thin-walled, tightly packed blood vessels lined with endothelial
cells, it may be identified as a dense tumor nodule or as a hetero-
geneous network of tangled vessels fed by dilated artery draining
veins in angiographs.® Therefore, we presumed that the “bloom-
ing” appearance represented the emphasized bright signal inten-
sities, which might be attributed to delayed filling and flow stag-
nation in the tumor.

Observer performance was evaluated to validate the findings
based on ASL imaging. The diagnostic accuracy for differentiating
hemangioblastomas from metastases was significantly improved
after additional review of the CBF map from ASL imaging for both
observers. Observer 1 made 1 error after viewing the additional
ASL images. On review, the size ratio had been overlooked in this
case. The addition of ASL images increased the k value between
observer 1, who was an experienced radiologist with 28 years of
clinical experience, and the other observer, who had 6 years of
clinical experience. This finding suggests that not only diagnostic
accuracy but also interobserver variation can be improved by the
addition of ASL images.

observer 1, the AUC was  postic accuracy with MR imaging is cru-
cial. Our results suggest that the addi-
tion of ASL imaging could provide
practical information to differentiate
hemangioblastoma from metastasis in patients with only enhanc-
ing cerebellar masses. When enhancing cerebellar masses do not
show hyperperfusion on ASL imaging, the possibility of heman-
gioblastoma is minimal. When enhancing cerebellar masses re-
veal hyperperfusion, the size ratio can provide strong diagnostic
power. If the masses appear larger on the contrast-enhanced
T1WI than on the CBF map, then the possibility of hemangioblas-
toma is minimal. In patients with impaired renal function, rTBF
alone may aid in differentiating hemangioblastoma from metas-
tasis using noncontrast conventional MR imaging with additional
ASL imaging.

There are several limitations of this study. First, this was a retro-
spective study, and the sample size was small. Therefore, the same
population had to be used to validate the suggested ASL findings. In
addition, because of the small sample size, the comparison of ROC
curves did not reveal a significant difference between the AUC values
for the size ratio and rTBF (P = .062). Despite this limitation, we
included a relatively larger number of patients compared with several
previous studies using MR perfusion imaging.”'*'> Furthermore,
we included a homogeneous cohort of patients with only cerebellar
masses. Second, ASL imaging was performed with 2 different MR
imaging scanners with different magnetic field strengths. However,
we used the normalized rTBF values to minimize the influence of
these differences. Although, statistical comparison could not be per-
formed due to the small sample size, a subgroup analysis still revealed
that the size ratio and rTBF values were larger for hemangioblasto-
mas than for metastases.

CONCLUSIONS

The addition of ASL imaging to conventional MR imaging may be a
reliable and noninvasive method to increase diagnostic accuracy and
interobserver variation for the differentiation of hemangioblastoma
from metastasis in patients with only cerebellar masses. Combining
size ratio and rTBF data could aid in providing correct diagnoses.
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ORIGINAL RESEARCH
ADULT BRAIN

Detection of Volume-Changing Metastatic Brain Tumors on
Longitudinal MRI Using a Semiautomated Algorithm Based on
the Jacobian Operator Field

O. Shearkhani, ““’A. Khademi, ““A. Eilaghi, **'S.-P. Hojjat, “’S.P. Symons, ““'C. Heyn, ““’M. Machnowska, ““’A. Chan, ‘““’A. Sahgal, and

P.). Maralani

ABSTRACT

BACKGROUND AND PURPOSE: Accurate follow-up of metastatic brain tumors has important implications for patient prognosis and
management. The aim of this study was to develop and evaluate the accuracy of a semiautomated algorithm in detecting growing or
shrinking metastatic brain tumors on longitudinal brain MRIs.

MATERIALS AND METHODS: We used 50 pairs of successive MR imaging datasets, 30 on 1.5T and 20 on 3T, containing contrast-enhanced
3D Tl-weighted sequences. These yielded 150 growing or shrinking metastatic brain tumors. To detect them, we completed 2 major steps:
1) spatial normalization and calculation of the Jacobian operator field to quantify changes between scans, and 2) metastatic brain tumor
candidate segmentation and detection of volume-changing metastatic brain tumors with the Jacobian operator field. Receiver operating
characteristic analysis was used to assess the detection accuracy of the algorithm, and it was verified with jackknife resampling. The
reference standard was based on detections by a neuroradiologist.

RESULTS: The areas under the receiver operating characteristic curves were 0.925 for 1.5T and 0.965 for 3T. Furthermore, at its optimal
performance, the algorithm achieved a sensitivity of 85.1% and 92.1% and specificity of 86.7% and 91.3% for 1.5T and 3T, respectively. Vessels
were responsible for most false-positives. Newly developed or resolved metastatic brain tumors were a major source of false-negatives.

CONCLUSIONS: The proposed algorithm could detect volume-changing metastatic brain tumors on longitudinal brain MRIs with statis-
tically high accuracy, demonstrating its potential as a computer-aided change-detection tool for complementing the performance of
radiologists, decreasing inter- and intraobserver variability, and improving efficacy.

ABBREVIATIONS: AUC = area under the curve; 3D-TI-Gad = contrast-enhanced 3D Tl-weighted; AMBT = volume-changing MBT; AMBT,, = newly developed or
resolved MBT; AMBT,, = changing MBT present on both baseline and follow-up scans; FPR = false-positive rate; JOF = Jacobian operator field; MBT = metastatic brain
tumor; ROC = receiver operating characteristic; VCR = volume change ratio

Metastatic brain tumors (MBTs) occur in 24%—45% of pa-
tients diagnosed with primary cancers outside the brain.'
Accurate assessment of MBT's on follow-up imaging is critical for
better prognosis and selecting the most appropriate treatment
such as chemotherapy, surgery, and radiation therapy or a com-
bination of the aforementioned.> This is becoming more impor-
tant with increasing use of stereotactic radiosurgery.”
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Contrast-enhanced 3D T1-weighted (3D-T1-Gad) MR imag-
ing is commonly used for detection and follow-up of MBTs and is
the sequence of choice for stereotactic radiosurgery planning
of MBTs.”>° During follow-up of MBTs, longitudinal volumet-
ric imaging is performed every 2—-3 months.” This results in a
large amount of data to process and a demanding workload for
radiologists.” Moreover, the inherent limitations of viewing
scans section by section, changes in head position from one
scan to another, and user subjectivity result in the potential for
increased inter- and intraobserver variability in both detection
and volume assessment, especially with small MBTs or subtle
volume changes.®

Although several studies have investigated the efficiency of
computer-aided detection techniques in MBTs on a single MR

scan,” 4

the literature is limited in studies evaluating the efficacy
of computer algorithms in the follow-up of MBTs'® and detection
of volume-changing MBTs (AMBTs) as an indicator of treatment

response. Tracking volumetric changes is of high clinical value,
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and implementing computer-aided techniques in the follow-up

lG—]‘)and

of MBT's can improve diagnostic accuracy and efficiency
complement current single-scan detection algorithms.
While computer-aided detection tools are limited for MBTs,
automated change-detection techniques in MS are an active area
of research and development.20 Like MBTs, in MS, quantitative
analyses are important for assessing disease progression,” activ-
ity,”* and treatment evaluation.”> The literature on automatic
change detection of MS lesions broadly divides existing ap-
proaches into deformation-based (analysis of deformation fields
resulting from nonrigid registration of scans) and intensity-based
(voxel-to-voxel comparison between scans) methods and sug-
gests a potentially strong role for deformation field-based and
combined techniques.”®** Furthermore, techniques based on the
deformation field have been proposed as promising in detecting

24-27 and

structural changes on longitudinal brain MR imaging
encompass techniques based on vector displacement fields such as
those centered around divergence® and Jacobian operator fields
(JOFs).?®

To detect AMBTSs on longitudinal brain MRIs, a semiauto-
mated algorithm based on the JOF is proposed here. The JOF
has certain advantages compared with other methods because
it can be used independently to detect local volume changes®®
compared with divergence techniques’® and is computation-
ally less expensive than other deformation field morphometry
approaches.””

In conjunction with other image-processing methods, the JOF
is used in this study to identify MBT candidates that have changed
in size, independent of changes in intensity or contrast compared
with surrounding structures. We hypothesized that our algorithm
can detect AMBTSs with statistically high accuracy compared with
a reference standard, defined here as detection by a board-certi-
fied neuroradiologist with 5 years of experience.

MATERIALS AND METHODS

Dataset Extraction

This retrospective study was approved by the Research Ethics
Board of our institution (Sunnybrook Health Sciences Centre,
Toronto, Ontario, Canada) with a waiver of informed consent.
Patient datasets from June 2014 to June 2015 were extracted from
the PACS of our institution. All patients included in this study
were adults (older than 18 years of age) with MBTSs, who had
undergone 2 consecutive 3D-T1-Gad scans at our institution. Pa-
tients with other brain pathologies—such as primary brain neo-
plasms, MS lesions, or stroke—or those who had undergone a
brain operation for any reason were excluded. Datasets were di-
vided into 2 groups based on magnetic field strength (1.5T versus
3T) to assess the performance of the algorithm in 2 different sce-
narios. The 1.5T group had MR images obtained on 2 identical
1.5T TwinSpeed Excite scanners (GE Healthcare, Milwaukee,
Wisconsin) with a standard 8-channel head coil. The parameters
for 3D-T1-Gad included the following: TR/TE/flip angle, 8.6 ms/
4.2 ms/20°,FOV, 220 X 220 mm; and voxel size, 0.58 X 0.58 X 1.5
mm. The 3T group had MR images obtained on a 3T Achieva TX
scanner (Philips Healthcare, Best, the Netherlands) with a stan-
dard 8-channel head coil. The parameters for 3D-T1-Gad in-
cluded the following: TR/TE/flip angle, 9.5 ms/2.3 ms/8°% FOV,
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312 X 206 mm; and voxel size, 0.67 X 0.67 X 1.5 mm. The pa-
rameters are part of the routine contrast-enhanced brain MR im-
aging protocol at our institution.

Image Analysis

Overview and Definitions. In this section, the image-processing
pipeline used to detect AMBTs is described (Fig 1).

AMBTSs were classified by the authors as either AMBT,, which
represent AMBTs present on both baseline and follow-up scans,
or AMBT_, which only appear on 1 scan (ie, newly developed or
resolved MBTs). The volume change ratio (VCR) of an object
across 2 scans was defined as the ratio of its volume change across

ts>

time over its initial volume. This metric was defined because it is
accepted that the values of JOFs are directly associated with the
VCR of the brain, and higher JOF values suggest higher VCR and
vice-versa.””

Concerning volume changes, “growing” MBTs refer to all
MBTs that have grown in volume from baseline to follow-up
scans, including newly developed MBTs. “Shrinking” MBTs refer
to MBTs that shrank in size from baseline to follow-up, including
resolved MBTs. Note that to detect growing MBTs in the forward
direction (ie, from baseline to follow-up), our algorithm detected
shrinking MBTs in the reverse direction (ie, from follow-up to
baseline) because the JOF provides richer information in the
shrinking field.’® In addition, this approach allowed detection of
newly developed MBTs that do not have a corresponding MBT on
baseline, though the processes going in the forward and reverse
directions are identical. While our algorithm identified growing
MBTs by detecting shrinking MBTs in the reverse direction, for
clarity, here we will describe the process going in the forward direc-
tion only. SPMI12 (http://www.filion.ucl.ac.uk/spm/software/
spm12) and Matlab (MathWorks, Natick, Massachusetts) software
packages were used for data processing. All average values are pre-
sented as mean * SD.

Spatial Normalization.
and follow-up scans were comparable and could be registered

To ensure that longitudinal baseline

to one another for analyzing changes, we spatially normalized
both scans to the Montreal Neurological Institute template”’
with the methods described by Ashburner et al** (Fig 1A) on
SPM12 software (Fig 2).””

Deformation Field. Next, a nonrigid registration technique,
based on joint diffeomorphic and rigid-body registration and
proposed for intrasubject registration,”* was used to align the
images using SPM12.%” This generated a 3D displacement field,
which determined structural changes between the 2 scans
(Fig 1A).

Calculation of the JOF. To determine whether a tumor shrank
between time points, the JOF—which quantifies local volume
changes—was computed from the displacement field (Fig 2C,

-D), using SPM12.%%

Segmentation of MBT Candidates. To segment MBT candidates,
we used a modified version of the approach proposed by Seghier
etal’ for lesion segmentation. First, a probabilistic segmentation
of GM and WM was computed with the methods described by
Ashburner and Friston.”” These 2 tissue maps were then added
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rience, blinded to the technical details of
our detection algorithm using Medical
Image Processing, Analysis & Visualiza-
tion (MIPAV; National Institutes of
Health, Bethesda, Maryland); this de-
fined our reference standard. To validate
the algorithm, we considered its accu-
racy in detecting AMBTs in the 1.5T and
3T groups separately. For statistical
analysis of the accuracy of our algorithm
and to find the optimal threshold value
of the JOF, we used receiver-operating
characteristic (ROC) analysis.>® At each
threshold value, a detection was marked
as a true-positive if it overlapped an
AMBT identified by the neuroradiolo-
gist; the rest were marked as false-posi-
tives. The area under the curve (AUC) of
the ROC curve was used to evaluate ac-
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curacy, for which an AUC > 0.9 corre-
sponds to a technique with statistically
high accuracy.’” For verification of our

results, in addition to assessing the al-
gorithm using 2 independent datasets,
we used the jackknife approach,®® with
evaluation of the AUC, sensitivity,
specificity, and false-positive rate (FPR) at
the optimal threshold value of each itera-
tion. To assess the potential role of our al-

FIG1. Steps summarizing the preprocessing of patient datasets (dotted box) and calculation of
the Jacobian operator field in the forward direction (A) and for segmentation of metastatic brain
tumor candidates (dotted box) and detection of shrinking MBTs in the forward direction (B).

together to create a brain mask, which was then converted to
binary in which voxels of nonzero value were retained. Because
MBTs generally appear on MR images as bright objects fully or
partially confined within the brain matter, they are not de-
tected during this step and are therefore excluded from the
binary mask, leaving “holes” within the brain mask. To detect
MBT candidates, we created a binary mask of the holes, and
this mask was multiplied to the original intensity image to
identify MBT candidates in the intensity domain. Automatic
postprocessing, with no user interaction, was completed to
remove irrelevant objects that had an intensity lower than the
average intensity of GM and WM.

False-Positive Reduction and Detection of AMBTs. To limit
MBT candidates to islands that shrank, we converted the MBT
candidates to binary, multiplied to the JOF, and discarded 2D
islands in the axial dimension with a positive median value, per-
mitting false-positive reduction. To detect AMBTSs, we then
thresholded these MBT candidates using various JOF values. For
each threshold value, 3D islands present on at least 1 section in the
axial dimension with a median value of the threshold value or less
were retained (Figs 1B and 2E, -F).

Statistical Analysis
The presence and location of AMBTSs were confirmed and ex-
tracted by a board-certified neuroradiologist with 5 years of expe-

gorithm in complementing the perfor-
mance of radiologists and reducing
interobserver variability, we compared the
true-positives detected by our algorithm
against those detected by a different board-certified neuroradiologist
with 3 years of experience, blinded to the technical details of our
algorithm. The Mann-Whitney U test was used to compare the fol-
lowing: 1) the accuracy, sensitivity, specificity, and FPR of our algo-
rithmat 1.5T and 3T; 2) the VCR of missed-versus-detected AMBTS;
and 3) the VCR of AMBT, versus the VCR of AMBT . A P < .05
defined statistical significance.

RESULTS

Patient MR Imaging Datasets

The 1.5T group, comprising 30 patients, had 74 MBTs. The 3T
group, comprising 20 patients, had 76 MBTs. Table 1 summarizes
information about patient demographics, scan timeline, and
MBT details.

Algorithm Performance

Detecting AMBTs. For the 1.5T group, an ROC curve with 233
points (0 to —0.232, separated by —0.001) and, for the 3T group,
an ROC curve with 656 points (0 to —0.655, separated by —0.001)
were constructed by thresholding MBT candidates using various
values of the JOF (Fig 3 and Table 2). Both ROC curves showed
statistically high accuracy with an AUC of 0.925 and 0.965 for the
1.5T and 3T groups, respectively. There was no significant differ-
ence in the VCR between the detected and missed AMBTs for
either group (P > .05).

AINR Am J Neuroradiol 38:2059—-66 Nov 2017 www.ajnr.org 2061



FIG 2. Axial sections of a patient’s baseline (A) and follow-up (B)
scans. The Jacobian operator field, calculated from the deformation
field in the forward (C) and reverse (D) directions. The final output of
our algorithm produced for baseline (E) and follow-up (F) scans, high-
lighting volume-changing metastatic brain tumors on each scan. Note
that darker voxels on C and D correspond to negative JOF values and
brighter voxels correspond to positive JOF values. The location of a
metastatic brain tumor that has shrunk in size across the scans has
been circled on A-D. The green on E indicates shrinkage, and the red
on Findicates growth. Note that while this image is demonstrated in
2D, various operations as described here were performed in 3D.

False-Positives

False-positives detected by the algorithm were divided into 5 cat-
egories (Table 3): 1) arteries: branches of anterior and middle
cerebral arteries and vertebrobasilar system; 2) veins: superficial
cortical veins, deep veins including internal cerebral veins, and
basal veins of Rosenthal; 3) dural venous sinuses; 4) dura, tento-
rium, and falx cerebelli; and 5) choroid plexus. Vessels, including
arteries, veins, and dural venous sinuses, were responsible for
79.0% = 24.0% and 77.8% = 18.5% of false-positives in the 1.5T
and 3T groups, respectively. Visual inspection of the datasets sug-
gested that at times, subtle structural differences such as pulsation
of vessels between scans resulted in high JOF values and, conse-
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Table 1: Summary of information on patients, scans, and MBTs

Variable 15T 3T

Sex

Male (total %) 15 (50%) 11 (55%)

Female (total %) 15 (50%) 9 (45%)
Age (yr)

Average® 60.3 £131 587 =157

Range 23.4-91.0 27.3-84.5
Time between baseline and

follow-up (days)

Average® (per patient) 147 £ 155 132 £ 129

Range 26-676 17-532
Number of AMBTSs

Total 74 76

AMBT,, 58 67

AMBT,, 16 9

Average® (per patient) 44 *3] 3.8+39
AMBT volume (mL)

Average® 24 *+40 22+38

Range 40X107°-1.9 X 10" 2.0 X 1072-3.0 X 10’
AMBT volume change (mL)

Average® 15%+22 22+35

Range 34X 107235 X100 91X 107220 X 10!
AMBT VCR (%)

Average® 7.0 X 10" +29.5 7.6 X 10" =17 X 10'

Range 7.8 X 107'-1.0 X 10° 4.2-10 X 10%

@ Average * SD.

quently, detection as false-positives. However, these can easily be
dismissed on visual inspection by a radiologist.

False-Negatives

At its optimal threshold value, the algorithm did not detect 11
AMBTs in the 1.5T group and 6 AMBTs in the 3T group. AMBT
false-negatives could subsequently be divided into the following
(Table 4): 1) those that had a size of =2 voxels on one of the scans,
or 2) those segmented poorly during the candidate segmentation
portion of the algorithm, which consequently negatively affected
the evaluation of their JOF values.

In the 1.5T group, the sensitivity of the algorithm in detecting
AMBT_ showed inferior values compared with its sensitivity in
detecting AMBT , (75% versus 87.9%, respectively). This is even
though AMBT |, had a significantly lower VCR than AMBT (P <
.0001). These results suggested that AMBT_, may be a major
source of false-negatives for our algorithm. To assess this, we eval-
uated the performance of the algorithm with AMBT, omitted.
This analysis was only performed in the 1.5T group because all in-
stances of AMBT were detected in the 3T group. Like AMBT de-
tection, an ROC curve with 302 points (0 to —0.301, separated by
—0.001) was generated with an AUC of 0.929. At its optimal perfor-
mance (achieved at a threshold value of —0.035), the algorithm had a
sensitivity of 87.9%, specificity of 86.6%, and FPR of 0.210 per sec-
tion, equivalent to 25.4 per scan. Note that detected the AMBT_ was
included in the calculation of specificity and FPR.

Verification

In addition to performing all analyses on 2 independent patient
datasets, as demonstrated above, we conducted jackknifing for
further verification of findings. Results from jackknifing were like
the findings before the procedure, verifying initial results (Table
5). Furthermore, statistical analysis of the mean AUC of the algo-
rithm and the sensitivity of the algorithm when applied to jack-
knifed 1.5T AMBT,,-only data versus jackknifed 1.5T AMBT data
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FIG3. A, lllustration of the receiver operating characteristic curve of our algorithm for detecting volume-changing metastatic brain tumors at
1.5T, constructed from 233 different thresholding values of the Jacobian operator field (from 0 to —0.232, separated by —0.001). The arrow
shows the optimal point of balance. B, Illustration of the ROC curve of our algorithm for detecting AMBTSs at 3T, constructed from 656 different
thresholding values of the Jacobian operator field (from 0 to —0.655, separated by —0.001). The arrow shows the optimal point of balance
between sensitivity and specificity, which happens at the Jacobian value of —0.182.

Table 2: Summary of ROC analysis, for detecting all 1.5T and 3T
AMBTSs and 1.5T AMBT, only, and the VCR of detected and
missed AMBTs

Variable 15T 3T
ROC curve
AUC 0.925 0.965
Optimal Jacobian threshold —0.035 —0.182
Sensitivity® (%) 85.1 921
Specificity® (%) 86.7 913
FPR? (per section) 0.208 0.227
FPR® (per scan) 251 27.5
Detected® AMBT VCR (%)
Average® 71X10' =28 X 10" 77 X10' =17 X 10"
Median 7.9 X10' 7.5 X 10'
Range 7.8 X 10710 X 10 42-10 X 10
Missed® AMBT VCR (%)
Average® 62X 10'+38X10" 73 X10'+19 X 10'
Median 7.5 X 10' 8.2 X 10%
Range 3.9-10 X 10° 43 X10-8.6 X 10'

2 At the optimal Jacobian threshold.
5 Average =+ SD.

Table 3: Categories and distribution of false-positives at the
optimal Jacobian threshold

False-Positive Categories 15T 3T

Arteries® (%) 49.8 =253 449 =229
Veins® (%) 16.0 += 8.7 173+128
Dural venous sinuses® (%) 13.2+159 155+ 144
Dura® (%) 16.6 =235 120 £123
Choroid plexus® (%) 44 £54 102 £12.5

 Average * SD.

showed significant improvement (P < .0001 for both AUC and
sensitivity).

Effect on Performance

Of the 150 AMBTSs in our datasets, a second neuroradiologist
could detect 144 AMBTSs, equivalent to 96% sensitivity. Of the 6
AMBTSs missed by the neuroradiologist, 2 AMBTSs, consisting of 1
AMBT,  and 1 AMBT,,, were missed by both the algorithm and

Table 4: Categories and distribution of false-negatives at the
optimal Jacobian threshold

False-Negative Categories 15T 3T
AMBT,, (percentage of total) 4(36.3%) 0 (0%)
AMBT,, (percentage of total) 7 (63.7%) 6 (100%)

=2 voxels 3(27.3%) 1(16.7%)
Poorly segmented 4(36.4%) 5(83.3%)

Table 5: Summary of ROC analysis after jackknifing datasets, for
detecting all 1.5T and 3T AMBTs and 1.5T AMBT,, only

1.5T: AMBT,
Variable 15T Only 3T

AUC of ROC curve

Average® 0.925 * 0.003 0.929 = 0.003 0.965 = 0.002

Median 0.924 0.928 0.965
Sensitivity® (%)

Average® 851*+0.8 879+ 0.8 922 *0.5

Median 84.9 87.7 92.0
Specificity® (%)

Average® 86.7 =03 86.6 = 0.3 913 £ 0.6

Median 86.7 86.6 911
FPR (per section)

Average® 0.208 = 0.005 0.210 = 0.005 0.227 = 0.02

Median 0.209 0.21 0.232

@ Average * SD.
© At the optimal Jacobian threshold.

neuroradiologist. However, 1 AMBT and 3 instances of AMBT
were missed by the neuroradiologist but detected by the algo-
rithm. Inspection of those 4 AMBTs revealed subtle volume
changes, ranging from 9.1 X 10~ *t0 2.5 X 10~ ' mL. The addition
of these detections would improve the neuroradiologist’s sensi-
tivity to 98.7%.

DISCUSSION
In this article, we have presented our semiautomated algorithm
for detecting AMBTSs in longitudinal brain MRIs with statistically

AJNR Am J Neuroradiol 38:2059-66 Nov 2017  www.ajnr.org 2063



high accuracyat 1.5T and 3T (AUC > 0.9). Our approach uses the
JOF—a vector displacement field operator—which quantifies
longitudinal structural changes of the brain on the basis of the
deformation field. At its optimal performance, our algorithm had
a sensitivity of 85.1% and 92.1% and a specificity of 86.7% and
91.3% for the 1.5T and 3T groups, respectively. Although perfor-
mances at the optimal thresholds were similar, the difference in
optimal JOF threshold values for the 2 groups indicated the effect
of scan parameters on optimal threshold values and the need to
identify a unique optimal threshold value for each set of scan
parameters. Moreover, missed and detected AMBTSs had a statis-
tically similar VCR, suggesting that the detection ability of our
algorithm is not dependent on VCR values. Compared with man-
ual reading, this can be considered an advantage of our algorithm
because manual reading of longitudinal brain MR images is bi-
ased against subtle changes.'® Thus, the findings in this study
supported the potential of our algorithm to aid performance by
identifying lesions with subtle volume change that could other-
wise be missed by the user. Although it is accepted that the values
of the Jacobian operator field are directly associated with the VCR
of the brain,*® we speculate that this association may not be the
case for VCR values of individual brain regions because the
missed and detected AMBTSs of our algorithm had statistically
similar VCRs despite differences in JOF values. Although this dif-
ference may limit the information provided by the JOF about the
amount of volume change, our results demonstrate the adequacy
of the JOF in detecting AMBTS, even for relatively small VCR
values, and support its potential to serve as a diagnostic aid.

At present, the literature is limited in studies concerning
the follow-up and volume-change detection of MBTs. Chit-
phakdithai et al'> proposed a method for tracking MBTs, rely-
ing on a 4-level label map to denote the intensity-correspon-
dence relation between baseline and follow-up images.
Although authors reported a sensitivity of 92% in detecting
AMBTS, this was verified on only a limited dataset comprising
3 patients. In addition, the authors did not report specificity or
FPR; this omission prevented accurate comparison with our
algorithm.

With our algorithm, nonlinear registration of baseline and
follow-up scans was used to detect structural changes. One of its
main limitations is the infinite number of displacement fields for
a given pair of scans, depending on the registration technique
used.'® More important, these techniques rely on the assumption
that a lesion or tissue region exists on both scans with similar
intensity.'® This assumption limits the detection of AMBT,, of
negligible size on one of the scans and AMBT . Reviewing the
detections of the algorithm showed that most false-negatives were
of the aforementioned 2 categories. Moreover, although our algo-
rithm could detect 75% of AMBT, at 1.5T, this was inferior to the
general sensitivity of our algorithm; however, this problem was
not isolated to our algorithm.

A similar problem exists in MS, in which computer-aided de-
tection tools are more developed and prevalent in the clinical
environment. Although MS computer-aided detection tools fo-
cus more on the amount of volume change as opposed to mere
detection of change, both techniques use automated quantitative
analysis techniques that can be compared. A recent study by
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1*° combined subtraction and deformation field anal-

Cabezaseta
yses to detect new MS lesions on T2-weighted images. Using this
approach on 36 patient datasets, Cabezas et al reported a 70.8%
sensitivity.”” Comparatively, our 1.5T datasets consisted of 30 pa-
tients with 16 instances of AMBT, .. When these were omitted, the
AUC and sensitivity of our algorithm improved; this change sug-
gests that AMBT . has a negative effect on its performance. How-
ever, because detecting AMBT _, is equivalent to detecting MBTs
on a single scan, this limitation can be addressed by combining
our algorithm with previously described MBT computer-aided
detection tools.” "

Further enhancement of the clinical utility of our algorithm
rests on improving its FPR. Like other studies concerned with
automatic MBT detection on 3D-T1-Gad,”"” bright vessels were
a major source of false-positives. Differentiating vessels and
MBTs could be achieved by incorporating 3D template match-

ing—based algorithms for MBT segmentation’ '*

in place of our
current method. This may also improve the sensitivity of our al-
gorithm because some of the false-negatives of our technique
were a direct result of poor MBT segmentation. Further false-

positive reduction may be achieved with vessel filters***!

or cere-
brovascular atlases.*> The use of black-blood MR imaging can
also address this problem'* because this technique has been
shown to be superior in capturing smaller MBTs compared with
other MR images.**** More recently, Pérez-Ramirez et al'” pro-
posed the use of a degree of anisotropy to distinguish blood vessels

and MBTs.

CONCLUSIONS

The proposed semiautomated algorithm presented in this article
could detect volume-changing MBTs on longitudinal brain MR
imaging with high accuracy. With the growing quantity and qual-
ity of automated techniques for MBT detection, implementation
of some of these elements may further improve the sensitivity,
specificity, and FPR of our algorithm. The clinical role of our
technique lies in its potential to improve the high workload” and
ambiguity'® associated with manual reading, which is crucial for
appropriate treatment.” Through demonstrating the potential of
deformation-based techniques and our algorithm, this study
serves as an initial step in developing a computer-aided change-
detection tool to complement the performance of radiologists.
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ORIGINAL RESEARCH
ADULT BRAIN

Pituitary Macroadenoma and Visual Impairment: Postoperative
Outcome Prediction with Contrast-Enhanced FIESTA

S. Hisanaga, ““'S. Kakeda, *“). Yamamoto, ““K. Watanabe, ““'). Moriya, ““'T. Nagata, Y. Fujino, ““'H. Kondo, ““'S. Nishizawa, and
Y. Korogi
=

ABSTRACT

BACKGROUND AND PURPOSE: Contrast-enhanced FIESTA can depict anterior optic pathways in patients with large suprasellar tumors.
We assessed whether the degree of kink in the optic nerve at the optic canal orifice on contrast-enhanced FIESTA correlates with the
postoperative improvement of visual impairment in patients with pituitary macroadenoma.

MATERIALS AND METHODS: Thirty-one patients with pituitary macroadenoma who underwent preoperative MR imaging and an operation
were evaluated. We measured the optic nerve kinking angle on sagittal oblique contrast-enhanced FIESTA parallel to the optic nerve; the optic
nerve kinking angle was defined as the angle between a line parallel to the planum sphenoidale and a line parallel to the intracranial optic nerve
at the optic canal orifice. We used logistic regression analyses to determine whether the clinical (sex, age, and duration of symptoms) and imaging
(tumor height, chiasmal compression severity, hyperintense optic nerve on T2WI, and optic nerve kinking angle) characteristics were associated
with the postoperative improvement (good-versus-little improvement) of visual acuity disturbance and visual field defect.

RESULTS: There were 53 impaired sides before the operation: 2 sides with visual acuity disturbance alone, 25 with visual field defect alone,
and 26 with both. After the operation, good improvement was found in 17 of the 28 sides with visual acuity disturbance and in 32 of the 51
sides with visual field defects. Only the optic nerve kinking angle was significantly associated with good improvement of the visual acuity
disturbance (P = .011) and visual field defect (P = .002).

CONCLUSIONS: The degree of the optic nerve kinking angle was an independent predictor of postoperative improvement, indicating
that irreversible damage to the optic nerve may be associated with its kinking at the optic canal orifice.

ABBREVIATIONS: CE = contrast-enhanced; ON = optic nerve; ONKA = optic nerve kinking angle; VAD = visual acuity disturbance; VFD = visual field defect

I n patients with pituitary macroadenoma, the presence of visual
impairment, namely visual acuity disturbance (VAD) and visual
field defect (VFD), is a major indication for surgical treatment." Al-
though several studies have reported that the VFD in some 10%-—
20% of cases was not improved with an operation,”™* the predictors
for the postoperative improvement of visual impairment are contro-
versial. Furthermore, few studies have evaluated the ability of MR
imaging to predict postoperative improvement in visual impair-
ment. Watanabe et al® reported that a hyperintense optic nerve (ON)
on MR imaging predicted persistence of visual impairment after the
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operation, but the group of patients in whom VAD and/or VFD
persisted after an operation was quite small (only 4 patients).”
Bitemporal hemianopsia is a well-known VFD associated with
pituitary macroadenomas that compress the chiasm. However, a
recent report revealed that complete bitemporal hemianopsia as-
sociated with pituitary macroadenoma was rare.® The authors
also demonstrated that 44.9% of patients with VFDs had nontem-
poral defects, suggesting that it is not uncommon to have extra-
chiasmal optic pathway involvement rather than chiasmal com-
pression alone. Furthermore, in large suprasellar tumors, such as
tuberculum sellae meningiomas, the ONs are sometimes com-
pressed at the optic canal orifice, and some investigators suggest
that ON compression at the optic canal orifice may be the main
cause of visual impairment and asymmetric visual loss.”*
Balanced steady-state free-precession techniques, such as fast
imaging employing steady-state acquisition, constructive inter-
ference in steady state, fast imaging with steady-state free preces-
sion, and balanced fast-field echo, can provide strong T2 contrast,
which emphasizes CSF signals.”'* FIESTA also shows contrast
enhancement due to T1 shortening caused by administration of
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http://orcid.org/0000-0002-4057-4063
http://orcid.org/0000-0003-0887-3722
http://orcid.org/0000-0002-8543-8997
http://orcid.org/0000-0001-9592-8802
http://orcid.org/0000-0002-5302-4861
http://orcid.org/0000-0001-9813-4637
http://orcid.org/0000-0002-9126-206X
http://orcid.org/0000-0003-3801-9076
http://orcid.org/0000-0002-4121-3358
http://orcid.org/0000-0002-0384-7288

gadolinium-based contrast material, because signal intensity on
FIESTA is partially T1-dependent.'>'* Therefore, in patients with
skull base tumors, gadolinium-based contrast material can in-
crease the relative contrast between the enhanced tumor and the
cranial nerves using FIESTA. A previous study reported that con-
trast-enhanced FIESTA (CE-FIESTA) was a useful MR imaging
method for performing preoperative evaluation of suprasellar tu-
mors, because CE-FIESTA can depict segments of the optic path-
ways in patients with large suprasellar tumors.”

When using CE-FIESTA, we frequently observe kinking in the
ON at the optic canal orifice because of compression by pituitary
macroadenomas, prompting the hypothesis that this feature on
CE-FIESTA might be useful for determining the postoperative
prognosis of visual impairment. Thus, the aim of the current
study was to determine whether the degree of ON kink at the optic
canal orifice correlates with the postoperative improvement of
visual impairment in patients with pituitary macroadenoma.

MATERIALS AND METHODS

Patient Selection

The institutional review board approved this retrospective study
and waived informed consent. By searching and reviewing the
operative records in our institution between May 2007 and May
2015, we selected 34 consecutive patients with pituitary adenomas
who underwent an operation and received a pathologically
proved diagnosis. A single radiologist (S.H., with 4 years’ experi-
ence in radiology) included patients in this study provided they
met all of the following: 1) They had a pituitary macroadenoma
that tightly touched or compressed the optic pathways on MR
imaging; 2) they had undergone preoperative brain MR imaging
examinations with our standard brain MR imaging protocol,
which included CE-FIESTA; 3) after an operation, the tumor re-
duction and compression of the optic chiasm resolved; and 4)
formal ophthalmology consultations before and after the surgical
treatment were available. Three of the 34 patients were excluded
from analysis for the following reasons: One was diagnosed with a
pituitary apoplexy, and one had a history of an operation due to a
brain tumor. One patient with optic disc pallor and atrophy on
ophthalmologic examinations before the operation was also ex-
cluded because it predicted poor outcome.'> In this patient, the
VAD and/or VFD persisted after the operation. Thirty-one pa-
tients were ultimately included in the final analysis (16 women, 15
men; mean age, 54.6 * 16.9 years; age range, 18—87 years). The
surgical approach was transsphenoidal in all patients.

Before the operation, 29 (94%) of 31 patients had VAD and/or
VED. The ophthalmologic examinations showed VADs in 18 pa-
tients (bilateral in 10 patients and unilateral in 8). Regarding
VEDs, the ophthalmologic examinations showed bilateral tempo-
ral hemianopia in 17 patients, unilateral temporal hemianopia in
5 patients, bilateral superior temporal defects in 3 patients, bilat-
eral homonymous hemianopia in 2 patients, and bilateral central
scotoma in 1 patient. There were 53 impaired sides in 29 patients:
2 sides (4%) with VAD alone, 25 (47%) with VFD alone, and 26
(49%) both with VAD and VFD. Two patients who had neither
VAD nor VFD underwent surgical treatment for chiasmal com-
pression due to pituitary macroadenoma; 1 patient also showed
tumor progression during follow-up MR imaging.
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MR Imaging Data Acquisition

All MR imaging studies were performed with a Signa Excite 3T
scanner (GE Healthcare, Milwaukee, Wisconsin) using a dedi-
cated 8-channel phased array coil (USA Instruments, Aurora,
Ohio). Gadodiamide (Omniscan; GE Healthcare, Piscataway,
New Jersey) or gadopentetate dimeglumine (Magnevist; Bayer
HealthCare Pharmaceuticals, Wayne, New Jersey) was adminis-
tered at 0.1 mmol/kg of body weight as the intravenous contrast
agent. We used the following parameters for the FIESTA se-
quence: TR/TE, 5.4/2.4 ms; acquisition, 2 times; flip angle, 50°
bandwidth, +62.5 kHz; matrix, 224 X 224; 100% image; section
thickness, 0.8 mm; FOV, 14 X 14 cm; resolution, 0.6 X 0.6 X 0.8
mm; and imaging time, 5 minutes 6 seconds. All CE-FIESTA data
were acquired in the coronal plane. In addition, all patients un-
derwent our standard brain MR imaging protocol for suprasellar
tumors, including coronal T2WI. We used the following imaging
parameters for the coronal T2WI: TR/TE, 4000/85 ms; flip angle,
90°; bandwidth, 62.5 kHz; section thickness, 3 mm; matrix, 512 X
224; FOV, 18 X 18 cm; imaging time, 2 minutes 16 seconds.

Ophthalmologic Examination and Evaluation
Ophthalmologic examinations were performed by ophthalmolo-
gists and consisted of testing the patient’s visual acuity with the
best-corrected visual acuity for both eyes, funduscopy, and mea-
suring intraocular pressure for the diagnosis of concomitant dis-
orders, such as glaucoma or/and cataracts. VAD was positive
when the visual acuity with the best-corrected visual acuity was
<20/50 vision on the Snellen Eye Chart.'® The visual fields were
determined with the Goldmann perimeter (isopters: V/4, 111/4,
1/4,1/3,1/2, and 1/1)."”

The pre- and postoperative VAD and/or VED were compared,
and the patients were divided into 2 subgroups based on the im-
provement between the 2 points: good improvement versus little
improvement. For patients who had undergone an ophthalmo-
logic examination after the operation, the results of the most re-
cent examination were included in this analysis. For VADs, good
postoperative improvement was defined when the postoperative
visual acuity with the best-corrected visual acuity was 20/50 vision
or better on the Snellen Eye Chart, whereas little improvement
was defined when the postoperative visual acuity with the best-
corrected visual acuity was <<20/50 vision, despite the absence of
any concomitant disorders. For VFDs, good postoperative im-
provement was defined as either the disappearance of the VFD or
the persistence of the VFD with I/3, 1/2, or I/1, whereas little im-
provement was defined as the persistence of the VFD with V/4,
111/4, or 1/4.

Image Interpretation

Two radiologists (radiologists A [J.M.] and B [K.W.], with 16 and
8 years’ experience in neuroradiology, respectively), who were
unaware of the clinical findings, independently evaluated the CE-
FIESTA and coronal T2WTI. To assess the CE-FIESTA findings, we
used 3 cross-sectional images (coronal, axial, and sagittal) recon-
structed with a section thickness of 1 mm without a gap. First, the
2 radiologists evaluated the CE-FIESTA data for depiction of the
anterior optic pathways, and this was scored as either visible or
invisible. Simultaneously, the radiologists also blindly reviewed



FIG 1. A sagittal oblique CE-FIESTA from a subject with normal brain
MR imaging findings shows the optic nerve kinking angle. a = line
extending across the anterior cranial fossa, b = line through the in-
tracranial optic nerve. OCO indicates optic canal orifice.

abnormal signal intensity in the anterior optic pathways (bilateral
ON:s, optic chiasm, and bilateral optic tracts) on CE-FIESTA images.
The signal intensity of the optic chiasm and tracts could not be suf-
ficiently evaluated with T2WI because it could not depict the optic
chiasm and tracts when they were markedly thinned and/or deviated
due to tumor compression. Thus, for the T2WI, the radiologists re-
viewed the signal intensity only in the bilateral ONs. The radiologists
also classified the degree of chiasmal compression on CE-FIESTA
into 2 grades (mild or moderate compression, <5 mm of optic chi-
asm displacement; and severe compression, =5 mm of optic chiasm
displacement).® The cephalocaudal diameter of each tumor was also
measured on sagittal CE-FIESTA images. According to the informa-
tion above, for the analyses, we used the final judgments by 2 radiol-
ogists in consensus and the mean measurements by the radiologists.

Measurement of the Optic Nerve Kinking Angle at the
Optic Canal Orifice

Two radiologists (J.M. and K.W.) measured the optic nerve kink-
ing angle (ONKA) on sagittal oblique mages parallel to the ON
reconstructed from CE-FIESTA image data. The ONKA was de-
fined as the angle between a line parallel to the planum sphenoi-
dale and a line parallel to the intracranial ON at the optic canal
(Fig 1). Although we found susceptibility artifacts on CE-FIESTA
related to the skull base, no cases showed any degradation of the
image quality for measuring the ONKA.

Statistical Analyses

All the statistical analyses were performed with the SPSS program
(IBM, Armonk, New York). k statistics were used to evaluate the
level of interobserver agreement of scores from the 2 radiologists.
The strength of agreement was considered fair for « values of

Table 1: The evaluation of chiasmal compression by 2 radiologists

Radiologist A
Radiologist B Mild or Moderate Severe Total
Mild or moderate 7 2 9
Severe 4 18 22
Total mn 20 31
Table 2: The evaluations of hyperintense ON at T2WI by 2
radiologists
Radiologist A
Radiologist B Absent Present Total
Absent 35 5 40
Present 0 22 22
Total 35 27 62

0.21-0.40, moderate for k values of 0.41-0.60, good for k values
of 0.61-0.80, and excellent for k values of =0.81."% The per-
centage agreement between measurements (tumor height and
ONKA) from the radiologists was also calculated by concordance
correlation coefficients and 95% confidence intervals.'” To deter-
mine the variables associated with the visual impairment before
the operation and postoperative improvement, we used a univar-
iate binary logistic regression analysis using generalized estimat-
ing equations that adjusted for laterality of the optic pathway. The
variables included the clinical (age, sex, and duration of symp-
toms) and imaging (tumor height, chiasmal compression, hyper-
intense ONs on T2WI, and ONKA) characteristics. P values < .05
indicated statistical significance. For the ONKA, we calculated the
sensitivity, specificity, and accuracy for the prediction of postop-
erative improvement. For this analysis, we used cutoff values in a
receiver operating characteristic curve analysis, which were deter-
mined with the Youden index.*®

RESULTS

In all cases, 1 radiologists could detect the optic pathway with
CE-FIESTA. Radiologists A and B scored 20 (65%) and 22 (71%)
of 31 optic chiasms as severe chiasmal compression, respectively
(Table 1). On the basis of the ratings of radiologists A and B,
hyperintense ONs on T2WI were seen in 27 (44%) of 62 sides and
22 (35%) sides, respectively (Table 2). On CE-FIESTA, the radi-
ologists found an area of abnormal high signal intensity in the
center of the right optic tract in only 1 patient, who had little
improvement of visual impairment after the operation. There-
fore, we excluded the finding of hyperintense ONs on CE-FIESTA
from all analyses because it was thought to be of infrequent
incidence.

The presence of chiasmal compression and hyperintense ONs
on T2WT was shown to have moderate and excellent interobserver
agreement, with k values of 0.56 and 0.83, respectively. Interob-
server reproducibility of measurements by the 2 radiologists dem-
onstrated 99% agreement for tumor height (95% CI, 97%-99%)
and 98% for ONKA (95% CI, 69%-99%).

The multivariate logistic regression analyses showed that hy-
perintense ON (P = .020) and ONKA (P = .030) were indepen-
dently associated with the presence of VAD before the operation
(On-line Table 1). The multivariate logistic regression analyses
showed that the chiasmal compression severity (P = .047) was
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independently associated with the presence of VFD before the
operation (On-line Table 1).

The postoperative ophthalmologic examinations were ob-
tained, on average, 14.8 days (range, 4-92 days) after the opera-
tion. Of the 29 sides with VAD and the 51 sides with VFD before
the operation, we found good improvement after the operation in 17
(59%) and 32 (63%) sides, respectively. For VAD, the univariate and
multivariate analyses revealed that only ONKA (P = .009 and P =
.011, respectively) was significantly associated with postoperative im-
provement (On-line Table 2 and Figs 2 and 3). For VFD, the multi-
variate analysis revealed that only ONKA (P = .002) was significantly
associated with postoperative improvement (On-line Table 2).

FIG 2. Images from a 53-year-old man with a pituitary macroadenoma who presented with left
visual acuity disturbance (20/50 vision on the Snellen Eye Chart) before the operation. After the
operation, the left visual acuity disturbance was improved (20/20 vision on the Snellen Eye Chart).
A, A coronal CE-FIESTA image shows severe chiasmal compression (arrows) by the pituitary
macroadenoma. B, A sagittal oblique CE-FIESTA image demonstrates a left optic nerve kinking
angle of 120°. The arrows indicate the left optic nerve. T indicates pituitary macroadenoma.

The receiver operating characteristic analysis suggested opti-
mal cutofflevels for the ONKA (=102.5 for VAD and =114.5° for
VED) for prediction of the postoperative improvement. There-
fore, the sensitivity, specificity, and accuracy for the prediction of
postoperative improvement with ONKA were 88% (15/17), 92%
(11/12), and 90% (26/29) for VAD and 72% (23/32), 89% (17/
19), and 78% (40/51) for VFD, respectively (Table 3).

DISCUSSION

Multivariate and univariate analyses demonstrated that the degree of
ONKA was the only independent predictor of postoperative im-
provement for VAD and VFDs. Other MR imaging findings were
associated with visual impairment before
the operation but not with its postopera-
tive improvement.

The ONKA with an optimal cutoff
level had a high specificity for the pre-
diction of postoperative improvement
of VAD and VEFD. This result indicates
that patients with ONKA of <114.5°
may have potential irreversible damage
to the ON. Regarding this irreversible
damage to the ON at the optic canal or-
ifice, we speculate 2 possible mecha-
nisms: 1) direct damage due to ON com-
pression from the falciform ligaments,
and 2) hemodynamic complications af-
fecting the ON induced by the kink. In
large suprasellar tumors, the ONs have
been compressed by the falciform liga-
ment at the optic canal orifice.”’ There-
fore, the decompression procedure of
the optic canal consists of extradural an-
terior clinoidectomy with falciform lig-

FIG 3. Images from a 75-year-old man with a pituitary macroadenoma who presented with a bilateral visual acuity disturbance (right: 20/50 and
left: 20/70 vision on the Snellen Eye Chart, respectively) before the operation. After the operation, the left visual acuity disturbance was not
improved (20/50 vision), though the right visual acuity disturbance was improved (20/30 vision). Left optic atrophy (disc pallor) was noted on a
postoperative assessment by an ophthalmologist, but there were negative findings on the preoperative assessment. A, A coronal CE-FIESTA
image shows moderate chiasmal compression by the pituitary macroadenoma. A sagittal oblique CE-FIESTA image demonstrates a right optic
nerve (arrows) kinking angle of 133°(B) and a left optic nerve (arrows) kinking angle of 90°(C). T indicates pituitary macroadenoma.
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Table 3: ONKA with CE-FIESTA— correlation with indicators of
postoperative good improvement?®

VAD VFD
Cutoff values for the ONKA =102.5° =T114.5°
Sensitivity 88 (15/17) 72(23/32)
Specificity 92 (11/12) 89 (17/19)
Accuracy 90 (26/29) 78 (40/51)

*Data are percentages. Numbers in parentheses were used to calculate the
percentages.

ament and optic nerve sheath opening.”' Regarding the hemody-
namic complications, Hoyt** reported that ON compression due
to pituitary macroadenoma disrupts the arterial supply, and long-
term compression of the arteries, veins, and capillary networks in
the ON leads to stagnant anoxia. We believe that these mecha-
nisms have resulted in a cumulative or additive effect for irrevers-
ible damage to the ON.

The ONKA measurement as a quantitative evaluation demon-
strated excellent interobserver agreement, possibly due to the
high accuracy of CE-FIESTA in depicting the anterior optic path-
ways. For ON depiction in patients with pituitary macroad-
enoma, CE-FIESTA has several advantages over conventional MR
images—namely the high spatial resolution and defined contrast
difference between the tumor and surrounding structures, such as
the ON, CSF, and skull bone.” The spatial resolution with CE-
FIESTA1is0.6 X 0.6 X 0.8 mm, and 3D CE-FIESTA data also allow
radiologists to examine the entire optic pathway contiguously.
Furthermore, CE FIESTA images provide good contrast of the
optic pathway relative to enhanced tumor and CSF, because the
optic pathway has a low signal intensity, whereas the enhanced
tumor and CSF have high signal intensity. Conversely, the con-
trast difference between the ON and tumors with T2WI may de-
crease due to hyperintense ONs caused by compression by the
tumor. For CE-TIWI, the poor visibility of the optic pathways
may be due to poor contrast between the CSF and the optic
pathways; both may be hypointense on CE-T1WI. Therefore,
our assessment with CE-FIESTA has clinical importance in
that it may provide a simple and reproducible method for eval-
uating the irreversible visual impairment in patients with a
pituitary macroadenoma.

Regarding the association between the duration of symptoms
and the postoperative improvement of VFD, the results from pre-

2723 and we found no association

vious studies are inconsistent,
between them. One possible explanation for our result may be due
to poor subjective symptoms caused by pituitary macroadenomas
because of their slow growth. Hyperintensity of the ON's was also
not associated with irreversible damage to the ON. Our results are
supported by the findings of a previous report’; for the prediction
of irreversible damage to the ONs after an operation in a large
suprasellar tumor, hyperintense ONs on T2WI had good sensitiv-
ity (100%) but poor specificity (42%), suggesting the possibility of
not only degeneration of the ONs but also reversible damage as an
etiologic factor in the hyperintense ONs.

Although VFDs are well-known to be caused by chiasmal com-
pression, we found that the degree of chiasmal compression was
not associated with irreversible damage to the ONs. Our results
indicate that for reflecting damage to the ONs, an ON kink at the
optic canal orifice may be a more important factor than chiasmal
compression. In a previous study, hyperintensity of the optic

pathways on CE-FIESTA had high accuracy in predicting irrevers-
ible damage to the ONs.” Consistent with the findings from this
previous report, we found 1 patient with hyperintensity on CE-
FIESTA who had little improvement of visual impairment after
the operation. However, this finding seems to be of infrequent
incidence in patients with pituitary macroadenomas. The previ-
ous study also demonstrated that an optic nerve size on MR im-
aging is an important predictive factor for vision recovery."
However, we excluded this finding from all analyses because there
was no case with obvious optic nerve atrophy on MR imaging.
The main reason seems to be that almost all our cases included
patients with a relatively shorter duration of vision loss. Our data
indicate that optic nerve atrophy on MR imaging may be a finding
in advanced phases of compressive neuropathy.

Our study has several limitations. First, the postoperative oph-
thalmologic examinations were performed at various intervals af-
ter an operation. Moreover, in the current study, the mean time to
postoperative ophthalmologic examinations was relatively short
(14.9 days). One previous report showed that postoperative im-
provement of the VFD was progressive and apparent even at the
5-year follow-up.* Therefore, this finding may lead to overestima-
tion of the association between the ONKA and the postoperative
improvement of visual impairment. Further prospective long-
term follow-up studies, including thorough clinical investiga-
tions, are needed to determine the clinical impact of the finding of
the ONKA. Second, we evaluated VFDs using the ophthalmologic
examination, in which, however, false-positives and false-nega-
tives can occur with the perimetry, depending on patient cooper-

ation. Chouinard et al**

demonstrated that longitudinal changes
in visual field perimetry before and after the operation correlated
with those in fMRI activation in a retinotopic manner. Because a
retinotopic examination with fMRI is passive and more objective,
in a further study, the use of fMRI may allow a more accurate

evaluation of VFD.

CONCLUSIONS

In our logistic analyses, the only independent predictor of post-
operative improvement of visual impairment in patients with pi-
tuitary macroadenomas was the degree of ONKA. Our results
indicate that early irreversible damage to the ONs is associated
with kinking at the optic canal orifice caused by compression of
the pituitary macroadenomas. Our quantitative assessment with
CE-FIESTA with high excellent interobserver agreement may
provide useful information for managing patients with pituitary
macroadenomas. This study suggests that CE-FIESTA is indeed a
beneficial and practical MR imaging method for the preoperative
evaluation of pituitary macroadenomas.
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Topographic Diagnosis of Craniopharyngiomas: The Accuracy
of MRI Findings Observed on Conventional T1and T2 Images

L. Barrios

R. Prieto, ). M. Pascual, and

ABSTRACT

BACKGROUND AND PURPOSE: The topography of craniopharyngiomas has proved fundamental in predicting the involvement of vital
brain structures and the possibility of achieving a safe radical resection. Beyond the imprecise term “suprasellar,” indiscriminately used for
craniopharyngiomas, an accurate definition of craniopharyngioma topography should be assessed by preoperative MR imaging. The
objective of this study was to investigate the MRI findings that help define craniopharyngioma topography.

MATERIALS AND METHODS: This study retrospectively investigated a cohort of 200 surgically treated craniopharyngiomas with their
corresponding preoperative midsagittal and coronal conventional T1- and T2-weighted MR images, along with detailed descriptions of the
surgical findings. Radiologic variables related to the occupation of the tumor of intracranial compartments and the distortions of anatomic
structures along the sella turcica—third ventricle axis were analyzed and correlated with the definitive craniopharyngioma topography
observed during the surgical procedures. A predictive model for craniopharyngioma topography was generated by multivariate analysis.

RESULTS: Five major craniopharyngioma topographies can be defined according to the degree of hypothalamic distortion caused by the
tumor: sellar-suprasellar, pseudointraventricular, secondary intraventricular, not strictly intraventricular, and strictly intraventricular.
Seven key radiologic variables identified on preoperative MRI allowed a correct overall prediction of craniopharyngioma topography in
86% of cases: 1) third ventricle occupation, 2) pituitary stalk distortion, 3) relative level of the hypothalamus in relation to the tumor, 4)
chiasmatic cistern occupation, 5) mammillary body angle, 6) type of chiasm distortion, and 7) tumor shape.

CONCLUSIONS: Systematic assessment of these 7 variables on conventional preoperative T1and T2 MRl is a useful and reliable method
to ascertain individual craniopharyngioma topography.

ABBREVIATIONS: CP = craniopharyngioma; CRT = Classification and Regression Tree; LR = likelihood ratio; MBA = mammillary body angle; PS = pituitary stalk;

3V = third ventricle; TVF = third ventricle floor

raniopharyngiomas (CPs) remain a neurosurgical challenge.

This type of tumor is characterized by extreme heterogeneity
regarding clinical expression, pathologic features, and topogra-
phy. The vague, general description of CPs as “suprasellar” tu-
mors has frequently led to imprecise topographic diagnoses."*
The use of the term “suprasellar” dates to the early 20th Century,
when the presence of calcifications above the sella turcica on skull
radiographs was the fundamental radiologic sign indicating CP
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diagnosis. Currently, the incorrect assumption of a primary su-
prasellar position for most CPs might lead to improper surgical
planning. Therefore, an accurate topographic classification of in-
dividual cases should be established preoperatively.”

The potential for CP development at any point along the ver-
tical hypothalamic-hypophyseal axis, from the sella turcica to the
third ventricle (3V), determines the wide range of topographies
displayed. Certainly, current MR imaging technology provides a
tool allowing an accurate definition of CP topography in most
cases.”” The specific anatomic relationships between CPs and the
3V floor and walls, where the vital hypothalamic nuclei are lo-
cated, are an essential factor for assessing the possibility of achiev-
ing a safe radical removal.'”> Consequently, defining the topo-
graphic relationships between the tumor and the third ventricle
floor (TVF) should be one major objective of preoperative MR
imaging in patients with CP.

In 2004, our group developed a topographic classification sys-
tem based on the types of TVF distortion caused by CPs.'™* This
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scheme has proved helpful to preoperatively ascertain the ana-
tomic position of the hypothalamus and its degree of distortion,
information that is correlated with surgical risks and patient out-
come. In previous studies, we have been able to identify some
specific MR imaging signs invaluable for defining the true CP-3V
relationships, such as the mammillary body angle (MBA) and the
type of optic chiasm distortion.>” The aim of the present study
was to analyze the diagnostic power of conventional T1- and T2-
weighted sequences for an accurate depiction of CP topography
on midsagittal and transinfundibular-coronal MR images. Specif-
ically, we have examined the preoperative MR imaging findings
that best predict the type of CP-3V relationships present in each
patient.

MATERIALS AND METHODS

Case Series

The cases included in this study were selected from a recent pub-
lication in which we analyzed CP topography in a series of 500
cases and correlated it with the patterns of tumor adhesion to the
hypothalamus.® A total of 200 CPs published in the MR imaging
era (1990-2016) were selected from this cohort, all meeting the
following inclusion criteria: 1) CP diagnosis was confirmed
pathologically, 2) preoperative midsagittal and transinfundibu-
lar-coronal MR images were displayed in the reports, and 3) the
patient was surgically treated, and a detailed description and pho-
tographic evidence of the tumor relationships with the TVF/hy-
pothalamus was provided (On-line Table 1; On-line Appendix).

Topographic Classification of CPs

The tumors were classified into 5 major categories, according to
our classification scheme of CP-3V relationships'~: 1) sellar-su-
prasellar CPs, which include tumors occupying exclusively the
sellar and/or suprasellar compartments beneath an intact TVF; 2)
suprasellar-pseudointraventricular CPs, suprasellar lesions caus-
ing an upward displacement of the TVF, mimicking an intraven-
tricular position; 3) secondary intraventricular CPs, lesions devel-
oping initially beneath the 3V but invading the 3V after breaking
through the TVF; 4) infundibulo-tuberal or not strictly intraven-
tricular CPs, tumors developed originally within the nervous tis-
sue of the TVF itself (within the infundibulum and/or tuber cine-
reum), which predominantly expand within the 3V atlater stages;
and 5) strictly intraventricular CPs, tumors primarily originating
within the 3V, above an intact TVF (Fig 1). The final CP topo-
graphic categorization for the 200 cases constituting our cohort
was established in a previous article that analyzed the correlation
of intraoperative anatomic and pathologic findings with pre- and
postoperative MR imaging studies.” In the present study, we per-
formed a “blinded” analysis of the MR imaging variables used to
ascertain the CP topography—that is, in each case, we evaluated
the different MR imaging variables without knowing the defini-
tive topography confirmed in our previous article.

Surgical Treatment and Outcome

Surgical routes chosen for each case were recorded and postoperative
outcome was classified into 4 categories: 1) good, long-term survival
without new neurologic deficits; 2) fair, new but not disabling defi-
cits, including panhypopituitarism or diabetes insipidus; 3) poor,
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new neurologic symptoms that considerably impair the quality of
life; and 4) death within the first month after surgery.

Selection and Categorization of Variables Analyzed on
Preoperative MR Images
The size, shape, and consistency of the tumor, in addition to the
occupation of intracranial compartments and distortion of ana-
tomic structures along the sella-3V axis, were evaluated on mid-
sagittal and coronal conventional T1- and T2-weighted MR im-
ages. Occupation of the sella turcica and chiasmatic cistern was
classified into 3 categories (tumor-free, partially occupied, and
wholly occupied), whereas only 2 groups were considered regard-
ing the occupation of the 3V (tumor-free or occupied). The ap-
pearance of the pituitary stalk (PS) was categorized as follows: 1)
wholly visible, intact PS; 2) infiltrated by tumor, thickened PS due
to macroscopic tumor infiltration; 3) amputated, PS upper por-
tion not visible due to tumor growth; and 4) not visible, unrecog-
nizable PS due to tumor encroachment. The relative anatomic
position between the hypothalamus and the CP, best assessed on
coronal MR imaging sections, was classified into 3 groups: 1)
below the lower tumor pole level, 2) around its midthird portion,
and 3) above the upper third of the tumor. We measured the
mammillary body angle, formed by the intersection of a plane
tangential to the base of the mammillary bodies with the plane
tangential to the fourth ventricle floor, on the midsagittal MR
images.®

Finally, the chiasm distortion caused by the tumor was evalu-
ated and classified according to the scheme published by our
group in 2013: 1) not distorted, normal position and shape; 2)
compressed downward, flattened chiasm at the anteroinferior
margin of the tumor; 3) compressed forward, flattened chiasm
between the tumor and the tuberculum sellae; 4) stretched
forward, elongated along the anterior margin of the tumor; 5)
stretched upward, elongated chiasm along the superior surface
of the tumor; 6) stretched backward, elongated along the pos-
terior margin of the tumor; and 7) not visible, completely
unrecognizable.”

Statistical Analysis

Bilateral correlations between pairs of categoric variables were
assessed with the asymptotic Xz, the Monte Carlo exact, or the
linear-by-linear association tests. A multivariate Classification
and Regression Tree (CRT) growing method was then applied to
explain CP topography. This hierarchic stepwise procedure cre-
ates a decision tree by splitting the cohort into 2 branches at each
step to maximize the homogeneity of case subgroups within each
branch. Ateach step, the CRT chooses the nominal variable show-
ing the strongest independent interaction with the topographic
categories included in the previous step. Then, we used a multiple
correspondence analysis to investigate the power of the radiologic
variables selected in the first and second steps by the CRT method.
Finally, we quantified the accuracy of the multivariate MR imag-
ing model generated to discriminate among the 5 CP categories.
For that purpose, we used the likelihood ratio (LR) for positive
test results [LR+ = sensitivity/(1-specificity)] and [LR— = (1-
sensitivity)/specificity] for negative test results. Statistical analyses
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third of the tumor. The Table summarizes the most typical MR imaging characteristics for each topographic category. T indicates tumor.

were performed using SPSS software (Version 23; IBM, Armonk,
New York).

RESULTS

Topographic Distribution and Surgical Outcome

On-line Table 2 shows the distribution of the topographic cate-
gories included in this cohort of 200 CPs. The infundibulo-tu-
beral or not strictly intraventricular category was the predomi-
nantone (32.5%, n = 65), followed by the strictly intraventricular
(21%, n = 42). The remaining lesions originating from the pitu-
itary gland—stalk complex beneath the TVF were categorized into
the sellar-suprasellar (n = 37), pseudointraventricular (n = 32),
and secondary intraventricular (n = 24) topographies.

All patients underwent surgical treatment. The most frequent
surgical routes used were basal pterional/subfrontal (31%) and
transsphenoidal (33%). Postoperative outcomes were available in
155 of 200 patients. Most cases had a satisfactory long-term out-
come: good in 41% and fair, with minor disturbances, in 43% of

cases. Last, an overall 3% mortality (n = 5) was registered within
the first month following the surgical procedure. Poor outcomes
and deaths reported in our cohort were related to the hypotha-
lamic injury inflicted by surgical maneuvers in all cases, a finding
analogous to those reported in large surgical series published in
the MR imaging era.®

Variables Analyzed on Conventional Midsagittal and
Coronal MR Imaging

On-line Table 2 presents the distribution of the major radiologic
features analyzed on preoperative T1- and T2-weighted MR im-
ages. The most common CP shape in this cohort was round
(42%), followed by elliptical (22.5%) and multilobulated
(22.5%). The sella turcica was tumor-free in almost 60% of the
cases and wholly occupied in 25.5%. The chiasmatic cistern was
tumor-free in 33% of the cases, showed a partial occupation in
23.5%, and was totally filled in 43.5%. In this cohort, the 3V was
occupied by the tumor in almost 90% of cases.
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Bivariate relationships between the variables analyzed on preoperative MRI and CP topography

MRI Variables® P Value

Specific Relationships

3V occupation <.001

Free: highest rate in Sellar-SS (57%)

Occupied: in 100% of Pseudo-3V, Secondary, 3V-Not-Strict, and 3V-Strict cases

Stalk visualization <.001

Visible (wholly identifiable): highest rate in 3V-Strict (79%)

Infiltrated: highest rate in 3V-Not-Strict (23%)
Amputated (lower half visible): highest rate in 3V-Not-Strict (68%)
Not visible: highest rates in Sellar-SS (92%%), Pseudo-3V (100%), and Secondary-3V (92%)

Hypothalamus level relative <.001

to the CP

Lower third: highest rate in 3V-Strict (82%)
Middle: highest rates in 3V-Not-Strict (91%) and Secondary-3V (77%)

Upper third: highest rates in Sellar-SS (100%) and Pseudo-3V (91%)

Chiasmatic cistern <.001

Free: highest rate in 3V-Strict (98%)

Partially occupied: highest rate in 3V-Not-Strict (54%)
Wholly occupied: highest rates in Sellar-SS (86.5%), Pseudo-3V (97%), and Secondary-3V (75%)

MBA <.001

<30°: highest rate in 3V-Not-Strict (43%)

30°-59°: highest rates in Secondary-3V (58%) and 3V-Strict (55%)
60°-89°: highest rate in Sellar-SS (64%)
=90°: highest rate in Pseudo-3V (89%)

Chiasm distortion <.001

Compressed downward: highest rates in 3V-Strict (66%) and 3V-Not-Strict (33%)

Compressed forward: highest rate in 3V-Not-Strict (40%)
Stretched forward: highest rate in Secondary-3V (50%)
Stretched upward: highest rates in Sellar-SS (81%) and Pseudo-3V (70%)

Tumor shape <.001

Round: highest rate in 3V-Strict (76%)

Elliptical: highest rate in 3V-Not-Strict (37%)

Multilobulated: highest rates in Pseudo-3V (62.5%) and Secondary-3V (62.5%)
Pearlike: highest rates in Sellar-SS (30%) and Pseudo-3V (19%)

Dumbbell: highest rates in Sellar-SS (13.5%)

Note:—SS indicates suprasellar; 3V-Not-Strict, not strictly intraventricular or infundibulo-tuberal; Pseudo-3V, suprasellar pseudointraventricular; Secondary-3V, secondary

intraventricular category; 3V-Strict, strictly intraventricular.
2 Only the 7 variables included in the multivariate predictive model are shown.

The PS could not be identified in almost half of the cases
(46.5%), owing to the occupation of the chiasmatic cistern by
tumoral tissue. It had a normal appearance in only 18.5% of stud-
ies, whereas in 27%, its upper portion was not visible due to tumor
growth (a sign we term “PS amputation”). In 8%, the PS appeared
thickened due to macroscopic infiltration by the tumor. The po-
sition of the hypothalamus relative to the CP was observed around
the lower pole of the CP in 19%, around the equator or middle
third of the tumor in 42%, and above its upper third in 39% of
cases. The MBA could be measured in 84.5% of the cases. This
angle was hyperacute (<30°) in 18% of cases, moderately acute
(30°-59°) in 31.5%, slightly acute (60°—89°) in 19.5%, and obtuse
(=90°) in 15.5%. Finally, the optic chiasm could be identified in
88.5% of midsagittal MR images and was grossly deformed in
most cases. The 2 most common types of chiasm distortion were
an upward stretching by CPs originating beneath the TVF (26%)
and a downward compression by intraventricular CPs (24%).

Correlation between CP Topography and Surgical
Outcome

A significant correlation between CP topography and surgical
outcome was found in this cohort (P < .034), a fact related to the
different degree of hypothalamic involvement associated with
each topographic category.” The most favorable outcomes were
reported for the sellar-suprasellar and pseudointraventricular to-
pographies (good or fair outcomes in >90%), both characterized
by a meningeal layer interposed between the tumor and the TVF.
Conversely, the worst outcomes were found among patients with
CPs showing a secondary intraventricular location (poor out-
come or death, ~40%), characterized by their extensive attach-
ments to the hypothalamus. CPs with an intraventricular topog-
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raphy had moderate outcomes, more favorable for those tumors
with a strictly intraventricular location (good outcome, 49%;
poor, 11%) than for the not strictly intraventricular cases (good
outcome 28%; poor 15%) due to the intimate relation of the latter
category with the hypothalamic region.

Preoperative Definition of CP Topography: An MR Imaging
Multivariate Model

The specific relationships between CP topography and the most
important radiologic features analyzed on preoperative conven-
tional MR images are shown in the Table. At the outset of this
study, it was found that all CPs lacking occupation of the 3V (n =
21) corresponded to the sellar-suprasellar topography. Conse-
quently, these cases were excluded from further analysis. The re-
maining 179 cases were included in a hierarchic multivariate anal-
ysis using the CRT growing method to explore the optimal
combination of MR imaging variables providing the best discrim-
ination model for the 5 topographic categories considered. PS
appearance was identified as the variable showing the strongest
relation to CP topography, followed by tumor occupation of the chi-
asmatic cistern and the level of the hypothalamus relative to the tu-
mor. In further steps, the MBA, the type of chiasm distortion, and
tumor shape were selected as additional independent variables to
build a predictive model of CP topography (Fig 2). The predictive
power of this model was 83.8%—that is, a correct overall preopera-
tive classification can be achieved in almost 84% of cases by accu-
rately defining these 6 radiologic variables on MR images.

After that, a multiple correspondence analysis including the
whole cohort of 200 cases was performed to investigate the pre-
dictive accuracy of CP topography achieved with the 3 indepen-
dent variables selected in the first and second steps by the CRT
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hood ratios. The best discrimination
power, characterized by a high LR+
along with a low LR—, was achieved for
the sellar-suprasellar, pseudointraven-
tricular, and strictly intraventricular
categories. On the contrary, the worst
identified category (lowest LR+ and
highest LR— values) corresponded to
the secondary intraventricular topogra-
phy (Fig 4).

DISCUSSION
Craniopharyngioma Topography:
The Importance of an Accurate
Preoperative Definition
Neuroradiologists should recognize the
extremely heterogeneous pathologic
spectrum of CPs, particularly the huge
influence that tumor topography pat-
tern has on surgical outcome. The im-
precise, generalized description of CPs
as “suprasellar lesions” must be replaced
by a comprehensive topographic char-
acterization, one capable of predicting
the surgical risks associated with each
topographic category.” A detailed pre-
operative understanding of the ana-
tomic relationships between a CP and
the surrounding neurovascular struc-
tures is essential to maximize the likeli-
hood of a radical excision while mini-
mizing the risks of undue hypothalamic
injury, which is the most devastating
complication during CP surgery.>®’
This study analyzes the MR imaging
findings observed on conventional T1
and T2 images displayed in the CP re-
ports included in our cohort. In most
cases, only midsagittal and coronal scans
through the infundibular region of
the 3V (transinfundibular-coronal) were
shown. The lack of a complete set of im-
ages obtained in each case can be judged
as an obvious limitation of our analysis.
However, in our topographic scheme,
the fundamental criterion for categoriz-
ing CPs is the anatomic relationship be-

method (PS appearance, hypothalamus level, and chiasmatic cis-
tern occupation). We found that a correct preoperative topo-
graphic prediction was achieved in 76.3% of cases simply by con-
sidering these 3 MR imaging variables (Fig 3).

Finally, we assessed the diagnostic accuracy of a multivariate
model that included the 7 MR imaging variables to define CP
topography (tumor occupation of the 3V in addition to the 6
variables selected by the CRT method). Overall, the percentage of
correct classification improved to 86%. The accuracy of this
model for discriminating among the 5 topographic CP categories
was quantified with positive (LR+) and negative (LR—) likeli-

tween the tumor and the hypothalamus, the critical structure to
be preserved in an operation.'® CPs are predominately midline
lesions developed from epithelial remnants of the Ratkhe
pouch placed at any point of the pituitary-hypothalamic axis,
usually within the pars tuberalis (a tongue of adenohypophy-
sial tissue enveloping the PS and infundibulum).* The relative
original position of these cells with regard to the meningeal
layers covering the PS and infundibulum will determine the
final CP topography."” Consequently, the midsagittal and
transinfundibular-coronal MR images represent the 2 basic
sections to accurately elucidate the CP topography.
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only by these 3 radiologic variables was 76.3%.

Our scheme has proved useful for an accurate characterization
of the CP-TVF relationships, which can be properly observed on
the midsagittal and transinfundibular-coronal MR imaging sec-
tions."> Other topographic classifications are based on the rela-
tive position of alternative anatomic references such as the optic
chiasm, the diaphragma sellae, or the infundibulum, as observed
through a particular operational view.'® In contrast, our topo-
graphic scheme is the only one incorporating the dynamics of
tumor growth by considering the original development site along
the vertical pituitary-hypothalamic axis, a feature strongly related
to the surgical risks and patient outcome.'™

MR Imaging Features Essential to Define CP Topography
The multivariate model generated in this study identified 7 MR
imaging signs whose collective assessment allows an accurate pre-
diction of CP topography in roughly 85% of cases:

1) CP Occupation of the Third Ventricle

Third ventricle involvement is a common feature of CPs, ob-
served in 179 cases of this cohort. In each of the remaining 21 cases
in which the 3V was tumor-free, the CP extended exclusively
within the sellar and/or suprasellar compartments. Hence, we
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propose that 3V occupation should be the first radiologic variable
scrutinized on preoperative MR images to immediately identify a
sellar-suprasellar location.

2) Type of Pituitary Stalk Distortion

The appearance of the PS on preoperative MR images is a funda-
mental variable to accurately predict CP topography. A not-visi-
ble PS suggests any of the 3 topographic categories that originate
beneath the TVF (sellar-suprasellar, pseudointraventricular, and
secondary intraventricular varieties), whereas a normal PS ap-
pearance points to the strictly intraventricular category. Alterna-
tively, a PS whose upper infundibular edge has been amputated by
the tumor or a PS wholly visible but infiltrated by the tumor
represent 2 patterns strongly associated with the not-strictly in-
traventricular (infundibulo-tuberal) category, which is the most
common topography.

3) Level of the Hypothalamus Relative to the Tumor

The position of the hypothalamus in relation to the tumor is
best defined on transinfundibular-coronal scans. The position
of this structure around the lower third of a CP strongly indi-
cates a strictly intraventricular location, whereas a position of
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FIG 4. Diagnostic accuracy of CP topography quantified with likeli-
hood ratios after using the 7 radiologic variables showing the stron-
gest association (variables included in the Table). The higher the pos-
itive likelihood ratio (LR+, gray bars), the more reliable the
topographic diagnosis is for the category considered. The lower the
negative likelihood ratio (LR—, black line), the more reliable it is to
rule out the category considered. Note that all topographic catego-
ries were associated with LR+ values higher than 10, though the high-
est figures were observed for the sellar-suprasellar (Sellar-SS), pseu-
dointraventricular (Pseudo-3V), and strictly intraventricular (3V-Strict)
categories. LR— was lower than 0.2 for all topographic categories
except the secondary intraventricular one (Secondary-3V). Thus, the
highest accuracy of the multivariate model of topographic diagnosis,
including 7 MR imaging variables, was for the Sellar-SS, Pseudo3V, and
3V-Strict categories, and the lowest accuracy was for the Second-
ary-3V category.

the hypothalamus above the upper third of the tumor points to
the topographic categories that develop below the TVF (the
sellar-suprasellar and pseudointraventricular ones). In con-
trast, the hypothalamus is usually observed around the
midthird portion or equator of the tumor, in infundibulo-
tuberal CPs that originate within the TVF itself, or in some
secondary intraventricular tumors.

4) Chiasmatic Cistern Occupation

CP extension into the arachnoid cistern beneath the chiasm and
infundibulum is a useful variable to predict the tumor topogra-
phy. The most valuable sign is a tumor-free patent cistern, which
strongly indicates a strictly intraventricular position. In contrast,
partial occupation of the cistern is frequently seen on the MRIs
of patients with infundibulo-tuberal CPs. A cistern wholly
obliterated by a tumor may be observed in any of the 3 topo-
graphic categories that originate in the sellar and/or suprasellar
compartments.

5) Mammillary Body Angle

In an earlier study that included intraventricular CPs, we proved
that the type of mammillary body displacement caused by these
tumors was a useful sign for predicting their topography.® The
utility of this sign has been confirmed in this cohort. An obtuse
angle (=90°), which is related to the upward displacement of

the TVF by the tumor, strongly indicates a pseudointraventricular
topography. Conversely, none of the intraventricular CPs and
only 10% of secondary intraventricular tumors had an obtuse
deformation of the MBA. Among the intraventricular categories,
hyperacute angles (<30°) generally indicate an infundibulo-tu-
beral (not strictly intraventricular) topography (Table).

6) Type of Chiasm Distortion

In a previous study, we defined 6 major types of chiasm distortion
caused by CPs that were found to be correlated with both the
pattern of visual disturbances and the tumor topography.” The
present analysis substantiates the association between the chiasm
deformation and CP topography. A compressed type of chiasm
distortion was typically associated with tumors originating within
the TVEF. Specifically, a downwardly compressed chiasm indicates
the strictly intraventricular topography, whereas a chiasm com-
pressed forward suggests the not strictly intraventricular type.
Conversely, a chiasm displaced upward and showing a stretched
deformation by the tumor is usually observed with CPs originat-
ing beneath the chiasm at the sellar or suprasellar compartments.
Another possible pattern is a forward-stretched distortion of the
chiasm, frequently caused by the secondary intraventricular

topography.

7) Tumor Shape

Our multivariate model selected tumor shape as the last variable
that should be evaluated on preoperative MR images to improve
the diagnostic accuracy of CP topography. A round, smooth tu-
mor shape was most frequently observed in the strictly intraven-
tricular category. A multilobulated tumor morphology was gen-
erally found among lesions expanding within the sellar and/or
suprasellar area. CPs with a pearlike outline usually originated in
the sellar compartment and pushed the diaphragma sellae upward
into the chiasmatic cistern.

MR Imaging Accuracy to Discern CP Topography
This study shows that the methodic assessment of 7 MR imaging
variables, easily identifiable on conventional T1- and T2-
weighted midsagittal and coronal scans, permits a correct topo-
graphic diagnosis in 86% of cases. Nevertheless, the accuracy of
our MR imaging multivariate model to preoperatively define the
exact tumor location varies for each topographic category. The
discriminative power of our model was dramatically increased for
the sellar-suprasellar, pseudointraventricular, and strictly intra-
ventricular categories. A correct topographic diagnosis was made
in 90% of the tumors within these 3 categories. In contrast, the
secondary intraventricular topography could be accurately pre-
dicted in <70% of cases. This lower accuracy rate can be ex-
plained by the highly variable range of anatomic distortions
caused by this topographic subgroup (Fig 3). A secondary intra-
ventricular category should be presumed when a preoperative MR
imaging shows a CP extending from the sella turcica into the 3V
and the PS is not visible (occurring in 92% of these cases). A
hypothalamus positioned around the midthird portion of the le-
sion (in 77%) and a multilobulated shape (58%) are other signs
usually shown by this category.

With the aim of achieving an optimal preoperative prediction
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for CP topography, specific MR imaging sequences should be ob-
tained, in addition to the conventional T1- and T2-weighted ones.
The heavily T2-weighted and the fast-imaging employing steady-
state acquisition MR imaging sequences represent the 2 methods
that offer the finest resolution of the CP-brain contact surfaces, as
well as the best definition of the distorted neurovascular struc-
tures."'”'* In particular, the high-resolution 3D-FIESTA se-
quence has proved invaluable to ascertain the accurate anatomic
relationship between a CP and the TVFE."? The resolution power
of this technique to correctly define the displacement pattern of
the mammillary bodies and optic chiasm, 2 structures not visible
in around 15% of cases with routine T1- and T2-weighted MRI,
should be further investigated in a large series. High-resolution
3D-FIESTA/CISS sequences could quite possibly improve the ac-
curacy of diagnosis in large CPs presenting MR imaging features
shared by several topographies.'*

CONCLUSIONS

A precise description of CP topography is essential to guide a
surgeon’s judicious decision regarding the approach to the tumor
and degree of removal suitable to avoid undue injury to the hy-
pothalamus. Seven MR imaging variables should be analyzed to
obtain an accurate preoperative definition of CP topography:
third ventricle occupation by the tumor, pituitary stalk appear-
ance, level of the hypothalamus relative to the tumor, chiasmatic
cistern occupation, mammillary body angle, type of chiasm dis-
tortion, and tumor shape. The systematic assessment of these
variables on midsagittal and coronal conventional T1- and T2-
weighted MR images allows an accurate topographic classification
in 86% of cases.
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ORIGINAL RESEARCH
ADULT BRAIN

Arterial Spin-Labeling Perfusion MR Imaging Demonstrates
Regional CBF Decrease in Idiopathic Normal

ABSTRACT

Pressure Hydrocephalus

). Virhammar, ‘““'K. Laurell, “”A. Ahlgren, and ““E.-M. Larsson

BACKGROUND AND PURPOSE: Regional cerebral blood flow has previously been studied in patients with idiopathic normal pressure
hydrocephalus with imaging methods that require an intravenous contrast agent or expose the patient to ionizing radiation. The purpose
of this study was to assess regional CBF in patients with idiopathic normal pressure hydrocephalus compared with healthy controls using
the noninvasive quantitative arterial spin-labeling MR imaging technique. A secondary aim was to compare the correlation between
symptom severity and CBF.

MATERIALS AND METHODS: Differences in regional cerebral perfusion between patients with idiopathic normal pressure hydrocephalus
and healthy controls were investigated with pseudocontinuous arterial spin-labeling perfusion MR imaging. Twenty-one consecutive
patients with idiopathic normal pressure hydrocephalus and 21 age- and sex-matched randomly selected healthy controls from the
population registry were prospectively included. The controls did not differ from patients with respect to selected vascular risk factors.
Twelve different anatomic ROIs were manually drawn on coregistered FLAIR images. The Holm-Bonferroni correction was applied to
statistical analyses.

RESULTS: In patients with idiopathic normal pressure hydrocephalus, perfusion was reduced in the periventricular white matter (P <.001),
lentiform nucleus (P < .001), and thalamus (P < .001) compared with controls. Cognitive function in patients correlated with CBF in the
periventricular white matter (r = 0.60, P < .01), cerebellum (r = 0.63, P < .01), and pons (r = 0.71, P < .00I).

CONCLUSIONS: Using pseudocontinuous arterial spin-labeling, we could confirm findings of a reduced perfusion in the periventricular
white matter, basal ganglia, and thalamus in patients with idiopathic normal pressure hydrocephalus previously observed with other
imaging techniques.

ABBREVIATIONS: ASL = arterial spin-labeling; DWMH = deep white matter hyperintensities; iNPH = idiopathic normal pressure hydrocephalus; MMSE =
Mini-Mental State Examination; QRAPMASTER = Quantification of Relaxation Times and Proton density by Multiecho acquisition of a saturation recovery with Turbo

spin-echo Readout

diopathic normal pressure hydrocephalus (iNPH) is a condi-
tion with balance and gait disturbances, cognitive dysfunction,
and urinary incontinence.' The symptoms can be reversed with
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implantation of a shunt system, with improvement in 50%—80%
of patients.”™

Regional CBF has been assessed in patients with iNPH to find
explanations for the pathophysiology and in search of better
methods to identify shunt responders. Several studies have shown
reduced perfusion in the frontal cortex, periventricular WM, basal
ganglia, thalamus, and cerebellum in patients with iNPH compared
with controls, but the results have been divergent.”'" In a recent
study, reduced hippocampal CBF was reported as well.”

These previous studies have used different methods to esti-
mate CBF: SPECT, PET, DSC MR imaging, and CT perfu-
sion.>”!'>!'? These methods require administration of a radioac-
tive tracer or a contrast agent, and SPECT, PET, and CT expose
the patient to ionizing radiation.

Pseudocontinuous arterial spin-labeling (ASL) is an MR im-
aging technique with the advantage of allowing quantitative mea-
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Y

Final sample
21 iNPH patients

FIG1. Flow chart describing the inclusion process of patients.

surements of CBF without injection of any contrast agent.'* The
method is completely noninvasive, with a relatively short scan
time (~5 minutes) and can therefore easily be added to a standard
MR imaging protocol. To the best of our knowledge, no previous
study has investigated differences in CBF between healthy con-
trols and patients with iNPH with an ASL technique.

The purpose of this study was to use ASL to investigate
whether regional cerebral perfusion is reduced in patients with
iNPH compared with healthy controls and whether the level of
clinical symptoms correlates with CBF.

MATERIALS AND METHODS

Patients and Healthy Controls

Sixty patients were prospectively and consecutively recruited
from the waiting list of patients referred to Uppsala University
Hospital for evaluation of suspected iNPH. Nine patients were
excluded for participating in an ongoing multicenter study of the
CSF tap test. Patients with complete inability to walk were ex-
cluded because of the intention to study the relationship between
CBF and gait and balance function. Other exclusion criteria were
secondary or congenital hydrocephalus, contraindications to MR

2082 Virhammar Nov 2017 www.ajnr.org

imaging, older than 84 years of age, se-
vere cognitive dysfunction with an in-
ability to give informed consent, refusal
to undergo evaluation or shunt surgery,
and gait problems that could be ex-
plained by other known diseases. The in-
clusion process is illustrated in the flow
chart (Fig 1). Of the 26 patients exam-
ined clinically, 17 were classified as hav-
ing probable iNPH according to the
iNPH guidelines.'” Six patients were
classified as having possible iNPH, 1 be-
cause of only 1 triad symptom (gait dis-
turbance), 1 due to severe white matter
changes, 1 because of a small cyst com-
municating with 1 of the lateral ventri-
cles, and 3 due to a history of head
trauma, probably unrelated to the hy-
drocephalus. Three patients were con-
sidered unlikely to have iNPH, 2 because
of symptoms of Parkinson disease and 1
with an aqueductal stenosis. The pa-
tients examined in this study have been
described in detail in a previous study.'®
Controls were randomly recruited
from the county of Uppsala using the
Swedish population registry and were
matched with patients with respect to age
(=2 years) and sex. Exclusion criteria were
any known neurologic disease, stroke, di-
abetes mellitus, history of myocardial
infarction that required acute treatment
orresulted in persistent electrocardiogram
changes, dependence on walking aids, or
any terminal disease. Antihypertensive
medication, aspirin, and common pain
medications were allowed. Information was sent to 105 potential
elderly controls. Forty-nine did not reply; 31 responded that they did
not want to participate or could not participate according to the
exclusion criteria. The remaining 25 accepted participation and were
examined clinically by a neurologist. MR imaging examination was
not possible in 2 of the 25 controls because the MR imaging scanner
was upgraded before those 2 controls were examined, and another 2
controls did not match any patient. Thus, a total of 21 matched pairs
of patients (15 with probable iNPH and 6 with possible INPH) and
controls were available and included in the statistical analysis. The
study was approved by the local ethics committee in Uppsala, Sweden.

Clinical Examination

Neurologists, especially trained physiotherapists, and occupational
therapists performed the clinical examinations. Besides a standard
neurologic examination, the tests included the modified Rankin
Scale, Mini-Mental State Examination (MMSE), incontinence
scale,'” Romberg test, and time and number of steps required to walk
10 m at a maximum pace. Tests of motor function were performed
twice, and the mean result was used in the statistical analyses.



FIG2. Example of ASL perfusion maps from a healthy control without (A) and with (B) smoothing,
as well as from a patient with iNPH without (C) and with (D) smoothing.

Imaging

Details of the imaging method, scanner protocol, and postpro-
cessing have been described previously.'® The first MR imaging
was performed between 8:00 aM and 10:00 am. The second MR
imaging was performed 60 minutes after the first scan to assess the
repeatability of the method. The patients left the scanner after the
first investigation. Between the investigations, the patients rested
in the supine position in a quiet, isolated room next to the scan-
ner. The patients were not allowed to use caffeine on the day of the
MR imaging, and all transportation was performed with the pa-
tient in bed or in a wheelchair to minimize variations in CBF.

Healthy controls were only examined once with MR imaging.

Scanner and Imaging Protocol

Imaging was performed with a 3T MR imaging scanner (Achieva;
Philips Healthcare, Best, the Netherlands) with a 32-channel head
coil. A 3D T1-weighted gradient-echo and a T2-weighted FLAIR
sequence were included in the protocol. Perfusion MR imaging
was performed with a background-suppressed pseudocontinuous
ASL sequence, with a single-shot echo planar imaging readout,
with the following protocol: FOV = 264 X 264 mm?, in-plane
resolution = 2.75 X 2.75 mm?, section thickness = 5 mm, num-
ber of sections = 20, TR = 4100 ms, TE = 14.5 ms, label dura-
tion = 1650 ms, postlabeling delay = 1600 ms, and 30 repetitions.

To allow quantitative CBF values, we
obtained a fast reference scan.

Synthetic MR imaging data were
acquired with the multisection, multi-
echo, and multisaturation delay sequence
Quantification of Relaxation Times and
Proton density by Multiecho acquisition
of a saturation recovery with Turbo spin-
echo Readout (QRAPMASTER).'® Be-
cause of technical problems, synthetic MR
imaging data were not acquired in 2 pa-
tients and in 1 control.

Perfusion MR Imaging
Postprocessing

For perfusion quantification, the compart-
ment model proposed by Alsop and Detre
was used.'” The magnetization difference
(perfusion-weighted signal) is given by

AM =2 Moaame(l _ e*T/T]u) e*w/Tm)

where M,,,, is the arterial blood magneti-
zation, a is the labeling efficiency, f is the
perfusion, T, is the T1 of arterial blood,
7 is the labeling duration, and w is the
postlabeling delay. Labeling efficiency
was set to 70%, T
and M,,, was estimated with the signal

1o Was set to 1664 ms,
intensity of CSF (see Alsop and Detre'’
for more detail).

As an anatomic reference, the FLAIR
images were coregistered to the perfu-
sion maps by using a 12-degree affine
transform (elastix; http://elastix.isi.uu.
nl/). To minimize the effect of nonideal image coregistration and
to reduce the intrasubject variation caused by varying delineation
of regions, we spatially smoothed the CBF maps (Gaussian kernel
with 4-mm full width at half maximum, Fig 2).

ROIs and Morphologic Evaluations
Twelve different ROIs were drawn manually on transverse T2
FLAIR images using the in-house software Eval Gui (developed by
Markus Nilsson, Lund University, Lund, Sweden). We covered
the following regions: cerebellum, pons, high-convexity cortex,
medial frontal cortex, lentiform nucleus, medial temporal lobe,
supplementary motor area, thalamus, frontal WM, lateral WM,
superior WM, and periventricular WM. The number of sections and
voxels for all ROIs is listed in Table 1. Four different ROIs are illus-
trated in Fig 3, and all ROIs in both patients and controls are illus-
trated in the On-line Appendix. All sections of all scans were visually
inspected, and care was taken not to include artifacts or large vessels
in the ROIs. The ROIs were drawn by the first author (J.V., 4 years of
experience) and reviewed by the last author (E.-M.L., >30 years of
experience). When ROIs were drawn, the investigator was blinded to
the patients’ clinical data. CBF values were calculated for every voxel,
and a mean CBF was provided in each ROL

For descriptive purposes, we assessed the following morphologic
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Table 1: Cerebral blood flow values in patients and controls®

CBF (Mean) (SD)
(mL/100 g/min)

ROI Sections Voxels® CBF, Repeatability® Patients Controls P Value®
Cerebellum 2 924 (144) 0.92 20.7 (9.3) 27.2(7.0) .006
MFC 3 133 (30) 0.90 24.9 (5.6) 27.4(5]) 23
Lentiform nucleus 1 115 (15) 0.75 204 (2.7) 25.0 (4.0) <.001°
MTL 1 114 (15) 0.86 304 (5.6) 317(3.8) 86
HCC 2 1350 (459) 072 22.5(5.5) 216 (3.0) 47
Pons 3 68 (17) 0.90 22.0(7.0) 241(53) 19
SMA 2 130 (18) 072 251(5.) 252(37) 93
Thalamus 2 116 (19) 0.92 26.8(10.2) 34.1(5.6) <.001°
Frontal WM 2 41(8) 091 1.0(5.0) 107 (2.2) 76
Lateral WM 2 136 (33) 0.89 12.2(3.0) 13.8(17) .014
Superior WM 2 67(7) 0.88 14.2(5.0) 12.6(2.5) 17
Periventricular WM 1 186 (15) 0.88 8.0(2.5) 13.1(3.) <.001°

Note:—HCC indicates high-convexity cortex; MFC, medial frontal cortex; MTL, medial temporal lobe; SMA, supplementary motor area.
?Data are mean with SD in parentheses unless otherwise indicated.
5 Mean (SD) voxels in each ROI in patients.

¢ Repeatability of perfusion measurements between the 2 baseline investigations using the intraclass correlation coefficient.
9 Unadjusted P values tested with the paired-samples t test.
€ Significant after Holm-Bonferroni correction.

FIG3. FLAIRimages that were coregistered to the ASL images and used to draw ROls. A-D, Healthy controls. E-H, Patients with iNPH. A and E,
High-convexity cortex. B and F, Lateral periventricular WM. C and G, Frontal WM. D and H, Superior WM. AllROls above were drawn in 2 adjacent

sections, 1 of which is shown here.

20 1

MR imaging features: the Evans index,”” the callosal angle,”' and
deep white matter hyperintensities (DWMH) according to the visual
grading scale of Fazekas et al.**> Disproportionately enlarged sub-
arachnoid space hydrocephalus was defined as a combination of en-
larged ventricles (Evans index of >0.3), narrow sulci at the high con-
vexity or parafalcine and dilated Sylvian fissures (Table 2).” The
measurements of morphologic features were performed by the last

author (E.-M.L.). She was blinded to CBF data.

Volumetric Measurement
Measurements of CSF volumes were performed by using the
QRAPMASTER sequence,'® which provides quantification of
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longitudinal relaxation time (T1), transverse relaxation time
(T2), and proton density. The software SyMRI Brain Studio (Syn-
theticMR, Linkdping, Sweden) uses combinations of T1, T2, and
proton density to estimate voxelwise partial volumes of GM, WM,
and CSF, which allow volumetric estimation of these tissues. The
volume of both lateral ventricles was calculated semiautomati-
cally in both patients and controls after manual delineation on
each section that included the lateral ventricles.

Statistical Analysis
The mean CBF in each ROI from the 2 scans of the patients was
used in the statistical analyses. Each patient was paired with an



Table 2: Demographics and background data in patients and controls®

quent null hypotheses are also deemed

Patients (n = 21) Controls (n =21) PValue  notrejected, resulting in an effective sig-

Age (median) (range) 74 (65-81) 74 (65-82) NS® nificance threshold. With a = .05, the
No. of men (%) 11(52%) 11(52%) NS* ,  cffective significance threshold for ROI
A3 25 (22-27) 30(29-30) =001 q analysis in patients and controls was P <
Urgency scale 3(1-4) 101 <.001 006, Correlati d 1
Modified Rankin Scale score 2(2-3) 0(0-0) <.001¢ 006. Correlations were tested among a
Romberg test (sec) 18 (4-60) 60 (60—60) <.001¢ 12 ROIs, and the 4 clinical tests as well as
10-m Walk time (sec) 12 (8-17) 5 (5-6) <.001 the 4 morphologic imaging features.
10-m Walk (No. of steps) 22 (16-30) 12 (1-13) <~001: Only correlations with r > 0.60 were
Evans index score 0.35(0.34-0.39) 0.28(0.24-0.30) <40(211 considered strong and included in the
DWMH 1(-3) 1(-2) NS | . L anal
DESH (No.) (%) 14 (67%) 0(0%) < 00 results sec.tlon. A an? Y.ses were p.er—
Callosal angle 66° (60°~73?) 113° (104°-121%) <.001d formed with SPSS Statistics for Macin-
Lateral ventricular volume (mL) 130 (111-136) 31(24-54) <.001¢ tosh, Version 22.0 (IBM, Armonk, New

Note:—DESH indicates disproportionately enlarged subarachnoid space hydrocephalus; NS, not significant. York).

#Unless indicated otherwise, data are median, with interquartile range in parentheses.

© Mann-Whitney U test.

€ McNemar test. RESULTS

9 Wilcoxon signed rank test. Background Data

Cerebellum= ————
MFC+ —_——
Lentiform n.4 —e— *
MTLq +———
HCCH I—c—l
Pons= l-‘—-o—-l
SMA-S ——
Thalamus+ . s | *
Frontal WM+ —e—
Lateral WM+ |—.—|
Superior WM+ i—.—|
Periventricular WM+ —e— *
3 S o o R

Cerebral blood flow (mL/100g/min)

FIG 4. Mean difference with 95% Cl between patients with iNPH and
healthy controls. MFC indicates the medial frontal cortex; HCC, high-
convexity cortex; MTL, medial temporal lobe; SMA, supplementary
motor area. The asterisk indicates a significant difference after Holm-
Bonferroni correction.

age- and sex-matched control. A paired-samples ¢ test was used
for the difference in CBF between patients and controls. Differ-
ences in descriptive data and comorbidity were analyzed with the
Wilcoxon signed rank test or the McNemar test. Difference in age
was tested with the Mann-Whitney U test. Correlations were as-
sessed with the Spearman correlation. An intraclass correlation
coefficient (2-way mixed, single measures) was used to calculate
the repeatability of CBF between the 2 investigations in patients.
For the analysis of CBF in patients and controls in the 12 ROIs, the
Holm-Bonferroni correction for multiple comparisons was ap-
plied to reduce type I errors. Holm-Bonferroni correction works
by sorting the N P values from the multiple tests and testing the
smallest P value against a/N, the second smallest against o/(N-1),
and so on. As soon as a null hypotheses is not rejected, all subse-

The radiologic morphologic measure-
ments and the results of gait and balance tests, urgency, and
MMSE differed markedly between patients and healthy con-
trols (Table 2). However, there were no significant differences
between patients and controls concerning age, the radiologic
finding DWMH, and the use of antihypertensive drugs, acetyl-
salicylic acid, antidiabetic drugs, or statins, and there were no
differences in the history of stroke, traumatic brain injury,
meningitis, and previous or present smoking.

Cerebral Blood Flow

The CBF in all patients and controls is presented in Table 1. In
patients, the CBF was significantly lower in the periventricular
WM, lentiform nucleus, and thalamus after Holm-Bonferroni
correction (Fig 4). In 3 patients with iNPH, the ASL maps con-
tained vascular artifacts and apparent hypoperfusion in the brain
parenchyma. If these 3 patients were excluded from statistical
analyses, CBF was still significantly lower in patients in the
periventricular WM, lentiform nucleus, and thalamus. There was
no difference in age or symptom severity among the 3 patients
with vascular artifacts compared with the other patients.

Morphologic Features and CBF

In controls, there were negative correlations between the Evans
index and perfusion in frontal WM (r = —0.75, P < .001), lateral
WM (r = —0.73, P < .001), and periventricular WM (r = —0.66,
P < .01). In controls, there were also negative correlations be-
tween quantified lateral ventricular volume with Synthetic MR
imaging and perfusion in the frontal WM (r = —0.72, P < .001),
lateral WM (r = —0.67, P <.01), periventricular WM (r = —0.65,
P <.01), and medial frontal cortex (r = —0.61, P <<.01). There were
no correlations between ventricular volume and CBF in patients.

Clinical Symptoms and CBF

In patients, the MMSE score correlated significantly with CBF in
the pons (r = 0.71, P <.001), cerebellum (r = 0.63, P < .01), and
periventricular WM (r = 0.60, P < .01), but not in controls.
Neither in patients nor in controls did gait, balance, or urgency
incontinence correlate with CBF values. See On-line Tables 1 and
2 for all correlation coefficients in patients.
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Repeatability

Repeatability for the CBF values obtained in the 2 investigations
in patients is presented in Table 1 as intraclass correlation coeffi-
cients. The intraclass correlation coefficients were in the range of
0.72-0.92.

Volumetric Measurement

The median lateral ventricular volume in patients was signifi-
cantly larger than in controls, 130 mL (interquartile range = 111—
136 mL) and 31 mL (interquartile range, 24—54 mL), respectively.

DISCUSSION

In this study, pseudocontinuous ASL, a noninvasive perfusion
method without ionizing radiation or contrast agent, was used to
compare cerebral perfusion between patients with iNPH and
healthy controls. In agreement with previous studies using ana-
tomic ROIs in patients with iNPH, CBF was reduced in the
periventricular WM, basal ganglia, and thalamus.>” There was a
trend indicating that CBF was also reduced in the cerebellum in
patients with iNPH, but the difference was not significant after
Holm-Bonferroni correction. In patients, MMSE correlated sig-
nificantly with CBF in the pons, cerebellum, and periventricular
WM. The repeatability of the CBF measurements was acceptable
to high, which strengthens our findings.

In the present study, reduced CBF in patients with iNPH was
found in the basal ganglia, thalamus, and periventricular WM,
whereas previous studies also reported hypoperfusion in the fron-
tal cortex, temporal lobes, and cerebellum.>”'? The more conser-
vative correction for multiple analyses performed in our study
could be one explanation for this difference, but another could be
differences in the selection of healthy controls as well as the dif-
ference in imaging methods.

The mechanism of the reduced regional CBF in iNPH is likely
multifactorial. One hypothesis is that transependymal passage of
CSF into the parenchyma leads to reversal of interstitial fluid flow,
initiating local CSF edema in the periventricular WM. The accu-
mulation of interstitial fluid may cause local compression of small
vessels and, more important, reduce elimination of vasoactive
metabolites. The region mainly affected by hypoperfusion, ac-
cording to this hypothesis, should be the periventricular WM,
which is in line with our results and has also been reported by
others.”” The reduced CBF in the thalamus and lentiform nucleus
may be an indirect result of periventricular WM edema, by affect-
ing the penetrating arteries that supply the thalamus and lenti-
form nucleus.

The supplementary motor area, basal ganglia, thalamus, mes-
encephalon, or the white matter tracts connecting these regions
have been suggested as the most important anatomic structures
behind gait and balance disturbances in patients with iNPH.>***
There were no correlations between gait function and CBF in the
present study. These findings indicate that the etiology of the gait
disturbance in iNPH is complex and might be caused by factors
other than reduced CBF.

However, there were correlations in the present study between
impaired cognitive function measured with MMSE and reduced
CBF in the pons, cerebellum, and periventricular WM. Perfusion
in the brain stem has not been well-studied in iNPH, but Tullberg
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et al*® reported a relative CBF increase in the mesencephalon in
patients with improved wakefulness after shunt surgery. Distur-
bances in cognitive function, especially in attention and executive
ability, have been reported after insults to the pons,*® and such
symptoms are often seen in iNPH as well.”” The connection be-
tween impaired cognitive function and reduced CBF in the cere-
bellum is harder to explain; however, there are reports that the
cerebellum is involved in cognitive function.”®*’

Hypertension and vascular risk factors®® and MR imaging ev-
idence of vascular disease such as DWMH are overrepresented in
patients with iNPH.?! These vascular risk factors are associated
with reduced CBF??%; therefore, differences in CBF could be over-
estimated if controls are a highly selected sample of healthy el-
derly. In the present study, the controls were randomly selected
from the population, with a limited number of exclusion criteria.
There was no significant difference in the burden of DWMH or
the use of acetylsalicylic acid or antihypertensive drugs between
patients and controls, which strengthens our findings.

In controls, there were correlations between the size of the
lateral ventricles and reduced CBF in WM regions. A potential
reason may be asymptomatic small-vessel disease with reduction
of WM volume and secondary dilation of the lateral ventricles,
indicating that even moderately enlarged ventricles may not be
considered a normal aging phenomenon.

The pseudocontinuous ASL technique has some advantages
compared with other perfusion methods. The repeatability in
healthy controls and in patients with Alzheimer disease is high,
and CBF values have been validated against PET.” Like PET,
perfusion values can be quantified. Therefore, no reference re-
gions are needed to calculate relative perfusion values. In SPECT
and DSC perfusion, relative values are used, with the risk that
pathologic perfusion in the reference regions may affect the rela-
tive perfusion values. In a recent study, CT perfusion was evalu-
ated in iNPH and may be a promising alternative because it is
available in many sites and is not as sensitive to artifacts from the
shunt valve after shunt implantation as with MR imaging.®

In the iNPH guidelines from 2005, the SPECT-acetazolamide
challenge is the only perfusion method mentioned as a supportive
diagnostic technique.'"” A SPECT-acetazolamide challenge re-
quires a separate imaging investigation, is time-consuming, and
exposes the patient to ionizing radiation from the injected tracer.
The ASL sequence is rapid and noninvasive; these features make it
ideal for research studies in patients with iNPH, but the diagnostic
value of the method is uncertain. Although CBF differences were
found between patients and controls on a group level, the effect
may not be large enough in individual cases to allow the use of
ASL as a supportive diagnostic technique in clinical routine.

The strength of this study was that prospectively and consecu-
tively included patients were compared with age- and sex-matched
controls who were randomly selected from the population.

Some limitations need to be considered. Three patients had a
high intravascular signal with low signal intensity in the brain
parenchyma, probably due to a longer arterial transit time than
postlabeling delay.** Statistical analysis with and without these 3
patients did not show any significant differences; therefore, we
chose not to exclude them. Individually optimized postlabeling



delays would be preferable in elderly patients with pathologic
CBF.

The CBF values in both our patients and controls were low
compared with those reported in PET studies,”” but they were in
line with other ASL studies in patients with iNPH.>® Also, it has
been reported that quantified perfusion values are underesti-
mated in elderly individuals with ASL.>” Our main results were
probably not affected by this limitation because we compared
patients with age-matched controls.

White matter perfusion estimation with ASL is challenging,
due to alonger arterial transit time and lower blood volume com-
pared with gray matter. Thus, the WM perfusion signal had a low
signal-to-noise ratio, and the corresponding results should be
treated with some caution. On the other hand, 2 recent studies
suggest that though pixel-wise analysis is challenging, ROI-based
analysis of WM perfusion is feasible in single subjects.’®>* This
finding increases the credibility of our group-level results based
on ROI analysis in 21 patients and 21 controls.

Spatial smoothing was applied to reduce the effects of nonideal
coregistration but can potentially introduce partial volume effects
on CBF measurements. This might have influenced the results of
small ROIs with contamination of data from surrounding tissue.

The MMSE cognitive test used in this study may underesti-
mate subcortical deficits that are very relevant in iNPH. More
sophisticated neuropsychological tests could have revealed more
information about the relationship between cognition and CBF in

both patients and controls.*’

CONCLUSIONS

Pseudocontinuous ASL was used to compare perfusion of pa-
tients with iNPH versus healthy controls. In patients, perfusion
values were reduced in the periventricular WM, basal ganglia, and
thalamus, and there was a correlation between cognitive dysfunc-
tion and reduced CBF. Because ASL is a noninvasive quantitative
perfusion method without ionizing radiation or contrast agent, it
is a suitable perfusion method for research studies in patients with
iNPH.
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ORIGINAL RESEARCH
ADULT BRAIN

Prevalence of Intracranial Aneurysms in Patients with
Aortic Dissection
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ABSTRACT

BACKGROUND AND PURPOSE: There is an uncertainty about the association between intracranial aneurysms and aortic dissection. We
aimed to determine the prevalence of intracranial aneurysms in patients with aortic dissection and evaluate the independent risk factors
for the presence of intracranial aneurysms in these patients.

MATERIALS AND METHODS: Seventy-one patients with a confirmed aortic dissection who underwent additional brain imaging were
enrolled as the aortic dissection group, and 2118 healthy individuals with brain imaging, as controls. Demographic data were obtained from
their medical records, including age, sex, comorbidities, and arch vessel involvement of aortic dissection. Two readers reviewed all brain
images independently regarding the presence, morphology, size, and location of intracranial aneurysms. Baseline characteristics were
compared between the aortic dissection group and controls by propensity score matching, and logistic regression analysis was performed
for independent risk factors for the presence of intracranial aneurysms.

RESULTS: The prevalence of intracranial aneurysms was 12.96% in the aortic dissection group and 1.85% in controls (P = .022). The mean
diameter of intracranial aneurysms was significantly larger in the aortic dissection group (5.79 = 3.26 mm in aortic dissection versus 3.04 =
1.57 mm in controls; P = .008), and intracranial aneurysms of >7 mm were also more common in the aortic dissection group (28.6% in aortic
dissection versus 5.3% in controls, P = .003). On multivariate analysis, arch vessel involvement of aortic dissection was an independent risk factor
for the presence of intracranial aneurysms (odds ratio, 6.246; 95% confidence interval, 1472-26.50; P = .013).

CONCLUSIONS: Patients with aortic dissection have a high prevalence of intracranial aneurysms, and selective screening for brain vessels
could be considered in these patients with arch vessel involvement. A further prospective study is needed to demonstrate a substantial

prevalence of intracranial aneurysms.

ABBREVIATIONS: AD = aortic dissection; IA = intracranial aneurysm

I ntracranial aneurysms (IAs) are found in approximately 3% of the
general population,' and IA rupture with subarachnoid hemor-
rhage is a life-threatening event with substantial morbidity and mor-
tality.>” With the advancement of the imaging modalities, early di-
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agnosis of IA is relevant, especially in at-risk patients with selected
conditions associated with an increased occurrence of As.”

TAs and aortic diseases are different disease entities but have a
similar pathophysiologic mechanism, which may be caused by
excessive hemodynamic stress to the vessel wall or genetic factors
for vascular fragility. The guidelines for unruptured IAs* have
suggested that there is an increased the risk of aneurysm forma-
tion in some aortic pathologies such as bicuspid aortic valve and
coarctation of the aorta. Recently, some authors®” have pub-
lished the link between IA and aortic aneurysm, which showed an
IA incidence of 9%-11% in patients with aortic aneurysms. How-
ever, there are a limited number of genetic or experimental stud-
ies®'? and case reports' '™ for the association between IA and
aortic dissection (AD).

Therefore, we aimed to demonstrate the prevalence of TA in
patients with AD and investigate independent risk factors for the
presence of IA in these patients.
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MATERIALS AND METHODS

Patients

After approval of the institutional review board (Gangnam Sev-
erance Hospital) for this retrospective study, informed consent
was waived. Patients with AD were recruited from the medical
data base of this tertiary hospital between January 2009 and June
2016. Inclusion criteria for the AD group were as follows: 1) pa-
tients with a confirmed AD as the indication for the CT angiog-
raphy of the aorta; and 2) patients with AD who had undergone
additional brain imaging such as brain CTA or MR angiography
for the evaluation of any neurologic symptoms and follow-up of
known IAs. Exclusion criteria were patients with traumatic AD
and known connective tissue diseases such as Marfan, Ehlers-
Danlos, and Loeys-Dietz syndromes.

Among healthy individuals at the Health Promotion Center of
our tertiary hospital between January 2011 and December 2012,
those who paid for their brain imaging at their own expense were
consecutively enrolled as a control group. This Health Promotion
Center was not advertised, and each examinee voluntarily decided to
visit and choose brain imaging for his or her health examination.

We obtained demographic data of all patients from medical
records: age, sex, and comorbidities (hypertension, diabetes, hy-
perlipidemia, and smoking); history of cerebrovascular disease,
including intracerebral hemorrhage or cerebral infarction; and
arch vessel involvement. Arch vessel involvement was defined as
extension of the AD into any cervicobrachial vessels, such as the
right brachiocephalic artery, left common carotid artery, or left
subclavian artery.

Image Acquisition

Brain CTA was performed with a 128-channel multidetector CT
scanner (Somatom Definition AS+; Siemens, Erlangen, Ger-
many) with iopromide (Ultravist 370 mg iodine/mL; Schering
Korea, Seoul, Korea). The imaging parameters were as follows: an
exposure setting of 120 kV and 140 mA with automatic tube cur-
rent modulation (CARE Dose4D; Siemens), a collimation of 64 X
0.6 mm, a section acquisition of 128 X 0.6 mm, and a pitch of
0.45. The imaging volume ranged from the vertex of the skull to
the posterior arch of the C1 vertebra.

Brain MRA was performed with a 3T scanner (Discovery
MR?750; GE Healthcare, Milwaukee, Wisconsin). 3D time-of-
flight MRA protocol parameters were as follows: TR/TE, 23/2.5
ms; flip angle, 20°% FOV, 210 X 185 mm; 4 slabs (176 sections);
section thickness, 1.4 mm; matrix, 416 X 224; and acquisition
time, 5 minutes 9 seconds.

All axial source data of CTA and MRA were reconstructed for
the maximum intensity projections (axial, sagittal, and coronal)
and volume-rendered images of the cerebral arteries.

Image Analysis
Two experienced neuroradiologists (S.H.S., S.J.A.) reviewed the
axial brain images independently on the PACS, together with all
reconstructed images of the brain vessels. The presence of IAs was
determined in a consensus reading, and any clinical information
or knowledge about this study was not provided to the readers.
TA was defined as an abnormal focal outpouching of the cere-
bral artery on brain CTA or MRA."* Aneurysm size was measured
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by the largest diagonal diameter. Aneurysm locations were classi-
fied as the internal carotid artery, anterior cerebral artery includ-
ing the anterior communicating artery, middle cerebral artery,
and vertebrobasilar artery; and the morphology of the aneurysm
was categorized as saccular or fusiform.

Statistical Analysis

Differences between the AD group and controls were evaluated
with a x* or Fisher exact test for all categoric variables and an
independent 2-sample ¢ test for all continuous variables. Simple
logistic regression analysis was performed to determine indepen-
dent risk factors for the presence of IA in the AD group. Multiple
logistic regression analysis was performed on variables with an
unadjusted effect and P < .05 on simple logistic regression anal-
ysis. P < .05 was considered statistically significant. All statistical
analyses were performed with SAS, Version 9.2 (SAS Institute,
Cary, North Carolina).

Propensity score matching was performed to minimize the
intergroup difference in baseline characteristics. The propensity
score was developed with multiple logistic regression with respect
to age, sex, hypertension, diabetes mellitus, hyperlipidemia,
smoking, and a history of cerebrovascular disease. Using the pro-
pensity score of each patient, we matched a selected case with
controls by a 1:2 matching. The nearest-neighbor-matching algo-
rithm with a “greedy method” was used to match patients. After
patient matching, we performed the paired f and McNemar tests.
Balance between both groups for each variable was evaluated by
propensity score distributions, and absolute standardized differ-
ences before and after matching were calculated. After patient
matching, absolute standardized differences of <0.10 implied
good balance between both groups.

RESULTS

Baseline Characteristics

A total of 505 patients with confirmed AD were collected between
January 2009 and June 2016 (Fig 1). Patients without brain imag-
ing (n = 425), patients with traumatic aortic dissection (n = 6),
and those with Marfan disease (n = 3) were excluded from this
study. Of these patients, 71 with brain imaging were enrolled as
the AD group. Brain CTA was performed in 27 patients (38%),
and brain MRA, in 44 (62%). Among 71 patients, 45 (63.38%)
underwent brain imaging for the evaluation of nonspecific neu-
rologic symptoms; 23 (32.39%), for the evaluation of headache;
and 3 (4.23%), for the follow-up imaging of surgically clipped IA.

Of potential controls with a health examination, 2118 with
brain MRA were enrolled as the controls.

As shown in Table 1, the mean age of the AD group was signifi-
cantly higher than that of controls (58.6 = 13.6 years versus 53.9 *
9.6 years, respectively; P = .004). Hypertension (60.6% in AD versus
29.4% in controls, P < .0001) and cerebrovascular disease history
(21.1% in AD versus 0.94% in controls, P < .0001) were significantly
associated with the AD group. After a 1:2 matching, there was no
significant difference between both groups regarding age, sex, co-
morbidities, or cerebrovascular disease history.

Among 71 patients with AD, 46 were included in the Stanford
type A group (64.8%) and 25 were type B (35.2%). Among 14
patients with AD and IA, 9 were included in the Stanford type A
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FIG 1. Flowchart of the study population.
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Table 1: Comparison of baseline characteristics between the overall and matched study population

Overall® Matched®
Total AD Group Controls P Total AD Group Controls P

Characteristics (n =2189) (n=71) (n=2118) Value (n=162) (n=54) (n=108) Value
Presence of 1A (No.) (%) 93 (4.25) 14 (19.72) 79 (3.73) <.0001 9 (5.55) 7 (12.96) 2(1.85) .022
Age (mean) 5403 £978 5866 =13.6 53.87 =9.59 .004 59.20 =11.73 5898 =13.09 59.31 =11.05 .808
Female sex (No.) (%) 963(43.99)  33(4648) 930 (43.9)) 668 67(4136) 24 (44.44) 43(39.81) 189
Hypertension (No.) (%) 665(30.38)  43(60.56)  622(2937) <.0001  67(4136) 24 (44.44) 43(39.8]) 43
DM (No)) (%) 246 (11.24) 5(7.04) 241(11.38) 255 97 (59.88) 31(57.41) 66 (61.1) 436
Hyperlipidemia (No)) (%) 191(8.73) 2(2.82) 189 (8.92) 073 15(9.26) 4(7.41) 11(10.9) 33
CVD (No)) (%) 35(16) 15 (21.13) 20(0.94)  <.0001 5(3.09) 1(01.85) 4(37) >.9999
Smoking (No.) (%) 725 (33.12) 15 (21.13) 710 (33.52) 087  127(7839) 43(79.63) 84(7778) 0732

Note:—DM indicates diabetes mellitus; CVD, cerebrovascular disease.
2P values before matching were calculated with a x* or independent 2-sample ¢ test.
© P values after matching were calculated with the McNemar or paired t test.

group (64.2%) and 5 were type B (35.8%). In the AD group, arch
vessel involvement was found in 14: 6 of 14 patients with IA
(42.8%) and 8 of 57 patients without IA (14%).

Prevalence and Characteristics of IA
IAs were found in 14 of 71 patients with AD (19.72%) versus 79 of
2118 controls (3.73%), which was significantly different (P <
.0001). After propensity score matching, there were [As in 7 of 54
patients with AD (12.96%) versus 2 of 108 controls (1.85%),
which also showed a significant difference (P = .022).

In Table 2, multiple IAs were noted in 11 of 79 controls and not
in the AD group. Of these 11 controls, 2 IAs were found in eight; 3
IAs, in 1;and 4 IAs, in 2. All TAs were saccular except 1 fusiform IA in
acontrol. The mean diameter of IAs was significantly larger in the AD
group (5.79 * 3.26 mm in AD versus 3.04 = 1.57 mm in controls,
P = .008), and IAs of >7 mm were also more common in the
AD group (28.6% in AD versus 5.3% in controls, P = .003). In the
AD group, IAs were frequently situated in the MCA (35.7%
in AD versus 8.4% in controls, P = .012) or vertebrobasilar
artery (21.4% in AD versus 2.1% in controls, P = .015), while
ICA aneurysms were more common in the controls (77.9% in
controls versus 28.5% in AD, P < .001).

Independent Risk Factors for the Presence of IA in the

AD Group

Univariate analysis showed that arch vessel involvement (OR,
4.594;95% CI, 1.257-16.78; P = .021) was significantly correlated

Table 2: Characteristics of intracranial aneurysms between the
AD group and controls

AD Group  Controls® P
Characteristics (n=14) (n=95) Value
Location
MCA 5(35.7) 8(8.4) on
ACA 2(14.3) 1(1.6) 673
ICA 4(285)  74(77.9)  <.0001
VBA 3(214) 2(2]) 015
Aneurysm size
Mean diameter (mm) 579 £326 3.04*+157 .008
=7 mm 4(28.6) 5(5.3) 003
Aneurysm morphology
Saccular type 14.(100) 94 (98.9)
Arch vessel involvement 6(42.8) 0
Diagnostic imaging modality
Brain CTA 7(50) 0
Brain MRA 7(50) 95 (100)

Note:—ACA indicates anterior cerebral artery; VBA, vertebrobasilar artery.
@ Multiple aneurysms in 11 of 79 controls: 2 IAs in 8, three IAs in1,and 4 IAs in 2.

with the presence of IAs. On multivariate analysis, arch vessel
involvement (OR, 6.246; 95% CI, 1.472-26.50; P = .013) was also
significantly associated with the presence of IAs (Table 3).

Relationship between Arch Vessel Involvement and IAs
Five of 6 patients and AD and arch vessel involvement showed
right brachiocephalic artery involvement, and in 4 of these 5 pa-
tients, an TA was detected in the ipsilateral ICA, MCA, or VA
(Table 4).
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Table 3: Independent predictors of intracranial aneurysms in the AD group

strated size (>7 mm) and location (pos-

Univariate Multivariate terior cerebral distribution) of the
Predictors OR (95% Cl) P Value OR (95% Cl) PValue  aneurysm as independent predictors of
Female sex 0.833(0.256-2.71) 762 IA rupture. In a pooled analysis of 6 pro-
Age 1.028 (0.982-1.077) 232 spective cohort studies,'” predictors of
Hypertension 2.865(0.721-11.38) 135 aneurysm rupture were also aneurysm
SBP 1.007 (0.987-1.028) 473 . o
o 1027 (0.994-1.063) - size (>7 mm), location including the
Diabetes mellitus 0.576 (0-3.374) 643 vertebrobasilar artery, and ethnic differ-
Hyperlipidemia 0.765 (0.018-33.015) 889 ence. Although the treatment of unrup-
CVD 1.673 (0.441-6.345) 449 tured IAs is still controversial, clinicians
Smoking 0.341(0.014-8.188) 507 should consider the likelihood of TA
Arch vessel involvement  4.594 (1.257-16.78) .021 6.246 (1.472-26.5) .013

rupture during an aortic operation for

Note:—SBP indicates systolic blood pressure; DBP, diastolic blood pressure; CVD, cerebrovascular disease.

Table 4: Summary of the association between arch vessel
involvement and intracranial aneurysm location in 6 patients
with AD

Involved IA Size
Arch Vessels IA Location (mm)
Right BCA, left SCA Right VA 1l
Right BCA, left CCA Right MCA bifurcation 4
Right BCA Right cavernous ICA 9
Right BCA Right cavernous ICA 9
Left CCA, Left SCA Right MCA bifurcation 6
Right BCA Anterior communicating 5

artery

Note:—BCA indicates brachiocephalic artery; CCA, common carotid artery; VA, ver-
tebral artery.

DISCUSSION
This study showed a much higher prevalence of IAs in patients
with AD than in the control group or general population.' In the
AD group, IAs of >7 mm in diameter were frequently found, and
IAs were located predominantly within the MCA or vertebrobasi-
lar artery. An independent risk factor for the presence of IAs in
patients with AD was arch vessel involvement.

After propensity score matching, IA prevalence was estimated
at 12.96%, which was 7 times higher than that in the controls and
was comparable with that in patients with various aortic dis-

>6:13:16 Compared with the general population,' TA preva-

eases.
lence in this study was much higher by 4-fold. Curtis et al'> de-
scribed a 10.3% prevalence in patients with coarctation of the
aorta, and Schievink et al'® evaluated 9.8% in the bicuspid aortic

valve. Some authors™®

reported >11% of IA concurrence in patients
with aortic aneurysm. To our knowledge, this is the first retrospective
study to determine IA prevalence in patients with AD.

Although the reason for the high IA prevalence in patients with
AD is unclear, recent studies proposed several potential explana-
tions for the association between IAs and AD. Regalado et al'’
suggested the possibility of a genetic link between IA and thoracic
aortic aneurysm and dissection in a cohort of 514 families, in
which 29 TAs were found. They found an autosomal dominant
inheritance between IA and thoracic aortic aneurysm and dissec-
tion. In addition, hypertension was a major risk factor of AD and
IA.*"” Fukuda et al® demonstrated that both IA and AD were
caused by chronic inflammation of the arterial wall in hyperten-
sive rats treated with the prostaglandin receptor antagonist.

In this study, IAs of >7 mm were frequently found in the AD
group, and they were located predominantly in the MCA or ver-
tebrobasilar artery. Several large-cohort studies'*'® demon-
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such patients because cerebral perfusion
pressure may increase temporarily by
clamping or balloon occlusion of the aorta.'”

Our study showed that arch vessel involvement was an inde-
pendent risk factor for the presence of IA in patients with AD.
While its significance is ambiguous, experimental studies®” have
shown that vascular fragility may result from abnormal develop-
ment of neural crest—derived cells, which comprise the tunica
media of the aortic arch and its branches; and the neural crest
defect has been implicated previously in the association of aorto-
cephalic arterial dissections and congenital bicuspid aortic valves.
Inamasu et al'' recently reported a rare case of concurrent IA
rupture and acute AD of Stanford type A, in which the right bra-
chiocephalic trunk was involved. Moreover, our study showed
right brachiocephalic artery involvement of AD in 5 patients, and
IAs were detected along the ipsilateral ICA, MCA, or VA in 4 of 5,
which may be induced by altered hemodynamics in the cranial
vessels from the involvement of great vessel origins. Therefore,
selective screening for brain vessels should be weighed carefully in
these patients with arch vessel involvement.

There are several limitations in our study. First, only a small
number of patients with brain imaging were retrospectively en-
rolled, which may be a selection bias; and the possibility of over-
estimation or underestimation of IA incidence cannot be ex-
cluded. Second, the diagnosis of IA was based on brain MRA or
CTA, which may make it difficult to diagnose small [As of <3 mm
and to differentiate small aneurysms from junctional dila-
tions.?"?? Third, ethnic differences for these 2 diseases should be
considered for generalization. In addition, no pedigree or genetic
study was available in our retrospective study. Finally, we could
not exclude the possibility that the healthy controls might have an
asymptomatic aortic pathology. For validation of the link between
TA and AD, a further prospective, large-cohort study is needed.

CONCLUSIONS

In our study, patients with AD have a high prevalence of IAs, and
selective screening for brain vessels could be considered prudent in
case of arch vessel involvement. A further prospective, large-scale
cohort study is needed to demonstrate a substantial prevalence of
1As.
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ORIGINAL RESEARCH
ADULT BRAIN

Reaction Time Is Negatively Associated with Corpus Callosum
Area in the Early Stages of CADASIL

F. De Guio, H. Chabriat, and ““’E. Jouvent

=T

S. Delorme, S. Reyes, ““A. Jabouley,

ABSTRACT

BACKGROUND AND PURPOSE: Reaction time was recently recognized as a marker of subtle cognitive and behavioral alterations in
the early clinical stages of CADASIL, a monogenic cerebral small-vessel disease. In unselected patients with CADASIL, brain atrophy
and lacunes are the main imaging correlates of disease severity, but MR imaging correlates of reaction time in mildly affected
patients are unknown. We hypothesized that reaction time is independently associated with the corpus callosum area in the early
clinical stages of CADASIL.

MATERIALS AND METHODS: Twenty-six patients with CADASIL without dementia (Mini-Mental State Examination score > 24 and no
cognitive symptoms) and without disability (modified Rankin Scale score =1) were compared with 29 age- and sex-matched controls.
Corpus callosum area was determined on 3D-T1 MR imaging sequences with validated methodology. Between-group comparisons were
performed with t tests or x> tests when appropriate. Relationships between reaction time and corpus callosum area were tested using
linear regression modeling.

RESULTS: Reaction time was significantly related to corpus callosum area in patients (estimate = —7.4 X 10 standard error = 3.3 X 10°,
P = .03) even after adjustment for age, sex, level of education, and scores of depression and apathy (estimate = —12.2 X 10°, standard
error = 3.8 X 10°, P = .005). No significant relationship was observed in controls.

CONCLUSIONS: Corpus callosum area, a simple and robust imaging parameter, appears to be an independent correlate of reaction time
at the early clinical stages of CADASIL. Further studies will determine whether corpus callosum area can be used as an outcome in future
clinical trials in CADASIL or in more prevalent small-vessel diseases.

ABBREVIATIONS: BPF = brain parenchymal fraction; CC, = corpus callosum area; MB = microbleeds; RT = reaction time; SE = standard error; SVD = small-vessel

disease

C cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is a mono-
genic cerebral small-vessel disease (SVD) caused by mutations of
the NOTCH3 gene." In unselected patients, brain atrophy and the
volume of lacunes are the main MR imaging markers of disease
severity.”” By contrast, in nondisabled patients without demen-
tia, CADASIL may present without brain atrophy and with few if
any lacunes, and MR imaging correlates of disease severity are
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unknown. Simple and robust MR imaging markers at these early
stages would be of interest because future therapeutic trials will
likely include the patients with the least severe diseases.

We recently showed that reaction time (RT) is a marker of
subtle cognitive and behavioral alterations observed in nondis-
abled patients without dementia with CADASIL.* The MR imag-
ing correlates of RT in these patients are undetermined.

Both in healthy aging and in sporadic SVD, the corpus callo-
sum area (CC,) reflects white matter integrity and is related to
various estimates of processing speed.>® In the present study, we
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aimed to test whether RT is independently related to CC, in non-
disabled patients with CADASIL without dementia.

MATERIALS AND METHODS

Study Participants

Twenty-six patients with genetically confirmed CADASIL fol-
lowed within a prospective cohort study in the French Referral
Centre for Rare Vascular Diseases of the Eye and the Brain
(CERVCO, http://www.cervco.fr) were included. Within our re-
ferral center, about 250 patients with CADASIL are evaluated ev-
ery 18 months with a comprehensive neuropsychological battery
by an experienced neuropsychologist (S.R. or A.].). Patients were
invited to participate in the present study if they presented at the
most recent evaluation (within 18 months) without global cogni-
tive alterations as confirmed by the patient and his or her relatives;
if neuropsychological testing scores were within the expected range
according to the patient’s age and level of education with a Mini-
Mental State Examination score superior to 24 and did not have
significant disability (modified Rankin Scale score of 0 or 1). Patients
with overt motor deficits were excluded, but most reported minor
poststroke residual symptoms such as gait disturbances or focal sen-
sory deficits. Given the fluctuations of subjective cognitive and be-
havioral symptoms, particularly regarding fatigue and concentration
issues, they are not systematically recorded at each visit and the eval-
uations reported in the present study are only based on objective
measures. The present group of 26 patients included 22 patients for
whom relationships between RT and cognitive alterations were re-
ported previously* and 4 additional patients recruited afterward.
Twenty-nine age- and sex-matched control subjects were recruited
from a local data base of healthy volunteers free of any history of
neurologic or psychiatric disorders (except migraine). None of the
patients or controls had a history of head trauma or demyelinating
disease. An ethics committee validated the study protocol. All pa-
tients and controls gave their informed consent for participating in
the present study.

Neuropsychological Assessment

All participants underwent a comprehensive neuropsychological
evaluation, details of which have been published previously.* RT
was measured with a simple computerized task. Subjects were
asked to click a mouse button as soon as a white X appeared on the
screen for a maximum duration of 2000 ms. Twenty stimuli were
presented sequentially during each trial, and 4 trials were per-
formed in a row. During trials 2 and 3, the visual stimulus was
primed by an auditory stimulus presented with a random time
interval varying between 100 and 1000 ms. RT was recorded in
milliseconds for each subject on the basis of the complete results
obtained after 4 trials. We used the median RT based on the 4 trials
for analyses. The total duration of this simple task was about 5 min-
utes. The Mini-Mental State Examination was used as a measure of
global cognitive performance,” and the presence of depression was
defined according to the Diagnostic and Statistical Manual of Mental
Disorders. 4th ed. Text Revision criteria,® and the Montgomery-As-
berg Depression Rating Scale score was obtained for all subjects.”
Subjects were considered apathetic if they had a Starkstein Apathy
Scale score of =14 and fulfilled the Starkstein Structured Clinical

Interview for Apathy criteria.'’

MR Imaging Acquisition and Processing

The original MR imaging protocol included 3D T1-weighted im-
ages obtained at 3T with a Tim Trio scanner (Siemens, Erlangen,
Germany) equipped with a 12-channel head coil, with a standard
sagittal magnetization-prepared rapid acquisition of gradient
echo sequence (in-plane resolution, 1 X 1 mm?; section thickness,
1.1 mm; TR, 2300 ms; TE, 2.98 ms; TI, 900 ms; flip angle, 9%
bandwidth, 238 Hz/pixel; and acquisition time, 7 minutes 45 sec-
onds). FLAIR and T2*-weighted sequences were not part of the
present MR imaging protocol, but all patients also underwent a
standard MR imaging protocol on a 1.5T scanner (Signa; GE
Healthcare, Milwaukee, Wisconsin) within 6 months. The FLAIR
sequence was used for the segmentation of white matter hyperin-
tensities of presumed vascular origin, and the T2* sequence, for
counting the number of microbleeds (MB), using previously val-
idated methodologies.>'" Brain parenchymal fraction (BPF), de-
fined as the ratio of brain volume to the intracranial cavity vol-
ume, and the volume of lacunes were determined from the 3D-T1
sequence in all subjects.'? Masks of lacunes were obtained man-
ually by a trained rater. Hypointense lesions with a signal identical
to that of CSF, sharp delineation, and a diameter of >2 mm were
selected for this segmentation. Lacunes were distinguished from
perivascular spaces by using STandards for ReportIng Vascular
changes on nEuroimaging recommendations, including size
criterion."'

The 3D-T1 scans were manually registered to the midsagittal
plane, with rotation transforms in Multi-image Analysis GUI
(Mango; Research Imaging Institute, University of Texas Health
Science Center at San Antonio; http://ric.uthscsa.edu/mango).
Anterior/posterior commissures and the aqueduct of Sylvius were
aligned on the interhemispheric plane. Once re-aligned, scans
were processed with manual drawing in Anatomist (www.
brainvisa.info) to delineate the corpus callosum on noninterpo-
lated images (Fig 1). This approach is generally considered the
reference method.'” Given the strong links between head size and
the area of the corpus callosum,'*'® CC, was normalized to the
intracranial cavity volume (ICV) while raising the CC, at the
power 3/2 to obtain a dimensionless value (CC,*?/ICV). Intra-
and interrater reliability were evaluated in a sample including 10
patients and 10 controls selected randomly from the whole sam-
ple of 55 subjects. Intraclass correlation coefficients were 0.94 and
0.92, respectively.

To further explore the relationships between CC, and lacunes,
we used a template of the corpus callosum from the ICBM-
DTI-81 white matter atlas (http://www.loni.usc.edu/ICBM/
Downloads/Downloads_DTI-81.shtml),'” which was thereafter
projected into the native space of each patient to systematically
identify lacunes within the central part of the corpus callosum.

Statistical Analysis

Statistical analyses were performed with R statistical and comput-
ing software (http://www.r-project.org). Between-group com-
parisons were performed with ¢ tests for continuous variables with
normal distributions. Wilcoxon tests were used otherwise. For
categorical variables and comparisons of proportions, x* tests
were used. Multiple linear regression modeling was used to test
the relationship between CC, and MR imaging markers or be-
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CADASIL

45y, CCA = 475 mm?

56 y, CCA = 670 mm?

66 y, CCA = 581 mm?

CONTROLS

45y, CCA = 686 mm?

57 y, CCA = 720 mm?

66 y, CCA = 779 mm?

FIG1. Examples of corpus callosum area delineation in 3 patients with CADASIL and 3 age-matched controls. Reproduction at the same scale of
noninterpolated midsagittal TI-weighted images of the corpus callosum in 3 patients (left column) compared with 3 age-matched controls (right

column). Corpus callosum atrophy appears obvious in some cases.

tween RT and CC,. Analyses were adjusted when necessary for the
following variables, based on data from the literature: age, sex,
level of education, and scores of depression and apathy. For all
analyses, P < .05 (2-tailed) was considered significant.

RESULTS
Characteristics of patients and controls are given in the Table. In
line with our previous results,” patients had significantly longer
RTs than controls (288 * 56 ms versus 253 = 43 ms, P = .02).
Patients also had significantly greater scores of depression (Mont-
gomery-Asberg Depression Rating Scale: 5.9 * 6.9 versus 1.7 *
3.0, P =.007) and a significantly lower level of education (11.3 =
3.7 years versus 13.5 % 3.5 years, P = .02), but the difference in RT
between patients and controls remained significant after adjust-
ment for age, sex, level of education, and scores of depression and
apathy (estimate = 29.8, standard error [SE] = 14.8, P = .04).
CC, was significantly smaller in patients (estimate = 1.3 X
1072+ 3.0 X 102 versus 1.6 X 1072 = 3.0 X 103, P < .001),
even after adjustment for age and sex (estimate = 3.3 X 1077,
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SE = 7.6 X 10~*, P <.001). By contrast, patients showed no brain
atrophy (BPF: in patients, 0.84 * 0.03, versus controls, 0.84 *
0.03; P = .77), even after adjustment for age and sex (estimate =
—25X107% SE=7.1X10"°P=.72).

In patients, RT was negatively related to CC, both before (es-
timate = —7.4 X 107, SE = 3.3 X 10, P = .03) (Fig 2) and after
adjustment for age, sex, level of education, and score of depression
and apathy (estimate = —1.2 X 10% SE = 3.8 X 10%, P = .005).
Further adjustment for the number of MB, the volume of white
matter hyperintensities, volume of lacunes, and BPF did not alter
our results (estimate = —1.4 X 10%, SE = 5.3 X 10, P = .02).

In patients, there was no significant association between RT

and any of the classic MR imaging markers: number of MB

(estimate = —1.05, SE = 2.07, P = .62), volume of white
matter hyperintensities (estimate = 1.7 X 1074 SE = 1.6 X
10~%, P = .30), volume of lacunes (estimate = —3.3 X 10~ 2,

SE = 2.5 X 1072 P = .20) and BPF (estimate = —4.1 X 107,
SE = 4.4 X 10, P = .37).



Characteristics of patients with CADASIL and control subjects

Patients with Control Subjects P
CADASIL (n = 26) (n=29) Value

Demographic characteristics

Age (mean) (yr) 54.0 =104 53.9 £11.0 973

Male sex (No.) 13(50.0%) 15 (51.7%) 901

Right-handed (No)) 26 (100%) 29 (100%) NA

Level of education (mean) (yr) n3+37 13.5£35 .022

History of stroke (No.) (%) 20 (77%) 0(0%) NA
Neuropsychological tests

Reaction time (mean) (ms) 288 £ 56 253 + 43 .02

MMSE score (mean) 284 *+1.8 29.0 £11 169

Apathy scale (mean) 8.6 4.6 6.8 +3.0 n9

MADRS scale (mean) 5969 17 £3.0 .007
Imaging markers

Corpus callosum area (mean) (mm?) 609 * 93 713+ <.001, <.001

Brain parenchymal fraction (mean) 0.84 = 0.03 0.84 = 0.03 766

Volume of white matter (mean) (cm?) 450.5 * 66.6 433.9 *+ 445 35

Volume of lacunes® (mean) (median) (range) 529, 303, 14-1975 No control had lacunes® NA

(mm?) (n = 15/26, 57.6%)
Volume of WMH (mean) (median) 93,638;74,087;7249-267,095 No control had significant lesions® NA
(range) (mm?) (n = 26/26,100%)
No. of MB® (mean) (median) (range) 6.5,2.5,1-32 No control had MB*© NA

(n = 8/26,30.7%)

Note:—MMSE indicates Mini-Mental State Examination; MADRS, Montgomery and Asberg Depression Rating Scale; WMH, white matter hyperintensities; NA, not applicable.

@ Adjusted for age, sex, and intracranial cavity.
®In patients with such lesions.

< Visually rated from a concomitant 7T protocol, including high-resolution 3D-T1 and 2D gradient recalled echo T2* sequences.
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FIG 2. Therelationship between reaction time and CC, in patients with CADASIL and in controls.
The mean reaction time appears significantly and negatively associated with the corpus callosum
area in patients (estimate = —7.4 X 10%, SE = 3.3 X 10%, P = .03), while no association is observed

in controls (estimate = —1.1 X 10%, SE = 2.6 X 10°, P = .69).

In controls, there was no significant association between RT
and CC, (estimate = —1.1 X 10%, SE = 2.7 X 10%, P = .69).

In patients, CC, was negatively related to the volume of lacu-
—3.1, SE = 0.9, P = .002). Results were un-
changed when we removed the 3 patients with lacunes within the

nes (estimate

central part of the corpus callosum (data not shown) from our
analysis. Additionally, CC, was positively related to BPF (esti-
mate = 4.6, SE = 1.5, P = .008). By contrast, there was no signif-
icant association with the volume of white matter hyperintensities

(estimate = —0.4, SE = 7.6, P = .96) or
the number of MB (estimate —-1.2,
SE = 0.8, P = .12).

DISCUSSION

In the present study, we found that CC,
is an independent MR imaging marker
of reaction time at the early clinical
stages of pure SVD. By contrast, other
conventional MR imaging markers were
not associated with reaction time. In this
sample of patients with CADASIL with-
out disability and without dementia
who had no brain atrophy and few if any
lacunes, CC, was lower than in age- and
sex-matched controls. The effect of the
volume of lacunes on CC, was not me-
diated only by the 3 patients having la-

0.020

cunes on its most central part. This sug-
gests that CC, somehow summarizes
the widespread effect of lacunes on its
fiber bundles rather than only lacunes
close to midline. Altogether, these re-
sults support the hypothesis that the ac-
cumulation of lacunes along the fibers of the corpus callosum
leads to secondary degeneration translating into corpus callosum
atrophy and also slows the connections between brain hemi-
spheres, as illustrated by an increase in reaction time. While we
did not observe any significant relationships between the volume
of white matter hyperintensities or the number of MB and the
corpus callosum area, smaller ischemic lesions, not visible with
conventional MR imaging such as microinfarcts, might induce
similar changes.
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Brain atrophy is often considered a final common pathway
adding up the various consequences of vascular lesions accumu-
lating within the brain parenchyma.'® In the present study, pa-
tients showed lower CC, but no brain atrophy compared with
age- and sex-matched controls. Because of its very simple shape,
detection of subtle alterations of the corpus callosum structure
might be technically easier than those of the whole brain. How-
ever, given the cross-sectional nature of our study, we could not
formally exclude the possibility that patients with CADASIL have
innate lower CC, compared with healthy subjects, but some ar-
guments contradict this hypothesis. First, in the present study, we
found that CC, is independently associated with the volume of
lacunes, suggesting that reduction of CC, might be secondary to
degeneration of long-range fibers passing through the altered pa-
renchyma, in line with the description of remote cortex atrophy
after subcortical infarcts.'” Note that we observed, in 10 of 26
patients, imaging aspects compatible with such secondary
changes after the occurrence of lacunes in the corpus callosum
fibers (Fig 3). Also, in additional analyses, we compared 28 other
patients with CADASIL without lacunes from our national cohort
study who were age- and sex-matched to the control group of the
present study. When considering the difference in field strengths
possibly altering CC, delineation, CC, in patients with CADASIL
was not significantly different from that of age- and sex-matched
controls (On-line Appendix and On-line Figs 1-5). Altogether,
these results strongly support that CC, is actually lower in pa-
tients as a consequence of the accumulation of vascular lesions
throughout the brain parenchyma and, thus, reflects the disease
severity.

Given that CC, was negatively related to the volume of lacunes
and positively related to brain atrophy, it might be considered a
marker of white matter atrophy. However, several reports have
now shown that the presence of lacunes in the white matter is
associated with widespread cortical microinfarcts that may them-
selves explain these relationships independent of direct white
matter damage.”® While the results of the present study highlight
the potential interest in CC, as a marker of SVD, the mechanisms
leading to a smaller CC, in patients with CADASIL remain be-
yond the reach of our methodology.

The mechanisms leading to reaction time slowing remain
largely unknown. While it may be tempting to look deeper into
the relationships between reaction time and specific brain struc-
ture and/or networks, one must keep in mind that even in healthy
subjects, the mechanisms underlying reaction time are strongly
debated, with some authors considering it a stochastic process
unrelated to specific brain areas or networks.”' Note that the main
assumption underlying our results is that reaction time involves
efficient interhemispheric cooperation. Further studies including
more advanced methods such as assessment of fiber tracts, as
previously performed in CADASIL, will be needed to further un-
derstand the mechanisms of reaction time slowing in this
disorder.”?

Processing speed has previously been associated with CC, in
sporadic forms of SVD and in other brain disorders.”***> Re-
garding reports of sporadic forms of SVD, the absence of control
subjects did not allow formally disentangling the effects of age
from those of SVD in these studies. Moreover, study samples were
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2010
Lacune in WM bundles

passing through the CC

Degeneration in the CC

T1W TiwW
New lacune more anterior in 2013

WM bundles passing
through the CC

Secondary degeneration in
the CC (red) anterior to the
previous one (blue)

2015

FIG 3. Corpus callosum atrophy through the appearance of lacunes
and secondary white matter degeneration. An example of a 56-year-
old patient with CADASIL presenting in 2010 with hypointense TI-
weighted signal in the corpus callosum (CC), presumably as a conse-
quence of a lacune located in white matter bundles passing through
the CC body (top panel). In 2013, a new lacune occurred in bundles
passing through the CC, localized anterior to the previous one and
leading to another hypointense area in the CC (middle panel). Images
acquired in 2015 show progressive CC atrophy due to degeneration
secondary to the appearance of lacunes (bottom panel). TIW indi-
cates Tl-weightd.

heterogeneous, including older patients, with a significant pro-
portion probably having associated Alzheimer disease (29% of
diagnosed dementia on a 3-year follow-up®). Here, the signifi-
cantly larger CC, in controls, with no relationship with RT,
strongly supports our observation of a specific effect of the dis-
ease. Further studies relying, for instance, on diffusion tensor im-
aging may be of interest to locally quantify the effects of the dis-
ease on the corpus callosum structure.

Our study has various limitations. First, study samples were
small, including only 26 patients. Given the very strict inclusion
criteria of the present study, patient recruitment is challenging
and prevents studying large cohorts of patients at this stage of the
disease. However, despite small sample sizes, we observed signif-
icant and coherent results, emphasizing the strength of the ob-
served relationships. The use of several covariates in multiple re-
gression analyses with such sample sizes may lead to overfitting of
the data, but the coherence of our results argues against this hy-
pothesis. More elaborate MR imaging markers, requiring inten-



sive postprocessing methods, might also be related to reaction
time. However, we chose to restrict our analyses to the corpus
callosum area to provide robust and easy-to-obtain markers for
therapeutic trials. Finally, given that most patients had strokes
before being prospectively followed, we were not able to deter-
mine exactly, for each patient, which of the lacunes initially led to
stroke symptoms. We were thus unable to explore separately the
relationships between CC, and lacunes that led to stroke and
between CC, and “silent” lacunes.

Our study also has strengths. We tested a clear and unique
hypothesis with a straightforward methodology, with the use of a
simple MR imaging parameter, easily obtained manually and
strongly correlated with volumetric measures obtained with
methods requiring postprocessing skills. Our patients represent a
homogeneous sample of a pure vascular disorder, including pa-
tients of various ages, allowing differentiating the effects of disease
from those of age. Additionally, the detection of relationships
between reaction time and corpus callosum area in small samples
implies a large effect size. In patients, the effect of corpus callosum
thinning was roughly twice that of aging in controls regarding an
increase of reaction time.

CONCLUSIONS

We have shown that the CC, is a simple and independent imaging
marker of reaction time in the early clinical stages of CADASIL.
Given that clinical variability is a well-known characteristic of
patients with vascular cognitive impairment, markers such as
CC, can appear of high interest for future therapeutic trials in
CADASIL, which will likely be performed in patients with the least
severe disease. Additional studies are needed to determine
whether our results are translatable in the context of sporadic
SVD.
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CLINICAL REPORT
ADULT BRAIN

MR Imaging Features of the Cerebellum in Adult-Onset
Neuronal Intranuclear Inclusion Disease: 8 Cases

A. Sugiyama, ““'N. Sato, “*'Y. Kimura, “'T. Maekawa, “*’M. Enokizono, “'Y. Saito, “'Y. Takahashi, ““’H. Matsuda, and **'S. Kuwabara

ABSTRACT

SUMMARY: Neuronal intranuclear inclusion disease is a neurodegenerative disorder pathologically characterized by eosinophilic hyaline
intranuclear inclusions. A high-intensity signal along the corticomedullary junction on DWI has been described as a specific MR imaging
finding of the cerebrum in neuronal intranuclear inclusion disease. However, MR imaging findings of the cerebellum in neuronal intranu-
clear inclusion disease have not been fully evaluated. Here, we review MR imaging findings of the cerebellum in a series of 8 patients with
pathologically confirmed neuronal intranuclear inclusion disease. The MR imaging results showed cerebellar atrophy (8/8 patients) and
high-intensity signal on FLAIR images in the medial part of the cerebellar hemisphere right beside the vermis (the “paravermal area”) (6/8)
and in the middle cerebellar peduncle (4/8). The paravermal abnormal signals had a characteristic distribution, and they could be an
indicator of the diagnosis of neuronal intranuclear inclusion disease even when using the results of past MR imaging examinations in which
DWI findings were not examined.

ABBREVIATIONS: FAB = Frontal Assessment Battery; FXTAS = fragile X-associated tremor/ataxia syndrome; MMSE = Mini-Mental State Examination; NIID =

neuronal intranuclear inclusion disease

euronal intranuclear inclusion disease (NIID) is a neurode-
N generative disorder pathologically characterized by eosino-
philic hyaline intranuclear inclusions in the central and peripheral
nervous systems and in the visceral organs.' Both sporadic and
familial cases of NIID are reported, and NIID is divided into 3
clinical subgroups according to the individual’s age at onset and
disease duration: the infantile, juvenile, and adult forms.” The
highly variable clinical manifestations of NIID previously made
the antemortem diagnosis difficult, but since the usefulness of
a skin biopsy for the diagnosis was described in sporadic® and
familial cases of NIID,* the number of NIID diagnoses has
increased.

Some researchers also noted that an NIID finding on brain MR
imaging (ie, a high-intensity signal along the corticomedullary
junction on DWI) is a strong indicator of the antemortem diag-
nosis of NIID.> However, the MR imaging findings of the cere-
bellum in patients with NIID have not been fully evaluated, to our
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knowledge. We recently encountered patients in whom abnormal
signals were distributed in characteristic regions of the cerebellum
on brain MR images. Herein, we present these MR imaging find-
ings, focusing on the cerebellum in 8 patients with adult-onset
NIID.

Case Series

This retrospective study was approved by our institutional review
board. The diagnosis of NIID was made histopathologically by
skin biopsy in all cases. We reviewed the medical records of the 8
patients including their medical history and neurologic examina-
tion findings, Mini-Mental State Examination (MMSE), Frontal
Assessment Battery (FAB), and CSF results. A score of 24 was used
as the cutoff for the MMSE,® and the published age-matched av-
erage was used as the cutoff for the FAB.”® All MR imaging exam-
inations were performed as routine clinical care with 1.5T in 3
patients and 3T in the other 5 patients. Diffusion-weighted and
FLAIR images were available for all patients. The MR imaging
data of each patient were retrospectively evaluated separately and
then jointly by 2 neuroradiologists (Y.K. and M.E.).

We evaluated the following findings: 1) high-intensity sig-
nal along the corticomedullary junction on DWI, 2) diffuse
high-intensity signal of cerebral white matter on FLAIR im-
ages, 3) atrophy of the cerebellum, 4) high-intensity signal in
the medial part of the cerebellar hemisphere right beside the
vermis (the “paravermal area”) on FLAIR images (Fig 1), and
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5) high-intensity signal in the middle cerebellar peduncle on
FLAIR images (Fig 1B).

In all 8 cases, NIID was suspected from cerebral DWI findings,
and a skin biopsy was performed. Light microscopy showed eo-
sinophilic ubiquitin—positive and p62-positive intranuclear in-
clusions in the adipocytes, fibroblasts, and sweat gland cells. Elec-
tron microscopy was conducted in all patients except patient 6,
and it revealed attenuated filament material without a limiting

membrane. The patients’ clinical presentations are summarized
in Table 1.

Dementia was observed in 3 of the 8 patients (37.5%). Mild
ataxia was found in 3 patients (37.5%). In all cases, the deep ten-
don reflex was reduced or absent. One of the 8 patients showed a
decreased MMSE score, and 5 of the 7 patients showed impaired
FAB scores.

The CSF examinations showed elevated protein in all cases.
The MR imaging findings of the 8 pa-
tients with NTID are summarized in Ta-
ble 2. MR imaging showed a high-inten-
sity signal along the corticomedullary
junction on DWI and diffuse high-in-
tensity signal of cerebral white matter
and cerebellar atrophy on FLAIR images
in all cases (Fig 2). Six patients (75%)
showed abnormal FLAIR high-intensity
signal in the paravermal area (Figs 1 and
2). Four patients (50%) showed high-in-
tensity signal in the middle cerebellar
peduncle (Figs 1 and 3).

DISCUSSION

We have presented the MR imaging fea-
tures of the cerebellum in 8 patients with
pathologically confirmed adult-onset
NIID. We observed abnormal FLAIR

FIG 1. A representative case (patient 1) showing the abnormal signals at the paravermal area and

the middle cerebellar peduncle. FLAIR axial images (A and B), a coronal image (C), and a sagittal
image (D) show atrophy of the cerebellum and bilateral high signal intensity in the medial part of
the cerebellar hemisphere immediately beside the vermis (the paravermal area) (black arrows)

and in the middle cerebellar peduncle (black arrowheads).

Table 1: Summary of the clinical features of patients with NIID

high-intensity signal in the paravermal
area and middle cerebellar peduncle as
characteristic MR imaging findings of

Patient No.
1 2 3 4 5 6 7 8

Age at onset (yr) 64 52 62 62 67 67 67 64
Sex M F F M F M F M
Disease duration at MRI (yr) 2 9 8 3 5 6 1 5
Clinical manifestations

Dementia - - - + + _ + _

Delusion — _ + _ _ _ _ _

Muscle weakness - - - - - _ - _

Tremor - - Postural - Postural Postural - Resting, postural

Rigidity - - - - - _ _ _

Ataxia - - - + + - - +

Hyporeflexia or areflexia in DTR + + + + + + + +

Sensory disturbance - - - - - - _ _

Urinary incontinence - - - + + - - —

Transient visual field abnormality + + - - - - - +

Transient hemiparesis - + - - - - - —

Transient abnormal behavior - + - + - +

Generalized convulsion - - - - - - — -

Disturbance of consciousness - - - - - + + +
Cognitive screening test

MMSE 30 29 30 142 30 28 24 29
Frontal lobe function test

FAB 13° 16 14° P 12° 16 g° NE
CSF

Cell (mm?) 3 2 4 1 1 6 NE NE

Protein (mg/dL) 66 55 100 47 52 48 NE NE

Note:—DTR indicates deep tendon reflex; —, absence of the manifestation; +, presence of the manifestation; NE, not examined.

2 Decreased MMSE score below a cutoff score of 24.
b Decreased FAB score below the published age-matched average.
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Table 2: Summary of MRI findings of the 8 patients with NIID

Patient No.
1 2 3 4 5 6 7 8
Cerebrum
High-intensity signal along the corticomedullary junction on DWI + + + + + + + +
Diffuse high-intensity signal of cerebral white matter on FLAIR images + + + + + + + +
Cerebellum
Atrophy + + + o+ + + o+ +
High-intensity signal in the medial part of cerebellar hemisphere right beside + - + + + + - +
the vermis on FLAIR images
High-intensity signal in the middle cerebellar peduncle on FLAIR images + + + - - + - -
Note:— — indicates absence of the finding; +, presence of the finding.

FIG 2. Patient4. DWI(A) shows high-intensity signal along the corticomedullary junction. A FLAIR
axial image (B) shows diffuse high intensity in the bilateral cerebral hemispheres. FLAIR axial (C)
and coronal (D) images show atrophy of the cerebellum and high-intensity signal in the medial
part of the cerebellar hemisphere right beside the vermis (the paravermal area).

FIG 3. Patient 2. A FLAIR axial image shows bilateral high signal inten-
sities in the middle cerebellar peduncle.

the cerebellum in NIID. Although cerebellar atrophy in NIID has

been described in several cases,””'°

there is no report focusing on
the distribution of abnormal signals in the cerebellum.
Previous studies have demonstrated that remarkable diffuse

high-intensity signal of the cerebral white matter and DWTI high-
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intensity signal along the corticomedul-
lary junction are characteristic MR im-
aging findings of patients with NIID.>>
The DWI finding of high-intensity sig-
nal along the corticomedullary junction
could thus be a strong indicator of the
diagnosis of NIID. According to a study
comparing MR imaging and pathologic
findings in NIID, DWI high-intensity
signal along the corticomedullary junc-
tion and FLAIR high-intensity signal in
the white matter correlated with patho-
logic spongiotic changes and diffuse my-
elin pallor without spongiosis, respec-
tively."! The spongiotic changes were
restricted to the subcortical lesions
proximal to the U-fibers, and these
changes might induce an inactivation of
water diffusion.

That report'' also described a re-
markable loss of glial fibrillary acidic
protein—positive astrocytes compared
with relatively mild axonal loss in the
subcortical lesions, and astrocyte dys-
function has been considered a possible
cause of white matter damage that ranges
from myelin pallor to spongiotic change. These MR imaging findings
extend predominantly into the frontal lobe and are thought to be
related to white matter dementia, which is more easily detectable by
the FAB than the MMSE.” Consistent with this previously reported
finding, most of our patients showed a decreased FAB score. Al-
though it was not observed in our patients, transient focal brain
edema with gadolinium enhancement has also been reported in pa-
tients with NIID during subacute encephalic episodes.”

In accordance with previous reports,™”'°

all 8 of our patients
with NIID presented with cerebellar atrophy. In addition, an ab-
normal signal in the medial part of the cerebellar hemisphere right
beside the vermis, which we defined as the paravermal area, was
observed at a high frequency in our patient series. The paravermal
area is included in the intermediate part of the cerebellar hemisphere
that receives somatosensory input from the limbs and projects via the
interposed nucleus to the lateral corticospinal and rubrospinal sys-
tems.'? A previous investigation revealed that lesions in this interme-
diate part induced impaired gait balance control."?

In the present study, the relationship between the extent of the
lesion and the severity of ataxia could not be assessed, but all 3



patients with ataxia presented with an abnormal signal in the
paravermal area. It is possible that the lesions in the paravermal
area observed in our patients influence the ataxic gait in NIID. In
our patients, the second most frequent abnormal signal in the
cerebellum was the middle cerebellar peduncle lesion. Although
we could not determine the pathologic background of these ab-
normal signals in the cerebellum in our patients, in previous re-
ports describing the cerebellar pathology of NIID, a loss of myelin
in the white matter of the cerebellum was described.”'*'>

The paravermal abnormal signal observed in our patients might
be a specific finding for NIID. Another lesion in the medial part of the
cerebellar hemisphere, in the peridentate white matter with and
without a middle cerebellar peduncle lesion, has been described in
several disorders, such as fragile X—associated tremor/ataxia syn-
drome (FXTAS),'®'” Erdheim-Chester disease,'® neurofibromato-
sis,"” and progressive multifocal leukoencephalopathy.”® However,
the distribution of the lesions in the peridentate white matter ob-
served in these disorders is different from that in the lesions in the
paravermal area found in our cases. Although the term “paravermal”

21 it has never

has been used in a case with brain infarction,
been used to describe a lesion of a neurodegenerative disorder,
to our knowledge.

The paravermal abnormal signal observed in our patients hasa
unique distribution, and it could be an indicator of the diagnosis
of NIID, along with the DWT finding of a high-intensity signal
along the corticomedullary junction. The middle cerebellar pe-
duncle lesion is also considered a characteristic finding of NIID,
though it can be found in other neurodegenerative disorders such
as FXTAS, multiple system atrophy, and spinocerebellar ataxia
and diseases due to other etiologies (neoplasm, metabolic, cere-
brovascular, inflammatory, and demyelinating diseases).”” Like
the high-intensity signal along the corticomedullary junction on
DWI, this lesion may also help clinicians distinguish between
NIID and clinically similar diseases such as gelsolin amyloidosis,
which can present with neuropathy, ataxia, and dementia.>

The limitation of this study was that in no patients was
brain pathology obtained. However, in both sporadic and fa-
milial cases of NIID, it was reported that nuclear inclusions
detected by skin biopsy are morphologically and immunohis-
tochemically identical to those reported for NIID inclusions in
neuronal cells.”* Moreover, in cases of NIID diagnosed by
both postmortem dissection and skin biopsy, the histopatho-
logic features of the inclusions in the skin and central nervous
system tissues were identical.” We therefore think that the absence of
postmortem cases of NIID does not limit the validity of our findings.
On the other hand, as in our patients, a skin biopsy has been per-
formed, with the abnormal findings on DWT as a trigger for most
cases reported in recent years.” The frequency of an abnormal signal
along the corticomedullary junction on DWI may be overestimated
in NIID.

Another limitation of our study is that the CGG repeat length
of the FMRI gene was not analyzed. In FXTAS, which is caused by
permutation alleles of the FMRI gene, eosinophilic ubiquitin—
positive intranuclear inclusions, similar to those reported in
NIID, were observed in neurons and glial cells.***> However,
whereas the core clinical features of FXTAS are progressive
tremor and gait ataxia, the core clinical feature of adult-onset

NIID in our patients was dementia.>*® There was no family his-
tory of symptoms or medical history that suggested FXTAS in any
of our patients. In addition, in a study of 27 cases of NIID with the
analyzed FMRI gene, all cases showed a normal range of CGG
repeats.” The possibility that FXTAS was present among our pa-
tients thus seems to be extremely low.

CONCLUSIONS

We observed abnormal FLAIR high-intensity signals in the para-
vermal area and middle cerebellar peduncle other than cerebellar
atrophy as characteristic MR imaging findings of the cerebellum
in NIID. The paravermal abnormal signal could indicate the di-
agnosis of NIID, even when using the findings of past MR imaging
examinations in which DWT was not performed.
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Differences in Morphologic and Hemodynamic Characteristics
for “PHASES-Based” Intracranial Aneurysm Locations

N. Varble, ““H. Rajabzadeh-Oghaz, “*'). Wang, ““’A. Siddiqui, ““’"H. Meng, and ““’A. Mowla
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ABSTRACT

BACKGROUND AND PURPOSE: Several recent prospective studies have found that unruptured intracranial aneurysms at various ana-
tomic locations have different propensities for future rupture. This study aims to uncover the lack of understanding regarding rupture-
prone characteristics, such as morphology and hemodynamic factors, associated with different intracranial aneurysm location.

MATERIALS AND METHODS: We investigated the characteristics of 311 unruptured aneurysms at our center. Based on the PHASES study,
we separated and compared morphologic and hemodynamic characteristics among 3 aneurysm location groups: 1) internal carotid artery;
2) middle cerebral artery; and 3) anterior communicating, posterior communicating, and posterior circulation arteries.

RESULTS: A mixed model statistical analysis showed that size ratio, low wall shear stress area, and pressure loss coefficient were different
between the intracranial aneurysm location groups. In addition, a pair-wise comparison showed that ICA aneurysms had lower size ratios, lower
wall shear stress areas, and lower pressure loss coefficients compared with MCA aneurysms and compared with the group of anterior commu-
nicating, posterior communicating, and posterior circulation aneurysms. There were no statistical differences between MCA aneurysms and the
group of anterior communicating, posterior communicating, and posterior circulation aneurysms for morphologic or hemodynamic
characteristics.

CONCLUSIONS: ICA aneurysms may be subjected to less rupture-prone morphologic and hemodynamic characteristics compared with
other locations, which could explain the decreased rupture propensity of intracranial aneurysms at this location.

ABBREVIATIONS: AcomA = anterior communicating artery; IA = intracranial aneurysm; LSA = low wall shear stress area; PcomA = posterior communicating
artery; PHASES = Population, Hypertension, Age, Size of aneurysm, Earlier SAH from another aneurysm, and Site of aneurysm; PLc = pressure loss coefficient; SR = size

ratio; WSS = wall shear stress

I ntracranial aneurysms (IAs) occur in approximately 3% of the
population.' Although the rupture rate is very low,” the conse-
quences of rupture are devastating. With increased detection of
incidental IAs, clinicians are routinely faced with the decision of
whether to treat. However, because treatment carries substantial
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risk,” the decision is difficult at times. Therefore, objective guide-
lines are required to assess the aneurysm rupture risk.

Several prospective studies have found that aneurysm size and
location may play a significant role in IA rupture propensity and,
consequently, are among the most important factors that clini-
cians consider for A management.”* In the landmark Interna-
tional Study of Unruptured Intracranial Aneurysms,” the highest
rupture rates at 5-year follow-ups occurred in aneurysms located
in the posterior circulation. Later, the PHASES (Population, Hy-
pertension, Age, Size of aneurysm, Earlier SAH from another aneu-
rysm, and Site of aneurysm) study pooled the analyses of 6 prospec-
tive cohort studies and found that the patient’s geographic region,
hypertension status, age, IA size, history of SAH, and IA site were
independent predictors of aneurysm rupture.* More specifically, the
PHASES study showed that aneurysms in the ICA location had the
lowest risk of rupture; aneurysms in the MCA had a medium risk of
rupture; and anterior communicating artery (AcomA), posterior
communicating artery (PcomA), and posterior circulation artery an-
eurysms had the highest risk of rupture.*
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Table 1: Description of the patient population

Morphologic Factors

ICA AcomA/PcomA/Post To generate 3D models for morpho-

ICA Posterior logic and hemodynamic calculations,

Cavernous ICA  MCA AcomA PcomA Circulation Total angiographic images were segmented

Age (years + SD) 5812 59*+14 6010 5813 641 61*=13 59*+13 in the Vascular Modeling Toolkit
No. of patients (www.vmtk.org).® 3D morphologic
|S-|r)rl1 [.;ekri:egnsmn 2221 ig :(8) ;g 2]; Bi calculations were performed in a cus-
Earlier SAH 3 1 1 7 3 5 tom Matlab code (R2014a; Math-
IA multiplicity 10 41 6 3 4 65 Works, Natick, Massachusetts). A de-
Number of 1As 51 m 4] 46 47 31 tailed description of the calculated

Total No. of patients (% of 40 (16%)
entire population)

86 (34%) 31(12%) 37 (15%) 12 (5%)

45 (18%) 251 parameters can be found in previous

Although it is generally accepted that aneurysms in different
locations have a different risk of rupture and growth, there re-
mains a lack of understanding regarding the geometric differences
and the potentially different hemodynamic forces imposed on
aneurysms at different locations. In this study, by using 3D
morphologic calculations and hemodynamics parameters from
image-based computational fluid dynamics, we investigated dif-
ferences between IAs at different locations. We consecutively col-
lected 311 unruptured aneurysms from our center and split them
into 3 locations according to the perceived risk of rupture based
on the PHASES score.* The first group (PHASES risk score of 0)
consisted of ICA and ICA cavernous aneurysms; the second group
(PHASES risk score of 2) consisted of MCA aneurysms; and the
third group (PHASES risk score of 4) consisted of AcomA,
PcomA, and posterior circulation aneurysms. Using a mixed
model analysis and pair-wise comparisons, we aimed to reveal if
these aneurysm locations had different rupture-prone morpho-
logic and hemodynamic characteristics.

MATERIALS AND METHODS

Population

Three hundred eleven (311) saccular IAs from 251 patients were
consecutively collected between 2006 and 2013 with institutional
review board approval at the Buffalo General Hospital University
at Buffalo (Buffalo, New York). This dataset was partially derived
from a previously analyzed dataset of 119 IAs” and, later, 204
IAs.>” Patients who met the selection criteria underwent 3D im-
aging, had an unruptured IA at the time of imaging, and had
sufficient image quality for 3D segmentation. A description of the
comorbidities of the patients included in our cohort are summa-
rized in Table 1.

The aneurysms were separated into 3 location-based catego-
ries based on the PHASES score.” The first group consisted of
aneurysms in the ICA. The second group consisted of MCA an-
eurysms. The third group consisted of AcomA, PcomA, and pos-
terior circulation aneurysms and is termed the AcomA/PcomA/
Post aneurysm group. The IAs of the posterior circulation
included the aneurysms from the basilar artery, basilar tip, poste-
rior cerebral artery, cerebellar arteries, and intracranial vertebral
artery. There were 162 ICA aneurysms (ICA cavernous, 51; other
ICA, 111),41 MCA aneurysms, and 108 AcomA/PcomA/Post an-
eurysms (AcomA, 46; PcomA, 15; posterior circulation, 47).
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literature.”'” Briefly, aneurysm size is
the maximum distance from the center
of the neck plane to a point in the an-
eurysm dome, size ratio (SR) is the ratio of the IA size to the
parent vessel diameter, aspect ratio is the ratio of the IA size to
the neck diameter, undulation index is the degree of surface
irregularity, ellipticity index is the deviation of the IA from a
perfect hemisphere, and nonsphericity index is the deviation of
the IA from a perfect hemisphere while also considering sur-
face undulations.

Computational Fluid Dynamics Methods

To simulate blood flow and compute hemodynamic factors for
all aneurysm geometries, pulsatile computational fluid dy-
namics simulations were conducted according to previously
detailed methodology.” Based on grid-refinement studies,
computational meshes were generated consisting of 300,000 —
1.5 million volumetric tetrahedral elements. To ensure proper
resolution at the wall, 4 refined prism layers were generated
with a maximum size equal to one-tenth of the volumetric
element size. Meshes were generated by using ICEM CFD
(ANSYS, Canonsburg, Pennsylvania). Computational fluid
dynamics simulations were run in STAR-CCM + (CD-adapco,
Melville, New York). A rigid wall, no-slip boundary condition,
and Newtonian fluid properties were assumed (p = 1056 kg/
m?®; u = 3.5 cP). A pulsatile waveform was taken from a trans-
cranial Doppler sonography measurement from a healthy pa-
tient and imposed at the vessel inlet,” and the principle of
minimum work, or flow split assumption, was applied at the
outlet."" A pressure implicit with splitting of operator algo-
rithm was applied for temporal discretization, and a second-
order upwind-differencing scheme was used for spatial discret-
ization to solve the transient incompressible Navier—Stokes
equations. To assure numerically stable results, each pulsatile
simulation was run for 3 cardiac cycles, and the last cycle was
used for analysis. Postprocessing was performed in Tecplot 360
(Tecplot, Bellevue, Washington).

Hemodynamic Factors

The hemodynamic factors analyzed included: normalized
time-averaged wall shear stress (WSS), or the average of the
frictional or tangential force on the aneurysm wall normalized
by parent artery time-averaged WSS; oscillatory shear index
(OSI), or the average of the directional change of WSS over 1
cardiac cycle; relative residence time (RRT), or the average
relative time that blood spends at the wall; low WSS area (LSA),



Table 2: Statistical comparison of morphologic and hemodynamic factors between

aneurysms from the 3 PHASES-based locations®

Statistical Analysis
To assess the differences in the mor-

ICA MCA AcomA/PcomA/Post  Overall Comparison phologic and hemodynamic parame-
Factors Mean = SD Mean = SD Mean = SD P Value .
ters between the 3 IA location groups,

Size (mm) 5N1=*372 445+ 239 474 + 3.61 6236 ixed del lysi d. Thi
SR 154 =117 235+125 245+222 <.0001° amixed modet anatysts was used. LIS
AR 111+ 058 126 + 0.64 118 + 0.71 3916 method was used to consider the po-
ul 0.058 = 0.050  0.074 = 0.057 0.066 * 0.071 1318 tential correlation of morphologic and
El 0.119 = 0.058 0.138 = 0.062 0.132 £ 0.058 .0719 hemodynamic parameters between
NS| 0142 +0.069 0164+ 0072 0152 = 0.064 1679 1As from patients with multiple aneu-
WSS 0.66 = 0.36 0.53 =037 0.57 = 0.52 .0121 d d f . b
osl 0.005 +0.008  0.005 * 0.0 0.0 + 0.049 0413 rysms and used for comparison be-
RRT 238+297  398+615 4.09 + 540 0050 tween the 3 IA location groups. A Bon-
LSA 0.097 £ 0182  0.206 + 0.271 0198 + 0.271 .0003° ferroni correction was used, and each
MWSS 443 %212 449 + 506 3.98 + 2.53 0358 variable was checked for normal dis-
PLe 5 264 371 6.06 £5.23 5.88 £ 5.71 <.0001 tribution. Non-normally distributed
EL (W/m°) 6193 = 11339 6505 = 8593 7793 = 12539 5271

Note:—AR indicates aspect ratio; El, ellipticity index; EL, energy loss; MWSS, maximum normalized wall shear stress; NS,
nonsphericity index; OSI, oscillatory shear index; Post, posterior circulation; RRT, relative residence time; U, undulation

index.

#ICA aneurysms, MCA aneurysms, and AcomA, PcomA, and posterior circulation aneurysms were compared by a mixed
model approach. An overall P value of <.0038 (o = .05; number of tests, 13) indicated a statistically significant difference

between the 3 1A groups.
® Indicates statistically significant by mixed model analysis.
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FIG 1. Statistical comparison of morphologic parameters was per-
formed between 3 location groups: ICA (white), MCA (dashed gray
lines), and AcomA, PcomA, and posterior circulation aneurysms (dark
gray). The group-averaged values of A, aneurysm size, B, SR, C, AR, and
D, Ul are given with error bars that represent standard error. The
overall P value is given for SR, for which statistical significance was
achieved by a mixed model comparison of the 3 groups. In addition,
from pair-wise comparisons, the brackets show statistically significant
differences between the ICA, MCA, and AcomA/PcomA/Post
groups. AR indicates aspect ratio; ICA-C, cavernous internal carotid
artery; Post, posterior circulation; Ul, undulation index.

or the percentage of the aneurysm wall exposed to physiolog-
ically low WSS; maximum WSS on the aneurysm dome’; en-
ergy loss (EL), or the energy expenditure caused by viscous
friction; and the pressure loss coefficient (PLc), or the pressure
loss due to viscous friction.'*

data were normalized by taking the
square root of the data, and the outli-
ers were identified and removed. A P
value of <.004 was considered statisti-
cally significant (e = .05; number of
tests, 13) and indicated that a differ-
ence between the group means exists.
If the variables were found to be statistically significant by the
mixed model analysis, a pair-wise comparison was then per-
formed with an F test. For pair-wise comparisons, a P value of
<.02 was considered statistically significant (a« = .05; number
of tests, 3). Statistical analyses were performed in SAS 9.4 (SAS
Institute, Cary, North Carolina).

RESULTS

Table 2 summarizes the comparison of morphologic and hemo-
dynamic parameters between the IA groups. Figs 1 and 2 show the
mean and standard error of more discrete subsets of locations
within the 3 PHASES-based location groups. As shown in Fig 1,
we analyzed the difference in morphologic parameters between
the 3 groups. By the mixed model analysis, we found that there
was no statistical difference in the IA size between the 3 groups
(overall: P = .6236). However, as shown in Fig 1B, SR was signif-
icantly different between the 3 groups (overall: P < .0001). Fur-
thermore, by pair-wise comparison, we found that SR was statis-
tically lower in ICA aneurysms (1.54 * 1.17) compared with both
MCA aneurysms (2.35 * 1.25; P < .0001) and AcomA/PcomA/
Post aneurysms (2.45 * 2.22; P < .0001). However, there was no
difference between the group-averaged SR of MCA aneurysms
and AcomA/PcomA/Post aneurysms (P = .7387).

Fig 2 summarizes the comparison of hemodynamic parame-
ters between different IA groups. By the mixed model analysis, we
found that LSA and PLc were statistically different between the 3
location groups (P = .0003 and P < .0001 for LSA and PLc, re-
spectively). As illustrated by WSS contours in Fig 3, the pair-wise
comparison showed that LSA was significantly lower for ICA an-
eurysms (0.097 * 0.182) compared with both MCA aneurysms
(0.206 = 0.271; P = .0084) and AcomA/PcomA/Post aneurysms
(0.198 £ 0.271; P = .0005). Pair-wise comparison also showed
that PLc was significantly lower in ICA aneurysms (2.64 = 3.71)
compared with both MCA (6.06 = 5.23; P < .0001) and AcomA/
PcomA/Post aneurysms (5.88 = 5.71; P <.0001). As illustrated by
velocity streamlines in Fig 4, ICA aneurysms had more organized
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FIG 2. Statistical comparison of hemodynamic parameters was made between 3 location-based
groups: ICA (white), MCA (dashed gray lines), and AcomA, PcomA, and posterior circulation
aneurysms (dark gray). The group-averaged values of A, normalized WSS, B, OSI, C,LSA, D, MWSS,
E, PLc,and F, EL are given with error bars that represent standard error. The overall P value is given
from LSA and PLc, for which statistical significance was achieved by a mixed model comparison of
the 3 groups. In addition, from pair-wise comparisons, the brackets show statistically significant
differences between the ICA, MCA, and AcomA/PcomA/Post groups. EL indicates energy loss;
ICA-C, cavernous internal carotid artery; OSI, oscillatory shear index; Post., posterior circulation;

MWSS, maximum normalized wall shear stress.
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FIG 3. Normalized WSS contour plots for representative aneu-
rysms from each of the 3 location-based groups. The areas of low
WSS are outlined in white. ICA aneurysms (top), MCA aneurysms
(middle), and AcomA/PcomA/Post aneurysms (bottom) are
shown. ICA aneurysms had significantly higher LSA compared with

both other groups.

flow patterns compared with MCA aneurysms and the aneurysms
from the AcomA/PcomA/Post group. Similar to SR, for both LSA
and PLc, the pair-wise comparison showed no statistical differ-

ence between MCA and AcomA/PcomA/Post aneurysms (P =

.8262 and P = .4325 for LSA and PLc, respectively).
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ries: ICA aneurysms, MCA aneurysms,
and AcomA/PcomA/Post aneurysms,
consisting of AcomA, PcomA, and pos-
terior circulation aneurysms. We then
analyzed the differences in morphologic
and hemodynamic characteristics be-
tween the 3 groups by focusing on pa-
rameters found to be previously associ-
ated with rupture risk in cross-sectional
datasets.”'*'*'> Our study finds that ICA aneurysms may have
characteristics that make them the least rupture-prone.

SR, or the size of the aneurysm relative to the parent vessel, has
been independently associated with rupture risk in both cross-

17191619 and prospective studies.”® In this study, we

sectiona
found that SR was significantly smaller in the aneurysms from the
ICA location compared with other aneurysms. Consistent with
previous longitudinal studies, this suggests that these aneurysms
may not be as rupture-prone as aneurysms in other locations. The
finding that SR is significantly smaller in ICA aneurysms is not
surprising because of the larger diameter of the parent vessel. As
previously suggested,” our data support that SR can surrogate the
aneurysm location.

High SR, together with pulsatile flow conditions, may result in
an adverse hemodynamic environment. Previous computational
studies have found that with increasing SR, aneurysm-averaged
WSS decreased and the number of vortices increased.”’ In the
present study, we found that MCA aneurysms and AcomA/
PcomA/Post aneurysms also had a higher LSA and PLc compared
with ICA aneurysms.

Low aneurysmal WSS has been previously associated with IA
rupture in location-specific studies.”**” In 24 IAs, Chien et al*
found that low WSS was associated with A rupture status in basi-
lar artery and AcomA aneurysms. In addition, in 106 MCA IAs,

Miura et al*?

found that low aneurysm WSS was independently
associated with IA rupture. WSS, the frictional force of blood on
the aneurysm wall, has been shown to affect vascular remodeling
and degeneration.>* WSS can be sensed by the endothelium, and

persistent exposure to nonphysiologic hemodynamics has been
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FIG 4. Velocity streamlines for representative cases from each of the
3 location-based groups. ICA aneurysms had more organized flow
patterns that resulted in lower PLc.

linked to initiation, growth, and rupture of 1As.>*>° Our study
suggests that aneurysms in locations other than the ICA are sub-
jected to a low WSS hemodynamic environment that may result
in higher rupture rates.

PLc is an indicator of viscous energy loss in the aneurysm
because of the inflow and geometry. More complex aneurysm
geometries result in complex flow patterns, higher viscous losses,
and a higher PLc. Our study found that PLc was significantly
different among the unruptured IAs in our cohort and was lowest
in ICA aneurysms. Complex flow has been previously associated
with IA rupture. A study of 117 ruptured and unruptured bifur-
cation IAs by Doddasomayajula et al*” showed that complex and
oscillatory aneurysmal flow patterns were associated with basilar
tip IA rupture, a location with high rupture rates. However, a
study of 50 sidewall ICA TAs and 50 bifurcation MCA IAs by
Takao et al'* showed that a lower PLc was independently associ-
ated with rupture. This difference may be because of the analysis
of only unruptured IAs in our study or the presence of bifurcation
and sidewall type IAs at both MCA and ICA locations in our
cohort.

We also observed that the mean undulation index (irregular
shape) was higher in MCA and AcomA/PcomA/Post aneurysms
compared with ICA aneurysms; however, it was not statistically
different between the IA location groups. The undulation index
quantifies the 3D surface irregularities and may indicate local wall
degeneration and thrombosis in the lumen potentially leading to
rupture.”® Recently, the radiologic identification of aneurysm ir-
regularities or the presence of daughter aneurysms was indepen-
dently associated with aneurysm rupture in a Finnish cohort.*
Our objective quantification of surface irregularities is supported
by the findings of previous work by our group that found the
undulation index was a significant risk factor for rupture in our
cross-sectional data base.>”

In addition, we observed that for some morphologic and he-
modynamic parameters where statistical significance was not

found between IA groups, an analysis of more discrete 1A loca-
tions might be warranted. The aspect ratio has been found in
many large studies to be a statistically significant predictor of rup-
ture.”>?! Although the aspect ratio is not statistically different
among the IA groups in our study, Fig 1C shows that PcomA IAs
have a large aspect ratio compared with other IA groups. Simi-
larly, oscillatory shear index and energy loss have been suggested
to be associated with IA rupture.”* As Figs 2B and 2F show, both
the mean oscillatory shear index and energy loss are highest in the
AcomA group. The complex flow in AcomA IAs is most likely
caused by the 2 flow inlets that are present in AcomA aneurysms.
This may lead to the collision of the inflow jets, and the directional
changes of the WSS and energy losses may be amplified. Larger
studies that analyze more discrete IA locations may reveal mor-
phologic and hemodynamic differences between locations such as
the AcomA and PcomA locations.

Finally, we recognize that assessing IA rupture potential is not
limited to the morphologic and hemodynamic factors or the TA
location. Earlier studies of ruptured and unruptured IAs that in-
cluded IA location, type, and morphologic and hemodynamic
parameters showed that hemodynamics did not contribute signif-
icantly to rupture discrimination.”” As suggested by the PHASES
score, increased rupture propensity may be related to hyperten-
sion, patient age, and history of SAH. However, from additional
analysis in our cohort, there was no statistically significant differ-
ence between patients with IAs at different locations when
considering age over 70 years (P = .5584), hypertension (P =
.0227), or previous SAH (P = .1939), where P < .017 was consid-
ered statistically significant (« = .05; number of tests, 3). There-
fore, we may assume that our population is matched across
TA locations when considering comorbidities relevant to the
PHASES score.

Our study has several limitations. First, our data are limited to
asingle center, and therefore, it is unknown if our findings would
apply to other datasets. Second, this study examines cross-sec-
tional data and does not directly identify factors that can lead to
future rupture at specific IA locations. Third, because of a lack of
patient-specific information, we assumed that blood is non-New-
tonian for computational fluid dynamics simulations, we applied
a generic patient-specific waveform at the inlet, and we assumed
that the vessel walls were rigid.

CONCLUSIONS

Previous studies have suggested a significant association between
IA location and risk of rupture. In this study, we analyzed 311
aneurysm cases from our center and compared the differences in
morphologic and hemodynamic factors. We found that SR, LSA,
and PLc were different between IA groups. In addition, our results
showed that ICA aneurysms had lower size ratios, less low WSS
areas, and lower pressure loss coefficients compared with aneu-
rysms in other locations. Our results suggest that ICA aneurysms
have fewer rupture-prone morphologic characteristics and may
be subjected to less adverse hemodynamic environments. There-
fore, ICA aneurysms have better long-term outcomes with regard
to rupture risk compared with other aneurysm locations.
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Angioarchitectures and Hemodynamic Characteristics of
Posterior Communicating Artery Aneurysms and Their
Association with Rupture Status

B.J. Chung, ““R. Doddasomayajula, ““’'F. Mut, ““'F. Detmer, ““’M.B. Pritz, ““'F. Hamzei-Sichani, ““'W. Brinjikji, ““’D.F. Kallmes,
C.M. Jimenez, ““’C.M. Putman, and ““J.R. Cebral
40 (@
ABSTRACT

BACKGROUND AND PURPOSE: Intracranial aneurysms originating at the posterior communicating artery are known to have high rupture
risk compared with other locations. We tested the hypothesis that different angioarchitectures (ie, branch point configuration) of
posterior communicating artery aneurysms are associated with aneurysm hemodynamics, which in turn predisposes aneurysms to rupture.

MATERIALS AND METHODS: A total of 313 posterior communicating artery aneurysms (145 ruptured, 168 unruptured) were studied with
image-based computational fluid dynamics. Aneurysms were classified into different angioarchitecture types depending on the location
of the aneurysm with respect to parent artery bifurcation. Hemodynamic characteristics were compared between ruptured and unrup-
tured aneurysms, as well as among aneurysms with different angioarchitectures.

RESULTS: Angioarchitecture was associated with rupture (P = .003). Ruptured aneurysms had higher, more concentrated, and more
oscillatory wall shear stress distributions (maximum wall shear stress, P <.001; shear concentration index, P < .001; mean oscillatory shear
index, P < .001), stronger and more concentrated inflow jets (represented as Q, P = .01; inflow concentration index, P < .001), and more
complex and unstable flow patterns (vortex core length, P < .001; proper orthogonal decomposition entropy, P < .001) compared with
unruptured aneurysms. These adverse conditions were more common in aneurysms with bifurcation-type angioarchitectures compared
with those with lateral or sidewall angioarchitectures. Interestingly, ruptured aneurysms also had lower normalized mean wall shear stress
(P = .02) and minimum wall shear stress (P = .002) than unruptured aneurysms.

CONCLUSIONS: High-flow intrasaccular hemodynamic characteristics, commonly found in bifurcation-type angioarchitectures, are as-
sociated with the posterior communicating artery aneurysm rupture status. These characteristics include strong and concentrated inflow
jets, concentrated regions of elevated wall shear stress, oscillatory wall shear stress, lower normalized wall shear stress, and complex and

unstable flow patterns.

ABBREVIATIONS: PCOM = posterior communicating artery; WSS = wall shear stress

n average, the combined risk carried by aneurysm treatment
far exceeds the annual risk of aneurysm rupture.l’3 As such,
the best clinical practice would be to treat only those aneurysms
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that are relatively likely to rupture. Today, aneurysm size and
location drive most clinical decisions, with consideration also
given to surgical accessibility/endovascular feasibility, prior his-
tory of subarachnoid hemorrhage, family history, and patient age
and general health.* However, small aneurysms clearly are not
entirely benign because the mean size of ruptured aneurysms is far
smaller than 10 mm, and many are 4 mm or less in diameter.
Understanding the mechanisms that degrade the aneurysm wall
and induce progression and eventual rupture or, alternatively,
successful remodeling and repair that stabilizes the aneurysm,
carries the promise of improving aneurysm evaluation as well as
the development of novel therapies that target specific pathways
of these mechanisms.

The posterior communicating artery (PCOM) is a common
site for aneurysm development. PCOM aneurysms account for
approximately 25% of all intracranial aneurysms.® Aneurysms at
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FIG 1.

A, Distribution of all ruptured and unruptured aneurysms in our data base by aneurysm location, and B, distribution of ruptured and

unruptured PCOM aneurysms by size. ACA indicates anterior cerebral artery; ACOM, anterior communicating artery; BA, basilar artery; PCA,

posterior cerebral artery; VA, vertebral artery.

this location have larger rupture risk than aneurysms at other
locations such as the MCA or other segments of the ICA.”*® As
such, clinicians often need to decide whether to treat PCOM an-
eurysms, but reliable aneurysm-specific parameters to guide and
support decision making are lacking. A previous study showed that
PCOM aneurysms, along with anterior communicating artery and
basilar tip aneurysms, occur more frequently in patients with an an-
atomic variant or incomplete circle of Willis.” A recent study found
that inflow angle and the aneurysm area under low wall shear stress
(WSS) were independently associated with rupture.'® These studies
support the idea that hemodynamics are largely influenced by the
local geometry of the vessels and aneurysm configurations and that
they may play an important role in the development and evolution of
intracranial aneurysms at this location.

To further test this hypothesis, the purpose of this study was to
analyze the hemodynamic characteristics of ruptured and unrup-
tured PCOM aneurysms and their relationship to the anatomic
configuration of the aneurysm with respect to the ICA-PCOM
bifurcation (ie, its angioarchitecture). The objective was to iden-
tify distinguishing characteristics that could be used to under-
stand the underlying mechanisms of aneurysm evolution and,
ultimately, use them to improve current risk assessment of PCOM
aneurysms.

MATERIALS AND METHODS

Data Base

We have constructed a data base of intracranial aneurysms that
have been imaged with 3D rotational angiography. In addition to
the 3D rotational angiography images, the data base contains ano-
nymized patient and aneurysm information such as aneurysm
location, size, and rupture status as well as patient sex and age.
Currently, the data base contains 2022 aneurysms in 1386 patients
collected consecutively. All data have been anonymized, and the
study has been approved by the George Mason institutional re-
view board. The distribution of all ruptured and unruptured an-
eurysms in this data base by location is shown in Fig 1A. In this
data base, PCOM aneurysms had the second largest rupture rate
(46%) after anterior communicating artery aneurysms (63%) and

21m2 Chung Nov 2017 www.ajnr.org

were the third most common (n = 313) after ICA (n = 855) and
MCA (n = 390) aneurysms. All PCOM aneurysms with known
rupture status in this data base were selected for study. This selection
resulted in a total of 313 PCOM aneurysms, 145 ruptured and 168
unruptured. The distribution of ruptured and unruptured PCOM
aneurysms by size is presented in Fig 1B, showing that many of the
ruptured aneurysms are small (<6 mm), and that even medium-
sized aneurysms (6—10 mm) have large rupture rates (63%).

Angioarchitectures

To test the hypothesis that different configurations of the ICA and
PCOM arteries in relation to the location of the aneurysm can
have important effects on intra-aneurysmal hemodynamics and,
consequently, on aneurysm rupture, all PCOM aneurysms were
classified into a set of angioarchitecture types presented in Fig 2.
Aneurysms in type 3 were also classified into 2 subcategories: a)
aneurysmal lesion, where the aneurysmal dilation occurs along an
axis different from the PCOM axis, and b) infundibula, where the
dilation is mainly aligned with the PCOM axis. The classification
was done visually by inspection of volume-rendered 3D rotational
angiography images by 2 independent observers, and disagree-
ments were resolved by consensus. To verify the invisibility of the
PCOM in aneurysms of type 6, the transfer function of the volume
rendering was interactively varied to enhance structures of low
intensity. Examples of aneurysms in each angioarchitecture type
are presented in the On-line Figure.

A posteriori, to simplify the analysis and increase the statistical
power, aneurysms of types 2, 5, and 8 were combined into a “bi-
furcation” group, whereas types 1, 3a, 4, 6, and 7 were combined
into a “lateral” group. In the lateral group, the aneurysm orifice is
on the ICA (or the PCOM for type 1) and away from the bifurca-
tion, whereas in the bifurcation group, the aneurysm ostium is
near the bifurcation, hence their names. Infundibula (type 3b)
were not considered for further analysis.

Models
Computational fluid dynamics models of all 313 PCOM
aneurysms were created by using the patient-specific vascular ge-



Type 1 iy S Type 2

Type 8

ICA
PCOM

ICA * ICA
PCOM : com 5COM
ICA * IC ICA
* *
PCOM
PCOM
Type 7 \1\—‘m\ \I_W 1-True PCOM

2-At ICA-PCOM bifurcation
3-PCOM from fundus
4-PCOM proximal / detached
5-PCOM proximal / attached
6-No PCOM visible in 3DRA
7-PCOM distal / detached
8-PCOM distal / attached

* PCOM

FIG 2. Angioarchitecture types of PCOM aneurysms. Al indicates proximal segment of anterior cerebral artery; M1, proximal segment of the
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ometries reconstructed from the corresponding 3D rotational an-
giography images.'' The models were extended proximally to the
cavernous segment of the ICA and distally to the M1 segment of
the MCA and the A1 segment of the anterior cerebral artery. It was
verified that the reconstructed geometries adequately represented
the assigned aneurysm angioarchitectural class. The geometries
were meshed with tetrahedral elements with a minimum resolu-
tion of 200 wm, resulting in computational grids ranging from
2-5 million elements.

Numeric simulations based on the 3D incompressible Navier-
Stokes equations were carried out assuming Newtonian viscosity
and neglecting vessel wall compliance. Pulsatile inflow conditions
were prescribed at the inlet boundary located at the proximal ICA.
A flow waveform derived from phase-contrast MR measurements
at the ICA of healthy subjects'” was scaled with the inlet cross-
sectional area.'” The Womersley velocity profile was used to pre-
scribe Dirichlet boundary conditions.'* Outflow boundary con-
ditions were selected to produce flow divisions consistent with
Murray’s principle of minimal work to avoid unrealistic jumps in
the WSS from parent to daughter arterial branches. Simulations
were run for 2 cardiac cycles with a time resolution of 10 ms, and
the results from the second cycle were used for analysis to discard
transients associated with the initialization of the numeric calcu-

lations. All simulations were carried out in parallel on shared
memory computers by using an in-house fully implicit finite ele-
ment solver.'

To quantitatively characterize the intrasaccular hemodynamic
environments of the aneurysms and to compare ruptured and
unruptured aneurysms, a set of flow variables (listed in Table 1)
defined over the aneurysm region were computed.'®'”

Data Analysis

The flow variables in Table 1 were used to test whether ruptured
and unruptured PCOM aneurysms have different hemodynamic
environments and whether different angioarchitectures are asso-
ciated with different intra-aneurysmal flow characteristics. Two-
sided Wilcoxon rank sum (Mann-Whitney U) tests were used to
compare the mean values of each continuous variable between the
different aneurysm groups (ruptured/unruptured or different an-
gioarchitectures). Differences were considered statistically signif-
icant if P < .05 (95% confidence). The association between an-
gioarchitecture categories and aneurysm rupture rate was tested
by using contingency table analysis (Fisher test for 2 X 2 tables, x*
test for N X M tables). Statistical analysis was carried out in R
software (http://www.r-project.org/).'®
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RESULTS

Angioarchitecture Associated with Rupture

The numbers of ruptured and unruptured PCOM aneurysms of
each angioarchitecture are presented in Fig 3A. It can be seen that
the largest proportions of ruptured aneurysms are in types 2 and 5
(bifurcation aneurysms), whereas the largest proportion of un-
ruptured aneurysms is in type 6, where the PCOM is not visible
and the aneurysm can be considered a sidewall or lateral aneu-
rysm. Aneurysms with angioarchitectures 1, 4, 7, and 8 were quite
uncommon. Angioarchitecture was associated with aneurysm
rupture according to contingency table analysis using the x* test
(P = .003).

Table 1: Flow variables used to characterize different aspects of the hemodynamic

environment of ruptured and unruptured PCOM aneurysms®

The distributions of ruptured and unruptured aneurysms in
the combined bifurcation and lateral angioarchitecture groups
are presented in Fig 3B. Fig 3B shows that the bifurcation group
has a larger rupture rate than the lateral group (54.6% versus
36.4%). This association is statistically significant according to the
Fisher exact test for the 2 X 2 contingency table (P = .004).

Hemodynamic Characteristics Associated with Rupture

Results of the association between hemodynamic variables and
aneurysm rupture are presented in Table 1. Irrespective of angio-
architecture, compared with unruptured aneurysms, ruptured
PCOM aneurysms had larger maximum WSS (P < .001; normal-
ized maximum WSS, P < .001), more
concentrated WSS distributions (shear

concentration index, P < .001), more

Variable Unruptured Ruptured P oscillatory WSS (maximum oscillato
Wall shear stress distribution characteristics o . .
WSSmin, dyne/cm? 0.64 +139 0.29 + 0.74 oo>  shearindex, P < .001; mean oscillatory
WSSmean, dyne/cm? 2234 +2016 2417 + 2321 59 shear index, P < .001), larger inflow
WSSnorm 0.51+0.33 043 *+0.28 02° rates (represented as Q, P = .01) and
WSSmax, dyne/cm2 23154 = 172.1 34130 £ 299.9 <00‘|b maximum Velocity (P < 001), more
b
g::/r:zzorm 0522 f 8?357 02;2 :—: 3]1%2 zgglb concentrated inflow jets (inflow con-
OSImean 00B=004 007 =005 <ooP  centration index, P < .001), more
scl 576 = 8.50 704+717  <oor  complex flows (vortex core length,
LSA 52.32 + 3191 59.63 *+ 30.46 .05 P <.001), and more unstable flow pat-
Aneurysr3n inflow characteristics . terns (proper orthogonal decomposi-
I%Icm /s 0 2479] :—: 8325 007'22 :—: 8234 .g]zb tion entropy, P < .001). Interestingly,
Intra-aneurysmal flow characteristics rupt.ured aneurysms also had lower n.01.‘—
Vmax, cm/s 6789 +3384  9573+5921  <ooP  malized mean WSS (P = .02) and mini-
VE, cm/s 975+ 739 1071 £ 7.67 18 mum WSS (P = .002) than unruptured
VO, 1/s 32047 + 2743 323.66 = 2547 57 aneurysms.
SR, 1/s 236.26 = 2019 235.06 +182.4 .67
CORELEN, cm 1.837 £ 2484 3133 £2982 <.001° d ic Ch . .
PODENT 079+ 0140 0206017  <oo  Hemodynamic Characteristics

Note:—CORELEN indicates vortex core length - flow complexity; ICI, inflow concentration index; LSA, low shear area
(% of aneurysm sac); MWSSnorm, maximum normalized WSS; OSImax, maximum oscillatory shear index; OSImean,
mean oscillatory shear index; PODENT, proper orthogonal decomposition entropy—flow stability; Q, aneurysm inflow
rate; SCI, shear concentration index; SR, mean aneurysm shear rate; VE, mean aneurysm velocity; Vmax, maximum
aneurysm velocity; VO, mean aneurysm vorticity; WSSmax, maximum WSS; WSSmean, average WSS; WSSmin, mini-

mum WSS; WSSnorm, normalized WSS.

2 Values given are mean = standard deviation, and P values correspond to the Mann-Whitney U test.

b Statistically significant association.

Associated with Angioarchitectures
Results of the association between he-
modynamic variables and rupture of an-
eurysms of different angioarchitectures
are summarized in Table 2. Table 2 indi-
cates which hemodynamic variables were

Rupture Status by Type
status
501 m R
= U
A=
E 80
8
20 —
10
o N - -
1 2 3 4 5 6 7 8
anglo-architecture type
A Chi*2=0,0033"

Rupture Status by Morphology

count

BIF LAT

B morphology group

Fisher=0.0044"

FIG 3. A, Number of ruptured and unruptured PCOM aneurysms in each angioarchitecture type, and B, number of ruptured and unruptured
PCOM aneurysms in “bifurcation” (types 2, 5, and 8 combined) and “lateral” (types 1, 3, 4, 6, and 7 combined) angioarchitectures. BIF indicates

bifurcation; LAT, lateral.
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Table 2: Summary of univariate statistical tests comparing the means between ruptured and unruptured aneurysms considering all
aneurysms, subdividing by angioarchitecture types 1- 8, and combining angioarchitectures into “bifurcation” and “lateral”

configurations®

Combined
Angioarchitecture Type Angioarchitectures
Variable All 1 2 3 4 5 6 7 8 BIF LAT BIF vs LAT
WSSmin U U L
WSSmean
WSSnorm U U
WSSmax R R R R R
MWSSnorm R R B
OSImax R R R R B
OSImean R R R B
SClI R R B
LSA
Q R B
ICI R R B
Vmax R R R R R R
VE
VO
SR
CORELEN R R R R R R B
PODENT R R B

Note:—BIF indicates bifurcation; CORELEN, vortex core length - flow complexity; IC, inflow concentration index; LAT, lateral; LSA, low shear area (% of aneurysm sac);
MWSSnorm, maximum normalized WSS; OSImax, maximum oscillatory shear index; OSImean, mean oscillatory shear index; PODENT, proper orthogonal decomposition
entropy—flow stability; Q, aneurysm inflow rate; SCI, shear concentration index; SR, mean aneurysm shear rate; VE, mean aneurysm velocity; Vmax, maximum aneurysm velocity
VO, mean aneurysm vorticity; WSSmax, maximum WSS; WSSmean, average WSS; WSSmin, minimum WSS; WSSnorm, normalized WSS.

?Rindicates mean value significantly larger (P < 0.05) in ruptured compared with unruptured aneurysms. U indicates mean value significantly larger (P < 0.05) in unruptured
compared with ruptured aneurysms. B indicates mean value significantly larger (P < 0.05) in BIF compared with LAT aneurysms. L indicates mean value significantly larger (P <
0.05) in LAT compared with BIF aneurysms. Empty cells indicate no statistically significant difference.

significantly different between ruptured and unruptured aneu-
rysms of each angioarchitecture type and whether the value was
larger in the ruptured or unruptured group or between the com-
bined bifurcation and lateral groups. In general, bifurcation an-
eurysms had larger maximum normalized WSS (P < .001),
lower minimum WSS (P = .001), more oscillatory WSS (P =
.0033; mean oscillatory WSS, P = .01), more concentrated WSS
(shear concentration index, P < .001), larger and more concen-
trated inflow jet (Q, P = .001; inflow concentration index, P <
.001), and more complex and unstable flows (vortex core length,
P = .003; proper orthogonal decomposition entropy, P = .01)
than lateral aneurysms.

DISCUSSION
Aneurysm evolution is thought to be governed by the progressive
degradation of the wall in response to abnormal hemodynamic
and biomechanical stimuli.'” Previous studies of aneurysms in
other locations have found angioarchitectural differences be-
tween ruptured and unruptured aneurysms. In basilar tip aneu-
rysms, bifurcation angles between the basilar and posterior cere-
bral arteries and the diameters of the posterior cerebral arteries
were different between ruptured and unruptured aneurysms.*’ In
aneurysms at the MCA bifurcation®' and the anterior communi-
cating complex,22 neck location, flow deviation, and relation of
neck/daughter artery were different between ruptured and un-
ruptured aneurysms. Therefore, it is logical to ask whether differ-
ent angioarchitectures could be associated with different hemo-
dynamic conditions that in turn could predispose the aneurysm
to rupture or stabilization.

Our current study found that ruptured PCOM aneurysms had
distinct hemodynamic environments compared with unruptured

aneurysms. Specifically, the hemodynamics in ruptured aneu-
rysms were characterized by concentrated elevations of WSS, os-
cillatory WSS, stronger and more concentrated inflow jets, and
more complex and unstable flow patterns than in unruptured
aneurysms. Similar trends were observed when subdividing by
angioarchitectural types, though in some types, the trends did not
reach statistical significance, likely because of small sample sizes.
This suggests that hemodynamic environments with these char-
acteristics may be more harmful to the wall, thus increasing the
likelihood of rupture. This reasoning is supported by previous
studies that found similar hemodynamic characteristics associ-
ated with weakened aneurysm walls>” as well as inflammation and
other histologic changes of the wall.**

Interestingly, ruptured aneurysms also had lower normalized
WSS and minimum WSS than unruptured aneurysms. Therefore,
our results are in agreement with previous studies that pointed to
“high WSS” mechanisms as responsible for aneurysm rupture®®
as well as with studies that proposed “low WSS” mecha-
nisms."%?*?” This finding suggests that previous results may not
be conflicting or contradictory, but rather that the different met-
rics used in different studies characterize different aspects of the
adverse flow environment. Both abnormally high and low WSS
have been associated with processes that could degrade the aneu-

rysm wall.*®

Our study suggests that aneurysms with high local
flow conditions (eg, high maximum WSS, high velocity, and com-
plex and unstable flows) as well as low local flow conditions (eg,
low normalized WSS and low minimum WSS) may be more likely
to rupture.

Further, the current study showed that the proposed angio-

architecture types are associated with aneurysm rupture. In par-
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ticular, bifurcation-type aneurysms had significantly higher rup-
ture rates than aneurysms that behave as lateral aneurysms.
Furthermore, aneurysms in the bifurcation group had hemody-
namic environments characterized by concentrated elevations of
WSS, oscillatory WSS, larger and more concentrated inflow jets,
and more complex and unstable flow patterns. This suggests that
bifurcation angioarchitectures are more likely to generate these
adverse intra-aneurysmal hemodynamic conditions that predis-
pose the aneurysms to rupture.

It is conceivable that compared with more lateral or sidewall
aneurysm configurations, bifurcation aneurysms are more likely
to have stronger inflow jets directed toward the aneurysm fundus
that create localized regions of concentrated WSS and spread into
complex and unstable flow patterns. To illustrate this point, ex-
amples of ruptured and unruptured aneurysms of angioarchitec-
ture types 2, 5, and 6 are presented in Fig 4.

Although the current sample was large enough to obtain sta-
tistically significant differences, some limitations in this study
should be considered, and the results should be confirmed with
data from other populations as well as with longitudinal data. The
current study purposely focused only on PCOM aneurysms to
eliminate confusion related to aneurysm location. However, the
proposed angioarchitecture classification and corresponding he-
modynamic analysis could be directly evaluated with aneurysms
at other locations, such as the anterior choroidal artery, or ex-
tended to other locations, such as the MCA bifurcation or the
superior cerebellar artery. The study was performed on a set from
a data base of consecutive aneurysms that had undergone angiog-
raphy and/or embolization over a 10-year period. Selection bias
related to referral patterns and indications for treatment may have
led to the exclusion of important aneurysms subsets. In addition,
anumber of assumptions and approximations were made during
the modeling process, including the approximations of the vascu-
lar geometry, the inflow conditions, the Newtonian rheology, and
the rigid walls assumption.

CONCLUSIONS

High-flow intrasaccular hemodynamic characteristics are associ-
ated with PCOM aneurysm rupture. High-flow characteristics in-
clude strong and concentrated inflow jets, concentrated regions of
elevated WSS, oscillatory WSS, and complex and unstable flow
patterns. These adverse conditions are more commonly found in
aneurysms with bifurcation-type angioarchitectures in contrast
to aneurysms that have a hemodynamic behavior similar to side-
wall aneurysms. Angioarchitecture and hemodynamic character-
istics associated with rupture are useful to further understand the
underlying mechanisms of aneurysm evolution and rupture and
could potentially be used to refine the clinical evaluation of
PCOM aneurysms and plan more specific and personalized ther-
apeutic strategies.
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ORIGINAL RESEARCH
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Patient Outcomes and Cerebral Infarction after Ruptured
Anterior Communicating Artery Aneurysm Treatment

JJ. Heit, ““R.L. Ball, ““N.A. Telischak, ““’H.M. Do, ““R.L. Dodd, ““’G.K. Steinberg, ““'S.D. Chang, ““’M. Wintermark, and ““’M.P. Marks

ABSTRACT

BACKGROUND AND PURPOSE: Anterior communicating artery aneurysm rupture and treatment is associated with high rates of depen-
dency, which are more severe after clipping compared with coiling. To determine whether ischemic injury might account for these
differences, we characterized cerebral infarction burden, infarction patterns, and patient outcomes after surgical or endovascular treat-
ment of ruptured anterior communicating artery aneurysms.

MATERIALS AND METHODS: We performed aretrospective cohort study of consecutive patients with ruptured anterior communicating
artery aneurysms. Patient data and neuroimaging studies were reviewed. A propensity score for outcome measures was calculated to
account for the nonrandom assignment to treatment. Primary outcome was the frequency of frontal lobe and striatum ischemic injury.
Secondary outcomes were patient mortality and clinical outcome at discharge and at 3 months.

RESULTS: Coiled patients were older (median, 55 versus 50 years; P = .03), presented with a worse clinical status (60% with Hunt and Hess
Score >2 versus 34% in clipped patients; P = .02), had a higher modified Fisher grade (P = .01), and were more likely to present with
intraventricular hemorrhage (78% versus 56%; P = .03). Ischemic frontal lobe infarction (OR, 2.9; 95% Cl,1.1-8.4; P = .03) and recurrent artery
of Heubner infarction (OR, 20.9; 95% Cl, 3.5-403.7; P < .001) were more common in clipped patients. Clipped patients were more likely to
be functionally dependent at discharge (OR, 3.2; P = .05) compared with coiled patients. Mortality and clinical outcome at 3 months were
similar between coiled and clipped patients.

CONCLUSIONS: Frontal lobe and recurrent artery of Heubner infarctions are more common after surgical clipping of ruptured anterior

communicating artery aneurysms, and are associated with poorer clinical outcomes at discharge.

ABBREVIATIONS: AcomA = anterior communicating artery aneurysm; RAH = recurrent artery of Heubner; HHS = Hunt and Hess Scale

Subarachnoid hemorrhage secondary to rupture of a cerebral
aneurysm affects 30,000 people in the United States every year
and results in significant morbidity and mortality." Clinical out-
comes after aneurysm rupture and treatment are influenced by
cumulative cerebral infarction burden.>’ Furthermore, patients
who recover from aneurysm rupture are often left with disabling
cognitive deficits that may result in the patient’s dependency on
others, which is reflect by higher mRS scores.*> The severity of
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these cognitive deficits has been correlated to the Hunt and Hess
Scale (HHS) grade on admission, older age, aneurysm location,
and treatment-related brain injury.®®

Anterior communicating artery aneurysms (AcomAs) are
among the most commonly identified ruptured aneurysms,”'°
and AcomA rupture and treatment are more strongly associated
with cognitive and behavioral deficits relative to other aneurysm
locations.™'"™'* The cause of these neuropsychiatric deficits re-
mains uncertain, but prior studies have suggested ischemic injury
to the frontal cortex, ventromedial prefrontal (orbitofrontal) cor-
tex, or striatum as a possible etiology.'>™'”

Ruptured aneurysms may be successfully treated by microsur-
gical clipping or endovascular coil embolization.™”'® However,
surgical clipping of AcomAs has been associated with more severe
cognitive and behavioral deficits and higher rates of patient de-
pendency compared with endovascular coil embolization, which
may be caused by retraction injury to the frontal lobe or other

causes of cerebral infarction.?>! ! !417:19
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Our primary aim was to determine whether there is an in-
crease in frontal lobe or striatum ischemic injury after treatment
with surgical clipping compared with coil embolization in pa-
tients with ruptured AcomA. Our secondary outcomes were pa-
tient mortality and clinical outcome at discharge and at 3 months
of follow-up. We therefore characterized patterns of cerebral isch-
emic injury and patient outcomes after treatment of ruptured
AcomA at our neurovascular referral center.

MATERIALS AND METHODS

Patient Information

The study was approved by our institutional review board and
complied with the Health Insurance Portability and Accountabil-
ity Act. We retrospectively reviewed our radiology data base and
medical records to identify consecutive patients who presented
with SAH caused by AcomA rupture between January 2010 and
December 2014. The patient flow in this study is summarized in
On-line Fig 1. Patient demographic, treatment, and outcome data
were determined by electronic medical record review. A good
clinical outcome was defined as an mRS score of 2 or less, and
mRS scores were documented in the electronic medical record.

Image Acquisition and Analysis

Head NCCT and CTA were performed in all patients with stan-
dard protocols by using a 64-section helical CT scanner (Light-
Speed; GE Healthcare, Milwaukee, Wisconsin). Axial NCCT im-
ages were obtained with 120 kVp, 170 mA, and 5-mm section
thickness reconstruction. MR imaging and MRA were performed
in 49 patients on a 1.5T or 3T scanner (Signa; GE Healthcare) by
using standard departmental and vendor protocols. DSA was per-
formed in all patients in a biplane neuroangiography suite (Ax-
iom Artis; Siemens, Erlangen, Germany). Selective angiography
of the bilateral internal carotid arteries and at least 1 vertebral
artery was performed. AcomA coiling was performed after femo-
ral artery access with general anesthesia and neurophysiologic
monitoring. DSA was not performed before treatment technique
decisions in all patients, and treatment decisions were at the dis-
cretion of the admitting neurosurgeon.

All CT, MR imaging, and DSA images were independently
reviewed in a blinded manner by 3 interventional neuroradiolo-
gists with 2, 3, and 30 years of experience. Aneurysm size was
determined by 3D rotational angiography when available or by
CTA with 3D reformations. Follow-up studies were performed at
various time points after endovascular or surgical treatment of the
ruptured AcomA and ranged from postoperative day 0—159, with
80% performed within 2 days and 95% performed within 5 days.
If follow-up head imaging was not performed because of an ex-
cellent clinical status (no symptoms other than a mild headache),
the patient was excluded from the subsequent imaging analysis.
The presence of SAH, intraparenchymal hemorrhage, and intra-
ventricular hemorrhage was noted on each study. Cerebral infarc-
tion was defined as new hypoattenuation on CT, restricted diffu-
sion on MR imaging, or confluent T2 signal abnormality on MR
imaging performed after treatment. Cerebral infarction second-
ary to vasospasm was defined as new hypoattenuation on CT,
restricted diffusion on MR imaging, or confluent T2 signal abnor-
mality on MR imaging on subsequent studies when severe vaso-
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spasm was identified on an accompanying CTA, MRA, or DSA.
Cerebral infarction was considered to be within the recurrent ar-
tery of Heubner (RAH) vascular territory if the infarction in-
volved the caudate head with possible extension into the ipsilat-
eral anterior limb of the internal capsule and/or medial lentiform
nucleus. Other areas of cerebral infarction were also recorded.

Outcomes

The primary outcome was the frequency of frontal lobe and stria-
tum ischemic infarction before discharge. Patients who did not
receive imaging were not included in the primary analysis, but a
sensitivity analysis was completed that included these patients
(see “Statistical Analysis” section for details). Secondary outcome
measures included patient mortality, clinical outcome at dis-
charge, and clinical outcome at 3 months.

Statistical Analysis

Differences in patient demographics, clinical presentation, and
aneurysm characteristics between the clipped and coiled
groups were assessed with either the 2-sided Wilcoxon rank
sum test for continuous characteristics or the 2-sided Fisher
exact test for categoric characteristics; significance was as-
sessed at the .05 level. To account for the nonrandom assign-
ment to treatment, propensity scores were calculated with a
multivariable logistic regression model with treatment as the
response, and explanatory variables included demographic
and other characteristics at presentation that were significantly
different between treatment groups.”’

Differences between treatments in primary and secondary
outcomes were tested with the likelihood ratio test, where the
restricted model included only the intercept and propensity score
and the full model included the intercept, propensity score, and
treatment; significance was assessed at the .05 level. Odds ratios
were calculated as the odds of the outcome when clipping was
applied divided by the odds of the outcome when coiling was
applied after correcting for the nonrandom assignment to treat-
ment by the propensity score. Analyses on outcomes were com-
pleted on data where the outcome was known, and if outcomes
were missing, the number of missing values was noted. Because
imaging to evaluate possible infarction was not performed on
patients who had excellent clinical status, we completed a sen-
sitivity analysis on the primary outcome of infarction that as-
sumed patients with no imaging had not experienced an infarc-
tion. All analyses were completed in the statistical software R
(http://www.r-project.org/).”'

RESULTS

A total of 100 consecutive patients with ruptured AcomAs were
identified, which coincidentally included 50 patients treated by
microsurgical clipping (“clipped” patients) and 50 patients
treated by coil embolization (“coiled” patients). Coiled patients
were older (median age, 55 years compared with 50 years in the
clipped group; P = .03), but there were no other significant dif-
ferences with respect to sex, hypertension, hyperlipidemia, diabe-
tes, coronary artery disease, smoking, illicit drug use, alcohol
abuse, or a family history of aneurysms (Table 1). Clipped pa-



Table 1: Patient demographic and presentation information

the median size-to-neck ratio between

Clip Coil PValue  clipped (2.1) and coiled (2.0) patients
No. of patients 50 50 (P =.29). These data are summarized in
Median age (IQR), yr 50 (41.00-58.00) 55 (48.00-63.75) .03 Table 2.
Female sex, no. (%) 26(32) 31(62) 42 For the outcomes analysis, we calcu-
Hunt and Hess score, no. (%) .01 . . .
1 6(12) 2(4) lated propensity scores (On-line Fig 2)
b 27 (54) 18 (36) for all patients by using a logistic regres-
3 14(28) 16 (32) sion model with probability of coiling as

" 4 rensi %) 33] 52)2) 212 gg; P the response and covariates that in-
ypertension, no. (%, . .

Diabetes mellitus, no. (%) 7(4) 5(10) 76 cluded demographic and other charac-

Hyperlipidemia, no. (%) 12 (24) 16 (32) 50 teristics at presentation that were signif-

Coronary artery disease, no. (%) 3(6) 5(10) 72 icantly different between the treatment

Sm,\?k'”g status, no. (%) 2 56) 262 73 groups. The covariates analyzed in-

ever . .
Current 19 (38) 15(30) cl‘uded patient age', the HH?, modified
Brier 3(6) 4(8) Fisher grade, and intraventricular hem-

Drug use, no. (%) 5(10) 5(10) 1 orrhage at presentation and aneurysm

Alcohol use, no. (%) 4(8) 2(4) .68 neck size.

Family history of aneurysm, no. (%) 3(6) 4(8) 1 Symptomatic vasospasm requiring
Note:—IQR indicates interquartile range. endovascular treatment with intra-arte-
Table 2: Patient neuroimaging evaluation at presentation rial nicardipine infusion and/or cerebral

Clip Coil Pvalue  arterial angioplasty occurred in 25 pa-

No. of patients 50 50 tients (12 clipped and 13 coiled). After

Modified Fisher score, no. (%) 01 accounting for the propensity score,

0 12 0(0) there was no significant difference (P =
1 2(4) 0(0) L

) 6(12) 4(8) .36) between treatments in patients re-
3 29 (58) 19(38) quiring endovascular treatment of vaso-
4 12 (24) 27 (54) spasm. However, clipped patients (9 of

IVH, no. (%) 28 (56) 39(78) 03 12 compared with 3 of 13 coiled pa-

Frontal lobe IPH, no. (%) 9(18) 10(20) 1 tients) were more likely to require an-

Ischemic frontal lobe infarction, no. (%) 0(0) 1(2.0) .50 ioplasty for treat t of

Median aneurysm size (IQR), mm 550 (4.40-7.07)  6.05(4.03-7.83) 29 gloplasty for treatineiit of severe vaso-

Median aneurysm neck size (IQR), mm 250(200-3.00)  3.00 (2.30-4.00) 02 spasm (OR, 17.8; 95% CI, 1.4-819.7;

Median aneurysm ratio (IQR) 210 (1.50-2.70) 2.00 (1.70-2.30) 29 P =.03). Ina separate logistic regression

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

tients presented with a more favorable clinical status as deter-
mined by the HHS (P = .01).

Head CT upon presentation demonstrated higher modified
Fisher grades in patients who subsequently underwent coiling
(P = .01; Table 2). Intraventricular hemorrhage was present in
67% of all patients and was present more frequently in coiled
patients compared with clipped patients (39 patients [78%] ver-
sus 28 patients [56%]; P = .03). Intraparenchymal hemorrhage
was identified on presentation in 19 patients (19%), and there was
no difference (P = 1) in the frequency of intraparenchymal hem-
orrhage between those who were clipped (9 patients [18%]) and
coiled (10 patients [20%]). A single patient who underwent coil
embolization presented with an ischemic infarction in the left
superior frontal gyrus, which was secondary to severe anterior
cerebral artery vasospasm identified at the time of presentation.
No other areas of ischemic infarction were identified on presen-
tation head CT studies or imaging studies obtained before aneu-
rysm treatment. These data are summarized in Table 2.

There was no significant difference in median maximal aneu-
rysm diameter between clipped (5.5 mm) and coiled (6.1 mm)
patients (P = .29). Aneurysms treated by coiling had a larger
median neck diameter of 3.0 mm compared with 2.5 mm in
clipped patients (P = .02). However, there was no difference in

analysis, endovascular vasospasm treat-
ment was highly predictive of mortality
(OR, 5.6; 95% CI, 1.5-23.9; P = .01). All patients who required
vasospasm treatment and survived (19 of 25 patients) were de-
pendent (mRS >2) at discharge (P = .001). Seven (of 19) patients
who underwent vasospasm treatment improved by 3 months and
were independent (mRS =2), but vasospasm remained highly
predictive of a poor outcome (mRS > 2) at 3-months (OR, 4.4;
95% CI, 1.5-13.3; P = .005).

Follow-up head CT or MR imaging was performed after
AcomA clipping or coiling in 94 patients (94%), including 46
clipped patients (92%) and 48 coiled patients (96%). Follow-up
MR imaging was performed in 22 clipped patients (48%) and 27
coiled patients (56%). The 6 patients in whom follow-up imaging
was not obtained each had an excellent clinical status and were
symptom-free after treatment. On follow-up imaging, intrapa-
renchymal hemorrhage was present in 12 of 46 clipped patients
(26%, compared with 9 patients on presentation imaging) and 11
of 48 coiled patients (23%, compared with 10 patients on presen-
tation imaging), but these differences were not significant (P =
.06). This increased frequency of intraparenchymal hemorrhage
was caused by hemorrhage related to extraventricular drain place-
ment, aneurysm rerupture before treatment, or intraprocedural
rupture during surgical clipping or endovascular coil emboliza-
tion. These results are summarized in Table 3.
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Table 3: Patient neuroimaging evaluation after aneurysm treatment

Clip Coil OR (95% ClI) P Value
No. of patients 50 50
Patients without FU imaging, no. (%) 4(8) 2(4)
Frontal lobe IPH after treatment, no. (%)* 12(26.) 1(22.9) 3.0 (1.0-10.1) .06
Nonvasospasm ischemic frontal lobe infarction, no. (%)? 12(26.]) 2(4.2) 8.5(1.9-62.3) .004
Artery of Heubner infarction after treatment, no. (%) 15(32.6) 1(2) 20.9 (3.5-403.7) <.001
Embolic infarction after treatment, no. (%)* 4(8.7) 12(25) 0.3 (0.1-1.1) .07
Vasospasm-related ischemic infarction, no. (%)* 7(15.2) 8(16.7) 0.9 (0.3-3.1) .85
Any ischemic infarction after treatment, no. (%)* 33(717) 24 (50) 4.1(1.5-12.4) .005

Note:—FU indicates follow-up; IPH, intraparenchymal hemorrhage.

2 Percentages refer to the number of patients with non-missing values (46 clip and 48 coil). P values are from the likelihood ratio test using propensity scores and odds ratios,
and resulting 95% Cls are derived from the logistic model that includes both treatment and propensity scores (see “Materials and Methods” section).

Clipped patients had greater odds of experiencing any isch-
emic cerebral infarction when all types of infarction were consid-
ered (OR, 4.1; 95% CI, 1.5-12.4; P = .005). RAH territory isch-
emic infarction was more likely in clipped patients compared with
coiled patients (OR, 20.9; 95% CI, 3.5-403.7; P < .001) (Fig 1,
Table 3). Clipped patients also had greater odds of ischemic fron-
tal lobe infarction (OR, 8.5; 95% CI, 1.9—-62.3; P = .004). There
was a trend toward more frequent punctuate emboli infarctions in
coiled patients, but this difference was not significant (OR, 0.3;
95% CI, 0.1-1.1; P = .07). A sensitivity analysis that treated miss-
ing imaging as indicative of no infarction did not alter these con-
clusions except that intraparenchymal hemorrhage on follow-up
was significantly associated with clipping (OR, 3.1; 95% CI, 1.0—
10.7; P = .05; On-line Table). To be thorough, we considered a
less likely scenario and treated missing imaging as indicative of an
infarction, but even this unlikely scenario did not alter the con-
clusions (On-line Table). There was no difference in the fre-
quency of confluent arterial territorial infarction secondary to
known vasospasm between clipped and coiled groups. These re-
sults are summarized in Table 3.

Secondary patient outcomes were mortality and, for those
who survived to discharge, mRS at discharge and at 3 months
(Table 4). There were 10 deaths before discharge, including 3
clipped patients (6%) and 7 coiled patients (14%), and no addi-
tional deaths occurred by 3 months. There was no difference in
mortality between clipped and coiled patients (OR, 0.5; 95% CI,
0.1-2.0; P = 31).

Among all patients at discharge, there were 13 coiled patients
and 13 clipped patients with an mRS =2. When the propensity
score was applied to a logistic regression model including all pa-
tients, there was no significant difference between the outcomes
of clipped and coiled patients (OR, 3.0; 95% CI, 1.0-10.1; P =
.06). However, when we considered only patients who survived to
discharge, we found that clipped patients were more likely to have
a worse clinical outcome (mRS >2) at discharge compared with
coiled patients (OR, 3.4; 95% CI, 1.2-12.3; P = .04).

At 3-month follow-up, no additional deaths had occurred,
and 16 patients (8 coiled, 8 clipped) were lost to follow-up, which
left 74 patients (35 coiled and 39 clipped) for analysis (On-line Fig
1). Of these patients, 28 coiled patients (80%) and 30 clipped
patients (77%) had a good clinical outcome (mRS =2). After
baseline differences were accounted for by using a propensity
score, we did not find any significant association between treat-
ment choice and 3-month outcomes (OR, 2.1; 95% CI, 0.6—8.0;
P=.24).
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DISCUSSION
Cerebral infarction is common after cerebral aneurysm rup-

ture, 2223

and prior studies have correlated the cumulative burden
of cerebral infarction to poor clinical outcome and cognitive out-
comes.”” In this study, we questioned whether differences in ce-
rebral infarction pattern and burden after treatment of ruptured
AcomAs by clipping compared with coiling might account for
differences in clinical outcome.

The frequency of cerebral infarction (61%) in our study is in
agreement with prior studies, which have described cerebral in-
farction rates ranging from 39%-87%.>*>*’ Similar to prior
studies, we found increased cumulative cerebral infarct burden
among patients with ruptured AcomA treated by microsurgical
clipping (72% of patients) compared with those treated by endo-
vascular coil embolization (50% of patients).”'” Moreover, the
less frequent use of MR imaging in clipped patients may slightly
underestimate the frequency of cerebral infarction in this group.
The increased frequency of embolic infarction in patients under-
going endovascular coiling is not surprising, given that endovas-
cular procedures are known to result in punctuate infarctions.
However, these punctate infarctions are often clinically silent, and
in this study, we found that the difference was not significant.**
These data suggest that the cumulative differences in cerebral in-
farction between clipped and coiled patients reflect the mode of
treatment rather than the natural history of the ruptured AcomA.

We found cerebral infarction in the vascular distribution of
the RAH to be significantly more common among patients
treated with microsurgical clipping compared with endovascular
coil embolization (OR, 20.9; 95% CI, 3.5-403.7). A prior study
found RAH territory infarction in 50% of patients with amnesia
after AcomA clipping, but patients treated with endovascular coil-
ing were not analyzed.”> Another study found RAH territory in-
farction in 15% of patients treated for AcomA by clipping com-
pared with 2% for those treated by coiling, though patient
outcomes related to these infarctions were not described.'” RAH
infarction causes injury to the medial and basal striatum, espe-
cially the caudate head,”® and memory dysfunction and behav-
ioral deficits have been linked to caudate head infarction.'*'>'¢
The reason for this increased frequency of RAH infarction in pa-
tients with ruptured AcomAs treated by microsurgical clipping is
not clear. The RAH may be stretched or injured in the setting of
SAH because of AcomA rupture, the surgical clips may impinge
upon the RAH, or vasospasm may be more likely to develop after
surgical manipulation, which may result in RAH territory infarc-
tion. Postmortem analyses have found the anatomic course of the



Admission CT Pre-Treatment CTA/DSA Post-Treatment MRI/CT

|

|| Patient 1 - Clipped

Patient 2 - Clipped

Patient 3 - Clipped

FIG 1. Recurrent artery of Heubner infarction in patients with ruptured AcomA treated by microsurgical clipping. Neuroimaging studies from 3
patients with ruptured AcomA treated by microsurgical clipping are shown. Admission head CT shows SAH (arrows, first column) as hyperat-
tenuated blood in the subarachnoid space. Vascular imaging demonstrates the AcomA (arrows, second column) in each patient by CTA.
Postclipping neuroimaging demonstrates cerebral infarction in the RAH territory (arrows, third column) by fluid-attenuated inversion recovery
MR imaging (patients 1and 2) or NCCT (patient 3).

Table 4: Clinical outcome in patients treated by aneurysm clipping versus coiling®
All, no. (%) Clip, no. (%) Coil, no. (%) OR (95% Cl) P Value

No. of patients 100 (100) 50 (50) 50 (50)

Mortality by discharge (n = 100; 50 clip, 50 coil) 10 (10) 3(6.0) 7(14.0) 0.5(0.1-2.0) 31

mRS >2 at discharge (n = 100; 50 clip, 50 coil) 74 (74) 37 (74) 37 (74) 3.0(1.0-10.0) .06
Survivors’ mRS >2 at discharge (n = 90; 47 clip, 43 coil) 64 (71.1) 34(72.3) 30(69.8) 3.4(1.2-12.3) .04
Survivors’ mRS >2 at 3 months (n = 74; 39 clip, 35 coil) 16 (22) 9(23.) 7(20.0) 21(0.6-8.0) 24

? Percentages refer to the number of patients with non-missing values. P values are from the likelihood ratio test using propensity scores and odds ratios, and resulting 95%
confidence intervals are derived from the logistic model that includes both treatment and propensity scores (see “Materials and Methods” section).

RAH to be variable, which leads to additional challenges in the  clipped patients compared with coiled patients in our study (OR,
preservation of this artery during surgery.”>*” 8.5; 95% CI, 1.9-62.3). Prior studies have shown that cerebral
Frontal lobe ischemic infarction was also more common in  infarction and encephalomalacia in the frontal lobes is more com-
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mon after clipping than coiling,”'” which likely reflects a combi-
nation of retraction injury and ischemic stroke within the vascular
territory of the anterior cerebral arteries and perforators that arise
from the anterior communicating artery complex.

Similar to prior studies that have shown better clinical
outcomes after endovascular treatment of ruptured aneu-

18:28-30 we found that coiled patients were more likely to be

rysms,
discharged with an independent status (mRS =2). However, by 3
months of follow-up this difference in functional independence
was no longer significantly different. The International Subarach-
noid Aneurysm Trial showed that coil embolization of ruptured
aneurysms results in higher rates of functional independence that
lasts years after treatment,™'® and our discrepant findings at 3
months most likely reflect the relatively small sample size of our
cohort. We postulate that the better clinical outcomes among
coiled patients in our study reflect the reduced rates of cerebral
infarction, particularly within the frontal lobes and striatum.
Cognitive and behavioral deficits that result in poor clinical
outcomes and reduced rates of functional independence are more

5,11,12

common after AcomA rupture, and AcomA treatment by

microsurgical clipping is associated with more severe cognitive
deficits compared with endovascular coil embolization.>>"'""?
Similarly, surgical treatment of ruptured AcomAs is associated
with a greater decline in perioperative Glasgow Coma Scale scores
compared with endovascular coiling,”" but the reason for these
differences remains unclear. Detailed neuropsychological testing
after AcomA rupture and treatment is not routinely performed at
our institution, which precludes correlating the degree and pat-
tern of cerebral infarction to cognitive outcome in our series.
However, many prior studies have now linked memory dysfunc-
tion and behavioral deficits to ischemic injury of the striatum,
frontal lobe, and ventromedial prefrontal (orbitofrontal) cor-

2,3,15,16,32
tex, 20

and our analysis suggests that the higher burden
of RAH territory and frontal lobe infarction may account for
the worse cognitive outcomes associated with AcomA clip-
ping.»>'"'” Future multicenter studies that include additional
patients, detailed neuropsychologic testing, and neuroimaging
studies should be performed to determine whether the higher rate
of cerebral infarction in the striatum and frontal lobe after surgi-
cal treatment of ruptured AcomA accounts for worse cognitive

and behavioral outcomes in these patients.

Limitations

This study is limited by its relatively small size, retrospective de-
sign, lack of randomization to clipping/coiling treatment, and
single-center patient series, all of which may introduce selection
bias. These biases may limit the generalizability of our findings
despite our efforts to mitigate these biases with a propensity score
in analyzing the outcomes. The posttreatment imaging analysis
cannot be blinded to treatment type, given the different imaging
appearance of the treatment modalities, which may introduce
bias to the results. Moreover, 16% of patients were lost to fol-
low-up at 3 months, which may limit the detection of differences
in outcome between clipped and coiled patients at this time point.
Neurocognitive testing is not routinely performed at our institu-
tion, and our study is limited in its inability to measure neurocog-
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nitive deficits that may have resulted from the patterns of infarc-
tion identified in this study.

CONCLUSIONS

Frontal lobe infarction and RAH infarction were more common
after surgical clipping of ruptured AcomAs. Coiled patients had a
better outcome at discharge and were more likely to be function-
ally independent than clipped patients. However, there were no
differences in mortality or clinical outcome at 3 months between
coiled and clipped patients. Further neuropsychological studies
are warranted to determine whether postsurgical frontal lobe and
RAH infarctions contribute to cognitive and behavioral deficits
after ruptured AcomA treatment.
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Comparison of Clinical Outcomes of Intracranial Aneurysms:
Procedural Rupture versus Spontaneous Rupture

H.H. Choi, ““EJ. Ha, ) ). Lee, ““D.H. Yoo, ““W.-S. Cho, “*'J.E. Kim, “*Y.D. Cho, “’M.H. Han, and “*'H.-S. Kang
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ABSTRACT

BACKGROUND AND PURPOSE: Procedural rupture of an intracranial aneurysm is a devastating complication in endovascular treatment.
The purpose of this study was to evaluate the clinical outcomes of patients with procedural rupture of unruptured saccular intracranial
aneurysms compared with those with spontaneously ruptured aneurysms.

MATERIALS AND METHODS: A retrospective review was performed for 1340 patients with 1595 unruptured saccular intracranial aneu-
rysms that underwent endovascular coil embolization between February 2010 and December 2014. The clinical outcomes of patients with
procedural rupture of unruptured saccular intracranial aneurysms were compared with those of 198 patients presenting with spontane-
ously ruptured aneurysms.

RESULTS: In this series, procedural rupture developed in 19 patients (1.4% per patient and 1.2% per aneurysm), and the morbidity related to
procedural rupture was 26.3% (95% confidence interval, 8.5%—61.4%) with no mortality. Hunt and Hess scale grades and hospitalization days
of patients with procedural rupture were equivalent to those of patients presenting with spontaneous aneurysm rupture. Subsequent
treatment procedures after hemorrhage (including lumbar drainage, extraventricular drainage, decompressive craniectomy, and perma-
nent shunt) showed no difference between the 2 groups. The hemorrhage volumes were smaller in the procedural-rupture group (P = .03),
and the endovascular vasospasm therapies tended to be more frequently required in the spontaneous aneurysm—rupture group (P = .08).
At postictus 6 months, the proportion of modified Rankin Scale scores of =2 were lower in the procedural-rupture group (5.3% versus
26.8%, P = .049). In multivariate analysis, spontaneous aneurysm rupture was a significant risk factor for worse clinical outcome (OR = 14.9;
95% Cl,1.2-193.1; P = .039).

CONCLUSIONS: This study showed better clinical outcomes in the procedural-rupture group. Even though there is a potential chance of
aneurysm rupture during treatment, the clinical outcomes after procedural bleeds seem to be more favorable than those of spontaneous
rupture.

ABBREVIATIONS: PR = procedural rupture; SR = spontaneous aneurysm rupture; UIA = unruptured saccular intracranial aneurysm

Endovascular coil embolization for intracranial aneurysms is a
recent development that is gradually replacing surgical clip-
ping because of attributes that include minimal invasiveness and
lower rates of morbidity and mortality."> Nevertheless, proce-
dural rupture (PR) of an aneurysm being treated remains a dev-
astating complication in endovascular treatment. Although the
incidence, risk factors, and clinical outcome of PR have been pre-
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viously reported,'™ the clinical prognosis of pure PR remains
unclear because the reports included ruptured aneurysms, hin-
dering the assessment of the harmful influence of PR. In addition,
there have been various treatment guidelines in unruptured in-
tracranial aneurysms (UIAs),'>'* and some argue that no treat-
ment might be cost-effective in some clinical situations.'®'>'® In
principle, the treatment decision should be made on the basis of
treatment benefit and its accompanying risks in comparison with
the disease burden. The purpose of this study was to assess the
clinical outcomes of patients with PR of UIAs compared with
those with spontaneously ruptured aneurysms.

MATERIALS AND METHODS

Patient Characteristics

From February 2010 to December 2014, 2025 aneurysms in
1711 patients were treated with endovascular procedures at a
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single tertiary care institution (Seoul National University Hos-
pital). Of these, 232 aneurysms were excluded from statistical
analysis; they were retreated, dissecting, blisterlike, or false an-
eurysms. Thus, we intended to analyze the clinical outcomes of
PR in saccular aneurysms treated with detachable coil emboli-
zation. The study cohort included 1531 patients with 1793 sac-
cular aneurysms treated in 1538 sessions. Among them, 198
patients presented with subarachnoid hemorrhage. There were
455 (29.7%) male and 1076 (70.3%) female patients with a
mean age of 55.8 years (median, 59 years; range, 13—89 years)
at the time of the procedure. The procedural rupture occurred
in 1.2% per aneurysm (19/1595) among patients with unrup-
tured aneurysms. We compared the clinical outcomes of the 19
patients (PR group) with those of 198 patients with spontane-
ously ruptured aneurysms (SR group). This study was con-
ducted according to the principles outlined in the Declaration
of Helsinki and was approved by the institutional review
board.

Treatment

The endovascular treatment technique was properly selected
under the consensus of the cerebrovascular team in a multidis-
ciplinary decision-making process with consideration of the
patient’s preference. The coiling of aneurysms was performed
mostly with the patient under general anesthesia. For these
patients with unruptured aneurysms, preprocedural medica-
tion with antiplatelet agents was provided. Systemic adminis-
tration of heparin was performed after deployment of an arte-
rial introducer sheath in unruptured aneurysms and after
placement of the first coil in ruptured aneurysms with a bolus
dose 0f 3000 IU followed by a maintenance dose of 1000 IU per
hour with monitoring of the activated clotting time. Several
kinds of detachable coils, chosen by the operator, were used.
Coil placement proceeded until optimal satisfactory aneurysm
obliteration was achieved.

Procedural rupture was diagnosed by the extravasation of con-
trast and direct visualization of a device outside the aneurysm
lumen on cerebral angiography. When PR occurred, protamine
sulfate was administered immediately to reverse the effects of hep-
arin and coils were deployed quickly to occlude the aneurysm.
After the embolization, a CT scan was performed to evaluate the
amount of subarachnoid hemorrhage and the development of
hydrocephalus. Depending on the patient’s neurologic condition,
further intervention ensued, which included lumbar drainage, ex-
traventricular drainage, or decompressive surgery. Endovascular
vasospasm therapy was performed when the patients showed neu-
rologic deterioration with angiographic vasospasm during the en-
suing days.

Clinical Variables and Outcomes

All the relevant medical records were reviewed, including data
regarding patient age, sex, aneurysm location, maximal aneurysm
diameter, applied endovascular treatment technique, Hunt and
Hess scale grade,'” modified Fisher grade,'® hospitalization days,
and clinical outcome. The treatment procedural data, including
lumbar drainage, extraventricular drainage, decompressive crani-

Table 1: Comparison of patient characteristics

PR Group SR Group P
(n=19) (n=198) Value
Female 16 (84.2%) 16 (58.6%)  .047%
Mean age (yr) 536 £15 55.8 £1.0 22
Mean aneurysm size (mm) 4.6 0.5 65+02 .01
Aneurysm location 15
Anterior cerebral artery 4(21.1%) 93 (47.0%)
Middle cerebral artery 5(26.3%) 35(17.7%)
Internal carotid artery 9 (47.4%) 57 (28.8%)
Posterior circulation 1(5.2%) 13 (6.5%)
Hunt and Hess scale® .82
1 1(53%) 7(3.5%)
2 13(68.4%) 123 (621%)
3 2(105%)  36(18.2%)
4 3(15.8%) 26 (131%)
5 0(0%) 6 (31%)
Modified Fisher grade .03*
Small volume (grade 1) 14 (73.7%) 89 (45.0%)
Large volume (grades 2-4) 5(26.3%) 109 (55.0%)

2 Significant.

® Hunt and Hess scale grades were immediately assessed after the patient recovered
from the anesthesia in the PR group and at admission in the SR group without
adjustment of comorbidity.

ectomy, endovascular vasospasm therapy, and ventriculoperito-
neal shunt, were also collected.

Aneurysm size was measured on the basis of 3D reconstruc-
tion angiograms. Follow-up angiographic results were evaluated
with the last follow-up digital subtraction angiography and/or
MR angiography. The results were divided into 2 categories: stable
occlusion and recanalization.

Hunt and Hess scale grades were immediately assessed after
recovery from anesthesia in the PR group and were assessed on
admission in the SR group. Adjustments were not made for co-
morbidities. The modified Fisher grades were denoted and then
were categorized into 2 groups: small hemorrhage volume (grade
1) and large volume (grades 2—4). Clinical outcome was evaluated
with the modified Rankin Scale scores, and poor functional out-
come was defined as an mRS score of =2 at postictus 6 months."’
When 6-month mRS scores were not recorded, the score nearest
to 6 months was used in the analysis.

Statistical Analysis

Continuous variables were expressed as the mean = SD (range).
X7, Fisher exact, and Student t tests were performed as neces-
sary. A binary logistic regression model was used to ensure that
procedural or spontaneous aneurysm rupture was indepen-
dently predictive of clinical outcomes. Log-rank tests were
used to compare time to aneurysm recanalization. A 2-tailed P
value < .05 was considered statistically significant. The data
were analyzed with the Statistical Package for the Social Sciences
(Version 21; IBM, Armonk, New York) and MedCalc for Windows,
Version 14.12.0 (MedCalc Software, Ostend, Belgium).

RESULTS

Enrolled Patients and Aneurysms

The patient characteristics are shown in Table 1. There was a
somewhat higher proportion of female patients in the PR group
(PR versus SR group, 84.2% versus 58.6%; P = .047). Mean an-
eurysmal size was larger in the SR group (6.5 versus 4.6 mm, P =

AJNR Am J Neuroradiol 38:2126-30 Nov 2017 www.ajnr.org 2127



.01). The most frequent aneurysm location was the internal ca-
rotid artery (47.4%) in the PR group and the anterior cerebral
artery in the SR group (47.0%).

The distribution of Hunt and Hess scale grades was not signif-
icantly different between the 2 groups. The hemorrhage volume,
determined by modified Fisher grade, was larger in the SR group
(P =.03). Most (73.7%) in the PR group showed grade 1 bleeds,
while more than half of the patients in the SR group presented
with higher than grade 1 bleeds.

Table 2: Comparison of embolization techniques and treatment
procedures®

PR Group SR Group P

(n=19) (n=198) Value
Technique <.0®
Single microcatheter 12(63.2%) 108 (54.6%)
Double microcatheter 2(10.4%)  65(32.8%)
Balloon remodeling 4(211%) 5(2.5%)
Stent-assisted 1(5.3%) 20 (10.1%)
Lumbar drainage 23
Yes 6(31.6%)  38(19.2%)
No 13(68.4%) 160 (81.2%)
Extraventricular drainage 32
Yes 1(53%)  34(17.2%)
No 18 (94.7%) 164 (82.8%)
Decompressive craniectomy 1.00
Yes 0(0%) 4(2.0%)
No 19 (100%) 194 (98.0%)
Endovascular vasospasm therapy .08
Yes 0(0%) 32 (16.2%)
No 19(100%) 166 (83.8%)
Permanent shunt 1.00
Yes 153%)  19(9.6%)
No 18 (94.7%) 179 (90.4%)
“Data are No. (%) unless otherwise indicated.
® Significant.

Table 3: Comparison of clinical outcome and imaging follow-up
PR Group SR Group P

(n=19) (n=198) Value

Mean hospitalization (day) B7*+31 184*+12 25
Compromised outcome® (No.) 1(5.3%) 53(26.8%) .049°
Follow-up imaging (No.)

Recanalization 1(53%)  40(20.2%)

Stable 14(73.6%) 122 (617%)

Absence of follow-up imaging 4 (211%)  36(18.1%)

? Modified Rankin Scale scores of =2 at postictus 6 months.

b Significant.

FIG1. Cerebral angiography demonstrates a right posterior communicating artery aneurysm (A).
During coil embolization with balloon remodeling, the aneurysm was ruptured by a coil (B).
Despite rapid obliteration of the ruptured aneurysm, the volume of subarachnoid hemorrhage

was considerable (modified Fisher grade 3) (C).

2128 Choi  Nov 2017  www.ajnr.org

Procedural Characteristics

The endovascular procedures and subsequent interventions are
presented in Table 2. The embolization techniques were signifi-
cantly different between the 2 groups (P < .01); notably, the bal-
loon-remodeling technique was more frequently used in the PR
group (PR group versus SR group, 21.1% versus 2.5%; P < .01).
The culprit devices causing procedural aneurysmal rupture were
coils in most cases (n = 17, 89.5%), and the remaining devices
were microcatheters (n = 2, 10.5%).

The procedures subsequent to the coil embolization were not
significantly different between the 2 groups (Table 2), except that
more patients tended to require endovascular vasospasm therapy
in the SR group (PR group versus SR group, 0% versus 16.2%; P =
.08). On further analysis, the patients with larger hemorrhage vol-
ume required endovascular vasospasm therapy more frequently
(modified Fisher grade 1 versus grades 2—4, 8.7% versus 20.2%,
P =.02).

Clinical Outcomes

All 19 patients in the PR group were asymptomatic before PR.
Headache without neurologic symptoms was the most common
symptom following PR (n = 13, 68.4%), followed by motor weak-
ness (n = 3, 15.8%), diplopia (n = 1), and altered mentality (n =
1). One patient was asymptomatic despite PR. The hospitalization
days of the PR group were 13.7 days on average (median, 12 days;
range, 3—63 days), which did not differ significantly from those
patients in the SR group (mean, 18.4 days; median, 15 days: range,
3-209 days) (P = .25) (Table 3).

In the PR group, there were 5 patients with morbidity (26.3%;
95% confidence interval, 8.5%—61.4%) and no mortality. Com-
promised clinical outcome (defined as an mRS score of =2) at the
6-month follow-up evaluation was found in 1 patient (5.3%) in
the PR group, whose mRS score was 4 (Fig 1). The other 18 pa-
tients did not have any associated symptoms at postictus 6
months. In the SR group, compromised clinical outcomes were
found in 53 patients (26.8%), which was a significantly higher rate
in comparison with that in the PR group (P = .049) (Fig 2).
Multivariate analysis indicated that spontaneous aneurysm rup-
ture was one of independent risk factors for poor clinical outcome
(OR = 14.9;95% CI, 1.2-193.1; P = .039), along with patient age,
Hunt and Hess scale grade, and the amount of bleed as measured
by the modified Fisher grade (Table 4).

Follow-up angiographic images were available in 15 patients
(78.9%) in the PR group and in 162 (81.8%) in the SR group. One of
the 15 patients (6.7%) had recanalization
in the PR group, and 40 (20.2%) had re-
canalization in the SR group (P = .064).
Kaplan-Meier estimates of the rates of sta-
ble aneurysmal occlusion are presented in
Fig 3.

DISCUSSION

In our study, 1340 patients with 1595 UIAs
were treated with endovascular coil embo-
lization. The risk of PR was low (1.4% per
patient and 1.2% per aneurysm), like that
in previous studies that reported a 0%-—
2.2% rate of PR in UIAs." 7 The PR-re-



lated symptomatic complication rate was 0.1% (1 of 1340) in clinical
assessment at 6 months after ictus. The hospitalization days and
Hunt and Hess scale grades did not differ significantly between the 2
groups. However, the proportion of patients with small hemorrhage
volume (modified Fisher grade 1) was greater, and endovascular va-
sospasm therapies were less frequently required in the PR group.
Accordingly, the clinical outcomes in the patients with PR of UIAs
were more favorable compared with those of the patients presenting
with spontaneously ruptured aneurysms. Although we cannot
choose between spontaneous SAH and intraoperative rupture, phy-
sicians may inform patients with UIAs of expected clinical outcomes
of PR before decision-making for the treatment.

Many neurointerventionists are concerned about PR. Various
factors, including size, location, and morphology of aneurysms
and a previous rupture history, have been analyzed to evaluate the
risk factors of PR.">"* A multicenter study reported increased
periprocedural death or disability in 63% of patients with PR
compared with 15% without PR,*” and another study reported a
33% risk of death and 5% risk of disability with PR in ruptured
aneurysms.21 However, the clinical outcome for PR of UIAs is not
well-described because of the limited number of cases."****’
Concerning unruptured aneurysms, Im et al* and Schuette et al®
reported 4 cases and 1 case of PR, respectively; there was no mor-
tality or morbidity, but the number of cases was too small to
conclude a reliable clinical outcome. Mitchell et al” reported
higher rates of 30-day mortality with PR of UIAs (1 of 6, 16.7%)
than in patients without PR (2 0f 249, 0.8%). In the present study,
there were 5 cases of morbidity but no mortality in the 19 PR cases
treated for unruptured aneurysms. At 6 months after ictus, only 1
of 1340 patients (0.1%) had poor mRS scores (> 2) related to PR.

The clinical outcome of PR seems to have 1 of 2 extremes: death
or recovery.”” Sluzewski et al** reported 20 deaths and 31 good out-
comes in 51 procedure-related ruptures; most patients (97.4%) were
treated after rupture. Of the 19 patients with PR in our series, 5 had
neurologic symptoms such as weakness or altered mentality, and 14
patients had headache only on the immediate neurologic examina-
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FIG 2. Modified Rankin Scale scores at the 6-month posttreatment period.

tion after PR. In the 5 symptomatic patients, only 1 patient had per-
manent hemiparesis, and 4 patients fully recovered without neuro-
logic sequelae. Unlike those with ruptured aneurysms, the patients
with PR of UIAs had favorable functional outcomes and did not have
fatal outcomes. The favorable results in PR of UIAs might be due to
the rapid obliteration of the aneurysm to prevent massive hemor-
rhage when PR occurs during coil embolization. When the PR oc-
curred, additional coils were deployed promptly, sometimes in con-
junction with a balloon or a stent to control leakage. Symptomatic
vasospasm after aneurysmal SAH occurred in 16.2% of patients with
spontaneously ruptured aneurysms, comparable with reported rates
of 17%—40%.>* Notably, the patients with PR did not present with
symptomatic vasospasm in any case in our series. We believe that the
rapid obliteration of PR leads to less hemorrhage volume, no symp-
tomatic vasospasm, and more favorable clinical outcomes.

Stapleton et al” reported an increased risk of symptomatic hydro-
cephalus requiring temporary or permanent cerebral fluid diversion
with rerupture of ruptured intracranial aneurysms. In our study, treat-
ment procedures after rupture were not significantly different between
the PR and SR groups, including lumbar drainage, extraventricular
drainage, decompressive craniectomy, and permanent ventricular
shunt.

In the present study, the balloon remodeling technique was used
less often in the SR group than in the PR group. Several multicenter
studies reported that balloon-remodeling coil embolization was not
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FIG 3. Kaplan-Meier estimates of the rates of stable aneurysmal oc-
clusion: procedural rupture group versus spontaneous rupture group.

Table 4: Logistic regression model assessing risk factors of poor clinical outcome

Univariate Analysis

Multivariate Analysis

Variables Odds Ratio 95% ClI P Value Odds Ratio 95% ClI P Value
Age 1.051 1.024-1.079 .000* 1.053 1.020-1.087 .001*
Sex 1.016 0.541-1.909 961 - — -
Hunt and Hess scale grade 4.874 3.075-7.725 .000° 4.565 2.608-7.989 .000°
Modified Fisher grade 9.868 4.203-23.167 .000* 2.867 1.053-7.809 .039%
SR 6.579 0.857-50.503 .070° 14.908 1151-193.054 .039°
Note:— —indicates variable was not included in the multivariate analysis.
2 Significant.
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related to an increase in PR.>>?° In contrast, Sluzewski et al*” re-
ported a high complication rate with balloon-remodeling coil embo-
lization. The increased risk of PR during balloon-remodeling coil
embolization is still debated.”>>*°

This study has limitations inherent in a single-institution ret-
rospective study. Therefore, the results should be viewed consid-
ering the statistical constraint resulting from the limited number
of patients with PR. A multicenter study with a larger number of
cases is needed to confirm the results.

CONCLUSIONS

The patients with PR of UIAs had less hemorrhage volume with
lower modified Fisher grades and underwent endovascular vaso-
spasm therapy less frequently than those with SR. Accordingly,
clinical outcomes of these patients were more favorable. Patients with
PR of UTAs can recover well if rapid obliteration of the aneurysm and
subsequent appropriate management are undertaken.

Disclosures: Moon Hee Han—UNRELATED: Consultancy: MicroVention*. *Money
paid to the institution.
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Flow Diversion with Low-Profile Braided Stents for the
Treatment of Very Small or Uncoilable Intracranial Aneurysms
at or Distal to the Circle of Willis

S. Akpek
o=

K. Aydin, ““'M. Barburoglu, ““'S. Sencer, ““’M. Berdikhojayev, ““'B. Coskun, and

ABSTRACT

BACKGROUND AND PURPOSE: The endovascular treatment of aneurysms located at or distal to the circle of Willis and not amenable to
coiling remains a challenge. We report our experience with flow-diversion treatment using low-profile braided stents as a stent mono-
therapy procedure for treating distally located very small or uncoilable aneurysms.

MATERIALS AND METHODS: We retrospectively reviewed our data bases to identify patients with aneurysms located at or distal to the
circle of Willis who were treated with stent monotherapy using low-profile braided stents. The immediate and follow-up angiographic
findings and clinical status of the patients were assessed.

RESULTS: Twenty aneurysms in 19 patients were included in the study. The mean size of the aneurysms was 4.7 = 2.4 mm. Patients were
treated via telescopic implantation of 2 stents for 11 aneurysms; single-stent placement was used for the remaining aneurysms. The
technical success rate was 95%. We observed a technical complication in 1 case (5.3%) and a late ischemic event in another (5.3%). The final
angiographies during a mean follow-up of 14.7 months showed complete aneurysm occlusion in 73.7%. The complete occlusion rate of the
aneurysms treated with telescopic stent placement was 81.8%. The modified Rankin scale scores of all patients at the last follow-up were
between 0 and 2.

CONCLUSIONS: Flow diversion with low-profile braided stents as a stent monotherapy procedure for very small or uncoilable intracranial

aneurysms located at or beyond the circle of Willis is a promising, relatively safe, and durable endovascular procedure.

ABBREVIATION: OKM = O'Kelly-Marotta grading scale

In the past decade, several self-expandable stents dedicated to
intracranial use have been introduced to treat wide-neck and
complex aneurysms previously not amenable to coiling.' ™ Stents
create a mechanical scaffold, which prevents coil protrusion into
the parent artery. In addition to this mechanical scaffolding effect,
the implantation of stents also produces hemodynamic and bio-
logic effects in the parent arteries that promote aneurysm occlu-
sion. Stent deployment across the orifice of an aneurysm redirects
the blood flow in the parent artery to decrease hemodynamic

Received May 31, 2017; accepted after revision July 3.

From the Department of Radiology (KA., M.Barburoglu, S.S.), Neuroradiology Divi-
sion, Istanbul Faculty of Medicine, Istanbul University, Capa, Istanbul, Turkey; De-
partment of Radiology (K.A.), Interventional Radiology Unit, Ko¢ University School
of Medicine, Kog University Hospital, Topkapi, Istanbul, Turkey; Department of
Neurosurgery (M.Berdikhojayev), JSC Central Clinical Hospital, Almaty City, Kazakh-
stan; and Department of Radiology (B.C., S.A.), Vehbi Koc Vakfi American Hospital,
Nisantasi, Istanbul, Turkey.

Please address correspondence to Kubilay Aydin, MD, Istanbul Medical Faculty,
Cerrahi monoblok Kat: Bodrum 1, Nororadyoloji Bilim Dali, Capa, Istanbul, Turkey;
e-mail: dr.aydink@gmail.com

O |ndicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A5362

stress, which facilitates thrombosis in the aneurysmal sac.” Fur-
thermore, stents induce neointimal proliferation in the parent
artery, which eventually leads to healing of the aneurysm neck.®
The hemodynamic and biologic effects of stents promote the pro-
gressive occlusion of partially coiled aneurysms and impede their
recanalization.

On the basis of the hemodynamic and biologic effects of stents,
flow-diversion treatment as a stent monotherapy procedure using
conventional stents has been proposed for the endovascular
treatment of intracranial aneurysms not amenable to coiling or
alternative open surgical procedures.” Flow diversion as a stent
monotherapy procedure consists of the implantation of a self-
expandable stent or stents across the neck of an aneurysm,
without coiling the aneurysm sac. A limited number of previ-
ous case series reported the application of stent monotherapy
with balloon-expandable or conventional self-expandable stents and
focused on the treatment of aneurysms located proximal to the circle
of Willis.””"°

Low-profile braided stents have been recently introduced to
treat aneurysms located at small-sized, distal parent arteries. Low-
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profile intracranial stents can be deployed into arteries with di-
ameters between 1.5 and 3.5 mm, and they can be delivered
through microcatheters with an internal diameter of 0.0165
inches, which allows easier navigation in small-sized, delicate ves-
sels."! In this report, we present our experience with flow-diver-
sion treatment as a stent monotherapy procedure for treating very
small or uncoilable intracranial aneurysms located at or beyond
the circle of Willis using low-profile braided stents. In this retro-
spective study, we investigated the feasibility, efficacy, and mid-
term durability of the stent monotherapy procedure with LEO
Baby stents (Balt, Montmorency, France).

MATERIALS AND METHODS

After approval of the study by the institutional ethics committee,
we retrospectively reviewed our data base records to identify pa-
tients with intracranial aneurysms located at or distal to the circle
of Willis who were treated with the stent monotherapy procedure
using low-profile stents. In all cases, the decision regarding the
most appropriate method of treatment was made by a multidis-
ciplinary neurovascular team. Flow diversion with low-profile
braided stents as a stent monotherapy procedure was performed
to treat patients with very small aneurysms (<3 mm) located at or
distal to the circle of Willis, distal aneurysms with a complex mor-
phology that impeded the application of the conventional endo-
vascular techniques such as balloon remodeling or stent-assisted
coiling, and distal aneurysms from which important branches or
perforators arose.

The review of our data base records revealed 19 patients with
28 aneurysms who underwent the stent monotherapy procedure
to treat intracranial aneurysms. There were 15 female (79%) and
4 male patients, with a mean age 0f 46.6 = 17.9 years (range, 7-71
years). Twenty aneurysms in 19 patients were included in this
study. Eight aneurysms treated with other endovascular tech-
niques or clipping were excluded. All except 1 of the aneurysms
reported in this study were unruptured. One patient with an an-
terior cerebral artery aneurysm was referred to our center for
endovascular surgery 3 weeks after the rupture of the aneurysm.
Another patient with an anterior cerebral artery aneurysm had a
history of subarachnoid hemorrhage caused by the rupture of a
contralateral middle cerebral artery aneurysm, which was treated
by clipping at that time. Two aneurysms had been previously
coiled and then became recanalized during the follow-up assess-
ments. Eighteen of the 20 aneurysms had not received prior treat-
ment. The mean dome size of the aneurysms was 4.7 = 2.4 mm
(range, 1.5-9 mm). Five aneurysms were in the A1-2 segments of
the anterior cerebral artery, 4 aneurysms were in the posterior-
inferior cerebellar artery, 3 aneurysms were in the pericallosal
segment of the anterior cerebral artery, 3 aneurysms were in the
posterior cerebral artery, 3 aneurysms were in the M1 segment of
the MCA, and 2 aneurysms were in the bifurcation of the MCA.
Three aneurysms had a complex morphology, and 17 aneurysms
were saccular.

The preoperative clinical status of patients was evaluated with
the modified Rankin Scale. The preoperative mRS scores of 17
patients were all zero. Two patients with a history of subarachnoid
hemorrhage had a preoperative mRS score of 2.
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Endovascular Procedure

In all cases, the endovascular procedure consisted of the implan-
tation of alow-profile, self-expandable stent or stents covering the
neck of the aneurysm, without coiling of the aneurysm. The pa-
tients with unruptured aneurysms received 75 mg of clopidogrel
and 300 mg of aspirin daily for at least 5 days before the procedure. In
the patient with a recently ruptured aneurysm, antiplatelet therapy
was initiated 12 hours before the endovascular procedure with a
loading dose of 300 mg of aspirin and 600 mg of clopidogrel. A 6F
guiding catheter (Envoy; Codman & Shurtleff, Raynham, Massachu-
setts) or a 6F guiding sheath (Neuron Max; Penumbra, Alameda,
California) was placed into the target artery (the internal carotid ar-
tery or the proximal vertebral artery) at the beginning of the proce-
dure. A microcatheter (Echelon 10, Covidien, Irvine, California; or
Vasco 10, Balt) for stent delivery was positioned in the parent artery
distal to the neck of the aneurysm with the guidance of a 0.014-inch
microguidewire (Transend, Stryker, Kalamazoo, Michigan; Trax-
cess, MicroVention, Tustin, California; Hybrid, Balt). A low-profile
braided stent (LEO Baby plus; Balt) was deployed into the parent
artery to cover the neck of the aneurysm in all cases.

After the deployment of the stent, control angiography was
performed to assess the opening and the apposition of the stent. In
some cases, an additional stent was deployed, overlapping the
initial stent. In these cases, the stent delivery microcatheter was
navigated through the first deployed stent, and the second stent
was telescopically deployed inside the initial stent. If there was no
sign of any complication on the control angiograms, the stent deliv-
ery wire was removed and the procedure was completed. Postproce-
dural dual antiplatelet treatment, including 75 mg/day of clopidogrel
and 300 mg/day of aspirin, was continued for 3—6 months. Thereaf-
ter, the dual antiplatelet therapy was switched to aspirin.

All technical and clinical complications were recorded. Com-
plications were defined as periprocedural if they occurred during
the procedure or within 48 hours following completion of the
procedure. Clinical complications that occurred between 48
hours and 14 days were defined as early postprocedural, while
those occurring after 2 weeks were defined as late postprocedural
complications. The neurologic status of patients was recorded at
discharge from the hospital using the mRS score.

Follow-Up Assessment

An immediate postprocedural control angiography was per-
formed at the end of the procedure to evaluate the patency of the
stents, the filling status of the aneurysm, and the patency of side
branches and perforators. The filling status of the aneurysms was
evaluated with the O’Kelly-Marotta (OKM) grading scale.'” The
degree of aneurysm filling was graded between A and D (A =
complete filling, B = incomplete filling, C = entry remnant, D =
total occlusion). The degree of stasis in the aneurysm sac was
scaled between 1 and 3 (1 = arterial, 2 = capillary, 3 = venous).
Follow-up MR angiography was performed at 3—4 months. The
first digital subtraction angiography follow-up was performed at
3—6 months. The second examination was performed at 9-12
months. The third follow-up angiography was performed at
24-36 months, depending on the findings of the second fol-
low-up angiography. The neurologic status of patients was as-
sessed with the mRS score at each follow-up.



FIG 1. Procedural and follow-up angiograms of a 28-year-old female patient with a history of
subarachnoid hemorrhage due to rupture of a contralateral MCA bifurcation aneurysm. A, A
preprocedural DSA image shows a1.5-mm saccular aneurysm (arrow) located in the Al segment of
the right anterior cerebral artery. B, A nonsubtracted angiography image obtained during the

neurologic deficits. The deployment
of stents in all the other patients was
uneventful.

The immediate control angiography
images revealed complete occlusion of 1
aneurysm (OKM grade D) (5%), stag-
nated partial filling of 3 aneurysms
(OKM grade B2-3) (15%), stagnated
filling of 11 aneurysms (OKM grade
A2-3) (55%), and complete filling of 5
aneurysms, including the case in which
the stent was retrieved due to acute
thrombosis (OKM grade Al) (25%)
(Fig 3).

Complications

No mortality occurred during this study.
Complications, including the asymp-
tomatic technical complication, devel-
oped in 2 patients (10.5%). The mRS
scores at discharge were equal to the pre-
operative scores for all patients. We ob-
served a late postprocedural complica-
tion in a patient with an MCA aneurysm
treated by the telescopic implantation of
2 stents (5.3%). This patient developed
monoparesis in his right (contralateral)
leg 2 months after the cessation of clopi-
dogrel at the 6-month follow-up. His
cranial MR image revealed a small lacu-
nar infarct in the left basal ganglia ex-
tending to the genu of the internal cap-
sule. We prolonged the dual antiplatelet
treatment in this case, and his symptoms
regressed completely within weeks. His
final mRS score at the last follow-up was
zero.

procedure demonstrates the successful implantation of a stent in the Al segment of the anterior
cerebral artery, covering the neck of the aneurysm. This image also shows the filling of the

aneurysm (OKM grade A). C, A VasoCT image (Philips Healthcare, Best, the Netherlands) obtained
immediately after stent deployment reveals the full apposition of the stent to the parent artery
walls. D, The 10-month follow-up DSA image shows complete occlusion of the aneurysm (OKM

grade D).

RESULTS

Thirty-one stents were deployed to treat 20 aneurysms. The tele-
scopic implantation of double stents was performed to treat 11
aneurysms. Single stents were deployed for the remaining 9 aneu-
rysms (Fig 1). The technical success rate of the procedure was 95%
(19 of 20 aneurysms) (Fig 2). A technical complication developed
in 1 patient with a dissecting/fusiform PICA aneurysm, which
resulted in the failure of the procedure. The parent artery (the left
PICA) in this patient had stenotic and extremely tortuous seg-
ments. After the deployment of the stent, the immediate control
angiography revealed an incomplete opening of the stent in the
stenotic/tortuous segment and the subsequent development of
acute and complete thrombosis of the stent. The thrombosed
stent was then retrieved with a microcatheter and microsnare to
restore blood flow in the PICA. This patient awoke without any

Follow-Up Assessments

Follow-up imaging was performed for
19 aneurysms in 18 patients (94.7%).
The mean duration of follow-up was
14.7 = 8.5 months (range, 4—36 months).
The follow-up imaging revealed an OKM grade D in 14 of 19
aneurysms (73.7%), OKM C2-3 grade filling in 2 aneurysms
(10.5%), OKM B2-3 filling in 2 aneurysms (10.5%), and OKM
grade A3 filling in 1 aneurysm (5.3%). None of the aneurysms
ruptured during the follow-up period. The last follow-up of 11
aneurysms treated with telescopic stent placement revealed total
occlusion (OKM grade D) of 9 aneurysms (81.8%) (Fig 4). The
last follow-up angiography assessments of the aneurysms treated
with a single stent revealed a total occlusion rate of 62.5%.

We observed in-stent stenosis in the first follow-up angiogra-
phy examinations of 5 patients (27.8%). In 3 of them, the aneu-
rysms had been treated by the telescopic implantation of double
stents. The second follow-up angiography examinations demon-
strated regression of the in-stent stenosis in 3 patients. The in-
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FIG 2. Preprocedural CT and procedural and follow-up angiograms of a 39-year-old female patient with a distal PICA aneurysm. A, CT
angiography reconstructed on a sagittal projection shows a saccular aneurysm in the PICA. B, A preprocedural DSA image depicts a 7-mm
saccular aneurysm located in the tonsillomedullary segment of the left PICA. C, Aroadmap DSA image obtained during the procedure shows the
catheterization of the distal PICA for stent placement. This image also demonstrates that the aneurysm has a very complex morphology without
a definable neck. D, A nonsubtracted angiography image shows the deployment of the stent into the PICA. Please note the compaction and
expansion of the stent across the orifice of the aneurysm. E, A 12-month follow-up DSA image reveals the reconstruction of the parent artery
and no aneurysm filling. F, The 24-month follow-up DSA image confirms the stable occlusion of the aneurysm.

FIG 3. Procedural and follow-up DSA images of a 62-year-old female patient with a small poste-
rior cerebral artery aneurysm. A, A preprocedural DSA image obtained in the left anterior oblique
projection reveals a 2.5-mm saccular aneurysm (arrow) located in the left posterior cerebral
artery. B, The venous phase of the DSA image obtained immediately after stent deployment
shows the stagnation of injected contrast medium in the aneurysm sac (black arrow) and the
deployed stent (white arrows) in the left posterior cerebral artery. C, The 7-month follow-up DSA
image demonstrates total occlusion of the aneurysm (OKM grade D) and a mild degree of in-stent

stenosis.

stent stenosis was mild (<50%) and remained asymptomatic in
all cases. Therefore, no intervention was performed to treat the
in-stent stenosis.

The mRS score at the last follow-up evaluation was zero in 16
of 18 patients. The mRS scores of 2 patients with preprocedural
scores of 2 did not change until their last follow-up.

DISCUSSION

The endovascular treatment of distally located, very small-sized
aneurysms is a challenge for interventional neuroradiologists.
The risk of intraprocedural rupture is significantly high during
the coiling of very small aneurysms.'”'* The microcatheteriza-
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tion of small aneurysms is very difficult,
and microcatheter or microguidewire
maneuvers can cause rupture. Further-
more, because of the limited space inside
the aneurysm sac, coiling itself can lead
to the rupture of a small aneurysm. We
performed the stent monotherapy tech-
nique with a flow-diversion strategy to
treat very small aneurysms located at or
distal to the circle of Willis. The stent
monotherapy procedure is a safe alter-
native endovascular method for treating
distally located, very small-sized aneu-
rysms. The lack of aneurysm catheter-
ization nearly eliminates the risk of in-
traprocedural rupture of very small
aneurysms during stent monotherapy.
The principle of stent monotherapy
for intracranial aneurysms is based on flow diversion and the
biologic effects of stents. Aneurysm flow velocity and wall shear
stress are important hemodynamic parameters associated with
the growth and rupture of intracranial aneurysms.'>"'” The place-
ment of a stent or stents across the neck of an aneurysm redirects
the blood flow and decreases intra-aneurysmal flow velocity by
disturbing the inflow. The reduced aneurysmal flow induces stasis
and consequently thrombosis of the aneurysm.” Tateshima et al*”
investigated the alterations in intra-aneurysmal hemodynamics
with the placement of high-porosity open-cell stents across the
necks of aneurysms and found that the placement of a single Neu-
roform stent (Stryker Neurovascular) reduced the intra-aneurys-



FIG 4. Procedural and follow-up angiograms of a 48-year-old female patient with an MCA aneu-
rysm. A, A preprocedural DSA image reveals a 2.5-mm saccular aneurysm located in the Ml
segment of the left MCA. This image also shows a lenticulostriate artery arising from the aneu-
rysm. B, A nonsubtracted angiogram recorded during the procedure demonstrates the telescopic
implantation of 2 low-profile stents into the left M1 segment. C, The 14-month follow-up DSA
image shows total occlusion of the aneurysm (OKM grade D) and the reconstruction of the
lenticulostriate artery (arrow), which previously arose from the aneurysm.

12()

mal flow velocity by 22%—-64%. In another study, Wang et a
assessed the hemodynamic changes inside aneurysms induced by
the implantation of conventional stents and found that the veloc-
ity of the jet flow entering the aneurysm and wall shear stresses on
the aneurysm were significantly reduced by the placement of a

stent.”’

These authors suggested that the hemodynamic changes
induced by stents promote thrombus formation inside the aneu-
rysm and reduce the risk of aneurysm growth and rupture. Blan-

1! studied the correlation between wall shear stress and

kenaeta
wall thickness of aneurysms with 7T MR imaging. This group
found an inverse correlation between wall shear stress and an-
eurysm wall thickness. High wall shear stress might be associ-
ated with the process of aneurysm wall remodeling, which
causes thinning of the aneurysm wall.

The results of previous experimental studies suggest that the
hemodynamic changes induced by the placement of stents across
the aneurysm neck promote thrombus formation inside the an-
eurysm, reducing the risks of aneurysm growth and rupture.
Fiorella et al” reported the results of 10 patients whose ruptured
aneurysms were treated with stent monotherapy by the implan-
tation of open-cell stents. Even though the flow-diversion capac-
ity of high-porosity open-cell stents is relatively low, in their re-
sults during a 12-month follow-up period, Fiorella et al observed
complete occlusion in 5 (50%) patients and near-total occlusion
in 4 (40%). Kim and Ko'° treated 8 patients with ruptured, small
intracranial aneurysms with stent placement alone, without
coiling. Follow-up angiographies revealed total aneurysm occlu-
sions in 3 patients (37.5%) and size reduction in 3 patients
(37.5%). These investigators did not observe any growth or rup-
ture of the aneurysms during the follow-up periods ranging from
6 to 34 months. Zenteno et al” reported the results of performing
the single-stent placement technique to treat posterior circulation
aneurysms.

One-year angiographic follow-up examinations revealed a to-
tal aneurysm occlusion rate of 80% in this study. The results of
our study support the findings of previous experimental and clin-
ical studies. We observed total occlusion in 73.7% of the aneu-
rysms during the mean follow-up of 14.7 months. Furthermore,
21.0% of the aneurysms showed a reduction in size and stasis in
the sac during the follow-up period. Additionally, none of the
aneurysms showed growth, and we did not observe any aneurysm
rupture. Therefore, the results of our study indicate that flow
diversion with low-profile braided stents as a stent monotherapy

is an effective endovascular technique
for the treatment of very small or uncoil-
able intracranial aneurysms located at or
distal to the circle of Willis.

LEO Baby stents are self-expanding
stents that are constructed of braided
metal filaments. They have a relatively
smaller cell size (approximately 0.9 mm)
and a higher metal coverage ratio than
other conventional self-expandable
stents. The porosity of LEO Baby stents
at their nominal diameter is approxi-
mately 83%. Bouillot et al** studied the
flow modifications induced by conven-
tional self-expandable and low-porosity
flow-diverter stents and found that conventional, intermediate-
porosity braided stents could provide flow-change patterns like
those provided by low-porosity flow-diverter stents. The rela-
tively high mesh density of LEO Baby stents provides a relatively
high flow-diversion capacity and allows these stents to act as mini
flow diverters in appropriate cases. Moreover, it is possible to
further decrease the porosity of braided stents during their de-
ployment. When an axial force is applied to braided stents during
deployment, the stents can expand along vessel segments with a
diameter larger than the nominal diameter of the stent. The ex-
pansion of the stent beyond its nominal diameter in uncon-
strained segments causes a significant reduction in the porosity.>

Therefore, it is possible to compress braided stents in uncon-
strained segments to decrease the porosity and increase the flow-
reconstruction capacity. We used this feature of LEO Baby stents
as a strategy to increase the flow-diversion capacity of the stents
deployed to treat the wide-neck or dissecting/fusiform aneu-
rysms. During the deployment of the stents, we attempted to
compress the stents by applying an axial force with a delivery
microcatheter and a delivery wire. Our second strategy to increase
the metal density over the neck of the aneurysm was the telescopic
deployment of 2 stents. We performed telescopic stent placement
in the treatment of 11 of 20 aneurysms. In an experimental study,

124

Canton et al** showed that the sequential placement of multiple

stents across the aneurysm neck progressively decreases the he-

modynamic stress on the aneurysm. Kim et al*®

used a computa-
tional fluid dynamics method to quantify the hemodynamic
changes achieved by the placement of multiple stents. Kim et al
found that the placement of 2 stents caused a significant reduction
in wall shear stress and an increase in the turnover time of intra-
aneurysmal flow. Our findings support the results of these exper-
imental studies. In our study, the rate of total occlusion for the
aneurysms treated with telescopic stent placement was 81.8%,
which is higher than the follow-up results of single-stented aneu-
rysms. This finding indicates that the telescopic implantation of a
second stent in appropriate cases would increase the flow-diver-
sion capacity of the stent monotherapy procedure.

Low-porosity stents dedicated to flow diversion have a much
higher metal density compared with conventional self-expand-
able stents. The high metal density of flow-diverter stents might
induce faster aneurysm exclusion. However, the risk of side
branch or perforator occlusion would also increase with a higher
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metal density. The patency of covered side branches and perfora-
tors is a major debate in the recent use of flow diverters for the
treatment of distally located intracranial aneurysms. Gawlitza
et al*® treated 18 aneurysms located beyond the circle of Willis
with the implantation of flow-diverter stents, and 17.6% of their
patients developed symptomatic ischemic lesions in the territories
of the perforators covered by the stents. Furthermore, the
follow-up MR imaging examinations revealed asymptomatic la-
cunar ischemic lesions in 29.4% of the cases. In another study,

Pistocchi et al*”

treated 30 aneurysms located beyond the circle of
Willis with the implantation of flow-diverter stents. These inves-
tigators observed the total occlusion of jailed side branches in
38.1% of the cases and restricted flow in 23.8% of the cases.

Because of the potentially high perforator or side branch oc-
clusion risk, we preferred to not use low-porosity flow-diverter
stents in our patients. No permanent morbidity was observed in
our patients. We observed a symptomatic thromboembolic com-
plication in only 1 patient who developed a lacunar infarction in
the territory of the perforators covered by the telescopic stents.
The symptoms of this patient regressed completely during the
follow-up period. Furthermore, the mRS scores at the last fol-
low-up examinations did not differ from the preprocedural scores
for any of the patients.

Another disadvantage of flow-diverter stents in the treatment
of distal intracranial aneurysms is the current necessity of cathe-
terizing small-sized intracranial arteries with larger and stiffer mi-
crocatheters with internal diameters of 0.021-0.027 inches. The
catheterization of distal and small-sized vessels with these large,
stiff microcatheters could be technically difficult and traumatic.
Low-profile, self-expandable stents are deliverable through low-
caliber microcatheters with an internal diameter of 0.0165 inches.
Therefore, low-profile stents allow easier catheterization and nav-
igation in small-sized, delicate vessels and enable safer stent place-
ment during the treatment of distal aneurysms. In our patients,
some of the aneurysms were in very small-sized and extremely
tortuous parent arteries, which could be safely catheterized with
low-caliber delivery microcatheters.

In flow-diversion treatment for intracranial aneurysms, the
hemodynamic alterations provided by the stent struts initiate the
formation of a thrombus inside the aneurysm. However, the final
steps necessary to achieve total and durable aneurysm occlusion
depend on the cellular processes induced by the stent implanta-
tion.?® These cellular events start with the adherence of inflam-
matory cells to the intersections of the stent struts. Then, endo-
thelialization that begins along the parent artery proceeds over the
aneurysm neck. The complete endothelialization of the stent
struts over the neck is associated with total occlusion of the aneu-
rysm. Because the endothelial cells that grow over the stent struts
are derived from the adjacent parent artery, the full apposition of
the stent to the parent artery wall is critical for the achievement of
a total aneurysm occlusion.”” LEO Baby stents have a braided,
sliding strut design, providing a high degree of conformability
and allowing good wall apposition even in tortuous vessels, which
may have facilitated the development of total occlusion and the
regression of the aneurysms in our study.

The in-stent stenosis incidence at the first follow-up DSAs was
relatively high compared with the results of previous studies."”
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However, most (60%) regressed during follow-up, and all pa-
tients remained asymptomatic. The incidence of in-stent stenosis
among patients treated with telescopic (27.3%) and single stent
placement (28.6%) was similar. Therefore, it seems to be a re-
versible reaction of endothelium induced by the stent implan-
tation.”® When we consider that the mechanism of aneurysm
occlusion following flow-diversion treatment is based on the
stent endothelialization, in-stent stenosis may be a conse-
quence of an endothelial healing process that is induced by
stent implantation.'*®

There are some limitations to the current study. First, this
study was a nonrandomized, retrospective study. Therefore, there
was no control group of alternative endovascular or open surgical
treatment methods with which to compare the results. The deci-
sions for the most appropriate endovascular method of treatment
were made by the neurovascular teams in each patient. Therefore,
the effects of patient selection bias cannot be excluded from the
results. Finally, the study population was relatively small.

CONCLUSIONS

Flow diversion with low-profile braided stents as a stent mono-
therapy is a promising, relatively safe, and durable endovascular
procedure to treat very small or uncoilable intracranial aneurysms
located at or beyond the circle of Willis. Flow diversion with low-
profile braided stents may be considered an alternative option to
treat distal intracranial aneurysms not amenable to conventional
endovascular techniques. Larger series with longer follow-up are
necessary to define the long-term durability of this treatment.
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ORIGINAL RESEARCH
INTERVENTIONAL

Anterior Circulation Acute Ischemic Stroke Associated
with Atherosclerotic Lesions of the Cervical ICA:
A Nosologic Entity Apart

O.F. Eker, ““'P. Panni, “'C. Dargazanli, “’G. Marnat, ““/C. Arquizan, ““’P. Machi, ““'I. Mourand, ““’G. Gascou, ‘“E. Le Bars,
V. Costalat, and ““’A. Bonafé
=] ]
ABSTRACT

BACKGROUND AND PURPOSE: Mechanical thrombectomy for patients with acute ischemic stroke with tandem occlusions has been
shown to present varying reperfusion successes and clinical outcomes. However, the heterogeneity of tandem occlusion etiology has
been strongly neglected in previous studies. We retrospectively investigated patients with acute ischemic stroke atherothrombotic
tandem occlusion.

MATERIALS AND METHODS: All consecutive patients with acute ischemic stroke with atherothrombotic tandem occlusions treated with
mechanical thrombectomy in our center between September 2009 and April 2015 were analyzed. They were compared with patients with
acute ischemic stroke with dissection-related tandem occlusion and isolated intracranial occlusion treated during the same period.
Comparative univariate and multivariate analyses were conducted, including demographic data, safety, and rates of successful recanali-
zation and good clinical outcome.

RESULTS: Despite comparable baseline severity of neurologic deficits and infarct core extension, patients with atherothrombotic tandem
occlusions were older (P < .001), were more frequently smokers (P < .001), and had globally more cardiovascular risk factors (P < .001) than
the other 2 groups of patients. The patients with atherothrombotic tandem occlusions had significantly longer procedural times (P < .001),
lower recanalization rates (P = .004), and higher global burden of procedural complications (P < .001). In this group, procedural compli-
cations (OR = 0.15, P = .02) and the TICI 2b/3 reperfusion scores (OR = 17.76, P = .002) were independently predictive factors of favorable

clinical outcome.

CONCLUSIONS: Our study suggests that atherothrombotic tandem occlusions represent a peculiar and different nosologic entity
compared with dissection-related tandem occlusions. This challenging cause of acute ischemic stroke should be differentiated from other
etiologies in patient management in future prospective studies.

ABBREVIATIONS: AIS = acute ischemic stroke; CSA = carotid stent placement and angioplasty; MT = mechanical thrombectomy; sICH = symptomatic intracra-

nial hemorrhage; TO = tandem occlusion

he benefits of mechanical thrombectomy (MT) in reperfusion
success, safety, and clinical outcome in patients with acute isch-
emic stroke (AIS) have been demonstrated by several randomized
trials.' These trials concerned mostly patients with intracranial
large-vessel occlusion in the anterior circulation. However, up to
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20% of patients with an intracranial large-vessel occlusion also pres-
ent with an additional occlusion of the extracranial ICA, mainly due
to atherosclerosis or dissection and less frequently to cardioembo-
lism or undetermined etiology.®” These so-called tandem occlusions
(TOs) have poorer prognosis in reperfusion and clinical outcome
after IV fibrinolysis,””'® probably because of poor response to fibri-
nolysis and/or the high clot burden associated with them. They are
considered the worst-case scenarios among patients with anterior
circulation stroke, leading to severe neurologic morbidity and death
in up to 70% and 55% of cases, respectively.'' "'

The available data on TOs treated with MT show varying rates of
reperfusion success (ranging from 62.5% to 100%) and favorable
outcome at 3 months (ranging from 29.2% to 54% of patients with
mRS 0-2).”'*"'> Many factors may explain these varying results,
such as the following: 1) the low incidence of TOs and their system-
atic exclusion or limited inclusion in most of the main clinical trials of
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Distal Occlusion First Proximal Occlusion First
Strategy Strategy
Possibility of crossing
the proximal lesion?
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Distal 25 Proximal Periprocedural
Recanalization Recanalization 250mg ASA*

\
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CoW
Proximal Lesion
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STOP

Mo Antiplatelet therapy
No Anticoagulation ®

+ POSTPONED
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FIG1. Algorithm of endovascular therapeutic strategies for tandem occlusions. The absence (n =
0) or presence (n = 1) condition the proximal treatment or not. The algorithm of the therapeutic
decisions describes 2 strategies consisting of the treatment of, first, the proximal lesion (proximal
occlusion strategy [POF]) or, first, the distal occlusion (distal occlusion first strategy [DOF]). The
decision between the POF or DOF strategies is based on the following considerations raised
during the endovascular procedure: 1) the ease of crossing the proximal occlusion site (easy
crossing? difficult or impossible crossing?); 2) the patency and efficiency of the circle of Willis
(efficient CoW or absence of CoW?); and 3) how threatening is the proximal atherosclerotic
lesion? (unstable ulcerated plaque? moderate regular plaque?). In thrombus on ulcerated plaque,
usually a single thromboaspiration allows easily crossing the proximal occlusion site and treating
the distal (ie, intracranial) occlusion. In case of POF (a), the antiplatelet regimen consisted of the
periprocedural intravenous administration of a unique loading dose of aspirin (250 mg) until the
first imaging follow-up at 24 hours postoperatively. After ruling out any hemorrhagic transfor-
mation at 24 hours, a daily dual-antiplatelet therapy (160 mg of aspirin + 75 mg of clopidogrel) was
instituted. In case of DOF (b), no anticoagulation or antiplatelet therapies were administered until
the first imaging follow-up at 24 hours postoperatively. After we ruled out any hemorrhagic
transformation at 24 hours, a daily monoantiplatelet therapy (160 mg of aspirin) was instituted.
CoW indicates circle of Willis (efficient = 1; nonefficient or absent = 0); Prox. THREAT indicates
any threatening of the proximal lesion (either atherosclerotic or dissecting).

treatment of patients with AIS caused by
atherothrombotic TO. The results of
MT in atherothrombotic TO were sec-
ondarily compared to those obtained for
patients with dissection-related TO with
isolated intracranial occlusion.

MATERIALS AND METHODS
Patient Selection

Data on patients treated with MT for
AIS due to atherothrombotic TO be-
tween September 2009 and April 2015
were retrospectively extracted from a
prospectively maintained data base.
The decision for treatment was based
on the clinical/radiologic severity mis-
match defined as the discrepancy be-
tween the NIHSS score and the baseline
core infarct size estimated on the DWI-
ASPECTS. Age and time after symptom
onset were not absolute exclusion crite-
ria. The patient’s eligibility for MT was
based on the following criteria: mRS
0-2 before the AIS, NIHSS score of
=8 or fluctuating symptoms, intracra-
nial large-vessel occlusion, and DWI-
ASPECTS of =4. When it was not con-
traindicated, patients received IV rtPA
at the usual dose of 0.9 mg/kg before or
concomitantly with MT. The study was
approved by the local institutional re-
view board. All patients underwent ini-
tial MR imaging with a 1.5T or 3T
whole-body scanner (Avanto or Skyra
system; Siemens, Erlangen, Germany).
The imaging protocol included DWI,
FLAIR, gradient-echo T2* imaging, and
contrast-enhanced MRA.

Endovascular Procedure and
Postintervention Medications

The technical aspects of the endovascular
procedure are detailed in the On-line Ap-
pendix. A “distal occlusion first treatment
strategy” was performed if the proximal
cervical lesion could be crossed without
problems. After achieving the intracranial
reperfusion, we assessed the circle of Willis
functionality by opacification of the other

MT for AIS; 2) the limitation of the previously reported data to ret-
rospective small case series with heterogeneous treatment strategies;
and 3) the heterogeneity of TO etiologies that has been strongly ne-
glected and may have considerably biased the results. A recent meta-
analysis of individualized patient data from the 5 main randomized
trials confirmed the benefit of MT for patients with TOs, though the
heterogeneity of treatment methods challenges substantially the
chances of defining a standardized optimal treatment method."®

In this work, we evaluated the efficacy and safety of MT for the

supra-aortic trunks. In the case of ineffective circle of Willis supply to
the recanalized MCA, a stent was placed across the proximal occlu-
sion. A stent was inserted on a case-by-case basis. In the case of highly
stenotic lesions that could not initially be broken through, a “proxi-
mal occlusion first” treatment strategy was performed. The proximal
lesion was primarily treated by carotid angioplasty and stent place-
ment. Then, intracranial thrombectomy was performed. Figure 1
illustrates the management algorithm for tandem occlusions in our
center. All treatments were performed with the patient under general
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anesthesia in an operating room with a biplane angiography system
(Allura; Philips Healthcare, Best, Netherlands). No heparin was ad-
ministered before, during, or after the MT. If no hemorrhagic trans-
formation of the infarct was observed at 24 hours, treatment with 160
mg of aspirin daily was initiated. In the case of carotid stent place-
ment and angioplasty (CSA), before the stent placement, patients
were given a single IV load of aspirin (250 mg) until the first imaging
follow-up (CT or MR imaging) at 24 hours. In the absence of hem-
orrhagic transformation, a daily dose of 75 mg of aspirin was then
maintained in association with 75 mg of clopidogrel for 3 months.
Moreover, blood pressure was strictly monitored and pharmacolog-
ically controlled to maintain a systolic blood pressure of <140 mm
Hgafter revascularization because of the risk of hyperperfusion of the
ipsilateral hemisphere.

Analyzed Variables

Clinical variables included demographic data, history of hy-
pertension, dyslipidemia, diabetes, cigarette smoking, baseline
NIHSS score, and clinical outcome at 3 months assessed by a
stroke neurologist not involved in the initial patient management.
Imaging data included the ischemic stroke side, DWI-ASPECTS,
intracranial occlusion site (intracranial ICA, MCA, M1 or M2
segment, and/or anterior cerebral artery), occurrence of hemor-
rhagic transformation, and infarct core extension on the 24-hour
postprocedure CT or MR imaging scan. Hemorrhagic transfor-
mation was categorized according to the European Cooperative
Acute Stroke Study criteria (H-1, H-2, PH-1, and PH-2)."” Symp-
tomatic intracranial hemorrhage (sICH) was defined as a CT- or
MR imaging—documented hemorrhage that occurred within 36
hours after treatment onset and was temporally related to a
NIHSS worsening of 4 points. Procedural data included the time
between symptom onset and reperfusion (onset-to-reperfusion
time); the procedural time (ie, from groin puncture to reperfu-
sion); the administration of IV rtPA; the use of stent retrievers for
intracranial occlusions and of angioplasty and/or stent placement
for extracranial occlusions; recanalization strategy; the final rep-
erfusion outcome (successful reperfusion defined as TICI 2b/3
score),'® and procedural complications. These included distal
embolus defined as an occlusive embolus in a previously unin-
volved territory, vessel dissection, intraparenchymal hemorrhage,
device detachment, and severe vasospasm that needed intra-
arterial nimodipine administration. Because the study popula-
tion was limited, only a comparative analysis of the treatment
strategies was conducted (ie, proximal occlusion first strategy
versus distal occlusion first strategy) rather than a comparison
of the different endovascular techniques (eg, percutaneous
transarterial angioplasty only versus stent percutaneous tran-
sarterial angioplasty).

In addition, we recorded the following data: prior antiplatelet
or anticoagulant therapies, stenosis degree on DSA images
(graded as 0 = occlusive plaque, 1 = severe stenotic plaque
[>70% of stenosis], 2 = moderate stenotic plaque with occlusive
thrombus [<70% of stenosis], and 3 = nonstenotic but ulcerated
plaque with occlusive thrombus), and the occurrence of ex-
tracranial intrastent thrombosis during the first week after the
treatment.
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Statistical Analysis

Continuous values were expressed as medians and interquartile
ranges or as means * SD, according to their distribution. Cate-
goric variables were expressed as counts and percentages. Differ-
ences between categoric variables were analyzed with the Fisher
exact or the Kruskal-Wallis rank sum test. Differences among
continuous variables were analyzed with the Student ¢ or the
Mann-Whitney U test according to the results of the normality
test. To identify factors contributing to the clinical outcome, we
analyzed several covariables in the subgroups of patients with
mRS 0-2 versus mRS >2. A P value < .05 was considered as
statistically significant. Variables with P values < .10 from the
univariate analysis were considered candidate predictors of a fa-
vorable/unfavorable outcome and were entered in the multivari-
ate analysis that used a logistic regression model. Patients with
atherothrombotic TO were compared with patients with dissec-
tion-related TO (n = 20) and isolated intracranial occlusion (n =
201) from the same data base and the same period. Data on the last
2 groups were previously published.'” The statistical analyses
were performed with R Statistical and Computing Software, Ver-

sion 3.2.1 (http://www.r-project.org/).>°

RESULTS

Five hundred eighteen consecutive patients with acute intracra-
nial artery occlusion in the anterior circulation were admitted to
our institution and treated with MT during the study period.
Among these patients, 66 (12.7%) had an additional athero-
thrombotic lesion of the extracranial ICA. The demographic, pro-
cedural, and outcome data in this group as well as the data of
dissection-related TO and isolated intracranial occlusion groups
are reported in On-line Table 1. In the atherothrombotic TO
group, DSA-based evaluation of the atheromatous carotid lesions
showed the presence of grade 0 plaque in 39 (59.1%), grade 1
plaque in 17 (25.8%), grade 2 plaque in 4 (6.1%), and grade 3
plaque in 6 (9.1%) patients. The distributions of the stenosis de-
gree among the subgroups “emergent CSA, proximal occlusion first
strategy,” “emergent CSA, distal occlusion first strategy,” “postponed
CSA,” and “no CSA” were not statistically different (P = .09; the
results are reported in On-line Table 2).

» » «

Recanalization Strategies

MT was performed in 65 patients (98.5%) with stent retrievers.
Aspiration thrombectomy alone was performed in only 1 patient
(1.5%), and proximal or distal aspiration thrombectomy was per-
formed concomitantly with stent retrieval in 48 patients (72.7%).
Two patients (3%) underwent intracranial stent placement. Ex-
tracranial acute balloon angioplasty alone was performed in 19
patients (28.9%). Emergent CSA was achieved in 26 (39.4%) pa-
tients among whom proximal occlusion first and distal occlusion
first strategies were used in 10 (38.5%) and 16 (61.5%) patients,
respectively. In the proximal occlusion first group, the cervical
plaques were graded as 1 in 7 (70%) and 2 in 3 (30%) patients. In
the distal occlusion first group, the cervical plaques were graded as
1in 9 (56.3%), 2 in 3 (18.7%), 3 in 2 (12.5%), and 4 in 2 (12.5%)
patients. Planned (or postponed) CSA was required in 14 patients
(21.2%) 1 week later, with stenosis degree graded as 0in 9 (64.3%)
and 1in 5 (35.7%) patients.



Table 1: Univariate analysis in the atherothrombotic tandem occlusion group

patients available for the outcome anal-

mRS 0-2 (n = 27)

mRS >2 (n =38)

ysis (Table 1). At the 3-month follow-

No. (%) or No. (%) or P up, 27 patients (41.5%) were mRS 0-2
Lol e el and 15 (23.1%) were mRS 6, among
Age (yr) 27646 £ 81) 38(69.2 = 10.6) 04 whom 13 (20%) died before discharge.
Men 27 (0.9 £ 0.3) 38(0.9 * 0.3) AT ] 3 N .
Hypertension 21(77.8) 27 (71) 58 avorable outcome at 3 months was sig-
Cigarette smoking 1(40.7) 21(55.3) 32 nificantly associated with younger age
Dyslipidemia 19 (70.4) 19 (50) AK) (P = .04), lower NIHSS score (P =
Diabetes _ ) 11(40.7) 14 (36.8) 80 .005), and TICI 2b/3 reperfusion (P <
Other cardiovascular risk factors 2(7.4) 9(237) n .001). Poor clinical outcome was associ-
Left side 13(481) 27 (1) 08 d with i ial ICA occlusi
Distal ICA occlusion 8(29.6) 22(57.9) 04  Ated with intracrania occlusion
Baseline NIHSS score 27 (14.9 * 6.3) 38(18.9 = 5.2) 005 (P =.04), TICI 0-2a reperfusion (P <
Baseline DWI-ASPECTS 27 (71+17) 37 (6.7 =15) 22 .001), occurrence of procedural compli-
IV rtPA o ) 16(59.3) 24(63.2) 80 cations (P = .03), infarct core extension
Onset-reperfuswn jnme (min) 24 (377 = 147.3) 32(390.4 £173.4) 93 (P<.001),and sICH (P = .004) at day 1.
Procedural time (min) 25(76.6 = 39.]) 33(85.8 = 48.5) 49 The baseline NTHSS d
Number of stent retriever passes 27 (1.9 £ 0.9) 37(25+12) 03 ¢ baselne score was moder-
Acute stenting 10 (37) 15 (39.5) 1 ately but significantly correlated with
Procedural complications 5(18.5 17 (447 .04 the mRS score at 3 months (R = 0.36,
p
Ischemic extension . 2(7.4) 19(50) <.001 P = .003), whereas the DWI-ASPECTS
Hemorrhagic t'ransformatlon 8(29.6) 23(60.5) .02 was not (P = .21). The onset-reperfu-
Subarachnoid hemorrhage 1(37) 4(10.5) 39 . . . .
H-1 3(m) 3(7.9) 69 sion and procedural times did not influ-
H-2 4(14.8) 7(18.4) 75 ence the clinical outcome (P = .93 and
PH-1 0(0) 3(7.9) 26 P = 49, respectively). The recanaliza-
PH-2 0(0) 7(18.4) 04 tion strategy did not influence the rates
et 0(0) 10(26.3) 004 of successful reperfusion (P = 1) or of
TICI 2b/3 25(92.6) 16 (42.]) <.001

Reperfusion and Safety

TICI 2b/3 reperfusion was significantly associated with shorter
procedural times (P = .03) and higher rates of distal MCA occlu-
sions (P = .01). The onset-reperfusion times were longer in pa-
tients with TICI 0—2a scores than in those with TICI 2b/3 scores
(449 = 189 minutes versus 356 *= 137 minutes), but this differ-
ence was not significant (P = .06). Reperfusion failure was signif-
icantly associated with higher infarct core extension (P = .03) and
sICH (P = .03) occurrence. Procedural complications occurred in
22 patients (33.3%). They included the following: acute intrastent
thrombosis (n = 1, 1.5%), distal embolus (n = 6, 9.1%), vessel
dissection (n = 4, 6.1%), intraparenchymal hemorrhage due to
vessel perforation (n = 2, 3%), stent-retriever rupture (n = 1,
1.5%), and severe vasospasm of the cervical or intracranial arter-
ies that required intra-arterial nimodipine infusion (n = 8,
12.1%). Day 1 control imaging showed hemorrhagic transforma-
tion in 28 patients (42.4%), of whom 10 (15.2%) were symptom-
atic and were classified as PH-1 or PH-2. sICH was significantly
associated with a history of hypertension (P = .01), diabetes (P =
.05), and reperfusion failure (P = .03). In the patients who under-
went postponed CSA (n = 14), 4 patients had an intrastent
thrombosis at follow-up imaging (within 1 week or delayed
thrombosis), resulting in 5 intrastent thromboses in our series
(20% in acute setting and 80% in a delayed manner). In all 5
patients, TICI 2b/3 reperfusion was achieved. In only 2 patients
(40%), intrastent thrombosis was associated with clinical worsen-
ing at 3-month follow-up (mRS 4 and 6, respectively).

Clinical Outcome
At 7 days, infarct core extension was observed in 21 patients
(31.8%). One patient was lost to 3-month follow-up, leaving 65

favorable clinical outcome at 3 months
(P = .66). However, proximal occlusion
first was significantly associated with a higher sICH rate (P = .01)
at day 1 but did not influence the infarct core extension (P = .33).
Previous antiplatelet or anticoagulation therapies (n = 15) and
IV rtPA administration (n = 40) did not affect the rates of
successful reperfusion, sICH, infarct core extension, or favor-
able clinical outcome at 3 months. However, previous anti-
platelet or anticoagulation therapies (n = 15) were associated
with higher rates of PH-2 hemorrhages at day 1 (n = 4, 26.6%
versus 1 = 3/51, 5.9% in patients without these treatments;
P = .04) (On-line Table 3).

Comparison of the Atherothrombotic TO Group with the
Dissection-Related TO and Isolated Intracranial
Occlusion Groups

Compared with the dissection-related TO group, patients in the
atherothrombotic TO group were significantly older (P < .001)
and more frequently cigarette smokers (P = .01). They had sig-
nificantly higher proportions of intracranial ICA termination oc-
clusion (P = .001) and procedural complications (P = .05) and a
significantly lower proportion of mRS 0-2 at 3 months (P = .04)
(On-line Table 4). Compared with the isolated intracranial occlu-
sion group, they were more frequently men (P < .001) and ciga-
rette smokers (P < .001). They had significantly longer onset-
reperfusion times (P = .05) and procedural times (P < .001),
lower TICI 2b/3 reperfusion (P = .002), higher complication rates
(P <.001), and higher sICH rates (P = .01), and especially PH-2
hemorrhages (P = .02). Patients with atherothrombotic TO also
had a markedly lower proportion of those with mRS 0-2 and a
higher proportion of those with mRS 6, despite the lack of statis-
tical significance (On-line Table 5).
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Table 2: Multivariate analysis of good clinical outcome predictors DISCUSSION

Odds 95% 95% P The available data on TOs treated with
Groups, Variables Ratio Lower CI Upper CI Value MT are limited due to their low inci-
ATO dence, the heterogeneity of TO etiolo-
Age ) 093 085 100 07 gies, and treatment strategies in the re-

Baseline NIHSS score 0.89 0.79 1.00 .06 d . In thi d
Intracranial ICA occlusion 039 0.09 163 20  Ported case series. In this study, we
Periprocedural complications 0.15 0.03 0.74 .02 analyzed a relatively large series of pa-
TICI 2b/3 17.76 2.90 108.81 002 tients with solely atherothrombotic TO
lico® treated with MT in terms of reperfusion
Age ) 0.5 093 0.98 <.00l rate, safety, and clinical outcome as well

Baseline NIHSS score 0.91 0.85 0.97 .004 h di ff bl

Intracranial ICA occlusion 133 0.63 2.83 45 fis t ? predictors of favorable outcom.e
Periprocedural complications 136 0.50 3.70 .55 in this group. Then we compared this
TICI 2b/3 3.57 148 8.61 005  group with patients with dissection-re-

Note:—ATO indicates atherothrombotic tandem occlusion; IICO, isolated intracranial occlusion.
2 Previously published.”

FIG 2. Baseline MR imaging. A 69-year-old patient was admitted for a
left middle cerebral artery ischemic stroke, with an NIHSS score of 18
at 3 hours after symptom onset. The DWIand ADC maps (A and B, red
asterisk) showed a limited infarct core of the lenticular nucleus, neg-
ative findings on FLAIR, and a clot in the M1 segment of the artery with
susceptibility artifacts on the T2 echo gradient (D, yellow arrow) ac-
quisition. Some evidence of slow flow was also visible on FLAIR as
sulcal hypersignals (C, red arrows).

Due to the small number of patients in the dissection-related
TO group, a multivariate logistic regression analysis was per-
formed for only the atherothrombotic TO and isolated intracra-
nial occlusion groups (Table 2). In the atherothrombotic TO
group, only procedural complications (P = .02) and TICI 2b/3
reperfusion (P = .002) were independent predictors of favorable
clinical outcome at 3 months. Whereas in the isolated intracra-
nial occlusion group, only younger age (P < .001), baseline
NIHSS score (P = .004), and TICI 2b/3 reperfusion (P = .005)
were independent predictors of favorable clinical outcome at 3
months.

Figs 2—4 illustrate a case of AIS due to an atherothrombotic
TO. In On-line Fig 1, the main results are reported as a flow chart.
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lated TOs or with isolated intracranial
occlusions from the same AIS data base
during the same period.

Two important elements emerge from our study. Our results
are in good agreement with previously reported findings.”">'°
Despite its retrospective feature, our rigorous methodologic ap-
proach strongly supports the previously suggested idea that
atherothrombotic TOs represent a peculiar and different noso-
logic entity of AIS compared with dissection-related TOs and iso-
lated intracranial occlusions. Indeed, despite comparable baseline
NIHSS and DWI-ASPECTS distributions, patients with athero-
thrombotic TO were significantly older and more frequently
smokers than patients with dissection-related TOs. They pre-
sented globally with more cardiovascular risk factors. Second,
atherothrombotic TOs represent an important technical chal-
lenge that affects more dramatically the clinical outcome than
isolated intracranial occlusions and dissection-related TOs. This
is highlighted by the significantly longer procedural times, lower
rates of successful reperfusion, and lower rates of favorable clini-
cal outcomes in this group. This might be partly explained by the
significantly higher rate of intracranial ICA occlusion and the
higher global burden of procedural complications in the athero-
thrombotic TO group. The first is often associated with bigger
clots (ie, technically difficult to retrieve) and an increased proba-
bility of collateral circulation impairment due to decreased flow in
the anterior cerebral artery. The multivariate analysis supported
these results by showing that in patients with atherothrombotic
TO, procedural complications (OR = 0.15, P = .02) and TICI
2b/3 reperfusion (OR = 17.76, P = .002) were the 2 key elements
independently predictive of favorable outcome at the 3-month
follow-up.

In our study, the distinction of TOs according to their etiolo-
gies revealed a higher rate of complications (33%) compared to
that previously reported in large series (from 0% to 21.6%).
Whereas in dissection-related TOs group, the complication rate
was markedly lower (Table 3).”'*"'*2'2” This finding might be
due to the design of previous analyses and because we also in-
cluded severe vasospasms needing the intra-arterial administra-
tion of nimodipine. However, in this work, the different patient
subgroups were homogeneous, whereas the previously reported
studies mostly combined different types of TOs with various ra-
tios of atherothrombotic-/dissection-related TOs. This latter
methodologic approach could be confusing and a source of bias in
the analysis of populations as well as in the evaluation and devel-



FIG 3. DSA of intracranial reperfusion. The same patient as in Fig 2 underwent mechanical throm-
bectomy following a distal occlusion first recanalization strategy. The figure shows the angiogram
of the intracranial vasculature of left internal carotid artery before and after MT with a stent
retriever. Before MT (A and B), the angiogram shows the occlusion of left middle cerebral artery
(segment M) with a TICI score of 0 and a poor pial collaterality from the anterior cerebral artery.
MT allowed complete reperfusion of the MCA territory with a TICI score of 3 (C and D) without

any distal emboli.

FIG 4. DSA of proximal carotid treatment. After full reperfusion of the intracranial occluded
vessel, the patient underwent a stent placement and angioplasty of the extracranial carotid
artery. The DSA shows an ulcerated atherosclerotic plaque of the carotid bulb before the treat-
ment (A). After the angioplasty (B), a full recanalization of the vessel was achieved (C).

opment of new management strategies. Indeed, it leads to an in-
appropriate averaging of the results.

There is no consensus concerning the recanalization sequence
strategy for TOs. Both proximal occlusion first and distal occlu-
sion first approaches have their variations, advantages, and short-
comings.””"*® In our series, the technique was chosen by the

operator on the basis of the proximal le-
sion and varied with the improvement
and availability of new endovascular
techniques. Therefore and given the lim-
ited number of patients, our work was
not able to address this point. However,
the proximal occlusion first approach
was significantly associated with mark-
edly higher rates of sSICH and, less signif-
icantly, with infarct core extension at
day 1 compared with the distal occlusion
first approach. Conversely, both ap-
proaches did not differ in the rates of
reperfusion and favorable outcome at 3
months.

Atherothrombotic tandem occlusions
represent an important technical chal-
lenge that affects, more dramatically, the
clinical outcome than dissection-related
tandem occlusions and isolated intracra-
nial occlusions. This is clearly highlighted
by the significantly longer procedural
times, lower recanalization rates, and
higher global burden of procedural
complications in this group. Therefore,
alternative therapeutic approaches may
be discussed. Few authors proposed
emergent endarterectomy for patients
with AIS.*® However, their results re-
main confidential and concerned lim-
ited numbers of patients (n = 6) with a
high risk of fatal hemorrhagic transfor-
mation. Similarly, the use of abciximab
for intrastent thrombosis has been sug-
gested by other authors.” We did not
use this drug in our patients with intras-
tent thrombosis because of the high risk
of hemorrhagic transformation previ-
ously reported.”®

Most interesting, in the athero-
thrombotic TO group, IV rtPA admin-
istration did not affect the rate of suc-
cessful reperfusion and of hemorrhagic
transformation or the outcome at 3
months. Although this work does not al-
low us to draw any conclusions, given
the previously mentioned limitations,
this observation questions the benefit of
IV rtPA in this specific group of patients.
Conversely, antiplatelet and/or antico-
agulant drugs before AIS significantly
increased the occurrence of PH-2 hemorrhages at day 1 (P = .04).
These treatments should be considered with caution, especially in
the postoperative management of these patients, to prevent the
risk of intracranial bleeding.

Our findings are in good agreement with the HERMES collab-
oration group meta-analysis'® in term of good clinical outcome at
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Table 3: Summary of previously published tandem occlusion series

Authors, Year Patients % of TO TICI 2b/3 or Periprocedural
Published (No.) Etiologies® TiMI 2-3 mRS <2 mRS 6 sICH Complications

Malik et al, 2011 77 100/0/0/0 58.0 (75.3)° 32.0 (41.6) 18.0 (23.4) 8.0 (10.4) NA
Kwak et al, 2013? 35 100/0/0/0 26.0(74.3) 22.0(62.9) 4.0 (1.4) 1.0 (2.9) 0.0 (0.0)
Stampfl et al, 20147 24 100/0/0/0 15.0 (62.5) 7.0(29.2) 40(16.7) 4.0(16.7) 10(4.2)
Maurer et al, 2015* 43 77/7/0/6 33.0(76.7) 14.0 (32.6) 9.0(20.9) 5.0 (11.6) 1.0(23)
Cohen et al, 2015* 24 100/0/0/0 19.0(79.2) 13.0(54.2) 2.0(83) 0.0(0.0) 0.0(0.0)
Lockau et al, 20157 37 65/35/0/0 27.0(73.0) 17.0 (45.9) 7.0 (18.9) 40(10.8) 8.0 (21.6)
Spiotta et al, 2015% 16 100/0/0/0 16.0 (100.0) 8.0(50.0) 3.0(18.8) 2.0 (12.5) 0.0(0.0)
Lescher et al, 2015" 39 28/18/54/0 25.0 (64.1) 14.0 (35.9) 4.0(10.3) 4.0(10.3) 0.0(0.0)
Behme et al, 2015”7 170 100/0/0/0 130.0 (76.5) 62.0 (36.5) 32.0(18.8) 15.0 (8.8) NA
Grigoryan et al, 2016"™ 100 89/11/0/0 88.0(88.0) 42.0(42.0) 20.0(20.0) NA NA
Fahed et al, 2016" 70 54/19/19/8 47.0 (67.) 33.0 (47.) 9.0 (13.4) NA 12.0 (17.))
This series 86 77/23/0/0 56.0 (65.)) 410 (48.2) 17.0 (20.0) 1.0 (12.8) 24.0 (27.9)
Atherothrombotic TOs 66 42.0 (63.6) 27.0 (41.5) 15.0 (23.0) 10.0 (15.2) 22.0(333)
Dissecting TOs" 20 14.0 (70.0) 14.0 (70.0) 2.0 (10.0) 1.0 (5.0) 2.0(10.0)

Note:—NA indicates non-available data; TIMI, Thrombolysis in Myocardial Infarction.

2 Distribution of the TO etiologies in percentages: atheromatous/dissection/cardioembolic/other causes.

b Recanalization assessed with the TIMI score.

3 months (mRS 0-2 = 45.9% in the HERMES analysis versus
41.5% in our cohort). However, our analysis differs from that in
the HERMES meta-analysis as well as in previous studies report-
ing, specifically, experiences in the endovascular management of
tandem occlusions in that we compared the atherothrombotic
tandem occlusions with dissection-related tandem occlusions and
isolated intracranial occlusions. This work provides new knowl-
edge on TO pathology comprehension, which should help in pa-
tient management and future study designs. Indeed, the different
pathomechanisms of extracranial ICA lesions involved in TOs
could call for specific selection criteria and different recanaliza-
tion strategies according to the TO etiology.

Our work has several limitations. It was a retrospective study
with limited number of patients, though data were collected pro-
spectively and consecutively. As a single-center study, our work
has an inherent population bias. Therefore, our results cannot be
generalized, though this is the largest reported series of athero-
thrombotic TOs selected by MR imaging, to our knowledge.
Moreover, our work does not allow concluding on the safety of
emergent carotid angioplasty and stent placement because of the
small number of treated patients. However, intrastent thrombosis
occurred more frequently in patients stented at the acute setting and
was clinically symptomatic in 40% of them with poor clinical out-
comes. The grading scale of the proximal ICA stenosis due to athero-
sclerotic plaque was arbitrary, defined to facilitate the analysis and
make the results clearer. However, an underestimation of the grade 2
plaques and an overestimation of the grade 3 plaques cannot be ex-
cluded because of the potential iatrogenic ulceration that can be in-
duced during the crossing of the proximal occlusion site.

CONCLUSIONS

Atherothrombotic TOs are a particularly complex and challeng-
ing cause of AIS. Compared with dissection-related TOs and iso-
lated intracranial occlusions, they are associated with significantly
lower successful reperfusion rates, lower favorable outcomes, and
higher rates of procedural complications. Our results support the
need to differentiate TOs according to their etiology when design-
ing prospective studies on AIS management. The results of future
trials and multicenter studies on specifically this stroke subpopu-
lation are eagerly awaited.
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Real-Time Motor Cortex Mapping for the Safe Resection of
Glioma: An Intraoperative Resting-State fMRI Study
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ABSTRACT

BACKGROUND AND PURPOSE: Resting-state functional MR imaging has been used for motor mapping in presurgical planning but never
used intraoperatively. This study aimed to investigate the feasibility of applying intraoperative resting-state functional MR imaging for the
safe resection of gliomas using real-time motor cortex mapping during an operation.

MATERIALS AND METHODS: Using interventional MR imaging, we conducted preoperative and intraoperative resting-state intrinsic
functional connectivity analyses of the motor cortex in 30 patients with brain tumors. Factors that may influence intraoperative imaging
quality, including anesthesia type (general or awake anesthesia) and tumor cavity (filled with normal saline or not), were studied to
investigate image quality. Additionally, direct cortical stimulation was used to validate the accuracy of intraoperative resting-state fMRI in
mapping the motor cortex.

RESULTS: Preoperative and intraoperative resting-state fMRI scans were acquired for all patients. Fourteen patients who successfully
completed both sufficient intraoperative resting-state fMRI and direct cortical stimulation were used for further analysis of sensitivity and
specificity. Compared with those subjected to direct cortical stimulation, the sensitivity and specificity of intraoperative resting-state
fMRI in localizing the motor area were 61.7% and 93.7%, respectively. The image quality of intraoperative resting-state fMRI was better
when the tumor cavity was filled with normal saline (P = .049). However, no significant difference between the anesthesia types was
observed (P = .102).

CONCLUSIONS: This study demonstrates the feasibility of using intraoperative resting-state fMRI for real-time localization of functional
areas during a neurologic operation. The findings suggest that using intraoperative resting-state fMRI can avoid the risk of intraoperative
seizures due to direct cortical stimulation and may provide neurosurgeons with valuable information to facilitate the safe resection of
gliomas.

ABBREVIATIONS: BOLD = blood oxygen level-dependent; DCS = direct cortical stimulation; iMRI = intraoperative MR imaging; iR-fMRI = intraoperative
resting-state fMRI; pR-fMRI = preoperative resting-state fMRI; R-fMRI = resting-state fMRI

M apping the motor cortex before and during tumor resection
is of great importance to minimize the risks of postopera-
tive neurologic sequelae. Direct cortical stimulation (DCS) is an
invasive procedure to locate the function of specific brain regions.
Due to its simplicity, DCS is considered the clinical criterion stan-
dard for mapping brain function and has demonstrated efficacy

Received February 3, 2017; accepted after revision June 25.

From the Department of Neurological Surgery (T.-m.Q,, F.-y.G,, X.G., J.-s.W., D.-x.Z,,
CA.Y, X-lZ,)-fL, F-p.Z, Y.M, L-f.Z), Huashan Hospital, Shanghai Medical Col-
lege, Fudan University, Shanghai, China; Center for Computational Systems Biology
(C.-p.L.), Fudan University, Shanghai, China; and Department of Biomedical
Engineering (B.B.B.), New Jersey Institute of Technology, Newark, New Jersey.

Tian-ming Qiu and Fang-yuan Gong contributed equally to this article.

This work was funded by the National Natural Science Foundation of China (grant
No. 81401546, 81671308, 81672476), Natural Science Foundation and Major Basic
Research Program of Shanghai (grant No. 16JC1420100), and National Key
Technology R&D Program of China (grant No, 2014BAI04B05).

2146 Qiu

Nov 2017 www.ajnr.org

in optimizing glioma resection."> However, as an invasive ap-
proach, DCS requires a surgical team with rich experience. DCS
also has the risk of after discharges, which can induce seizures and
result in the inaccurate localization of cortical areas.’

Blood oxygen level-dependent (BOLD) functional MR imag-
ing, a task-based brain functional mapping method, has been
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well-established for localizing the brain functional area for pre-
surgical planning. BOLD fMRI is of great importance in helping
decrease morbidity due to a neurologic operation® and has been
integrated into neuronavigation systems to localize the motor
area during an operation.” Nonetheless, brain shifting during an
operation might reduce the accuracy of preoperative imaging and
affect the clinical consequences.®

The emergence of intraoperative MR imaging (iMRI) has ush-
ered in a new era in brain tumor neurosurgery.” Real-time struc-
tural imaging and diffusion tensor imaging have provided neuro-
surgeons with valuable information regarding whether and where
tumor residues persist after resection and even the relationship
between the tumor/tumor cavity and peritumoral tracts.>” The
use of an iMRI navigation system can reliably compensate for the
effects of brain shifting.” We have recently reported intraopera-
tive motor mapping with fMRI for the first time; in this proce-
dure, awake intraoperative fMRI was used to localize the sensori-
motor areas during awake craniotomy.'® Cooperation of the
patient under specific tasks and complicated surgical procedures
is essential for successful mapping. Therefore, task-induced brain
mapping cannot be achieved with the patient under general
anesthesia.

Resting-state fMRI (R-fMRI) has recently been used to iden-
tify the motor cortex without a task stimulus." " This technique has
been used in preoperative motor mapping in patients with brain
tumors.'>"* Our previous study demonstrated the accuracy of
preoperative R-fMRI (pR-fMRI) for motor area localization by
DCS before tumor resection.'> However, the study was based on
pR-fMRI and lacked real-time information regarding the rela-
tionship between the tumor cavity/residual and the motor cortex,
which might have affected the conclusion of whether further re-
section is safe.

To our knowledge, functional connectivity based on intra-
operative resting-state fMRI (iR-fMRI) has not been applied to
real-time motor cortex mapping during an operation. The
purpose of this study was to investigate the feasibility and va-
lidity of applying iR-fMRI to neurosurgical mapping. The sen-
sitivity and specificity of iR-fMRI in mapping the motor cortex
were assessed and compared with those of DCS. The optimum
iR-fMRI protocol for better intraoperative imaging quality was
also studied.

MATERIALS AND METHODS

General Information

The study examined 30 patients with cerebral tumors involving
the motor cortical areas. The patients were recruited and enrolled
in this study by the Neurologic Surgery Department at Huashan
Hospital, Shanghai. The study was reviewed and approved by the
institutional review board of Huashan Hospital.

The patients included 19 men and 11 women 19-70 years of
age. The inclusion criteria were as follows: 1) patients with a single
lesion and first operation, 2) tumor lesions in the frontal or pari-
etal lobe near (or involving) the precentral gyrus, and 3) no con-
traindications for MR imaging or intraoperative electrophysi-
ologic monitoring. The exclusion criteria were as follows: 1)
recurrent tumors, 2) contraindications to MR imaging or intra-
operative electrophysiologic monitoring, 3) preoperative muscle

strength at 0°, and 4) an inability to comply with safety screening
requirements during intraoperative MR imaging screening. Each
patient’s muscle strength was recorded before the operation and
within 3 months after it. Muscle function was evaluated and as-
signed a grade according to the scale of 0-5.

MR Imaging Data Acquisition

Preoperative and intraoperative images were acquired with a 3T
interventional MR imaging scanner (Trio; Siemens, Erlangen,
Germany) at Huashan Hospital. Preoperative images were ob-
tained 1-2 days before the date of the operation. Enhanced T1-
weighted images were acquired to differentiate patients with
high- or low-grade gliomas with the following imaging param-
eters: TR = 1900 ms; TE = 2.93 ms; flip angle = 90°; section
number = 176; section thickness = 1 mm; and FOV = 250 X
219 mm. The T2-weighted fluid-attenuated inversion recovery
images were acquired with multishot TSE sequences with TR =
9000 ms, TE = 99 ms, TI = 2500 ms, flip angle = 150°, section
number = 66, section thickness = 2 mm, and FOV = 240 X
214 mm.

The R-fMRI scans were obtained with a T2-weighted gradient-
echo-planar imaging sequence with TR/TE = 2000/35 ms, flip
angle = 90°, matrix size = 64 X 64, FOV = 240 X 240/210 X 210
mm (preoperative/intraoperative), 33/25 (preoperative/intraop-
erative) interleaved axial sections oriented along the anterior/pos-
terior commissure line without intersection gap, and 240 contin-
uous image volumes. The participants were instructed to relax,
keep their eyes closed without falling asleep, and not think of
anything.

Intraoperative MR Imaging Environment

All the operations were performed in a 3T iMRI-integrated oper-
ating room (IMRIS, Winnipeg, Manitoba, Canada) at a constant
temperature of 20°-21°C. Because the intraoperative imaging
process has been detailed in our previous article, it is only briefly
described here.” The patient’s head was fixed with an MR imag-
ing-safe head holder before the craniotomy. DCS was used to
localize the motor cortex after opening the dura. Sodium val-
proate was used to prevent seizures. After tumor resection and
wound draping, the scanner was moved into the operation room.
In the cases that required further resection, the navigational im-
ages were updated with iMRI datasets.

To optimize the image quality, we studied factors that may
influence intraoperative imaging quality, including anesthesia
type and whether the tumor cavity was filled with normal saline
during scanning. Twelve of the 30 patients underwent general
anesthesia, and the other 18 patients underwent awake anesthesia.
General anesthesia was administered intravenously using remifenta-
nil as an analgesic and propofol as a sedative via endotracheal
intubation. The 18 patients who underwent awake anesthesia
were administered midazolam for sedation combined with local
nerve block anesthesia with remifentanil as an analgesic and
propofol as a sedative. For the tumor cavity process, 12 patients’
tumor cavities were filled with normal saline and covered with wet
gauze. The tumor cavities of the other 18 patients were only cov-
ered with wet gauze without filling.

AINR Am J Neuroradiol 38:2146-52 Nov 2017  www.ajnr.org 2147



Intraoperative DCS

DCS was performed by using a Multifunctional Neurologic
Workstation (Epoch XP; Axon Systems, Hauppauge, New
York) to locate the motor cortex in all 30 patients before tumor
resection. The electric current was increased gradually from 2
to 6 mA in 1-mA increments. After discharge, the current was
decreased by 0.5-1 mA. During the stimulation process, the
compound muscle action potentials were monitored, includ-
ing those from the abductor pollicis brevis, brachioradialis,
triceps, biceps, tibialis anterior, gastrocnemius, and orbicu-
laris oris muscles.

When the compound muscle action potentials or passive
movements of the target muscle occurred, the representative area
in the cortex corresponding to the movement was identified and
noted with a sterile tag. A 10 X 10 mm area on the exposed cortical
surface was considered 1 unit of stimulation. The corresponding
motor sites in structural images were then recorded by a nav-
igation system (TRIA i7; Medtronic Navigation, Minneapolis,
Minnesota).

R-fMRI Data Processing
The fMRI datasets were preprocessed and analyzed by Data Pro-
cessing Assistant for Resting-State fMRI, Advanced Edition (Bei-
jing Normal University, Beijing, China),'” Resting-State fMRI
Data Analysis Toolkit (Beijing Normal University),'® and SPM8
(http://www fil.ion.ucl.ac.uk/spm/software/spm12). The results
were visualized with XjView 8 (http://www.alivelearn.net/xjview).
pR-fMRI were preprocessed by removal of the first 10 time
points. This process was followed by section-timing correction,
realignment, registration, smoothing, and detrending to re-
duce the impact of the magnetic field environment or patient
instability on the images. A temporal bandpass filter (0.01
Hz < f < 0.08 Hz) was then applied to remove low-frequency
drifts and high-frequency noise. The spurious BOLD variances
unlikely to reflect neuronal activity were regressed. These vari-
ances included signals from the CSF, white matter, and whole
brain, as well as the 6 parameters obtained by rigid-body head
motion correction.'”

A 3-mm-diameter seed mask was placed in the hand-knob
area of the healthy (nontumor) side,'® which was identified from
high-resolution structural MR imaging and confirmed as a land-
mark of the precentral gyrus of the brain under normal or disease
conditions."” Functional connectivity was computed between the
selected seed masks, from which time-series signals were averaged
and correlated with every voxel in the brain. The threshold and
spatial extent of activation corresponding to this threshold were
determined by a neuroradiologist. This process was performed by
maximizing the functional neuronal activity while minimizing
nonspecific noise patterns.'?

iR-fMRI processing was identical to the pR-fMRI processing.
However, because the patient’s head was fixed in the holder, mo-
tion-induced signal changes were minimal. We required approx-
imately 15 minutes on average to process the data immediately
after scanning. During this 15-minute period, we moved the scan-
ner out, redraped the patient, and updated the intraoperative nav-
igation images.
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Statistical Analyses

Data analysis was performed by using PASW18.0 statistical soft-
ware (IBM, Armonk, New York). DCS-positive sites were labeled
on iMRI structural images for motor-related tags and were used
for comparison. We regarded the following DCS results as “un-
satisfactory”: 1) Seizure occurred, and intraoperative mapping
was stopped; 2) the intracranial pressure was high after open-
ing the dura; therefore, we only stimulated the cortex corre-
sponding to the potential motor area and did not stimulate all
the sites within the exposed cortical surface; and 3) both DCS
and R-fMRI had negative results within the exposed cortical
surface.

To optimize the imaging quality, we grouped and compared
patients with different anesthesia types and tumor cavity fillings
We regarded the following R-fMRI results as showing “unsatis-
factory” image quality: 1) A highly correlated functional con-
nectivity map was found in the ventricle, tumor/tumor cavity,
or scalp; and 2) obvious irrational motor functional connec-
tivity was found. The Fisher exact test was used to assess dif-
ferences in image quality by scanning situation. A value of .05
indicated significance.

We chose the cases with satisfactory fMRI and DCS results to
calculate the sensitivity and specificity of iR-fMRI. A match was
identified when a significant overlap between the 10 X 10 mm
scope around the DCS-positive sites and functional areas was ob-
served on the fMRI. For each patient, a 10 X 10 mm area on the
exposed cortical surface was considered 1 unit for analysis. For
each case, with the DCS-positive sites as references, we calculated
the number of true-positive, true-negative, false-positive, and
false-negative tags. Each cortical site on the DCS map was consid-
ered independently. A method for analyzing clustered binary data
was used to calculate the sensitivity and specificity of iR-fMRI.

12()

This method was developed by Bizzi et al** and Roux et al.”!

RESULTS

All 30 patients underwent preoperative and intraoperative MR
imaging and DCS (On-line Table 1). Overall, 27 (of 30) patients
had satisfactory pR-fMRI motor mapping, and 21 (of 30) patients
had satisfactory iR-fMRI motor mapping. The 9 patients with
unsatisfactory iR-fMRI included 3 patients with a highly corre-
lated functional connectivity map found in the tumor/tumor cav-
ity or scalp (cases 4, 11, and 17), 5 patients with obvious irrational
motor functional connectivity (cases 10, 13, 15, 16,and 23), and 1
patient with both of the above situations (case 28). Motor map-
ping with DCS was achieved in 18 cases without high intracra-
nial pressure after craniotomy and no seizures during map-
ping. Fourteen patients who successfully completed both
sufficient iR-fMRI and DCS were used for further analysis to
determine the sensitivity and specificity. We listed all the DCS
and iR-fMRI results for each site on the exposed cortical sur-
face for each case. On the basis of the clustered binary data
above, we constructed a 4-fold table (On-line Table 2) with the
sum from true-positives, true-negatives, false-positives, and false-
negatives (Table) and then calculated the sensitivity and specificity.
The sensitivity and specificity of iR-fMRI were 61.7% (95% CI,
49.02%-72.91%) and 93.7% (95% CI, 88.74%-96.53%), respec-
tively (Table and On-line Table 1).



Comparison of the results from iR-fMRI and DCS for 14 of the 30
patients

Intraoperative R-fMRI

No. TP TN FP FN
2 9 7 0 0
5 3 8 3 0
8 1 22 1 0
12 1 8 1 3
18 0 19 0 1
19 2 19 0 3
20 4 8 0 3
21 1 14 2 0
22 4 3 1 0
25 2 4 0 3
26 3 10 2 1
27 3 12 0 1
29 2 8 0 4
30 2 6 0 4

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

To identify differences in image quality by scanning situation,
we filled the tumor cavities of 12 patients with normal saline and
compared the cavities with those of the other 18 patients who did
not undergo cavity filling. Our results showed that a tumor cavity
filled with normal saline could improve the imaging quality (P =
.049). In addition, 12 and 18 patients were selected to undergo
general and awake anesthesia, respectively. No significant corre-
lation between anesthesia type and imaging quality was found
(P = .102). Thus, the imaging quality of iR-fMRI was superior
when the tumor cavity was filled with normal saline but was not
significantly correlated with anesthesia type. We have provided 4
illustrative cases as on-line images, including 2 cases of iR-fMRI
without saline in the tumor cavity (On-line Figs 1 and 2), and 2 cases
of iR-fMRI with saline (On-line Figs 3 and 4). These raw data showed
how image quality changed because of saline in the intraoperative
cavity.

Six patients experienced motor deficits (muscle strength de-
creased) immediately after the operation, with 4 of the 6 recover-
ing to their preoperative condition within 3 months.

Case 1

A 41-year-old woman (case 22 in On-line Table 1) had recur-
rent seizures for >2 months with normal muscle strength be-
fore the operation. MR imaging showed that the lesion was in
the right frontal lobe, while the pR-fMRI scan revealed that the
motor cortex was located posteriorly (Fig 1A). The patient
underwent awake craniotomy and DCS to locate 2 positive
sites in the hand area and 2 in the mouth area (Fig 1B). The
positive sites were recorded on the MR images and overlaid
with the motor cortex displayed on the pR-fMRI. The results
agreed with the pR-fMRI findings (Fig 1A). After tumor resec-
tion, the navigation was updated by the intraoperative image,
while the positive sites located by DCS were recorded by nav-
igation on the iMRI and overlaid with the motor cortex dis-
played on the iR-fMRI. The results demonstrated that the pos-
itive sites still agreed with the iR-fMRI results (Fig 1C). After
the operation, the patient had mild loss of muscle strength but
recovered to normal after 1 week.

Case 2

A 25-year-old man (case 5 in On-line Table 1) had general sei-
zures for 2 months with normal muscle strength before the oper-
ation. The preoperative MR imaging showed that the tumor was
in the left frontal lobe, while the R-fMRI revealed that the motor
cortex was posterior to the lesion (Fig 2A). The DCS identified 2
positive sites in the hand area, 1 in the foot area, and 2 in the
language area corresponding to speech fluency (Fig 2B). After
tumor resection, iMRI indicated a small amount of tumor residue
close to the deep motor area behind the tumor cavity (Fig 2D),
while the iR-fMRI showed some distance between the motor cor-
tex and tumor residue (Fig 2C). Accordingly, another resection
was performed, and the subsequent iMRI scan demonstrated that
the tumor was completely removed (Fig 2F). The iR-fMRI scan
showed that the motor cortex was well-protected (Fig 2E). With
iR-fMRI guidance, further resection was safely performed. The
patient had transient slow right-limb movement start-up that
gradually improved to normal.

DISCUSSION

High-field iMRI is an innovative technique to aid the functional
guidance of neurosurgery. It is a challenge for patients to perform
tasks during the operation. R-fMRI provides a window for iden-
tifying the motor cortex without the patient’s cooperation. The
combination of iMRI and R-fMRI (ie, iR-fMRI) was applied in
this study. Intraoperative mapping of regional brain functions
with iR-MR imaging was validated by DCS. This new intraoper-
ative technique is noninvasive compared with DCS. Our results
indicated that iR-fMRI might be a promising tool for real-time
motor cortex mapping during a glioma operation.

Accumulating evidence has suggested that more extensive
surgical resection is associated with a longer life expectancy for
patients with gliomas.”**” In addition, surgical morbidities may
also affect survival time. Preoperative and intraoperative care
should be taken to avoid surgical sequelae in the management of
gliomas.”**> Accurate real-time positioning of intraoperative
brain function is among the most important issues for neurosur-
geons. In recent studies, R-fMRI was found to be well-correlated
with the pre- and postoperative clinical condition of patients.*®
DCS serves as a reliable method to locate brain function areas, and
ithasbeen popularized. However, repeat stimulations may greatly
increase the incidence of seizure, reduce surgical safety, and di-
rectly affect DCS accuracy.™*” Notably, DCS cannot really be ap-
plied after partial tumor removal. Noninvasive iR-fMRI, which
was verified by DCS in the current research, may provide neuro-
surgeons with important information conducive to safe tumor
resection, especially for patients who cannot cooperate with DCS
and task fMRI. Our results indicated that the fusion of functional
and structural findings could clearly reveal the spatial location of
the tumor residue and motor cortex, information valuable to neu-
rosurgeons in assessing whether further resection is feasible and
safe.

Our results demonstrated that 70% of iR-fMRI quality was
satisfactory for neurosurgery reference. However, 30% of the iR-
fMRI data did not meet the criteria for acceptance. Our results
indicated that the imaging quality was not significantly affected by
the anesthesia type. The lack of effect from anesthesia on R-fMRI
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FIG1. Validation of iR-fMRI with DCS. A, The pR-fMRI scan shows the motor cortex located posterior to the tumor. B, DCS locates positive sites
in the hand area (H) and positive sites in the mouth area (M). The green and blue dots in A represent the positive sites in the hand and mouth
areas, respectively, located by intraoperative DCS. C, iR-fMRI reveals that the motor cortex is behind the tumor cavity. D, Intact motor cortex
after tumor resection. The green and blue dots represent the positive sites in the hand and mouth areas, respectively, located by intraoperative
DCS. Pre-op indicates preoperative; Post-op, postoperative; L, left; R, right.

26

signal has also been found in other studies.”**® The image quality,
however, could be improved by filling the tumor cavity with nor-
mal saline. This improvement might result from the creation of a
homogeneous imaging environment, minimizing the susceptibil-
ity artifacts during iR-fMRI acquisition. However, not all patients

who underwent normal saline filling had satisfactory iR-fMRI
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quality. Whether normal saline is the most ideal substance for
tumor cavity filling remains questionable.

The iR-fMRI scan was useful for guidance of brain tumor op-
erations but still had several limitations. The BOLD signal, which
is observed using the blood oxygen level to reflect brain activation,
cannot directly show the electrical activities of neurons, a finding



FIG 2. Procedure foriR-fMRI-and DCS-assisted tumor resection. A, pR-fMRI scan reveals that the
motor cortex is located behind the left frontal lesion. B, Direct cortical stimulation locates 2
positive sites in the hand area (H), 1 positive site in the foot area (L), and 2 positive sites in the
language area (1and 2). C, The iR-fMRI scan displays the motor cortex behind the tumor cavity at
a distance from the tumor residue (green arrow). D, Intraoperative MR image suggests a small
amount of tumor residue closer to the deep motor area behind the tumor cavity (green arrow).
E, The final iR-fMRI scan shows that the motor cortex located behind the tumor cavity is well-

in this study. In recent studies, breath-
holding fMRI was used to calibrate
resting-state fMRI or task-based fMRI
to reduce tumor-related neurovascu-
lar factors. We have been attempting
to use this method to try to obtain bet-
ter results. Additionally, this is a rela-
tively small sample, which may be re-
sponsible for the trend level. We are
attempting to collect additional cases
and obtain significant results. Further
studies are essential to solve these
problems to ensure that iR-fMRI be-
comes a safe and effective tool for
clinical applications. We are currently
exploring other analysis methods, includ-
ing amplitude of low frequency fluctua-
tion, regional homogeneity, and indepen-
dent component analysis,'>*° to further
optimize the analysis.

CONCLUSIONS

This study investigated the iR-fMRI
technique for the intraoperative local-
ization of the motor cortex. Although
this research is in its infancy, we demon-
strated the feasibility of applying iR-
fMRI for real-time functional localiza-
tion. The areas located by iR-fMRI
provided the motor regions that over-
lapped with the corresponding areas
identified by DCS. Therefore, iR-fMRI
provides an alternative opportunity for
real-time mapping of motor areas and
increases the safety of the resection of
intra-axial brain tumors.
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protected. F, The final MR imaging scan reveals complete tumor resection. L indicates left; R, right.

that is different from that in DCS. However, BOLD has irreplace-
able significance in localizing functional areas when DCS does not
work or a seizure occurs. The results of the seed-based method
could be assessed in real-time. Nonetheless, we also found that a
prominently decreased ipsilesional BOLD signal was present
compared with that in the normal side. We supposed that this
finding may be attributed to tumor-induced neurovascular un-
coupling.”” Abnormal vasculature due to tumors causes signif-
icant hemodynamic responses in the cerebrovascular reactivity
that affect the BOLD signal, resulting in false-negative results,
which may explain why the overall sensitivity was not very high
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ORIGINAL RESEARCH
HEAD & NECK

Apparent Diffusion Coefficient Histograms of Human
Papillomavirus—Positive and Human Papillomavirus—Negative
Head and Neck Squamous Cell Carcinoma: Assessment of
Tumor Heterogeneity and Comparison with Histopathology

T. de Perrot, M. Pusztaszeri, and ““’/M. Becker
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V. Lenoir, “/M. Domingo Ayllén, ““'N. Dulguerov,

ABSTRACT

BACKGROUND AND PURPOSE: Head and neck squamous cell carcinoma associated with human papillomavirus infection represents a
distinct tumor entity. We hypothesized that diffusion phenotypes based on the histogram analysis of ADC values reflect distinct degrees
of tumor heterogeneity in human papillomavirus—positive and human papillomavirus—negative head and neck squamous cell carcinomas.

MATERIALS AND METHODS: One hundred five consecutive patients (mean age, 64 years; range, 45—87 years) with primary oropharyngeal
(n = 52) and oral cavity (n = 53) head and neck squamous cell carcinoma underwent MR imaging with anatomic and diffusion-weighted
sequences (b = 0, b = 1000 s/mm?, monoexponential ADC calculation). The collected tumor voxels from the contoured ROIs provided
histograms from which position, dispersion, and form parameters were computed. Histogram data were correlated with histopathology,
pl6-immunohistochemistry, and polymerase chain reaction for human papillomavirus DNA.

RESULTS: There were 21 human papillomavirus—positive and 84 human papillomavirus—negative head and neck squamous cell carcinomas.
At histopathology, human papillomavirus—positive cancers were more often nonkeratinizing (13/21, 62%) than human papillomavirus—
negative cancers (19/84, 23%; P = .001), and their mitotic index was higher (71% versus 49%; P = .005). ROl-based mean and median ADCs
were significantly lower in human papillomavirus—positive (1014 = 178 X 10~ ¢ mm?/s and 970 = 187 X 10~ ® mm?/s, respectively) than in
human papillomavirus—negative tumors (1184 = 168 X 10~ ¢ mm?/s and 1161 = 175 X 10~ ¢ mm?/s, respectively; P < .001), whereas excess
kurtosis and skewness were significantly higher in human papillomavirus—positive (1.934 * 1386 and 0.923 = 0.510, respectively) than in
human papillomavirus—negative tumors (0.643 = 0.982 and 0.399 = 0.516, respectively; P < .001). Human papillomavirus—negative head and
neck squamous cell carcinoma had symmetric normally distributed ADC histograms, which corresponded histologically to heterogeneous
tumors with variable cellularity, high stromal component, keratin pearls, and necrosis. Human papillomavirus—positive head and neck
squamous cell carcinomas had leptokurtic skewed right histograms, which corresponded to homogeneous tumors with back-to-back
densely packed cells, scant stromal component, and scattered comedonecrosis.

CONCLUSIONS: Diffusion phenotypes of human papillomavirus—positive and human papillomavirus—negative head and neck squamous
cell carcinomas show significant differences, which reflect their distinct degree of tumor heterogeneity.

ABBREVIATIONS: HNSCC = head and neck squamous cell carcinoma; HPV = human papillomavirus; HPV— = human papillomavirus—negative; HPV+ = human
papillomavirus—positive

Infection with certain types of human papillomavirus (HPV),
particularly HPV16 and HPV18, is a well-established cause for
the development of head and neck squamous cell carcinoma
(HNSCQ) arising in the oropharynx and, to a lesser extent, also in

Received March 31, 2017; accepted after revision July 7.

From the Division of Radiology, Department of Imaging and Medical Informatics
(T.d.P, V.L, M.D.A, M.B.), Division of Head and Neck Surgery, Department of Clini-
cal Neurosciences (N.D.), and Division of Clinical Pathology, Department of Ge-
netic and Laboratory Medicine (M.P.), Geneva University Hospitals, Geneva,
Switzerland.

Please address correspondence to Minerva Becker, MD, Division of Radiology, De-
partment of Imaging and Medical Informatics, Geneva University Hospitals, Rue
Gabrielle-Perret-Gentil 4, 1211 Geneva 14, Switzerland; e-mail: Minerva.Becker@®
hcuge.ch

other head and neck sites. During the infection process, the viral
DNA is incorporated in the cell DNA and induces genetic modi-
fications responsible for carcinogenesis.' The HPV oncoprotein
E7 binds to and degrades the retinoblastoma protein, which leads
to the accumulation and overexpression of p16 protein.” P16 im-
munohistochemistry appears to be the best stand-alone test for
HPV testing of HNSCC because it is widely available, very sensi-
tive (up to 100%), and specific for the presence of transcription-

O Indicates open access to non-subscribers at www.ajnr.org
E Indicates article with supplemental on-line tables.

B Indicates article with supplemental on-line photo.
http://dx.doi.org/10.3174/ajnr.A5370

AJNR Am J Neuroradiol 38:2153—60 Nov 2017 www.ajnr.org 2153


http://orcid.org/0000-0001-8053-6064
http://orcid.org/0000-0002-8140-8010
http://orcid.org/0000-0002-6422-050X
http://orcid.org/0000-0001-8676-3698
http://orcid.org/0000-0001-6490-4189
http://orcid.org/0000-0001-9644-9053
mailto:Minerva.Becker@hcuge.ch
mailto:Minerva.Becker@hcuge.ch

ally active HPV. Polymerase chain reaction is also very sensitive;
however, its specificity is limited because the mere presence of
HPV DNA does not convey whether the virus is transcriptionally
active or simply a bystander.”” In the oropharynx, HPV- and/or
pl6-positive (HPV+) HNSCC has a better prognosis than
HPV- and/or pl6-negative (HPV—) HNSCC,* whereas in the
oral cavity and in other head and neck sites, reported results are
contradictory.*™®

Morphologic imaging techniques do not allow distinction be-
tween HPV+ and HPV— cancers. Some authors found that
HPV+ HNSCCs tend to have cystic nodal metastases and extra-
capsular spread, whereas others reported that morphologic crite-
ria (size, T stage, and cystic nodal disease) and sociodemographic
factors were not reliable predictors of HPV status.”®

DWTI is increasingly used for the pretherapeutic work-up and
monitoring of treatment response in HNSCC. On DWI, HNSCC
displays restricted diffusivity because of increased cellularity,
and mean ADC values are in the range of 900-1300 X 10~°
mm?/s.”"'* These reported ADC values are based on a mono-
exponential fitting model with 2 b-values (b = 0 and b =
800-1000 s/mm?).°"'"*> Mean ADC values are often calcu-
lated based on a single freehand ROI drawn over the largest
axial tumor area,'* or alternatively, they are based on elliptical
ROIs drawn over the “most cellular” tumor regions,11 the choice
of these cellular regions being made visually. In contrast to simple
ROI techniques, pixel-based calculations of ADC maps have the
advantage of providing a detailed view of the entire area of interest
in the form of parametric maps and histograms offering the pos-
sibility to assess tumor heterogeneity in a noninvasive fashion."”
The assessment of tumor heterogeneity plays a major role in can-
cer research because it influences treatment outcome and has an
impact on the development of targeted therapies. Some authors
have reported the added value of ADC histograms as predictors of
treatment response, whereas others have noted an association be-
tween low pretreatment mean ADC and favorable outcome after

116,17 Because the HPV status was not in-

radiochemotherapy.
cluded in the analysis, it is not known whether ADC characteris-
tics associated with improved outcome could actually be attrib-
uted to the HPV status.

HPV+ and HPV — HNSCCs are distinct tumors with different
molecular pathogenesis. At histopathology, they diverge in terms
of microstructural heterogeneity.'®'® We hypothesized that dif-
fusion phenotypes based on a histogram analysis of ADC values
reflect different degrees of tumor heterogeneity in HPV+ and
HPV— HNSCCs. The purpose of this study was to analyze the rela-
tionship between ADC histogram parameters and histopathologic
features of HPV+ and HPV— HNSCCs and to provide an under-
standing of the histologic underpinning of this quantitative tool.

MATERIALS AND METHODS

Patient Selection and Inclusion Criteria

This retrospective study was approved by the Institutional Ethics
and Research Committee of the University Hospitals Geneva and
was performed in accordance with the guidelines of the Helsinki IT
declaration. Informed consent was waived. Our institution is a
tertiary referral center for head and neck oncology and has a
weekly multidisciplinary head and neck oncology tumor board.
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The inclusion criteria for the current study were as follows: 1)
adult patients seen at the multidisciplinary head and neck tumor
board, 2) primary HNSCC of the oropharynx and oral cavity, 3)
MR imaging examinations (standard of care for HNSCC in our
institution) obtained with morphologic sequences and single-
shot spin-echo echo-planar DWIwith b = 0 and b = 1000 s/mm?,
4) unequivocal categorization of the HPV status, and 5) histopa-
thology. We included both the oropharynx and the oral cavity in
this series to avoid selection bias because though some tumors
were classified as originating from the oral cavity, they showed
involvement of both subsites and/or originated at the anatomic
limit between the 2 subsites. Moreover, recent data suggest that
ectopic tonsillar tissue may actually be the origin of HPV+ HN-
SCC in nonoropharyngeal sites (eg, the floor of the mouth).'®"?
In addition, because HPV+ HNSCC tends to arise from the
depths of tonsillar crypts and then spread submucosally, emerg-
ing at a distant site, the tumors can be misclassified as primary
nonoropharyngeal HPV+ HNSCC though they are oropharyn-
geal in origin.'®'? A computerized search of the medical records
of the multidisciplinary head and neck tumor board over a period
of 3 years yielded a total of 112 consecutive patients meeting the
inclusion criteria. Three patients had to be excluded because of
poor quality DWT caused by severe motion artifacts and metal
implants. Four further patients were excluded because the lesions
were not seen on diffusion-weighted MRI (2 in situ lesions, 2 T1
lesions according to the Union for International Cancer Control
TNM classification). Therefore, a total of 105 consecutive patients
formed the basis of the current study.

MR Imaging Protocol

The MR imaging examinations were performed on 1.5T (n = 45)
and 3T (n = 60) MR imaging scanners provided by 2 different
manufacturers. There was no statistically significant difference
between the number of patients examined at 1.5T and at 3T (P =
.22). For both field strengths, our imaging protocols included
axial T2, coronal STIR, axial T1 before and after intravenous in-
jection of a gadolinium-based contrast agent, and fat-saturated
contrast-enhanced T1 in the axial and coronal plane. A single-
shot spin-echo echo-planar DWI sequence was performed in all
patients before intravenous contrast material with 2 b-values (b =
0and b = 1000 s/mm?) and with similar parameters at 1.5T (TR,
7300 ms; TE, 75 ms) and 3T (TR, 7500 ms; TE, 75 ms), respec-
tively. Fat suppression was used for all DWI sequences (spectral
fat saturation or STIR with TI, 170—180 ms at 1.5T and 230 ms at
3T). Depending on patient morphology, the FOV ranged from
220-260 mm with corresponding acquisition matrices of 77-192
voxels in height and 112-208 voxels in width. The section thick-
ness was 3—4 mm in 100 cases and 5 mm in 5 patients. All ADC

maps were calculated by monoexponential fitting.” "

Image Analysis, Data Processing, and Criteria for the
Interpretation of Histograms

Two radiologists evaluated the MR imaging examinations inde-
pendently. They were blinded to clinical data, histopathologic re-
sults, and HPV status. OsiriX MD version 3 (http:// www.osirix-
viewer.com) was used for image interpretation and measures. The
readers were experienced radiologists with >8 years of expertise



in oncologic head and neck MR imaging. Each tumor was identi-
fied by using morphologic MR imaging and DWI. The diagnosis
of HNSCC was made according to established criteria (mass le-
sion with high signal on B1000 and low signal on a gray-scale ADC
map).'>'" After scrolling through all the images, the 2 largest
consecutive cross-sectional tumor areas were selected and con-
toured manually on axial B1000 and corresponding ADC maps by
using freehand ROIs. Because DWI shows spatially nonlinear dis-
tortions, we did not contour tumor ROIs on morphologic MR
imaging, but directly on DWT to avoid including nontumoral pix-
els in the analysis. Then, the freehand ROIs were saved individu-
ally. Although freehand ROIs of the entire tumor may be more
representative of tumor heterogeneity, we deliberately contoured
only the 2 largest axial tumor areas because we wanted to be cer-
tain about tumor margins. In our experience, the identification of
tumor margins on the most cranial and most caudal sections may
be fraught with errors (partial volume effect with nontumoral
tissues and nonlinear image distortions), especially in smaller le-
sions. Because we were interested in tumor heterogeneity, we con-
toured the entire cross-sectional tumor area without excluding
necrotic portions. The voxels within the contoured tumor areas
were exported in an .xml file by using the OsiriX plugin “Export
ROIs,” and they were retrieved by the statistical software R
(http://www.r-project.org/).*°

For each set of voxels belonging to a tumor, the software cal-
culated a histogram. For each tumor, the following histogram-
derived ADC parameters were obtained: mean and median values
(relevant for the histogram center); minimum; maximum; 25%
quartile; 75% quartile; interquartile range (value spread around
the center); skewness and kurtosis (histogram symmetry and
peakedness). The interpretation of histogram parameters was
done in accordance with the literature.'” Kurtosis in a normal
distribution is 3. Excess kurtosis (raw kurtosis minus 3) is 0 for a
normal distribution. Positive numbers represent “narrow” lepto-
kurtic histograms, and negative numbers correspond to “wide”
platykurtic histograms. Skewness associated with a normal and
symmetric distribution is 0. Positive skewness represents a histo-
gram with a right longer tail (skewed right), whereas negative
skewness represents a histogram with a left longer tail (skewed
left)."” If skewness is <—1 or >+1, the distribution is highly
skewed. If skewness is between —1 and —0.5 or between +0.5 and
+1, the distribution is moderately skewed. If skewness is between
—0.5 and +0.5, the distribution is approximately symmetric.

Standard of Reference

For each patient, the HPV status was determined based on the
tissue samples obtained by endoscopic biopsy (1 = 52) or surgical
resection (n = 53). A 2-step procedure consisting of p16 immu-
nohistochemistry and polymerase chain reaction was used to dif-
ferentiate between HPV+ and HPV— HNSCC.?' Tumors were
considered p16+ in the presence of a strong nuclear and cytoplas-
mic staining of =70% of the neoplastic cells.” In the presence of
p16 overexpression, polymerase chain reaction for the detection
of HPV DNA was carried out. Cases were categorized as HPV+
according to p16 immunohistochemistry and polymerase chain
reaction results according to American Joint Committee on Can-
cer 2017 guidelines.” A degree of histologic differentiation was not

Table 1: Patient® and tumor characteristics
HPV- HNSCC HPV+ HNSCC P

Characteristics (n=84) (n=21) Value®
Average age (range), yr 65 (45-87) 61(45-73) J5¢
Sex, no. (%)
Women 23(27) 7(33)
Men 61(73) 14(67) 79¢
Tumor location, no. (%)
Oral cavity 50 (60) 3(14)
Oropharynx 34 (40) 18 (86) <.0014
T classification according to AJCC
2017, no. (%)°
Tl 5(6) 1(5)
T2 22(26) 6(29)
T3 15(18) 3(14)
T4 42(50) 1(52) 1©
N classification according to AJCC
2017, no. (%)
NO 36 (43) 4(19)
NI 13(15) 6(29)
N2 35(42) 9(43)
N3 0(0) 2(9) one
M classification according to AJCC
2017, no. (%)
MO 77 (92) 18 (86)
M 10) 1(5)
Mx 6(7) 2(9) A7°
Tumor keratinization, no. (%)
Present 65(77) 8(38)
Absent 19 (23) 13(62) .001¢
Degree of keratinization, no. (%)
Keratinizing 48 (57) 3(14)
Focally keratinizing 17 (20) 5(24) <.001°
Nonkeratinizing, no. (%) 19 (23) 13(62)
Histologic differentiation, no. (%)
Well differentiated 15(18) Not assessable’
Moderately differentiated 48 (57)
Poorly differentiated 21(25)
Semiquantitative histologic score,
no. (%)®
Score 1(most heterogeneous) 14 (17) 0(0)
Score 2 8(9) 0(0)
Score 3 41(49) 7(33) .002¢
Score 4 12 (14) 5(24)
Score 5 (most homogeneous) 9 (1) 9 (43)
Mean proliferation index, MIB-1 (%)" 49 71 .005¢
Range in % 8-90 30-95

Note:—AJCC indicates American Joint Committee on Cancer.

2 Total patients, 105.

® P values are indicated for the comparisons between HPV+ and HPV— HNSCCs.
€ Wilcoxon rank sum test.

dPearson x” test.

€ Fisher test.

fHPV+ HNSCC was not graded according to AJCC 2017 guidelines.

8 The semiquantitative histologic score is described in On-line Table 1.

" Available in 95 histologic samples.

assigned to HPV+ HNSCCs based on American Joint Committee
on Cancer 2017 recommendations.” A semiquantitative histo-
logic score (On-line Table 1) was used to facilitate correlation
between tumor microarchitecture and ADC histograms. This
semiquantitative score took the following features into consider-
ation: shape and size of tumor cells and nuclei, quantitative and
qualitative stromal characteristics (ie, desmoplasia, lymphocytic
infiltration), intratumoral keratinization, mitotic index estimated
by MIB-1 immunohistochemistry, and the size and distribution
of necrosis.

Statistical Analysis
All statistical analyses were performed by using the R statistical
environment version 3.0.2.7° For all tests, the significance level
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Table 2: Quantitative ADC parameters from histogram anaI{sis of tumors in the oropharynx and oral cavity at 1.5T and 3T and for all

tumors together irrespective of field strength (pooled data

1.5T (n = 45) 3T (n=60) Pooled Data (n =105)
Histogram-Based HPV-(n=33) HPV+(n=12) P  HPV-(n=5) HPV+(n=9) P  HPV-(n=84) HPV+(n=21) P
ADC Parameters (mean £ SD) (mean = SD) Value® (mean *SD) (mean=SD) Value®* (mean*SD) (mean=*SD) Value®
Mean ADC (X 10-¢ mmz/s) 158 +183 989 £188 .004 1201 =157 1046 =167 .02 184 =168 1014 =178 <.001
Median ADC (X10~° mm?/s) 135 +193 936 198 .003 N77 £162 1016 £ 170 .03 161 £ 175 970 +187 <.001
Minimum ADC (X 10°¢ mmz/s) 422 * 251 379 =172 36 441 + 238 286 = 207 10 433 =242 339 =188 .09
25 Quartile (X 10~° mm?%/s) 977 =162 813 £172 .008 1004 = 151 900 *+ 165 13 993 *+ 155 850 + 171 <.001
75 Quartile (X 10-¢ mmz/s) 1318 * 216 m5 = 219 .003 1374 =183 1163 £ 180 .005 1352 =197 136 + 200 <.001
Interquartile range 341=Mm 30279 33 37114 263 = 68 .003 359 =113 285+ 75 .003
(X106 mm?*/s)
Skewness 0362 = 0.647 1012+ 0.546 .004 0.424 = 0416  0.804 = 0.461 .02 0.399 £0.516  0.923 £0.510 <.001
Excess kurtosis 0.841£0M6 1728 £1.250 .03 0.514 = 0.872 2.207 £1.583 .001 0.643 0982 1934 1386 <.001
2 P values (Wilcoxon rank sum test) are indicated for the comparisons between HPV+ and HPV — HNSCCs.
mean ° median RESULTS
2 ] 5 2 A " Patient and tumor characteristics are
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FIG1. Box plots for mean ADC, median ADC, excess kurtosis, and skewness from ROIs obtained
in 105 tumors (84 HPY — HNSCC and 21 HPV+ HNSCC). Horizontal lines indicate median values
(black lines). The bottom and the top of the box are the first and third quartiles whereas whiskers
indicate maximum and minimum values. Outliers are indicated by circles.

was fixed at .05. In the patient characteristics analysis, categoric
variables were compared by using the x test with Yates continuity
correction for data grouped in a 2 X 2 contingency matrix. If the
expected frequency in a cell was lower than 5, the Fisher exact test
was applied. For continuous variables (eg, patient age), a non-
parametric 2-sided unpaired Wilcoxon rank sum test with conti-
nuity correction was used. Multivariate logistic regression analy-
sis was obtained to correct for possible confounding factors in the
correlation between HPV status and ADC. For quantitative pa-
rameters derived from tumor histograms, a comparison between
HPV+ and HPV— HNSCCs was performed by using the Wil-
coxon rank sum test mentioned above.
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ence between the 2 field strengths (P >
.05). Similarly, histogram parameters of
HPV+ HNSCCs showed no significant
difference between 1.5T and 3T, respec-
tively (P >.05). The comparison between
HPV+ and HPV— HNSCC for the pooled data irrespective of
field strength and subsite is summarized in Table 2 and Fig 1.
Comparison between HPV+ HNSCC and HPV — HNSCC in the
oropharynx revealed significant differences for all histogram
parameters (P < .05), whereas in the oral cavity, only a trend was
observed because of the small number of HPV + cases. Comparison
between HPV+HNSCC histograms in the oropharynx versus oral
cavity revealed no significant differences (P > .05). Multivariate lo-
gistic regression analysis showed that the correlation between HPV
status and mean ADC was independent of age, sex, tumor site, and T,
N, and histologic parameters (On-line Table 2).

Figs 2—4 and the On-line Figure illustrate radiologic, histo-
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FIG2. A59-year-old womam with HPY — HNSCC (T2NOMO). A, T2-weighted image reveals a left tonsillar tumor (arrow) with intermediate signal
intensity. B, BI00O and C, gray-scale ADC map show restricted tumor diffusion (arrows). The freehand ROI contoured on the ADC map is visible
as a blue line. D, On the color-coded ADC map (same level as C), tumor heterogeneity (purple and various shades of blue-green areas within the
tumor) is more easily appreciated than in C. E, Histology (hematoxylin-eosin; original magnification, 200X) shows heterogeneous tumor matrix
with areas of densely packed and loosely packed squamous cells of variable size. Variable amounts of keratin pearls (asterisk) and necrosis were
present in this tumor. F, Immunohistochemistry for p16 (original magnification, 200X) is negative (ie, most cells show no brownish coloration).

gram, and histologic features of HPV+ and HPV— HNSCCs.
Histopathology revealed that ADC histogram parameters re-
flected the respective microscopic tumor architecture, in particu-
lar, variable tumor heterogeneity. The observed symmetric
Gaussian distribution in HPV— HNSCC histograms corre-
sponded to heterogeneous tumors with variable cellularity, cell
size and shape, keratin pearls, intratumoral necrosis, hemorrhage,
and stromal cells (Figs 2 and 4 and the On-line Figure). The ob-
served leptokurtic and skewed right histogram in HPV+ HNSCC
corresponded histologically to homogeneous tumors with high
cellularity, back-to-back homogeneous cell arrangement with lit-
tle interstitial space, basaloid cells with scant cytoplasm, few to
absent keratin pearls, and a higher mitotic index (Figs 3 and 4 and
the On-line Figure). These histologic features of HPV+ cancers
generated a high number of pixels with low ADCs and, therefore,
higher kurtosis. The significantly higher positive (right) skewness
in HPV+ cancers was caused by scattered comedonecrosis, which
resulted in a small number of pixels with high ADCs (driving the
mean upwards but not affecting the median of the histogram).

DISCUSSION

Although tobacco and alcohol consumption are the most com-
mon risk factors for the development of HNSCC, HPV has been
recognized as the main etiologic factor in a subgroup of patients.

The incidence of HPV+ HNSCC and the proportion of HPV+ to
HPV— HNSCCs depend on tumor localization, geographic and
socioeconomic factors, smoking status, and sexual behavior.
Most authors currently agree that HPV+ HNSCC represents a
distinct tumor entity with a more favorable prognosis than alco-
hol- or tobacco-related HNSCC.

Recent publications have attempted to determine whether
mean ADC values calculated by monoexponential fitting could be
used to determine the HPV status in HNSCC.'>'*?* In contrast to
the intravoxel incoherent motion biexponential model, the
monoexponential model does not differentiate between molecu-
lar movement caused by microperfusion and true diffusion
caused by Brownian movement.”” To obtain a robust fitting, bi-
exponential models require the acquisition of 6—12 b-values,
leading to increased examination time and a higher percentage of
motion artifacts. Biexponential models are, therefore, not widely
used in clinical practice. Publications evaluating the association
between mean ADC values with monoexponential fitting and the
HPV status in HNSCC have yielded contradictory results; al-
though some authors suggested that mean ADCs at 1.5T are lower
in HPV+ than in HPV— HNSCCs, others found no significant
differences.'”'*** In these studies, the methodology of ROI con-
touring, the type of DWI sequence used, and the range and num-
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FIG 3. A 60-year-old man with HPV+ HNSCC (T3N2MO0). A, T2-weighted image reveals a left tonsillar tumor (long arrow) with intermediate
signal intensity, parapharyngeal space invasion, and bilateral retropharyngeal lymph node metastases (short arrows). B, B1000 and C, gray-scale
ADC map show restricted diffusion within the tonsillar tumor (long arrows) and within the lymph node metastases (short arrows). The freehand
ROI contoured on the gray-scale ADC map is visible as a blue line. D, Color-coded ADC map (same level as C). Note that this tumor is less
heterogeneous (mainly blue areas) than the tumor in Fig 1. E, Histology (hematoxylin-eosin; original magnification, 200X) shows homogeneous
tumor consisting of clusters of densely packed, basaloid cells with scant cytoplasm, and without keratinization. Focal necrosis in the center of
the tumor cell clusters (comedonecrosis) is present (asterisk). F, Immunohistochemistry for pl6 is positive; more than 70% of tumor cells show
strong cytoplasmic and nuclear staining indicating HPV positivity (original magnification, 200 X). Polymerase chain reaction for HPV DNA further

confirmed HPV positivity.

ber of b-values vary. Nakahira et al'* contoured the largest axial
cross-sectional tumor area on a single section without excluding
necrotic portions, Driessen et al?? contoured the entire tumor
volume excluding necrotic portions, and Schouten et al'* con-
toured the largest cross-sectional area on a single section exclud-
ing necrotic portions. In agreement with Nakahira et al'* and

Driessen et al,*?

we found that mean ADCs were significantly
lower in HPV+ than in HPV — cancers. However, our data are in
contradiction to results reported by Schouten et al,'* who did not
find a statistically significant difference between ADCs of both
tumor types.'* A possible explanation is the fact that Schouten et
al'* used a PROPELLER sequence, whereas the other authors,
including us, used EPI-based DWI.

Imaging-based first-order histogram analysis of ADC and of
dynamic contrast-enhanced MR imaging parameters can be used
to measure organ and tumor heterogeneity in a noninvasive fash-
ion."” Histogram analysis has been applied for the discrimination
between histologic tumor types in renal cell cancers, brain tumors
and HNSCC.'>'***?° Histogram analysis of pretreatment ADCs
measured at b = 2000 s/mm? was able to distinguish between well,
moderately, and poorly differentiated HNSCCs, whereas analysis
based on b = 1000 s/mm? was not able to do so.”® King et al'® used
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ADC histogram analysis to evaluate the capability of DWI to pre-
dict treatment outcome after radiochemotherapy of advanced
HNSCC, and Shukla-Dave et al*® used histogram analysis of dy-
namic contrast-enhanced MRI parameters to predict outcome in
HNSCC with nodal metastases.

As suggested by Just, kurtosis and skewness can be regarded as
“quantitative surrogate markers of tumor heterogeneity.” Kurto-
sis reflects distribution peakedness, a narrow distribution being
linked to a low voxel value variation and, therefore, to a homoge-
neous tumor matrix. Skewness measures distribution asymmetry,
the meaning of this metric being more difficult to interpret."”
Data from the current study reveal that ADC histograms of
HNSCC reflect the histologic microarchitecture unique to the
HPV status. Histologically, in HPV + tumors, cells are organized
in homogeneous clusters with little interstitial space. This finding
explains the lower mean and median ADC in HPV+ cancers be-
cause the reduced intercellular space restricts diffusion of water
molecules. The homogeneous microstructure without major re-
gional variability explains our observation that histograms of
HPV+ HNSCCs are more slender (leptokurtic) than histograms
with a classic Gaussian distribution (as seen in HPV — cancers). In
other terms, higher kurtosis reflects higher tumor matrix homo-
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FIG 4. Characteristic histograms obtained in 2 different patients with
HNSCC of the base of the tongue. Patient A (T4N2MO) has an HPV +
HNSCC (gray histogram) and patient B (T4N2MO0) has an HPV — cancer
(blue histogram). Red lines correspond to the median value of each
histogram. Yellow lines correspond to the mean value of each histo-
gram. Note that the histogram in the HPV — cancer (blue histogram) s
symmetric with widely distributed ADC values around the central line
(Gaussian distribution), whereas the histogram in the HPV+ HNSCC
(gray histogram) shows asymmetric distribution of ADC values with a
right thicker tail (right skew) and an elongated aspect (leptokurtic
shape) because a larger proportion of voxel values are located in a
narrow band. The mean ADC in HPV+ HNSCC is farther away from
the median ADC value (distribution skewed to the right) than in the
HPV — histogram.

geneity. The significantly higher positive (right) skewness in
HPV+ cancers is caused by a small amount of pixels with high
ADCs and a large amount of pixels with low ADCs. This ADC
distribution corresponds histologically to large tumor areas with
densely packed cells and only minor amounts of scattered come-
donecrosis. Kurtosis and skewness thus demonstrate that the
ADC distribution in HPV+ cancers tends to be non-Gaussian,
whereas HPV— cancers tend to have Gaussian histograms. This
difference can be attributed to the higher heterogeneity of HPV —
cancers (more scores 1-3 in this series). Data of our study, there-
fore, support the hypothesis that the distinct histologic micro-
architecture of HPV+ and HPV— HNSCCs can be elegantly
demonstrated in a noninvasive fashion by ADC histogram analy-
sis. Furthermore, the observed differences between histograms in
HPV+ and HPV — cancers were independent of MR imaging field
strength and manufacturer.

Commercially available software packages are already able to
provide histogram analysis of ROIs contoured during routine im-
age interpretation. ADC histograms could, therefore, be used as a
noninvasive triage tool for HPV testing by identifying HPV +
HNSCC located in nonoropharyngeal sites, where p16/polymer-
ase chain reaction testing is not obtained routinely. High kurtosis,
positive skewness, and low mean ADC would warrant p16/poly-
merase chain reaction testing. In addition, ADC histograms could
also serve as surrogate indicators of HPV+ HNSCC in cases with
insufficient tissue remaining for p16/polymerase chain reaction
testing and at the time of intraoperative frozen section evaluation.

HPV+ HNSCC has been linked to a better outcome after ra-
diochemotherapy. Some authors have shown that low mean ADC
and/or histograms wherein >45% of voxels have ADCs <1.15 X
107> mm?/s indicate a favorable response to radiochemo-
therapy.'>'®'” Although the HPV status was not analyzed in these
studies, our data suggest that the reported predictive value of
ADC histograms and lower mean ADC may in part be related to
the HPV status. Therefore, histogram analysis used to monitor
treatment response and target new therapeutic approaches should
take into consideration the distinct diffusion phenotypes of
HPV+ and HPV— HNSCC as revealed by this study.

The current study has limitations inherent to its retrospective
study design. Limitations include section thickness variability and
the small number of HPV+ HNSCC cases in the oral cavity. Fur-
ther limitations concern freehand ROI contouring (as opposed to
automatic segmentation) and ROI contouring of 2 tumor sections
only (as opposed to contouring all tumor sections). Automatic
tumor segmentation would in theory produce more robust lesion
delineation and require less experienced readers.”” Nevertheless,
the method we used is similar to ROI-contouring methods pub-
lished in other studies.””

CONCLUSIONS

Quantitative ADC histogram analysis reveals significant differ-
ences between HPV+ and HPV— HNSCCs irrespective of the
MR imaging field strength used. The observed difference in ADC
histograms reflects the distinct histopathologic features of these
tumors, especially their different degree of microstructural heter-
ogeneity. Because DWT is increasingly used to predict and moni-
tor treatment outcome in HNSCC, diffusion phenotypes of
HPV+ and HPV— tumors as demonstrated in this study should
be considered in future research protocols.
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HEAD & NECK

The Diagnostic Accuracy of Contrast-Enhanced CT of the Neck
for the Investigation of Sialolithiasis

Y.M. Purcell, “'R.G. Kavanagh, ““’A.M. Cahalane, “*’A.G. Carroll, ““'S.G. Khoo, and ““R.P. Killeen

ABSTRACT

BACKGROUND AND PURPOSE: Sialolithiasis is a common benign pathology affecting the salivary glands but it is unclear if contrast-
enhanced CT, which is commonly used for investigation of head and neck pathology, can identify calculi as accurately as noncontrast CT.
The aim of this study was to assess the diagnostic accuracy of contrast-enhanced CT of the neck in the diagnosis of sialolithiasis compared
with noncontrast CT of the neck used as the criterion standard.

MATERIALS AND METHODS: This was a retrospective, case-control study of 92 consecutive cases in 90 patients who underwent both
noncontrast CT of the neck and contrast-enhanced CT of the neck in 2 tertiary referral centers from January 2011 to December 2015 for
investigation of sialolithiasis. Axial 3-mm-section images were assessed by a fellowship-trained diagnostic neuroradiologist and diagnostic
neuroradiology fellow in consensus. Blinded assessment of the contrast-enhanced CT of the neck was performed first, followed by
noncontrast CT of the neck after a 2-week interval. The presence or absence of a stone and stone location and size were documented.
Statistical analysis was undertaken to assess the agreement between CT protocols and calculate the sensitivity and specificity of contrast-
enhanced CT of the neck.

RESULTS: Fifty calculi were identified on noncontrast CT of the neck in 31 cases; and 48 calculi, in 31 cases on contrast-enhanced CT of the
neck. No calculi were identified in the remaining 61 cases. The sensitivity and specificity of contrast-enhanced CT of the neck in the
detection of sialolithiasis was 96% (95% Cl, 86.3%—99.5%) and 100% (95% Cl, 94.1%-100%), respectively. The positive predictive value of
contrast-enhanced CT of the neck was 100% (95% Cl, 92.6%-100%), and the negative predictive value was 96.8% (95% Cl, 89%-99.6%). The
accuracy of contrast-enhanced CT of the neck in diagnosing the presence or absence of salivary calculi was 98%.

CONCLUSIONS: Contrast-enhanced CT of the neck is accurate in the detection of sialolithiasis, with no difference in diagnostic accuracy

compared with noncontrast CT of the neck.

ABBREVIATIONS: CECTN = contrast-enhanced CT of the neck; NCCTN = noncontrast CT of the neck

Sialolithiasis is defined as the formation of calculi within the
salivary glands." It is the most common non-neoplastic con-
dition that affects them. Calculi, which are often multiple, cause
partial or complete obstruction of the salivary duct, resulting in
obstructive sialadenitis, which may manifest as acute or chronic
unilateral gland swelling and pain.”® Symptoms typically arise
during eating because chewing food precipitates salivation.”
Sialadenitis can be complicated by bacterial infection and abscess
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formation.”® While calculi in the distal submandibular duct may
be readily detectable clinically by bimanual palpation, calculi in
the proximal submandibular duct or gland and parotid duct or
gland depend on imaging for diagnosis.®

Noncontrast CT of the neck (NCCTN) has been recom-
mended for the evaluation of salivary calculi because it is sensitive
for the detection of calcifications.” One of the drawbacks of
NCCTN is that it provides less detail of duct dilation and intra-
ductal or glandular pathology than contrast-enhanced CT of the
neck (CECTN)."° Traditionally, the use of CECTN in this setting
has been in addition to the NCCTN rather than as a stand-alone
test.!! Concerns have been raised that on CECTN, blood vessels
may simulate small sialoliths and lead to a false-positive diagnosis
or reduce diagnostic certainty.”'' CECTN has been used for the
evaluation of complicated stone disease in a suspected abscess or
an inflammatory process after calculi have been identified on
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Patient demographics

Image Analysis

No Stone P The NCCTN and CECTN were reviewed
Demographics (n = 92) All (n = 92) Stone (n =31) (n=61) Value by both a fellowship-trained diagnostic
Mean age (range) (yr) 50 (20-85) 50(20-79) 49 (20-85) 76 neuroradiologist and a diagnostic neu-
Sex (M/F) (%) 43:57 48:52 41:59 .52 . .
el canaolEa) roradiology fellow in consensus. The re-
H&N 79.3% (73/92) 83.9% (26/3) 77% (47/6]) viewers were blinded to patient details
ED 15.2% (14/92) 12.9% (4/31) 16.4% (10/61) and formal radiology reports. Blinded
Other 5.4%(5/92) 3.2%(1/31) 6.6% (4/6]) review of the CECTN was performed
Stosniloca(tjl%n l(” - StO) 70% 35/50) first. Following a 2-week interval, a
UGE::I otiarsystem 38‘;; (19/50) blinded interpretation of the NCCTN
Duct 32% (16/50) was performed. Three-millimeter axial
Parotid system 30% (15/50) images were inspected, with 3-mm cor-
Gland 24% (12/50) onal and sagittal reconstructions used
Duct 6% (3/50)

Note:—H&N indicates head and neck; ED, emergency department.

NCCTN.>'"!'* The use of NCCTN alone gives less detail of glan-
dular and periglandular inflammation.” The addition of CECTN,
however, will cause an increase in the patient radiation dose.
The purpose of this study was to determine the accuracy of
CECTN alone in the detection of salivary calculi compared with
NCCTN alone. A secondary objective was to calculate the patient
radiation dose when performing both NCCTN and CECTN.

MATERIALS AND METHODS
Subjects
This retrospective, case-control study was conducted at St. Vin-
cent’s University Hospital, a tertiary care, university-affiliated
medical center in Dublin, Ireland. The local institutional review
board approved this study and waived the requirement for written
informed consent.

An electronic search was performed of all consecutive CT neck
examinations performed during a 5-year period between January
1,2011, and December 31, 2015, using the search terms “calculus/

» «

calculi,” “stone/stones,” and “sialolith.” Data were collected by
electronic query of the hospital Radiology Information System
and PACS.

The inclusion criteria were patients older than 16 years of age
who had both a NCCTN and CECTN performed during a single

visit for the investigation of suspected salivary stones.

CT Image Acquisition

NCCTN and CECTN were acquired on a 64-row multidetector
CT scanner (Somatom Sensation 64; Siemens, Erlangen, Ger-
many) in the craniocaudal direction with a collimation of 0.6 mm,
gantry rotation of 500 ms, and a pitch of 0.9. Automated dose-
control software was used with 120-kV(peak) and reference mil-
liampere-second (maximum, 200). For the CECTN, 100 mL of
nonionic, iodinated low-osmolar contrast medium (Niopam, io-
pamidol, 340 mg I/mL; Bracco Imaging, Milan, Italy) was injected
through a 20-ga or larger cannula, typically sited in the antecubital
fossa, at a rate of 2 mL/s with acquisition performed after a delay
of 60 seconds. Images for the NCCTN and CECTN were recon-
structed with a 512 X 512 matrix and a smooth kernel, with 3-mm
axial-section-thickness images set as standard and 3-mm coronal
and sagittal reformats. Images were reviewed with syngo Portal
Radiologist (Siemens).
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for problem-solving. The images were
reviewed on soft-tissue neck (center =
50 HU, width = 350 HU), angiographic
lumen (center = 100, width = 700), and bone (center = 500,
width = 1500) window settings to optimize detection of calculi.
These 3 standard window settings were adjusted manually for
every case as the reviewers saw fit. The reviewers recorded the
presence or absence of stones, stone location (submandibular or
parotid system, gland, or duct; anterior or posterior portion of the
duct), stone size, and number of stones. The size of each stone was
expressed as the maximal diameter determined on a single axial
section. In addition, we recorded the following data: patient de-
mographics (age and sex), the referral source, and the presence of
salivary gland masses in the study population.

Statistical Analysis

The accuracy of CECTN in determining the frequency and loca-
tion of salivary calculi was compared with that of NCCTN used as
the criterion standard. Descriptive values were used for patient
and stone demographics (actual values, percentages). Statistical
analysis was performed by using STATA Statistical Software, Re-
lease 12 (StataCorp, College Station, Texas). The sensitivity, spec-
ificity, and likelihood ratios were calculated for CECTN in the
detection of salivary calculi, with the 95% confidence interval cal-
culated as the measure of variance. The difference in the preva-
lence of sialolithiasis among different referrers was calculated
with the y* test of proportions.

RESULTS
Our search yielded 370 potential cases performed during the
5-year study period. Of these, 92 sets of CT examinations in 90
patients met the inclusion criteria: age older than 16 years and
both NCCTN and CECTN performed contemporaneously for the
investigation of suspected salivary stones (1 patient had 3 sets of
CT examinations) (Table). There were 38 male (42%) and 52
female (58%) patients with a mean age of 50 years (range, 20—85
years). Fifty calculi were identified in 31 patients on NCCTN (the
criterion standard), which gives a prevalence of 34%. One patient
had 8 calculi, 1 patient had 4 calculi, 1 patient had 3 calculi, 7
patients had 2 calculi, and 21 patients had 1 calculus. Calculi were
not present in 59/90 patients (61/92 total cases) on NCCTN.

On CECTN, all patients were correctly categorized as having
or not having salivary stones; 48 calculi were identified in 31 pa-
tients on CECTN compared with NCCT as the criterion standard.



FIG1. False-negative case. A, Noncontrast CT shows a 1-mm calculus in the superficial lobe of the
left parotid gland (arrow), missed on initial review of the CECTN, though it is present on axial (B)
and coronal (C, arrows) reconstructions. The distraction is an obstructing 3-mm calculus in the
right parotid gland (D, arrow). Note the surrounding intraglandular ductal dilation.

Zero calculi were identified in the remaining 59 patients on
CECTN (59/90 patients, 61/92 total cases).

The overall sensitivity of CECTN for the detection of salivary
stones was 96% (95% CI, 86.3%-99.5%), and the specificity was
100% (95% CI, 94.1%-100%). The positive predictive value of
CECT was 100% (95% CI, 92.6%-100%), and the negative pre-
dictive value was 96.8% (95% CI, 89%-99.6%). The positive like-
lihood ratio was infinity, and the negative likelihood ratio was
0.04 (95% CI, 0.01-0.16). The accuracy of CECTN in diagnosing
the presence or absence of salivary stones in our study was 98%.

Two calculi were not identified on CECTN that were identified
on the criterion standard NCCTN. Both missed calculi were
asymptomatic. The first missed stone was a 1-mm calculus in the
left parotid gland in a patient with a symptomatic 3-mm calculus
in the right parotid gland (Fig 1A). This was visible on the CECTN
in hindsight but was not seen at the time of the review (Fig 1B). It
was also visible on the coronal reconstruction (Fig 1C). The sec-

ond missed stone was a 2-mm calculus
in the left parotid gland in a patient with
multiple bilateral calculi and calcified
lymph nodes, which, in retrospect, was
visible on the CECTN.

Of the 92 CT studies, 73 (79.3%) re-
ferrals came from head and neck sur-
gery; 14 (15.2%), from the emergency
department; and 5 (5.4%), from other
medical specialties (oncology, cardiol-
ogy, nephrology, gastroenterology). Of
the 73 referrals from head and neck sur-
gery, 26 had calculi, which is a preva-
lence of 35.6%. Four of the 14 emer-
gency department referrals and 1 of the 5
referrals from other sources had calculi,
giving a prevalence of 28.6% and 20%,
respectively. The difference in the prev-
alence of sialolithiasis among different
referrers was not statistically significant
using the x> test of proportions (P =
.44) (Table).

The exact locations of the 50 calculi
identified are outlined in the Table. Sev-
enty percent of the total calculi (35/50)
were in the submandibular system; 38%
(19/50), in the submandibular gland
and 32% (16/50), in the submandibular
duct. Thirty percent (15/50) of the total
calculi were in the parotid system; 24%
(12/50), in the parotid gland and 6% (3/
50), in the parotid duct. The calculi
ranged from 1 mm to 2 cm, with a mean
diameter of 6 = 5 mm.

We identified 3 masses: Fine-needle
aspiration was performed in 2 cases, and
the third case was lost to follow-up. Cy-
tology demonstrated a benign cyst con-
taining inflammatory debris, and the
other case was suggestive of an acute in-
flammatory process with inflammatory
cells and degenerate stromal elements.

The mean total dose-length product of the NCCTN was 290.8
mGy X c¢m, and of the CECTN, it was 366.9 mGy X cm. In pa-
tients having both CTs, the mean dose-length product was
692.7 £ 323.5 mGy X cm. If the NCCTN had been omitted from
each examination, the mean reduction in the effective dose would
have been 1.6 mSv, with a standard neck conversion factor of
0.0059, assuming the use of a head CT dose phantom of 16 cm.
This is a mean relative dose reduction of 42% per case.

DISCUSSION

Sialolithiasis is the most common benign disorder of the salivary
glands." Eighty percent to 90% of calculi are found in the subman-
dibular system, due to the more viscous, alkaline saliva and up-
ward drainage of the duct promoting stasis.'”'* Parotid and sub-
lingual calculi account for only 5%-10% and 0%-5% of cases,
respectively.'” In our study, 70% of the total calculi (35/50) were
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located in the submandibular system; 38% (19/50), in the sub-
mandibular gland and 32% (16/50), in the submandibular duct.
This figure is slightly less than rates published in the literature and
may be because we only imaged symptomatic patients; those with
small calculi may be asymptomatic or those with distal ductal
calculi may be clinically managed without imaging. Thirty per-
cent (15/50) of the total calculi were in the parotid system; 24%
(12/50), in the parotid gland and 6% (3/50), in the parotid duct.
Postmortem studies have indicated that the prevalence of salivary

10-16:17 The peak incidence oc-

calculi in the population is 1.2%.
curs from 30 to 60 years of age.” The mean patient age in our study
was 50 years, with a range of 25-85 years and a slight female
preponderance of 57% (Table), correlating with that in previously

published reports.'® Clinically symptomatic calculi are less fre-

FIG 2. Potential false-positives. A and B, Calcified lymph nodes. C, Bilateral calcification of the
stylohyoid ligaments (arrows). D, Calcification of the left stylohyoid ligament (arrow) with an

adjacent tonsillolith (asterisk) in the left palatine tonsil.

FIG 3. Potential false-negative. A, Axial contrast-enhanced CT. Significant streak artifacts in the
floor of the mouth due to dental amalgam. B, Single section inferiorly with windows adjusted
manually, revealing an obstructing calculus (arrow) in the right anterior submandibular duct. One
should be cautious when analyzing the floor of the mouth because this is a classic location for

obstructing submandibular duct calculi and can easily be missed.
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quent; an incidence of 27-59 cases per million population per year
was reported in a review of 15 health regions in England between
1991 and 1995, though a higher incidence rate than previously
reported was demonstrated in a nationwide population-based
study by Schreder etal,'® of 14.10 per 100,000 person-years.*'**
The prevalence of salivary calculi in our study was 34%. There was
no significant difference in stone prevalence between patient
groups referred by different specialties using the x2 test of pro-
portions (P = .44).

Imaging techniques available for investigation of salivary cal-
culi include conventional radiography, digital subtraction sialog-
raphy, sonography, CT, and MR sialography. Conventional radi-
ography is dependent on stone composition, and only about 20%
of calculi are radiopaque.”' The sensitivity of digital subtraction
sialography ranges from 96% to 100%,
and the specificity, from 88% to 91%.*
It is contraindicated in the acute setting
due to the potential exacerbation of
symptoms associated with infection.”
Sonography has been reported to have
a sensitivity ranging from 59.1% to
93.7%, and a specificity, from 86.7% to
100%.>>** The sensitivity and specificity
of MR imaging sialography have been
reported to be 91% and 94%-97%,
respectively."”

CT of the neck with and without
contrast is given a rating of 5 by the
American College of Radiology, defined
as “may be appropriate,” in selected
cases if a sialolith is suspected.'' The dis-
advantage of NCCTN is the lack of detail
about potential complications of an
obstructing calculus or an alternative
diagnosis, such as a salivary tumor.'”
CECTN, while useful for delineation of
glandular inflammation or abscess, car-
ries with it the risks associated with
intravenous contrast such as allergy,
anaphylaxis, extravasation, acute kidney
injury, and so forth. Performance of
both techniques results in an additional
radiation dose to the patient. In our
study, a mean reduction in effective dose
of 1.6 mSv or a mean relative dose re-
duction of 42% per case would have
been achieved if NCCTN had been
omitted from the protocol (using a stan-
dard neck conversion factor of 0.0059,
assuming use of a head CT dose phan-
tom of 16 cm).

Contrary to previous reports that
postulated that contrast may obscure vi-
sualization of a calculus,”!'" there were
no false-positives in our study; calculi
can be confidently diagnosed on CECTN.
This is the first study, to our knowl-
edge, to directly compare CECTN with



NCCTN, used as the criterion standard, for the investigation of
suspected salivary calculi.

We report a sensitivity of 96% (95% CI, 86.3%—-99.5%) and a
specificity of 100% (95% CI, 94.1%—-100%) for CECTN in the
detection of salivary calculi. In this study, CECTN had an accu-
racy of 98% for the evaluation of salivary calculi. The diagnoses of
the 66% of patients who did not have calculi included acute or
chronic sialoadenitis (secondary to infective, granulomatous, or
autoimmune etiology), ductal strictures, or cervical lymphade-
nopathy. We identified 3 masses: Fine-needle aspiration was per-
formed in 2 cases, both benign, and the third case was lost to
follow-up.

This study raises the question of the utility of the NCCTN
before the CECTN if both studies are being performed, given the
accuracy of CECTN in the diagnosis of salivary calculi. The intro-
duction of recent technologic advances such as dual-energy CT
may obviate performing both CT examinations. Dual-energy CT
acquires images at 2 different energy levels simultaneously and
uses the attenuation differences at the different energy levels for
deriving additional information. Virtual unenhanced images can
be generated from each dataset of a postcontrast CT by extracting
the attenuation component attributed to the presence of iodine,
thereby removing the need for a separate noncontrast CT and,
hence, reducing the dose.>***

There were no false-positives in our study; all calculi cor-
rectly identified on the CECTN were identified on the NCCTN.
During this review, we encountered other calcifications in the region
of the salivary glands that could be erroneously labeled sialoliths.
Entities that radiologists should be aware of that could potentially
hamper CT interpretation include calcified lymph nodes (Fig 2A,
-B); calcification of the stylohyoid ligament, which can be bilateral
(Fig 2C); tonsilloliths (Fig 2D); and phleboliths. Potential false-
negatives may be caused by dental amalgam causing metal streak
artifacts in the floor of the mouth obscuring a calculus, particu-
larly in the region of the anterior submandibular duct (Fig 3). This
is a common location of symptomatic stones that can be easily
overlooked if one is not cautious. Radiologists should maximize
the basic tools at their disposal, namely manual adjustment of all
3 aforementioned standard window settings. Metal streak arti-
facts are common and caused by multiple mechanisms (beam-
hardening, scatter, noise, undersampling, motion, and conebeam
or windmill effects).*® Manufacturers offer an array of techniques
to reduce metal streak artifacts, such as filtered back-projection,
linear interpolation, selective Algebraic Reconstruction Tech-
nique, and the Metal Deletion Technique.”” These techniques
were not routinely available at our institution during the study
period.

There were 2 false-negatives in our study as previously men-
tioned; both were asymptomatic intraglandular calculi within the
parotid gland.

There are several limitations to this study. It was retrospective
and based on radiologic findings only. There was no surgical or
pathologic correlation. The clinical outcome of the patients in-
cluded is not known; therefore, we did not establish which calculi
were clinically relevant.

CONCLUSIONS

Contrast-enhanced CT of the neck is accurate in the diagnosis of
salivary calculi. If single-phase CECTN instead of dual-phase CT
(NCCTN and CECTN) is performed, there is a potential to reduce
the effective radiation dose to the patient.
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ORIGINAL RESEARCH
HEAD & NECK

Prevalence of Internal Auditory Canal Diverticulum and Its
Association with Hearing Loss and Otosclerosis

KJ. Pippin, ““TJ. Muelleman, ““J. Hill, *’). Leever, ““’H. Staecker, and ““L.N. Ledbetter

ABSTRACT

BACKGROUND AND PURPOSE: Focal low-attenuation outpouching or diverticulum at the anterolateral internal auditory canal is an
uncommon finding on CT of the temporal bone. This finding has been described as cavitary otosclerosis in small case reports and histology
series. The purpose of this study was to establish the prevalence of internal auditory canal diverticulum and its association with classic
imaging findings of otosclerosis and/or hearing loss.

MATERIALS AND METHODS: Temporal bone CT scans of 807 patients, obtained between January 2013 and January 2016, were retrospec-
tively reviewed to identify internal auditory canal diverticula and/or classic imaging findings of otosclerosis. Clinical evaluations for hearing
loss were reviewed for patients with internal auditory canal diverticula and/or otosclerosis.

RESULTS: Internal auditory canal diverticula were found in 43 patients (5%); classic otosclerosis, in 39 patients (5%); and both findings, in 7
patients (1%). Most temporal bones with only findings of internal auditory canal diverticula (91%) demonstrated hearing loss, with 63% of
this group demonstrating sensorineural hearing loss. The hearing loss classification distribution was significantly different (P < .01) from that
in the classic otosclerosis group and in the group with both diverticula and otosclerosis.

CONCLUSIONS: Internal auditory canal diverticula are not uncommon on CT examinations of the temporal bone and most commonly
occur without classic imaging findings of otosclerosis. These lesions are associated with sensorineural hearing loss, and referral for hearing

evaluation may be appropriate when present.

ABBREVIATIONS: CHL = conductive hearing loss; IAC = internal auditory canal; SNHL = sensorineural hearing loss

focal low-attenuation notch or diverticulum within the
temporal bone continuous with the internal auditory ca-
nal (IAC) is an unusual finding on imaging studies of the tem-
poral bone. Several histologic and imaging case reports refer to
this finding as a form of cavitary otosclerosis' * and even sug-
gest that the presence is associated with advanced disease.’
Otosclerosis is an osteodystrophic disorder of the otic cap-
sule, resulting in abnormal resorption of endochondral bone
and deposition of abnormal vascular bone. Otosclerosis usu-
ally appears in the third-to-fifth decades of life, and most com-
monly affects women. Clinical otosclerosis is present in <1%
of the population, though it has been reported in up to 11% of

Received May 1, 2017; accepted after revision July 31.

From the Departments of Radiology (KJ.P, J.H., J.L., LN.L.) and Otolaryngology
(TJ.M,, H.S.), University of Kansas Medical Center, Kansas City, Kansas.

Paper previously presented at: Annual Meeting of the American Society of Head
and Neck Radiology, September 7-11, 2016; Washington, DC.

Please address correspondence to Luke N. Ledbetter, MD, University of Kansas,
Department of Radiology, 3901 Rainbow Blvd, MS 4032, Kansas City, KS 66160;
e-mail: lledbetter@kumc.edu; @LNLedbetter

http://dx.doi.org/10.3174/ajnr.A5399

the population on histology performed at postmortem exam-
ination.” On CT of the temporal bone, otosclerosis commonly
appears as lucent or hypodense bone surrounding the otic cap-
sule, often limited to the region anterior to the oval window.
This process results in either conductive hearing loss (CHL)
due to fixation of the stapes footplate or mixed conductive and
sensorineural hearing loss (SNHL) due concomitant otic cap-
sule involvement. Otosclerosis presenting with only SNHL in
the absence of CHL is rare and is often called “cochlear
otosclerosis.””™

Establishing the significance of the IAC diverticulum or notch
is important for both the radiologist and referring physician in
guiding clinical management. Determining the relationship of
this lesion to classic imaging findings of otosclerosis could also
be helpful in the understanding of otosclerosis and the spec-
trum of clinical presentations. Therefore, the purpose of this
study was the following: 1) to determine the prevalence of IAC
diverticula at our institution, and 2) to explore potential asso-
ciations with otosclerosis and hearing loss in patients identi-
fied with an IAC diverticulum.
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Table 1: Demographic characteristics for total study population

IAC Diverticulum

Otosclerosis

Total Population Present Not Present Present Not Present
Characteristic (n=2807) (n=43) (n=764) P Value (n=39) (n=768) P Value
Median age (range) (yr) 52 (18-96) 61(18-91) 52 (18-96) <.0r 52 (22-85) 52 (18-96) 692
Sex (No.) (%) 93° 130
Male 343 (42.5) 18 (41.9) 325(42.5) 12(30.8) 331(43.)
Female 464 (57.5) 25(58.1) 439 (57.5) 27 (69.2) 437 (56.9)

P value was calculated with the Wilcoxon rank sum test.
5P value was calculated with the x? test.

MATERIALS AND METHODS

Study Design

This study was approved by the institutional review board and
was compliant with the Health Insurance Portability and Ac-
countability Act. A radiology data base was searched for all tem-
poral bone CT examinations performed between January 1, 2013,
and January 31, 2016. Exclusion criteria included age younger
than 18 years or a prior operation that altered the IAC. Eligible
temporal bone CT examinations were retrospectively reviewed
by a neuroradiologist (L.N.L.) with 4 years of experience and a
Certificate of Added Qualification in neuroradiology. Elec-
tronic medical review was performed for patient demograph-
ics, otologic history, clinical examination findings, and audio-
metric evaluation.

Imaging Review
Most imaging examinations were dedicated CTs of the temporal
bones performed on a 64-section multidetector CT scanner
(LightSpeed VCT; GE Healthcare; Milwaukee, Wisconsin). Pro-
tocol parameters included helical acquisition with 120 kV(peak),
maximum of 320 mA, and a 0.5 pitch extending from just above
the petrous ridge through the skull base. Images of each temporal
bone were reformatted at 0.625-mm section thickness without a
gap with a 100-mm FOV and 512 X 512 matrix. Standard axial
and coronal reformations were reviewed for each temporal bone.
Images were reviewed for the presence of IAC diverticula or
classic imaging findings of otosclerosis. An IAC diverticulum was
defined as a nonvascular, low-density outpouching from the nor-
mal linear contour of the wall of the IAC, identified on both axial
and standard coronal reformatted images. No minimum size
threshold was used for the diagnosis of diverticulum. Classic im-
aging otosclerosis was defined as “fenestral” if abnormal lucent
bone was anterior to the oval window, “cochlear” if the lucent
bone surrounded the cochlea, or a combination of both locations.
All findings were described as bilateral or unilateral.

Hearing Review

Association of imaging findings of IAC diverticula and classic
imaging otosclerosis with hearing loss was evaluated by review of
available clinical and audiometric evaluations. Patients with avail-
able clinical data were divided into 4 categories: no hearing loss,
conductive hearing loss, sensorineural hearing loss, or mixed
hearing loss, based on detailed otolaryngology review. The degree
of pure SNHL was determined by the pure tone average, which is
the average of the pure tone thresholds in decibels obtained at 4
selected frequencies and is a measure of the severity of hearing
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loss.'” The 4-frequency pure tone average in our study was re-
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ported with 0.5, 1, 2, and 3 kHz. Audiograms for patients who had
undergone prior temporal bone surgery were excluded from hear-
ing analysis to eliminate confounding alterations in hearing loss
related to the operation.

Statistical Analysis

The prevalence of findings in the study population and associa-
tions between hearing groups were evaluated with Wilcoxon rank
sum, Kruskal-Wallis, Fisher exact, and x* analyses performed
with SAS software, Version 9.4 (SAS Institute, Cary, North Caro-
lina). A P value of < .05 was used to determine statistical
significance.

RESULTS

A total of 810 eligible temporal bone CT examinations were iden-
tified during the 3-year study period. Three studies were excluded
because of nondiagnostic images due to motion or artifacts. Pa-
tient demographics are described in Table 1. Of the 807 patients
included in the study, IAC diverticulum was identified in 5% (n =
43) of examinations. The appearance ranged from a small notch
to full outpouching, with all diverticula located along the anterior
TAC medial to the cochlea (Fig 1). Sixty percent of patients (n =
26) demonstrated bilateral diverticula. Classic imaging findings of
otosclerosis were also present in 5% (n = 39) of patients. Sixty-
nine percent of patients with classic imaging findings of otoscle-
rosis (n = 27) demonstrated bilateral findings. One percent (n =
7) of all eligible patients demonstrated imaging findings of both
otosclerosis and IAC diverticula with 71% (n = 5) of this group
demonstrating bilateral otosclerosis and IAC diverticula (Fig 2).
Demographics of patients with IAC diverticula, both with and
without otosclerosis, are described in Table 2.

Seventy-five of 807 patients (n = 123 temporal bones) dem-
onstrated findings of IAC diverticula, otosclerosis, or both and
were further evaluated for hearingloss. These individual temporal
bones were divided into 3 groups: IAC diverticulum only, otoscle-
rosis only, and both IAC diverticulum and otosclerosis (Table 3).

In the TAC diverticulum-only group, there were 36 patients
with 57 affected temporal bones. Audiogram results were unavail-
able or excluded due to a prior operation for 14 temporal bones in
this group. Of the 43 temporal bones with only an IAC diverticu-
lum and hearing evaluation, 9% (n = 4) demonstrated no hearing
loss, 63% (n = 27) demonstrated SNHL, and 28% (n = 12) dem-
onstrated a mixed hearing loss. No temporal bones in this group
demonstrated CHL.

In the classic otosclerosis-only group, there were 33 patients
with 54 affected temporal bones. Most (81%, n = 44) temporal
bones had fenestral otosclerosis only, while 4% (n = 2) had co-



FIG 1. IAC diverticula on temporal bone CT. A, CT of the right tem-
poral bone in a 41-year-old woman with vertigo. A CSF-density saccu-
lar outpouching of the anterior IAC medial to the cochlea is compat-
ible with an IAC diverticulum (black arrow). B, CT of the left temporal
bone in a 67-year-old woman undergoing evaluation of SNHL. A
smaller diverticulum or notch is present along the anterior IAC in a
location similar to that of the larger diverticula in A (black arrow).

chlear otosclerosis only and 15% (n = 8) had both fenestral and
cochlear otosclerosis. Audiogram results were unavailable or ex-
cluded for 15 temporal bones in this group. A total of 18% (n = 7)
demonstrated no hearing loss, 26% (n = 10) demonstrated
SNHL, 23% (n = 9) demonstrated a mixed hearing loss, and 33%
(n = 13) demonstrated CHL.

In the IAC diverticulum and otosclerosis group, there were 7
patients with 12 affected temporal bones. Fenestral otosclerosis
was present in all 12 temporal bones, with 3 temporal bones dem-
onstrating concomitant cochlear otosclerosis. Audiogram results
were unavailable or excluded for 5 temporal bones in this group.
A total of 14% (n = 1) demonstrated no hearingloss, 29% (n = 2)
demonstrated SNHL, 43% (n = 3) demonstrated a mixed hearing
loss, and 14% (n = 1) demonstrated CHL.

Comparison of the 3 groups demonstrated a statistically sig-
nificant difference in hearing loss patterns between each group.
These findings suggest that SNHL is more commonly associated
with TAC diverticulum than with traditional imaging findings of
otosclerosis.

FIG 2. IAC diverticulum with classic imaging findings of otosclerosis
on temporal bone CT in a 34-year-old woman evaluated for mixed
hearing loss. There is a small IAC diverticulum along the anterior IAC
(black arrow) with focal lucency of the otic capsule adjacent to the
anterior oval window near the fissula ante fenestram (white arrow).

DISCUSSION

The prevalence and clinical significance of IAC diverticula are not
well-established in the current literature. In this large retrospec-
tive case review, IAC diverticula were present in 5% of our study
population and more frequent (n = 43) than classic findings of
otosclerosis (n = 39). The appearance of diverticula varied from a
small notch to a larger outpouching and was always located at the
anterior JIAC near the medial margin of the dense otic capsule.
TAC diverticula were more commonly an isolated finding and
rarely occurred with concurrent classic findings of otosclerosis.
Compared with patients with isolated otosclerosis (median age,
52 years), patients with IAC diverticula were significantly older at
median ages of 62 years with additional findings of otosclerosis
and 61 years without additional findings of otosclerosis (P <.01).

Most (91%) patients with an isolated IAC diverticulum with-
out additional imaging evidence of otosclerosis had hearing loss
with more than half (63%) demonstrating pure SNHL. The pat-
tern of hearingloss in isolated IAC diverticula was also found to be
significantly different from hearing loss patterns in the classic im-
aging appearance of otosclerosis with or without an additional
finding of an IAC diverticulum. These findings suggest that IAC
diverticula are a clinically important finding on temporal bone
CT and have important hearing loss implications.

Audiometric data demonstrated more advanced hearing loss
in patients with isolated TAC diverticula than previously reported
with presbycusis or age-related hearing loss. Presbycusis or age-
related hearing loss is defined as SNHL caused by the aging pro-
cess without a confounding etiology, such as metabolic disorder,
trauma, or noise injury.' Presbycusis may play a partial role in
SNHL in the diverticula group, given that the median age of the
diverticula-only group was 61 years. However, the average pure
tone average was 53.5 dB in the 27 temporal bones with isolated
TAC diverticula, which is consistent with moderate-to-moderate-
severe hearing loss and was greater than expected with presbycusis
alone.'>'! Moreover, the average pure tone average in the 27 iso-
lated diverticula with SNHL was like that in the 10 temporal bones
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Table 2: Demographic characteristics by the presence of IAC or otosclerosis

IAC Diverticulum

Otosclerosis

IAC Diverticulum +

Characteristic Only (n = 36) Only (n =32) Otosclerosis (n =7) None (n =732) P Value

Median age (range) (yr) 62 (18-91) 52 (18-91) 61(30-70) 52 (18-96) <.01*
Sex (No.) (%) 47°

Male 15 (417) 9(28)) 3(42.9) 316 (43.2)

Female 21(58.3) 23 (71.9) 4(57) 416 (56.8)
Temporal bone involvement (No.) (%) 02°

Unilateral 9(20.9) 15 (38.5) 5(714)

Bilateral 34(79.) 24 (61.5) 2(28.6)

P value was calculated with the Kruskal-Wallis test.
5P value was calculated with the Fisher exact test.

Table 3: Associations between IAC diverticulum or otosclerosis and

hearing loss sented with mixed hearing loss as ex-

IAC
Diverticulum Otosclerosis

IAC Diverticulum +
Otosclerosis

pected. No hearing loss was identified in
7 temporal bones with findings of oto-

Ch teristi Onl =43) Onl =39 =7 P Val
: aracteristic nly (n ) nly (n ) (n=7) a l:e sclerosis (18% of temporal bones with
Hearing loss (No.) (%) <.01 .

N 4(9%) 7(18%) 1(14%) otosclerosis). These temporal bones had
SNHL 27 (63%) 10 (26%) 2 (29%) imaging indications for otosclerosis or

PTA (average) (range) (dB) 53.5 (106—]20) 55.3 (]69—"5) 97.5 (944—]006) hearing loss with a unilateral clinical
CHL (No.) (%) None 13(33%) 1(14%) presentation of hearingloss and bilateral
Mixed (No.) (%) 12 (28%) 9(23%) 3(43%)

Note:—PTA indicates pure tone average.
P value was calculated for comparison of groups with the Fisher exact test.

with isolated imaging findings of otosclerosis presenting with
SNHL (55.3 dB). Therefore, the degree of SNHL in temporal
bones with diverticula was higher than expected for age-related
hearing loss and like that in temporal bones with accepted inner
ear pathology.

IAC diverticula are described in small case reports as rare en-
tities reflective of cavitary otosclerosis.' * Beyond the hearing loss
implications of cavitary otosclerosis, Makarem et al® also de-
scribed the clinical significance of the lesion for potential cochlear
implant malpositioning into the diverticulum. The consistent lo-
cation of all diverticula in this series along the anterior IAC
matches that in prior temporal bone histology series descriptions
of cavitary otosclerosis.'>'> The occurrence of outpouching or
notches was like classic CT findings of otosclerosis in this study,
both groups representing 5% of all patients. Therefore, the prev-
alence of IAC diverticula is likely not as rare as previously implied.
Moreover, the findings in this series do not support previous re-
porting of an IAC diverticulum as a manifestation of severe oto-
sclerosis® due to its high frequency as an isolated finding and the
occurrence of the lesion in patients without hearingloss. Previous
case reports do not directly address the significance of IAC diver-
ticula as an isolated finding without additional classic CT findings
of otosclerosis. This study suggests that isolated IAC diverticula
are related to hearing loss in a different pattern than the classic CT
presentation of otosclerosis.

Classic otosclerosis invariably involves the anterior stapes
footplate near the fissula ante fenestram and presents with a com-
ponent of CHL.>"* SNHL in otosclerosis is less well-understood
and may be due to production of local inflammatory cytokines
leading to atrophy and concomitant dysfunction of the spiral lig-
ament.'>'® SNHL is usually present with CHL and manifests as a
mixed hearing loss classification. Temporal bones in this study
that had classic imaging findings of otosclerosis more commonly
presented with CHL, and temporal bones with both classic imag-
ing findings of otosclerosis plus diverticula more commonly pre-
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imaging findings. Otosclerosis present-
ing with isolated SNHL without a con-
ductive component is believed to be rare
and not well-understood.>'”"'” IAC diverticula may represent an
imaging manifestation of otosclerosis with an isolated SNHL, be-
cause most patients with diverticula in this study presented with
isolated SNHL (63%). A smaller portion of isolated IAC divertic-
ula demonstrated a mixed pattern of hearing loss (28%). These
TAC diverticula may result in not only SNHL due to spiral liga-
ment dysfunction but also CHL due to abutment to the scala
vestibuli, resulting in a third-window phenomenon.>*'**° An-
other potential explanation of mixed hearing loss with CT find-
ings of isolated diverticula may be otosclerosis involvement of the
footplate below the resolution of routine CT temporal bone
examinations.

There were several limitations to this study. Its retrospective
nature limited the information available for review. Namely, clin-
ical data were not available for all patients with IAC diverticula or
classic otosclerosis. Small sample sizes, especially in the combined
TAC diverticula and otosclerosis group, limited statistical analysis
for comparing grouped populations of CT findings. This study
also had a component of selection bias that may have overesti-
mated the prevalence of findings on CT due to referral patterns.
MR images of the temporal bone were also not reviewed in this
study, despite MR imaging being a frequently ordered examina-
tion to evaluate SNHL. With most patients with IAC diverticula
demonstrating SNHL, the actual prevalence of IAC diverticula
may have been higher on high-resolution MR imaging compared
with CT.

The relationship of the anterior internal auditory canal wall to
the development of a diverticulum or focal otosclerosis is unclear.
The TAC diverticulum may be occasionally present in classic oto-
sclerosis early in the disease process when other changes are too
subtle to be detected on imaging. An additional consideration is
that the IAC diverticulum represents a variant of cochlear otoscle-
rosis with the nidus for resorption of endochondral bone near the
junction of endochondral bone of the medial otic capsule and
lamellated bone of the TAC, as opposed to the more common



location of the fissula ante fenestram. In this situation, the diver-
ticula could potentially represent advanced spongiotic bone im-
mediately adjacent to IAC CSF. Hounsfield unit values were not
measured to evaluate quantitative density due to the small size of
several of the diverticula, limiting accuracy. However, this lesion
qualitatively appeared as a low, near-CSF density notch or out-
pouching in the bone cortex. IAC diverticula are also unlikely to
be found in disease processes such as osteoporosis, Paget disease,
or osteogenesis imperfecta given their frequency as a small iso-
lated finding. It is also unlikely that an IAC diverticulum reflects a
normal anatomic variant, given its association with hearing loss
greater than expected for age. While this study cannot determine
the etiology of the diverticulum, this lesion does demonstrate a
relationship with hearing loss and, most commonly, SNHL.

The results of this study illustrate the clinical importance of
identification of IAC diverticula due their association with hear-
ing loss, and radiologists should be aware of this entity. If identi-
fied on imaging, otolaryngology consultation and audiometric
evaluation should be considered if not previously performed. IAC
diverticula can be identified not uncommonly on temporal bone
CT and should be mentioned in the radiology report, given their
association with hearing loss.

CONCLUSIONS

IAC diverticula are focal CSF attenuation outpouchings at the
anterolateral internal auditory canal, present on 5% of CT exam-
inations of the temporal bone in our study population. IAC di-
verticula are most commonly isolated findings and are associated
with a different pattern of hearing loss compared with classic find-
ings of otosclerosis. Identification of this clinically significant
finding on CT may warrant audiometric evaluation, given the
association with hearing loss, specifically SNHL.
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Clinical and Imaging Characteristics of Arteriopathy
Subtypes in Children with Arterial Ischemic Stroke:

M. Wintermark, ““’'N.K. Hills, ““'G.A. DeVeber,

G. Zhu,

ABSTRACT

A). Barkovich,
C. Leiva-Salinas,

Results of the VIPS Study

TJ. Bernard,
Q. Hou,

N.R. Friedman, ““M.T. Mackay, “*'A. Kirton,
H.J. Fullerton, and the VIPS Investigators
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BACKGROUND AND PURPOSE: Childhood arteriopathies are rare but heterogenous, and difficult to diagnose and classify, especially by
nonexperts. We quantified clinical and imaging characteristics associated with childhood arteriopathy subtypes to facilitate their diagnosis

and classification in research and clinical settings.

MATERIALS AND METHODS: The Vascular Effects of Infection in Pediatric Stroke (VIPS) study prospectively enrolled 355 children with
arterial ischemic stroke (2010-2014). A central team of experts reviewed all data to diagnose childhood arteriopathy and classify subtypes,

including arterial dissection and focal cerebral arteriopathy—inflammatory type, which includes transient cerebral arteriopathy, Moyamoya

disease, and diffuse/multifocal vasculitis. Only children whose stroke etiology could be conclusively diagnosed were included in these

analyses. We constructed logistic regression models to identify characteristics associated with each arteriopathy subtype.

RESULTS: Among 127 children with definite arteriopathy, the arteriopathy subtype could not be classified in 18 (14%). Moyamoya disease

(n = 34) occurred mostly in children younger than 8 years of age; focal cerebral arteriopathy—inflammatory type (n = 25), in children 815

years of age; and dissection (n = 26), at all ages. Vertigo at stroke presentation was common in dissection. Dissection affected the cervical

arteries, while Moyamoya disease involved the supraclinoid internal carotid arteries. A banded appearance of the M1 segment of the

middle cerebral artery was pathognomonic of focal cerebral arteriopathy—inflammatory type but was present in <25% of patients with focal

cerebral arteriopathy—inflammatory type; a small lenticulostriate distribution infarct was a more common predictor of focal cerebral arteriopa-

thy—inflammatory type, present in 76%. It remained difficult to distinguish focal cerebral arteriopathy—inflammatory type from intracranial

dissection of the anterior circulation. We observed only secondary forms of diffuse/multifocal vasculitis, mostly due to meningitis.

CONCLUSIONS: Childhood arteriopathy subtypes have some typical features that aid diagnosis. Better imaging methods, including vessel

wall imaging, are needed for improved classification of focal cerebral arteriopathy of childhood.

ABBREVIATIONS: FCA = focal cerebral arteriopathy of childhood; FCA-d = focal cerebral arteriopathy—dissection type; FCA-i = focal cerebral arteriopathy—
inflammatory type; TCA = transient cerebral arteriopathy; VIPS = Vascular Effects of Infection in Pediatric Stroke

pproximately 2500 children in the United States have an ar-
terial ischemic stroke each year.! Childhood arteriopathies
are the most common identifiable cause of arterial ischemic
stroke (in a previously healthy child, present in up to 64%).>™°

They represent a strong predictor of recurrent stroke, with rates
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exceeding 30% within 12 months for some arteriopathy sub-
types,>”® and published guidelines for the prevention of recurrence
are specific to type (eg, dissection, Moyamoya disease, transient ce-
rebral arteriopathy, and so forth).” Nonetheless, childhood arte-
riopathies remain difficult to not only diagnose but classify; they are
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rare but heterogeneous, and MRA imaging, frequently substituted
for conventional angiography, is technically limited. Publication
of consensus-based definitions of childhood arteriopathy in 2004
(adapted for the Vascular Effects of Infection in Pediatric Stroke
[VIPS] study in 2009) and the development of the Interbody Fu-
sion Devices in the Treatment of Cervicobrachial Syndrome
(CASCADE)'? system in 2012 (which provided a novel approach
to classifying the “anatomic site of disease” in childhood arterial
ischemic stroke) have largely been addressed to pediatric stroke
specialists.

These tools are less useful for nonexperts, however, who are
frequently responsible for making timely decisions crucial to the
prevention of stroke recurrence. It is this gap that in large part, we
seek to address. In the prospective, international, National Insti-
tutes of Health—funded Vascular Effects of Infection in Pediatric
Stroke study, a 4-person team of pediatric stroke experts classified
the etiology of 355 cases of pediatric arterial ischemic stroke
(based on rigorous central review of neuroimaging and clinical
data). With this “expert opinion” as the criterion standard, the
goal of the current analysis was to guide the classification of child-
hood arteriopathies by quantifying the prevalence and odds ratios
for clinical and imaging biomarkers that were used in the expert
review to do the following: 1) distinguish arteriopathy from car-
dioembolism, and 2) distinguish among the most common sub-
types of childhood arteriopathy. In other words, we aimed to
identify and quantify biomarkers that could allow trained neuro-
radiologists and neurologists who are nonexperts in childhood
arteriopathies to generate a reasonable differential diagnosis for a
child with stroke.

MATERIALS AND METHODS

Study Design

Ethics committee approvals were obtained at all sites. From 2009
to 2014, the VIPS study enrolled 355 children (29 days to 18 years
of age) with arterial ischemic stroke at 37 international sites, col-
lected detailed clinical data (eg, medical history such as cardiac
disease and sickle cell anemia, recent exposures such as infection,
and head trauma), and performed central review of brain and
cerebrovascular imaging (by M.W., H.J.F., G.A.D., and A.].B.).
Details of VIPS methods have been published.'' As a part of the
VIPS study, an exhaustive and systematic centralized review of
baseline and follow-up vascular imaging and clinical data was
performed to first arrive at a diagnosis of arteriopathy and then to
classify the arteriopathy subtype.'? For this study, we included all
children with abnormal vascular imaging findings that could be
definitively classified as due to arteriopathy or cardioembolism.

Imaging Review

In our review of brain parenchymal imaging, we recorded infarct
size (using ABC/2),"? laterality, location, acuity, and associated
hemorrhage. Vascular imaging findings were first classified as
normal or abnormal and then were completely described with
respect to type of abnormality (eg, hypoplasia, irregularity, band-
ing, stenosis, occlusion, and so forth), vascular territories and
sides affected, number and type of arterial segments affected, and
degree of collateral flow. Details of the VIPS imaging review have
been published.'”

Childhood Arteriopathy Classification

Two primary reviewers (M.W., H.].F.) independently used clini-
cal data and parenchymal and vascular imaging features to deter-
mine a diagnosis of either definite, possible, or no arteriopathy
(“primary diagnosis”).'> Disagreements were resolved through
consensus discussion by the full review team (M.W., H.J.F,,
G.A.D., and A.J.B.). We defined arteriopathy as “the imaging ap-
pearance of an in situ arterial abnormality (stenosis, irregularity,
occlusion, banding, pseudoaneurysm, dissection flap) not attrib-
utable to an exogenous thrombus (eg, cardioembolism) and not
considered a normal developmental variant.”'* The imaging find-
ing of an isolated arterial occlusion could be classified as “no
arteriopathy” (eg, if the clinical history and/or the parenchymal
imaging typified cardioembolism), “possible arteriopathy” (eg, if
the differential diagnosis included both cardioembolism and ar-
terial dissection), or “definite arteriopathy” (eg, if the imaging was
definitive for Moyamoya disease or dissection). The reviewers
then classified the arteriopathies into subtypes (“secondary diag-
nosis”) using pre-established definitions for childhood arteriopa-
thies'®'*: arterial dissection, including unilateral focal cerebral
arteriopathy—dissection type (FCA-d, further defined below);
unilateral focal cerebral arteriopathy—inflammatory type (FCA-i),
which includes transient cerebral arteriopathy (TCA); primary
and secondary Moyamoya disease (bilateral cerebral arteriopathy
of childhood); genetic or syndromic arteriopathies, such as
PHACES (posterior fossa malformations, hemangiomas, arterial
anomalies, cardiac defects, eye abnormalities, and sternal or su-
praumbilical defects), a cutaneous condition characterized by
multiple congenital abnormalities'>'®; primary and secondary
diffuse/multifocal vasculitis; fibromuscular dysplasia'’; iatrogen-
ic; and others. The primary reviewers independently classified the
secondary diagnosis; disagreements were resolved through con-
sensus discussion by the full review team. The final conclusion
(the expert opinion regarding the stroke etiology of that case)
constituted the criterion standard diagnosis. The diagnoses in the
children included in this study are shown in Fig 1.

The original definition of focal cerebral arteriopathy of child-
hood (FCA) consisted of “stenosis [of intracranial arteries] on
vascular imaging not otherwise classified as dissection, Moya-
moya disease, sickle cell arteriopathy, postvaricella arteriopathy,
vasculitis, or other specific diagnoses (such as postirradiation ar-
teriopathy)” and included “unifocal or multifocal, unilateral, or
bilateral lesions of the large and/or medium-sized vessels visual-
ized on angiography.”” Use of this term has evolved in the pedi-
atric stroke literature, and in North American pediatric stroke
centers, it is typically used to describe a specific angiographic ap-
pearance of unilateral stenosis and/or irregularity of the intracra-
nial anterior circulation; it has a differential diagnosis including
TCA, intracranial dissection, unilateral Moyamoya disease, and
the other diagnoses listed above.'® Hence, we implemented an
updated definition of FCA: unifocal and unilateral stenosis/irreg-
ularity of the large intracranial arteries of the anterior circulation
(distal internal carotid artery and/or its proximal branches). FCA-
dissection type (FCA-d) referred to intracranial arterial dissection
of the anterior circulation, typically with trauma.'® FCA-inflam-
mation type (FCA-i) referred to FCA that is presumed inflamma-
tory (ie, thought to represent a focal vasculitis). This could be
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FIG1. Classification of stroke subtype among 355 children with arterial ischemic stroke enrolled in the VIPS study. The cases used for the current

study are highlighted in gray.

diagnosed, for instance, because of marked enhancement of the
abnormal arterial segment on vessel wall imaging® or preceding
varicella zoster infection (if considered clinically relevant by the
local pediatric stroke neurologist for a diagnosis of postvaricella
arteriopathy).?"** FCA-i was also diagnosed when the evolution
of the arteriopathy was typical of TCA: a stereotyped, monophasic
natural history characterized by frequent early progression (from
days to weeks), a plateau with nonprogression by 6 months, and
subsequent improvement in some, with complete resolution in a
minority.""**> FCA that could not be further classified was con-
sidered “undetermined” arteriopathy subtype (in which case the
reviewers created a differential diagnosis).

Statistical Analysis

The outcome variables for our analyses were the stroke etiology
(primary and secondary diagnoses) as classified by the VIPS team.
In children with abnormal vascular imaging findings, arteriopa-
thy must first be distinguished from cardioembolism (primary
diagnosis); to this end, we first developed a predictive model for
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cardioembolic stroke. We then addressed our primary goal, mod-
eling clinical and imaging biomarkers associated with the most
commonly diagnosed arteriopathy subtypes (secondary diagno-
sis): dissection, FCA-i, Moyamoya disease, and secondary diffuse/
multifocal vasculitis. By design, we evaluated as predictors bio-
markers that were used by the reviewers in the classification
process; though circular, this evaluation allowed the quantifica-
tion of the prevalence of the biomarker and the strength of its
association with a specific subtype.

For our preliminary model (cardioembolic versus arterio-
pathic stroke), we compared 65 children classified as having spon-
taneous cardioembolism (excluding strokes attributed to cardiac
surgery) with 109 with definite arteriopathy (excluding those with
possible arteriopathy, but including those whose definite arteri-
opathy could not be further classified; Fig 1). We first used uni-
variate logistic regression models to identify clinical and/or pa-
renchymal and/or vascular imaging characteristics associated
either positively or negatively with these 2 broad categories. We
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then constructed a multivariable model by entering all predictors
significant at the .10 level in univariate analysis. Backward-selec-
tion logistic regression analysis was used to estimate adjusted odds
ratios, with a significance level of .05 specified for removal of a
variable from the model.

We followed a similar process to create models predictive of
each individual arteriopathy subtype. Univariate logistic regres-
sion models were first used to identify characteristics associated
with each subtype individually. For these models, we compared
each subtype with the group of all other subtypes combined (ex-
cluding the 18 subjects with definite arteriopathy that could not
be further classified). In addition to calculating odds ratios and
95% confidence intervals for each potential predictor, we deter-
mined the frequency with which the predictor was observed
within the subtype. We then constructed multivariable models for
each subtype as described for the preliminary model above. All
models were assessed with postestimation techniques, and C-sta-
tistics were compared among potential models. Adjustments were
made when necessary to improve the model fit before a final
model was determined. All analyses were performed with STATA,
Version 14 (StataCorp, College Station, Texas).

RESULTS

All 355 patients with VIPS had initial brain vascular imaging—
MRA (91%), CTA (24%), and/or conventional angiography
(14%); 53% had cervical vascular imaging; and 3.9% had vessel
wall imaging. Overall, 41% had atleast 1 follow-up brain vascular
imaging study; the last follow-up was a median of 277 days (in-
terquartile range, 172—408 days) poststroke. Figure 1 demon-

strates the results of the stroke subtype classification. Character-
istics that distinguish cardioembolism from arteriopathic stroke
(with a P value < .10 on univariate analysis) are shown in On-
line Table 1. Characteristics associated with arteriopathy subtype
(with a P value < .10 on univariate analysis) are shown On-line
Tables 2—4. All the variables tested are shown in On-line Tables
5-11. Independent predictors are summarized in the Table and
shown in detail in On-line Table 11.

Cardioembolic versus Arteriopathic Stroke

In multivariable analysis, characteristics determined to best dis-
tinguish cardioembolic from arteriopathic stroke were the pres-
ence of congenital heart disease and involvement of multiple vas-
cular territories (both positively associated with cardioembolic
stroke); the presence of vascular stenosis or irregularity spoke
against the possibility of cardioembolic stroke (Table and On-line
Table 11). All cases of cardioembolic stroke had underlying con-
genital or acquired cardiac disease (On-line Tables 1 and 5). Hav-
ing multiple or bilateral arterial segments affected unexpectedly
decreased the odds of cardioembolism because these features were
seen more frequently in arteriopathy. On vascular imaging, the
most common abnormality in cardioembolic stroke was arterial
occlusion, present in almost half; however, arterial occlusion was
a nonspecific finding observed commonly in the arteriopathy
group (61.5% of patients with arteriopathy). Arterial irregulari-
ties and stenosis reduced the odds of cardioembolism, though
each was observed in about 10% of patients with cardioembolic
strokes.
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FIG 2. Banding pattern observed in 24% of patients with FCA-i.

Characteristics of Childhood Arteriopathy Subtypes

Our final multivariable model to distinguish arterial dissection
(intracranial, which includes FCA dissection, or extracranial)
from other arteriopathy subtypes included a history of head
trauma and involvement of the cervical arteries (Table and On-
line Table 11). Arterial dissection was associated with a history
of head trauma in 39% of cases (On-line Tables 2 and 6). Dis-
sections were equally distributed between the anterior and
posterior circulation. Dissections tended to present as unilat-
eral occlusions.

Characteristics associated with FCA-i in multivariable analysis
included presentation with dysarthria, smaller infarcts in the len-
ticulostriate territory, infarct volume of <25 cm?, arterial band-
ing, and isolated involvement of the M1 segment of the middle
cerebral artery (Table and On-line Table 11). FCA-i tended to
occur more often in children between 8 and 15 years of age (On-
line Tables 3 and 7). The banding pattern (Fig 2), while pathogno-
monic, was uncommon (24% of patients with FCA-i).

Forty-one children met the criteria for FCA: 7 with FCA-d, 25
with FCA-1, and 9 who could not be further classified. Our anal-
ysis of characteristics that distinguish FCA-i from FCA-d (On-
line Tables 8 and 9) was limited by small sample sizes and the
availability of vessel wall imaging in only 8 of the 25 children with
FCA-i. The expert review team used a history of head trauma to
make a diagnosis of FCA-d; it was present in 5 of the 7 patients
with FCA-d (and in none of those with FCA-i). Infarct volumes
were larger for FCA-d (median, 88 cm’; interquartile range,
3.3-20 cm?) than for FCA-i (median, 14 cm?; interquartile range,
8.6-99 cm?; P = .05). Arterial occlusion was seen in 86% of sub-
jects with FCA-d versus 40% of those with FCA-i (P = .06). Band-
ing was seen in 24% of subjects with FCA-i but in none with
FCA-d (P = .28). In contrast, all 7 patients with FCA-d had in-
volvement of both the supraclinoid ICA and M1. A coincident
cervical artery abnormality was more suggestive of FCA-d (4/7
with FCA-d versus 1/25 with FCA-i, P = .007).

Our multivariable model for a Moyamoya disease diagnosis
included both primary and secondary forms (Table and On-line
Table 11). Of 34 children with Moyamoya disease, 17 were diag-
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nosed with primary (idiopathic) Moyamoya disease, and 17, with
secondary Moyamoya disease syndrome, most commonly caused
by sickle cell anemia (n = 9) or Down syndrome (n = 6). An
association between black race and Moyamoya disease was almost
entirely explained by sickle cell anemia; Asian race did not affect
the risk of Moyamoya disease in our cohort (On-line Tables 4 and
10). Imaging characteristics included bilateral distal ICA occlu-
sion or stenosis and infarcts involving multiple vascular territo-
ries. Involvement of the posterior circulation was present in 21%.
Although Moyamoya disease is an intracranial arteriopathy, ab-
normalities of the cervical arteries were noted in 6 patients (18%)
with this condition, likely representing the MRA finding of small
cervical internal carotid arteries due to reduced intracranial flow.
Patients with Moyamoya disease typically did not present with a
decreased level of consciousness, differentiating them from chil-
dren with secondary vasculitis who had similar distal ICA
involvement.

There were no cases of primary diffuse/multifocal vasculitis in
VIPS, but there were 15 cases of secondary diffuse/multifocal vas-
culitis due to meningitis (n = 11), other infection (cavernous
sinus thrombophlebitis, # = 1; mycotic aneurysm, n = 1), auto-
immune disease (n = 1), or other (n = 1). Hence, clinical char-
acteristics associated with this diagnosis included meningitis and
bacteremia/sepsis and presentation with a decreased level of con-
sciousness (Table and On-line Table 11). Complete occlusion of
the affected artery reduced the odds of diffuse/multifocal vasculi-
tis. Diffuse/multifocal vasculitis was seen more frequently in
Asian patients: There were 6 cases of stroke due to tubercular
meningitis enrolled in the Philippines.

Among 7 children with Down syndrome in our cohort, 6 had
Moyamoya disease and 1 had a cardioembolic stroke.

DISCUSSION
The diagnosis of childhood arteriopathy is complex, and pediatric
stroke experts have developed their diagnostic acumen across the
years through the cumulative exposure to many cases. However,
because these diseases are rare, pediatric patients with childhood
arteriopathy are often seen by health care professionals who have
not developed this expertise. The VIPS study presented a unique
opportunity to help nonexperts in not only accurately diagnosing
pediatric patients with childhood arteriopathy but also distin-
guishing among specific types based on objectively defined clini-
cal and imaging parameters. The VIPS study previously demon-
strated that arteriopathies can be more accurately classified when
clinical data are used than when imaging findings are used alone,
and when follow-up vascular imaging is performed.'' The current
analysis adds to our prior publication by defining the prevalence
and predictive value of the individual characteristics that a pediatric
stroke expert uses to diagnose childhood arteriopathy. In addi-
tion, it allows identification of patterns (ie, combinations of char-
acteristics that distinguish certain arteriopathies) and assessment
of the relative importance of each of these characteristics. This
analysis assumes the availability of complete and accurate clinical
and imaging data at the time of the arteriopathy classification; in
real clinical situations, arteriopathy classification should be revis-
ited as new data become available with time.

As a first step in the approach to vascular imaging abnormal-



ities in a child with arterial ischemic stroke, radiologists and cli-
nicians should consider whether the abnormality represents in-
herent arterial disease (ie, arteriopathy) versus thrombus from a
proximal source (cardioembolism or artery-to-artery embolism).
Underlying cardiac disease strongly favors cardioembolism; how-
ever, 4 children with congenital heart disease had an arteriopathic
stroke (1 with a dissection, 3 with Moyamoya disease), indicating
that arteriopathic stroke should be considered even in patients
with cardiac disease.

Arterial stenosis or irregularity reduces the odds of cardioem-
bolism but can be seen with a recanalizing thrombus. Complete
arterial occlusion appeared to reduce the odds of cardioembolism
in our model but only because it isa common feature of arteriopa-
thies like Moyamoya disease and dissection; it was still the most
common vascular imaging finding in cardioembolism. Distin-
guishing arteriopathy from thrombus remains challenging; our
expert team could not make the distinction in 34 cases (desig-
nated possible arteriopathy, Fig 1), highlighting the need for an
echocardiogram as part of the work-up of pediatric patients sus-
pected of having childhood arteriopathy.

The most common childhood arteriopathies in our cohort of
children presenting with acute arterial ischemic stroke were
Moyamoya disease, arterial dissection (intracranial and extracra-
nial), and FCA-i. This distribution would likely be different in a
cohort including all children with cerebral or cervical arteriopa-
thy; primary small-vessel CNS vasculitis, for example, typically
presents with only headache or cognitive decline and no focal
signs or symptoms. Although atherosclerosis may begin in child-
hood, it was not seen as a cause of stroke in VIPS, consistent with
findings in prior reports.>**

Age was the one demographic characteristic that helped dis-
tinguish among arteriopathy subtypes. FCA-i tended to affect
older school-aged children, while Moyamoya disease affected
younger children; dissection had no age predilection. Sex and race
did not correlate with arteriopathy subtype (after accounting for
sickle cell disease). Although primary Moyamoya disease occurs
more commonly in Korean and Japanese populations,” we had
no enrolling sites in those countries and saw a broad distribution
of ethnicities among our subjects with Moyamoya disease.

A diagnosis of dissection is suggested by the involvement of
cervical arteries. On the basis of current definitions, FCA-i does
not include arteriopathies affecting the posterior circulation.
Moyamoya disease predominantly affects the anterior circulation;
posterior circulation involvement, when present, is rarely symp-
tomatic. Hence, dissection is high on the differential in a previ-
ously healthy child presenting with a posterior circulation arterial
ischemic stroke. In addition, FCA-i, Moyamoya disease, and sec-
ondary vasculitis are intracranial arteriopathies; involvement of
the cervical arteries is strongly suggestive of dissection.

Distinguishing the etiologies of FCA—focal stenosis or irreg-
ularity of the distal ICA or proximal MCA—remains a challenge
even to pediatric stroke experts. The differential diagnosis in-
cludes FCA-i, FCA-d (intracranial dissection of the anterior cir-
culation), and early, unilateral Moyamoya disease. All typically
present with hemiparesis, but headache at the stroke ictus is com-
mon in FCA-iand FCA-d, but not in Moyamoya disease. Banding
was considered a pathognomonic feature for FCA-i but was pres-

ent in less than one-quarter of cases (being more conspicuous on
conventional angiograms compared with CTAs and MRAs);
hence, it was useful when present but not a sensitive feature of
FCA-i. Infarctlocation in the lenticulostriate territory and smaller
infarct size correlated with FCA-i and were more prevalent bio-
markers. However, FCA-i and FCA-d are, in general, difficult to
distinguish from each other as shown in postmortem cases.”®

An infarct in the superficial middle cerebral artery territories
(ie, cerebral convexities) was more suggestive of Moyamoya dis-
ease. Chronic deep borderzone infarcts, also common in Moya-
moya disease, do not result in focal deficits; because this is a co-
hort of children with acute arterial ischemic stroke, such infarcts
were not included in this analysis. A history of head trauma
and/or coincident cervical artery abnormalities suggests dissec-
tion. Improved neuroimaging techniques, including vessel wall
imaging,”” are needed to distinguish forms of FCA with greater
certainty, though vessel wall imaging may not be 100% specific
and there may be some overlap, with FCA-d showing minimal
enhancement on vessel wall imaging and FCA-i typically present-
ing with marked enhancement on vessel wall imaging. The dis-
tinction between FCA-d and FCA-i is particularly important be-
cause their management strategies differ. FCA-i and FCA-d are
currently treated with antiplatelet therapy. In addition, life-long
restriction of activities (eg, no contact sports) is often recom-
mended after an arterial dissection,”® and clinical trials of corti-
costeroids for the treatment of FCA-i are under development.

In this article, the definition of FCA-i was restricted to focal
disease of the distal ICA and its proximal branches, including but
not limited to TCA.'*** However, we anticipate that increased
use of vessel wall imaging,”” allowing the delineation of enhancing
arterial segments, will necessitate a broader definition of FCA. For
example, we observed cases of focal stenosis of the petrous carotid
or posterior circulation arteries that we diagnosed as having a
definite arteriopathy that could not be further classified. If such
cases had vessel wall imaging demonstrating enhancement of the
affected vessel, it may be reasonable to expand the definition of
FCA-i to include these cases. In addition, we identified 1 case of
FCA-i that demonstrated arteriopathy progression after 6
months, contrary to the traditional definition of TCA; this high-
lights the fact that while FCA-i includes TCA, not all cases FCA-i
are TCA.

The main limitation of our study is that there is no
true criterion standard for the diagnosis of childhood arteriopathies.
Our expert review team was uncertain about the classification in
52 cases: 34 with possible arteriopathy and 18 with a definite ar-
teriopathy that could not be further classified (Fig 1). Even among
the arteriopathies that the review team classified with high cer-
tainty, there was likely some misclassification that cannot be mea-
sured. Because all imaging was performed on a clinical basis, there
was variability in both the type and timing of imaging performed.
As noted in our prior study, follow-up vascular imaging was help-
ful for classification, yet it was available in only a minority of
patients."* The circularity of some analyses— biomarkers used to
classify a subtype and then evaluated as predictors of that sub-
type—must be emphasized; head trauma, for example, was an
anticipated predictor of arterial dissection because it was used in
the classification process. In such cases, the value of the analysis is
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in the prevalence of the predictor, such as noting that a minority
of dissection cases had trauma, so an absence of trauma does not
rule out this diagnosis.

Last, analyses of arteriopathy subtypes were underpowered (as
reflected by large confidence intervals of coefficients in the mul-
tivariable models), so they should be interpreted with caution.
However, advantages of our study include a prospectively col-
lected cohort, a large sample size relative to most pediatric stroke
studies, and rigorous classification methods based on indepen-
dent, central expert reviews and adjudication. Our study allows
the quantification of the prevalence of the predictors, the strength
of their correlations with specific diagnoses, and patterns of mul-
tiple predictors. These results should provide a guide for clinicians
and neuroradiologists to generate a reasonable differential for an
arteriopathic stroke in a child and to prioritize diagnoses on that
list. The application of these findings will depend, however, on the
accurate characterization of the imaging biomarkers by the inter-
preting neuroradiologist.

CONCLUSIONS

The different types of childhood arteriopathies are associated with
typical clinical and parenchymal and vascular imaging features
that can help narrow the differential diagnosis in pediatric patients
with stroke with vascular anomalies (Table).
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PEDIATRICS

Brain Temperature Is Increased During the First Days of Life in
Asphyxiated Newborns: Developing Brain Injury Despite
Hypothermia Treatment

P. Wintermark
O

Z.P. Owji, “G. Gilbert, ““'C. Saint-Martin, and

ABSTRACT

BACKGROUND AND PURPOSE: Therapeutic hypothermia is the current treatment for neonates with hypoxic-ischemic encephalopathy.
It is believed to work by decreasing the brain temperature and reducing the baseline metabolism and energy demand of the brain. This
study aimed to noninvasively assess brain temperature during the first month of life in neonates with hypoxic-ischemic encephalopathy
treated with hypothermia.

MATERIALS AND METHODS: Neonates with hypoxic-ischemic encephalopathy treated with hypothermia and healthy neonates were
enrolled prospectively. MR imaging was used to identify the presence and extent of brain injury. MR imaging multivoxel spectroscopy was
used to derive brain temperatures in the basal ganglia and white matter at different time points during the first month of life. Brain
temperature measurements were compared between neonates with hypoxic-ischemic encephalopathy and healthy neonates.

RESULTS: Forty-three term neonates with hypoxic-ischemic encephalopathy treated with hypothermia had a total of 74 spectroscopy
scans, and 3 healthy term neonates had a total of 9 spectroscopy scans during the first month of life. Brain temperatures were lower in
neonates with hypoxic-ischemic encephalopathy during hypothermia, compared with the healthy neonates (respectively, on day 1of life:
basal ganglia, 38.81°C = 2.08°C, and white matter, 39.11°C = 1.99°C; and on days 2-3 of life: basal ganglia, 38.25°C = 0.91°C, and white matter,
38.54°C = 2.79°C). However, neonates with hypoxic-ischemic encephalopathy who developed brain injury had higher brain temperatures
during hypothermia (respectively, on day 1of life: basal ganglia, 35.55°C = 1.31°C, and white matter, 37.35°C = 2.55°C; and on days 2-3 of life:
basal ganglia, 35.20°C = 115°C, and white matter, 35.44°C = 1.90°C) compared with neonates who did not develop brain injury (respectively,
on day 1of life: basal ganglia, 34.46°C = 1.09°C, and white matter, 33.97°C % 142°C; and on days 2-3 of life: basal ganglia, 33.90°C = 1.34°C,
and white matter, 33.07°C £ 1.71°C). Also, brain temperatures tended to remain slightly higher in the neonates who developed brain injury
around day 10 of life and around 1 month of age.

CONCLUSIONS: Therapeutic hypothermia using current guidelines decreased the brain temperature of neonates with hypoxic-ischemic
encephalopathy during the first days of life but did not prevent an early increase of brain temperature in neonates with hypoxic-ischemic
encephalopathy who developed brain injury despite this treatment.

herapeutic hypothermia is the current standard treatment for
term neonates with hypoxic-ischemic encephalopathy to try
to prevent the development of brain injury."™ Although this
treatment has reduced the rate of death and neurologic impair-
ment in neonates with hypoxic-ischemic encephalopathy at 18
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months of age,”” some neonates still develop brain injury and
long-term neurologic sequelae. Induced hypothermia is be-
lieved to work by decreasing the brain temperature and thus
reducing the baseline metabolism and energy demand of the
brain.® Therefore, it would be of great importance to monitor
brain temperature for these neonates during and after hypo-
thermia treatment.

In recent years, techniques using MR imaging have been de-
veloped to noninvasively measure brain temperature (referenced
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as “brain thermometry”) even in neonates. One such technique is
proton MR spectroscopy ("H-MR spectroscopy), which can be
used to estimate brain temperature by monitoring the chemical
shift of water with temperature compared with the resonance fre-
quency of a reference metabolite,” such as N-acetyl aspartic acid.
MR spectroscopy has been used for brain thermometry in healthy
adults,'° 2 in adults with stroke,'>'*

brain injury.'® However, until now, brain thermometry has been
16,17

and in adults with traumatic
used only a few times with neonates, and even more rarely
with neonates with hypoxic-ischemic encephalopathy.'®'? Bain-
bridge et al'® have demonstrated the feasibility of this technique
with neonates using single-voxel MR spectroscopy placed in the
thalamus and/or white matter to show the correlation between
brain and rectal temperatures in healthy neonates; in addition, in
their study, only 9 neonates had brain temperature measurements

1'? studied 18 neonates

during hypothermia treatment. Wu et a
with hypoxic-ischemic encephalopathy treated with hypothermia
with single-voxel MR spectroscopy placed in the thalamus, basal
ganglia, and/or cortical gray matter. They found that the initial
degree of encephalopathy seemed to influence brain temperature
measurements during and after hypothermia. Neither of these 2
studies correlated their brain temperature measurements with the
extent of brain injury.

The present study hypothesized that neonates with hypoxic-
ischemic encephalopathy who developed brain injury despite hy-
pothermia treatment will have a higher brain temperature com-
pared with neonates with hypoxic-ischemic encephalopathy who
did not develop brain injury during and after treatment. Thus, the
present study was designed to noninvasively assess brain temper-
ature during the first month of life in term neonates with hypoxic-
ischemic encephalopathy treated with hypothermia.

MATERIALS AND METHODS

Patients

We conducted a prospective cohort study of term neonates with
hypoxic-ischemic encephalopathy admitted to our neonatal in-
tensive care unit at the Montreal Children’s Hospital, McGill Uni-
versity, from 2010 to 2015 who met the criteria for induced hypo-
thermia:"* 1) gestational age of 36 weeks or older and birth weight
of =1800 g; 2) evidence of fetal distress (eg, a history of an acute
perinatal event, cord pH = 7.0, or base deficit = —16 mEq/L); 3)
evidence of neonatal distress (eg, an Apgar score of =5 at 10
minutes, postnatal blood gas pH within the first hour of life of
=7.0 or a base deficit of = —16 mEq/L, or continuous need for
ventilation with the initiation at birth and duration for at least 10
minutes); and 4) evidence of moderate or severe encephalopathy
obtained by a standardized neurologic examination and/or by an
amplitude-integrated electroencephalogram. The initial back-
ground pattern of the amplitude-integrated electroencephalo-
gram™*° was assessed on admission and collected to classify the
neonates. Eligible neonates received whole-body cooling to an
esophageal temperature of 33.5°C, initiated by 6 hours of life and
continued for 72 hours. Three additional healthy term neonates
were included as controls. The research protocol was approved by
the institutional review board, and informed parental consent was
obtained in all cases.

Brain MR Imaging

As per standard clinical protocol at our institution, a brain MR
imaging was performed for all these neonates after hypother-
mia treatment was completed, usually around day 10 of life. In
addition, since 2010, when possible (ie, when the parents con-
sented for their neonates to have additional MRIs, when the
neonates were hemodynamically stable, and when a team of a
nurse and a respiratory therapist was available to go to the MR
imaging), neonates were enrolled in an MR imaging research
study, and MR imaging scans were performed on day 1 of life,
on days 2-3 of life, around day 10 of life, and around 1 month
of age. These time points were chosen to ensure the absence of
antenatal brain injury (day 1 of life), to assess early patterns of
injury (days 2-3 of life), and to define the extent of definitive
brain injuries (around day 10 of life and around 1 month of
life). Neonates receiving hypothermia had the hypothermia
therapy maintained during the MR imaging scan without any
adverse events.”' Any ventilation, pressor support, or sedation
was maintained during the MR imaging process, and addi-
tional sedation was avoided. The healthy term neonates had
normal imaging findings at the same time points; they were
kept at regular temperature during the MR imaging.

The MR imaging was performed with a 3T clinical system
(Achieva X; Philips Healthcare, Best, the Netherlands). Each
MR imaging study included 3D T1-weighted gradient-echo
(TR, 24 ms; TE, 4.6 ms; matrix size, 180 X 180; FOV, 180 mm;
flip angle, 30°; sagittal sections, 104; section thickness, 1.0 mm;
and multiplanar reformations in axial and coronal planes),
TSE high-resolution T2-weighted (TR, 5000 ms; TE, 90 ms;
TSE factor, 15; matrix size, 300 X 300; FOV, 150 mm; flip
angle, 90°; axial sections, 27; section thickness, 3.0 mm), and a
single-shot echo-planar diffusion-tensor imaging sequence
(TR, 5937.8 ms; TE, 69 ms; matrix size, 100 X 100; FOV, 180
mm; sensitivity encoding factor, 2; directions, 32; b-value, 750
s/mm?; axial sections, 64; section thickness, 2.2 mm). In addi-
tion, if time allowed and the neonates were still sleeping, neo-
nates enrolled in the MR imaging research study underwent a
'"H-MR spectroscopy with a 2D point-resolved spectroscopy
sequence (TR, 2000 ms; TE, 288 ms; FOV, 180 X 180 mm;
bandwidth, 2000 Hz; 1024 points; voxel size, 15 X 15 X 15
mm). The multivoxels were placed over the whole cerebrum at
the level of the basal ganglia. Data acquisition was performed at
room temperature (22°C = 1°C). This sequence was used to
noninvasively measure absolute brain temperature in the
neonates.

Pediatric neuroradiologists, who were blinded to the clinical
conditions of the infants, interpreted the MR imaging studies of
the asphyxiated neonates treated with hypothermia. They re-
ported the presence and extent of brain injury in the cerebrum
according to a previously described MR imaging scoring system.**
The MR imaging scores obtained around day 10 of life were used
as the reference to determine the extent of the brain injury for

each patient.”***

Temperature Measurements in Neonates
MR spectra data were obtained with the previously mentioned 2D
point-resolved spectroscopy sequence. On the basis of the princi-
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FIG1. ROIs. T2-weighted image shows where the multivoxels were
placed over the whole cerebrum at the level of basal ganglia (yellow
dotted lines). In this example, temperature was measured in a total of
7 voxels—that is, in the voxels in the left thalamus, the remaining
basal ganglia bilaterally, and the anterior and posterior white matter
bilaterally (yellow lines).

ple that temperature affects the hydrogen bonding between water
molecules,” which leads to a shift in the spectral position of the
water signal relative to a reference metabolite that has less sen-
sitivity to temperature changes—such as N-acetyl aspar-
tate—on MR spectroscopy,'"'”>>?® brain temperature was
derived by analyzing the chemical shift differences (8 ppm)
between the water peak and the NAA spectrum.'” This method
has been demonstrated previously to have an accuracy of
+0.5°C and a precision of 0.3°C."*'”?® The chemical shift dif-
ferences were plotted against the temperature to obtain the calibra-
tion line for estimating the brain temperature of the neonates."”
The software package jMRUI (Version 5.2; www.mrui.uab.es/mrui/

mrui_download/)*”*®

was used to estimate the position of the
water peak and NAA in each of these voxels and thus measure
the chemical shift differences. A 2D fast Fourier transform was
applied to the signals as the preprocessing steps in the software.
To remove undesirable resonance frequencies, we used a Han-
kel Lanczos Singular Value Decomposition® filter, imple-
mented in JMRUI.

The multivoxels were placed over the whole cerebrum of
the neonates at the level of basal ganglia (Fig 1). For each MR
multivoxel spectra acquired for the neonate, brain tempera-
ture was subsequently measured in the voxels located in the
basal ganglia (ie, a voxel in the thalamus and a voxel in the
remaining basal ganglia) and the white matter (ie, a voxel in the
anterior white matter and a voxel in the posterior white mat-
ter) on each side of the brain (Fig 1). Measurements were ob-
tained on the right and left sides of the brain in these different
ROIs and then averaged. The voxels containing noisy and poor
signals were excluded manually from the data. Then, for each
scan, brain temperature was estimated with a previously de-
scribed calibration equation.”®
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Statistical Analysis

In healthy neonates, differences of brain temperature in the basal
ganglia and white matter across time were assessed for statistical
significance with Kruskal-Wallis tests.

For the first comparison of brain temperature measure-
ments between neonates with hypoxic-ischemic encephalopa-
thy treated with hypothermia and healthy neonates, the neo-
nates with hypoxic-ischemic encephalopathy treated with
hypothermia were categorized into 2 subgroups according to
their initial degree of encephalopathy on an amplitude-inte-
grated electroencephalogram (ie, moderate versus severe). For
the second analysis, the same neonates were categorized into 2
subgroups based on the presence or absence of brain injury in
the ROI on their conventional MR imaging performed around
day 10 of life. We assessed the following differences at each
time point for statistical significance with Kruskal-Wallis tests:
1) between neonates with hypoxic-ischemic encephalopathy
treated with hypothermia with initial moderate encephalopa-
thy versus those with initial severe encephalopathy versus
healthy neonates, and 2) neonates with hypoxic-ischemic en-
cephalopathy treated with hypothermia who developed brain
injury versus those without brain injury versus healthy neo-
nates. For multiple comparisons, the Dunn post hoc compar-
ison tests comparing the 3 groups at each time point were
applied to adjust the « level as necessary. An overall (2-sided)
a level of .05 was used to indicate statistical significance.

RESULTS

Forty-three term neonates with hypoxic-ischemic encephalop-
athy treated with hypothermia had a total of 74 spectroscopy
scans over the first month of life. Fifty-three percent (23/43) of
these neonates had an initial moderate encephalopathy by am-
plitude-integrated electroencephalography. Fifty-two percent
(12/23) did not develop brain injury, 13% (3/23) developed
basal ganglia injury, 26% (6/23) developed watershed injury,
and 9% (2/23) developed near-total injury. Forty-nine percent
(21/43) of these neonates had an initial severe encephalopathy
by an amplitude-integrated electroencephalogram. Thirty-five
percent (7/20) did not develop brain injury, 10% (2/20) devel-
oped basal ganglia injury, 5% (1/20) developed watershed in-
jury, and 50% (10/20) developed near-total injury. In addition,
3 healthy term neonates had a total of 9 spectroscopy scans
during the first month of life. Seventeen percent (8/46) of the
neonates enrolled in the present study had a spectroscopy scan
on day 1 of life, 35% (16/46) had a spectroscopy scan on days
2-3 of life, 76% (35/46) had a spectroscopy scan around day 10
of life, and 35% (16/46) had a spectroscopy scan around 1
month of age. Among the 8 voxels where temperature was
measured, a mean of 1.30 = 1.56 voxels per patient was ex-
cluded manually from the data because they contained noisy
and poor signals.

In healthy neonates, brain temperature remained similar in
the basal ganglia (average, 38.50°C * 1.21°C; comparison be-
tween time points, P = .89) and in the white matter (average,
38.88°C * 1.86°C; comparison between time points, P = .76)
during the first month of life (Fig 2). In the same neonates, brain
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month oflife (respectively, basal ganglia,
P = .34, and white matter, P = .13)
(Fig 2).
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FIG 2. Comparison of brain temperature values in the basal ganglia and white matter according
to theinitial degree of encephalopathy and the presence of brain injury. Brain temperature values
in the basal ganglia according to the initial degree of encephalopathy (A) and according to the
presence of brain injury (B). Brain temperature values in white matter according to the initial
degree of encephalopathy (C) and the presence of brain injury (D). Box-and-whisker plots (me-
dian, minimum, and maximum in degrees Celsius). Significance was derived from Kruskal-Wallis
tests, followed by the Dunn post hoc comparison tests for multiple comparisons: The asterisk

indicates P < .05; 2 asterisks, P < .01; 3 asterisks, P < .001.

temperature was not different between the basal ganglia and white
matter (P = .23).

When we compared the brain temperature results of the neo-
nates with hypoxic-ischemic encephalopathy—according to their
initial degree of encephalopathy—and the healthy neonates, brain
temperatures were significantly different in the 3 groups (moder-
ate encephalopathy, severe encephalopathy, and healthy) on day 1
of life (respectively, basal ganglia, P < .001, and white matter, P =
.01) and on days 2-3 of life (respectively, basal ganglia, P < .001,
and white matter, P = .003) (Fig 2). Neonates with moderate
encephalopathy tended to have lower brain temperatures (respec-
tively, basal ganglia, 35.82°C * 1.31°C, and white matter,
36.84°C * 0.83°C) on day 1 of life compared with healthy neo-
nates (respectively, basal ganglia, 38.81°C * 2.08°C, and white
matter, 38.76°C = 1.25°C); in addition, the brain temperatures of
neonates with moderate encephalopathy were significantly lower
on days 2-3 of life (respectively, basal ganglia, 34.07°C * 1.52°C,
and white matter, 34.87°C £ 1.12°C) compared with healthy ne-
onates (respectively, basal ganglia, 38.2°C 5 = 0.91°C, and white
matter, 38.40°C * 1.76°C). Neonates with severe encephalopathy
had significantly lower brain temperatures on day 1 oflife (respec-

[E No brain injury
M Brain injury

developed brain injury, and healthy ne-
onates) on day 1 of life and on days 2-3
of life (P < .001) (Fig 2). Neonates with
hypoxic-ischemic encephalopathy who
did not develop brain injury had signif-
icantly lower brain temperatures on day
1 of life (respectively, basal ganglia,
34.46°C * 1.09°C, and white matter,
33.97°C = 1.42°C) and on days 2-3 of life
(respectively, basal ganglia, 33.90°C =
1.34°C, and white matter, 33.07°C = 1.71°C) compared with healthy
neonates. Neonates who developed brain injury had higher brain
temperatures on day 1 of life (respectively, basal ganglia, 35.55°C *
1.31°C, and white matter, 37.35°C = 2.55°C) and on days 2-3 of life
(respectively, basal ganglia, 35.20°C = 1.15°C, and white matter,
35.44°C = 1.90°C) compared with neonates with hypoxic-ischemic
encephalopathy who did not develop brain injury; however, the
brain temperatures of neonates who developed brain injury were not
different compared with those in healthy neonates, except on days
2-3 of life in the basal ganglia.

Brain temperatures did not differ for neonates with hypoxic-
ischemic encephalopathy with moderate encephalopathy and ne-
onates with hypoxic-ischemic encephalopathy with severe en-
cephalopathy. For all 3 groups, brain temperatures did not differ
around day 10 of life (respectively, basal ganglia, P = .11, and
white matter, P = .10) and around 1 month of life (respectively,
basal ganglia, P = .10, and white matter, P = .44) (Fig 2). How-
ever, brain temperatures tended to remain higher around day 10
of life (in the basal ganglia, 39.34°C *+ 1.35°C, and in the white
matter, 40.10°C * 2.36°C) and around 1 month of age (in the
basal ganglia, 40.58°C = 2.15°C) in the neonates who developed
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brain injury compared with those who did not develop brain in-
jury (in the basal ganglia: day 10 of life, 38.31°C * 1.69°C; 1
month of age, 39.25 £ 1.78°C; and in the white matter: day 10 of
life, 38.74°C = 1.84°C).

DISCUSSION

In this study, we investigated the evolution of brain temperature
during the first month of life in neonates with hypoxic-ischemic
encephalopathy treated with hypothermia. To the best of our
knowledge, this is the largest cohort of term neonates with
hypoxic-ischemic encephalopathy treated with hypothermia for
whom brain thermometry has been used. This also is the first time
that multivoxel spectroscopy was used to perform brain ther-
mometry of neonates with hypoxic-ischemic encephalopathy
treated with hypothermia. Previous studies used single-voxel

spectroscopy'®"'?

and had to acquire different spectra in the dif-
ferent ROIs, which increased the duration of the MR imaging
scans for these patients who often are critically sick. In addition,
brain temperature could potentially vary between the times that
the different voxels were scanned. Using multivoxel spectroscopy
enabled a simultaneous measurement of brain temperature in
different ROIs with the same sequence, without prolonging the
scan duration. Most interesting, with multivoxel spectroscopy, we
did not find consistent differences between the brain temperature
measurements performed on the basal ganglia and white matter,
contrary to some other studies.'®'? In our study, we averaged the
measurements performed on the thalami and the remaining basal
ganglia on both sides as “basal ganglia” measurements and the
measurements performed on the anterior and posterior white
matter on both sides as “white matter” measurements. It also is
possible that measurements on the white matter were sometimes
“contaminated” to varying degrees by the cortical gray matter
because it often was technically challenging to pick a voxel located
solely in the white matter.

As expected, hypothermia treatment with current guidelines
lowered the brain temperatures of the neonates with hypoxic-
ischemic encephalopathy compared with the healthy neonates, as
has also been suggested by other studies.'® However, the decrease
of brain temperature during hypothermia treatment was not uni-
form for all the neonates with hypoxic-ischemic encephalopathy.
Therapeutic hypothermia did not prevent an early increase of
brain temperature in neonates with hypoxic-ischemic encepha-
lopathy who developed brain injury—despite these neonates be-
ing actively cooled to around 33.5°C— compared with those who
did not develop brain injury. These results are similar to those
found in adults with traumatic brain injury, which showed that
brain temperature dissociates from core body temperature and
increases when brain injury develops.'® The increased brain tem-
peratures in the neonates who developed brain injury probably
correspond to an increased brain perfusion despite hypothermia
treatment, which has been previously reported in these neonates
despite hypothermia treatment.”' > The increased brain temper-
atures in the neonates who developed brain injury may also cor-
respond to the often-described phenomenon of luxury perfusion
during which brain perfusion exceeds the metabolic demands,
which leads to an increase of cerebral oxygen delivery.”*~” Thus,
the current hypothermia guidelines did not seem to prevent the
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development of brain injury when increased brain temperatures
were found during the first days of life. These neonates with in-
creased brain temperatures may be candidates for adjustments in
their hypothermia therapy or for adjunctive therapies.'**

Brain temperatures tended to remain slightly higher in the
basal ganglia and in the white matter around day 10 of life, and in
the basal ganglia around 1 month of age in the neonates who
developed brain injury compared those not who did not. Similar
results were found when measuring brain perfusion in these neo-
nates’®: Brain perfusion remained somewhat increased in the
brain regions with brain injury around day 10 oflife and around 1
month of life. It has been hypothesized that these results may be
due to increased blood vessels rather than the tone adjustments of
the first days of life.”®

The analysis of brain temperatures according to the initial de-
gree of encephalopathy did not permit a prediction of the out-
come of these neonates because no difference occurred in the
brain temperatures of the neonates with initial moderate enceph-
alopathy and those with initial severe encephalopathy recorded
on an amplitude-integrated electroencephalogram. These results
are consistent with those found when measuring the regional ce-
rebral oxygen saturation in these neonates,’ in which the re-
gional cerebral oxygen saturation did not differ for neonates with
initial moderate encephalopathy and those with initial severe en-
cephalopathy. However, our results were different compared with

1,'° who studied 18 neonates

those in a previous study by Wu et a
with hypoxic-ischemic encephalopathy treated with hypothermia
(including 14 with initial moderate encephalopathy and 4 with
initial severe encephalopathy based on a modified Sarnat score)
and found that the initial degree of encephalopathy seemed to
influence the brain temperature measurements during and after
hypothermia. Unfortunately, they did not report the correlation
between the brain temperature measurements and the extent of
brain injury in each of their neonates, so it is impossible to know
whether all their neonates with initial severe encephalopathy de-
veloped brain injury. In our study, only 65% of the neonates with
an initial severe encephalopathy developed brain injury. This
finding might help explain why our results were different from
theirs, in addition to our sample size being larger. Also, most of
their scans were performed on days 2-3 of life,'” and our scans
were usually performed on days 1 and 2 of life; similarly, previous
studies have shown that the regional cerebral oxygen saturation
did not differ for neonates with hypoxic-ischemic encephalopa-
thy with moderate-versus-severe encephalopathy, except on day 3
of life.”

In addition to the brain temperature measurements at differ-
ent time points during the first month of life, another strength of
the present study is that brain temperature measurements at the
same time points in healthy neonates were also included as com-
parisons with those of neonates with hypoxic-ischemic encepha-
lopathy. Most interesting, the brain temperature in the healthy
neonates was, on average, above 38°C, which is higher than the
normal target core temperature; these results were consistent with

¢ and also with the consensus that

previously described results
brain temperature is typically 0.5°C-1°C higher than core tem-
perature.”*" Similarly, our brain temperature measurements

performed during hypothermia were, on average, at least above



34°C in those neonates who did not develop brain injury, which is
higher than the target core temperature (ie, 33.5°C) during the
treatment, a finding that was also consistent with previously de-
scribed results."”

Of note, neonates with hypoxic-ischemic encephalopathy re-
ceived whole-body cooling in this study. Brain temperature mea-
surements may yield different results in neonates with hypoxic-
ischemic encephalopathy treated with head cooling because it has
been previously demonstrated in neonatal swine that head cool-
ing creates a temperature gradient across the brain (ie, cooler
periphery and warmer central structures) compared with no tem-
perature gradient in those treated with whole-body cooling.***

Instead of just comparing our results with previous studies of
brain perfusion and/or regional cerebral oxygen saturation mea-
surements, it would have been interesting to correlate directly the
brain temperature measurements of these neonates with the brain
perfusion measurements by MR arterial spin-labeling and/or with
the measurement of regional cerebral oxygen saturation by near-
infrared spectroscopy, to better understand the physiopathology
underlying the development of brain injury in these neonates.
However, these other measurements were not always consistently
performed for the neonates enrolled in this study. Another limi-
tation of our study was that the body temperatures of the neonates
at each time point were not collected systematically, especially
with respect to the MR imaging performed during the hypother-
mia treatment, so they could not be correlated with the neonates’
body temperatures. Other studies have shown that body and brain
temperatures correlate in healthy subjects but that a dissociation
exists between the 2 in brain injury.m In addition, the sample size,
even if it is the largest described so far with respect to neonates
with hypoxic-ischemic encephalopathy treated with hypother-
mia, was not sufficient to study, in more detail, the impact of
sedation and antiepileptic medications that were sometimes used
with these neonates. The sample size of healthy term neonates was
also small; thus, the statistical power of our comparisons and the
conclusions that can be drawn were limited. Of note, none of the
neonates presented with seizures during the MR imaging studies,
and minimal sedation was used for all of them as per the standard
of care at our institution.

CONCLUSIONS

Therapeutic hypothermia using current guidelines decreased
brain temperature in neonates with hypoxic-ischemic encepha-
lopathy during the first days of life but did not prevent an early
increase of brain temperature in neonates with hypoxic-ischemic
encephalopathy who developed brain injury. Noninvasive moni-
toring of brain temperatures may permit a better understanding
of the development of brain injury despite hypothermia in neo-
nates with hypoxic-ischemic encephalopathy. Further studies are
needed to determine whether noninvasive measuring of brain
temperature may permit a selection of the neonates who may be
candidates for adjustments in their hypothermia therapy or for
adjunctive therapies.
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ORIGINAL RESEARCH
PEDIATRICS

Does the Addition of a “Black Bone” Sequence to a Fast
Multisequence Trauma MR Protocol Allow MRI to Replace CT
after Traumatic Brain Injury in Children?

M.H.G. Dremmen, ““/M.W. Wagner, ““'T. Bosemani, “*’A. Tekes, ““'D. Agostino, ‘“E. Day, ‘“'B.P. Soares, and ““'T.A.G.M. Huisman

ABSTRACT

BACKGROUND AND PURPOSE: Head CT is the current neuroimaging tool of choice in acute evaluation of pediatric head trauma. The
potential cancer risks of CT-related ionizing radiation should limit its use in children. We evaluated the role of MR imaging, including a
“black bone” sequence, compared with CT in detecting skull fractures and intracranial hemorrhages in children with acute head trauma.

MATERIALS AND METHODS: We performed a retrospective evaluation of 2D head CT and brain MR imaging studies including the black
bone sequence of children with head trauma. Two experienced pediatric neuroradiologists in consensus created the standard of refer-
ence. Another pediatric neuroradiologist blinded to the diagnosis evaluated brain MR images and head CT images in 2 separate sessions.
The presence of skull fractures and intracranial posttraumatic hemorrhages was evaluated. We calculated the sensitivity and specificity of
CT and MR imaging with the black bone sequence in the diagnosis of skull fractures and intracranial hemorrhages.

RESULTS: Twenty-eight children (24 boys; mean age, 4.89 years; range, 0-15.5 years) with head trauma were included. MR imaging with the
black bone sequence revealed lower sensitivity (66.7% versus 100%) and specificity (87.5% versus 100%) in identifying skull fractures. Four
of 6 incorrectly interpreted black bone MR imaging studies showed cranial sutures being misinterpreted as skull fractures and vice versa.

CONCLUSIONS: Our preliminary results show that brain MR imaging complemented by a black bone sequence is a promising nonionizing
alternative to head CT for the assessment of skull fractures in children. However, accuracy in the detection of linear fractures in young

children and fractures of aerated bone remains limited.

ABBREVIATIONS: NPV = negative predictive value; PPV = positive predictive value

C T is the initial neuroimaging technique of choice for the acute
evaluation of pediatric head trauma due to its wider availabil-
ity, lower cost, and short acquisition time. In addition, CT iden-
tifyies most traumatic injuries that require urgent treatment and
correlates well with clinical scales and outcome.' However, CT-
related ionizing radiation involves the potential risk of patients
developing cancer and strongly argues in favor of alternative neu-
roimaging techniques such as MR imaging.” The lifetime cancer
mortality risk attributable to the radiation from a single CT scan
of thehead in a 1-year-old child has been estimated as 0.07%. This

Received September 6, 2016; accepted after revision June 10, 2017.

From the Section of Pediatric Neuroradiology (M.H.G.D., MW.W., TB., AT, D.A,
E.D., B.P.S, T.A.G.M.H.), Division of Pediatric Radiology and Pediatric Neuroradiol-
ogy, Department of Radiology and Radiological Science, Johns Hopkins Hospital,
Baltimore, Maryland; Division of Pediatric Radiology (M.H.G.D.), Department of
Radiology, Erasmus University Medical Center Rotterdam, Rotterdam, the Nether-
lands; and Institute of Diagnostic and Interventional Radiology (M.W.W.),
University Hospital Zurich, Zurich, Switzerland.

Please address correspondence to Marjolein H.G. Dremmen, MD, Department of
Radiology, Erasmus University Medical Center Rotterdam, PO Box 2040, 3000 CA
Rotterdam, the Netherlands; e-mail: m.dremmen®@erasmusmc.nl

http://dx.doi.org/10.3174/ajnr.A5405

small risk translates into a large population-level risk, especially
because head trauma in children from 0 to 14 years of age ac-
counts for nearly half a million emergency department visits in
the United States annually.>*

MR imaging is a nonionizing technique that provides superior
contrast resolution and has a higher sensitivity and specificity for
parenchymal lesions compared with CT.”* Especially, advanced
MR imaging techniques (DWI, SWI) provide additional informa-
tion that correlates well with outcome.>® Nonhemorrhagic shear
injuries and subtle microhemorrhages are typically seen with
higher sensitivity by MR imaging compared with CT. Neverthe-
less, the role of MR imaging in the acute diagnostic work-up of
head trauma in children is still limited.””* This limitation may be
partially explained by longer acquisition times and the subsequent
need for sedation as well as the low sensitivity of MR imaging for
skull fractures.® Recently, black bone MR images have been in-
troduced as a new sequence for the evaluation of structural bony
abnormalities such as craniosynostosis.’

On the basis of the inherent diagnostic quality of the black
bone sequence, we aimed to determine whether a trauma brain
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MR imaging protocol with an included black bone MR image
could be an alternative to head CT in the acute work-up of chil-
dren with head trauma. To address our goal, we compared the
diagnostic accuracy of brain MR imaging including the black
bone sequence with CT for the detection of skull fractures after
traumatic brain injury in children. Images were also studied for
coexisting intracranial lesions.

MATERIALS AND METHODS

This single-center retrospective study was approved by the Johns
Hopkins Hospital institutional research ethics board, which
waived informed consent.

Study Population

Inclusion criteria were the following: 1) a history of head trauma;
2) the availability of thin-section (=3 mm) 2D head CT data and
abrain MR imaging study including a black bone sequence acquired
within 7 days of each other, and 3) age at neuroimaging younger than
18 years. The exclusion criteria were the following: 1) susceptibility
artifacts on a black bone sequence due to implanted materials, and 2)
a brain MR imaging study acquired after craniotomy. Data from
eligible children were obtained through an electronic search of our
pediatric neuroradiology data base covering the period between Jan-
uary 1, 2015 (date when black bone MR imaging was introduced in
our hospital), and November 15, 2015.

Image Acquisition

All CT studies performed at our radiology department were
acquired on a commercially available 2 X 128 detector system (So-
matom Definition Flash; Siemens, Erlangen, Germany) using the in-
stitutional pediatric head CT protocol, including the following pa-
rameters: tube voltage,120 kV; tube current, 380 reference maA;
rotation time, 1.0 second; axial acquisition; 0.75-mm section thick-
ness; FOV, 160 X 160 to 250 X 250 mm. No intravenous injection of
a contrast agent was performed. The CT studies imported to our
neuroradiology data base from outside hospitals and officially re-
viewed by our pediatric neuroradiologists met the inclusion criteria if
the studies were performed with a section thickness of =3 mm.

The brain MR imaging studies were performed on a 1.5T
(Magnetom Aera; Siemens) or 3T (Magnetom Skyra; Siemens)
clinical scanner using a standard pediatric 16-channel head coil.
The institutional pediatric head trauma MR imaging protocol in-
cludes a 3D T1-weighted sequence with a sagittal acquisition, an
axial T2-weighted sequence, axial FLAIR, DTI, and SWI. In addi-
tion, a black bone sequence was acquired in the axial plane from
above the skull vertex to below the mandible, with 2D reconstruction
in the coronal and sagittal planes. The black bone sequence is a gra-
dient-echo sequence with short TEs and TRs and an optimal flip
angle for the differentiation of bone from soft-tissue contrast (TE,
4.20 ms; TR, 8.60 ms; flip angle, 5% FOV, 240 mmy; section thickness,
1.00 mm; section spacing, 0.2 mm).'® Signal from fat and water is
suppressed to provide uniform soft-tissue contrast, thereby optimiz-

ing the visualization of the bone-soft tissue margin.'*""

Image Analysis
Both the CT and MR imaging datasets were evaluated for the
presence of skull fractures and intracranial hemorrhages. Addi-
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tionally, the fracture type was classified into linear, depressed, or
basilar, and the type of intracranial hemorrhage was subdivided
into subdural, epidural, subarachnoid, intraparenchymal, intra-
ventricular, and mixed (>1 type of intracranial hemorrhage).”*

The standard of reference for the diagnosis of a skull fracture
and/or posttraumatic intracranial hemorrhage was established by
consensus interpretation of 2 experienced pediatric neuroradiolo-
gists with 14 and 22 years of experience (A.T. and T.A.G.M.H.).
The complete CT datasets, including 2D and, if available, 3D
images, and the full MR imaging datasets were reviewed to
create the standard of reference.

The study reader was a pediatric neuroradiologist with 7 years
of experience (T.B.). The reader was blinded to the medical re-
cords, clinical examination findings, previous neuroimaging
studies, and final diagnosis. In a first reading session, he evaluated
the available MR imaging studies of all patients in a random order.
The reader first assessed the presence, location, and type of skull
fractures using only the black bone sequence. After this initial
assessment, the reader could use the other available sequences to
identify posttraumatic intracranial lesions. No adjustments were
made to the black bone interpretation score after the assessment
of the intracranial lesions. In a second independent reading ses-
sion 30 days after the first session, the 2D-CT studies were evalu-
ated in a different random order. The first author (M.H.G.D.)
assisted the study reader by opening only the relevant images for
each reading session and entering the results of the evaluation on
an anonymized data sheet. The black bone images were reviewed
in regular and inverted format. Empirically, the inverted MR im-
aging window level setting resembles the classic bone CT appear-
ance best.

Statistical Analysis

The independent evaluations of the CT images and MR imaging
datasets (including the black bone sequence) from the study
reader were compared with the standard of reference to analyze
the diagnostic accuracy. To compare the CT and MR imaging data
for the presence of skull fractures and intracranial hemorrhages,
we used 2 X 2 contingency tables. The decision to report the
presence or absence of skull fractures or intracranial hemorrhages
was considered as, respectively, a true-positive or true-negative
result when it matched the consensus reading of the standard of
reference or as, respectively, a false-positive or a false-negative
result when it did not match the reading of the standard of refer-
ence. To calculate sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV), we correlated the
specific decisions (true-positive, false-positive, true-negative, or
false-negative) with the total decisions for the study reader. For
both 2D head CT and brain MR imaging including the black bone
sequence, the sensitivity, specificity, PPV, and NPV were calcu-
lated for the detection of skull fractures only, intracranial hemor-
rhages only, and skull fractures and/or intracranial hemorrhages
combined (representing whether the neuroimaging study find-
ings were normal for fractures and hemorrhages). Finally, the
sensitivity, specificity, PPV, and NPV of brain MR imaging in-
cluding the black bone sequence in the detection of skull fractures
were calculated for 2 different age groups, children up to 2 years of
age (with relatively wide cranial sutures) and older than 2 years of



age, and for children with MR imaging studies performed on 1.5T
and 3T MR imaging scanners, respectively.

RESULTS

Study Population

Twenty-eight children (24 boys and 4 girls) with acute head
trauma met the inclusion criteria for this study. The mean age of
the children at the first neuroimaging study was 4.89 years (range,
6 days to 15.5 years). None of the patients died. Fourteen children
(50%) were younger than of 2 years of age. The field strength of
the MR imaging scanner was 1.5T in 12 children and 3T in 16
children. For 7 children (25%), anesthesia was necessary to per-
form MR imaging. The mean time interval between the CT and
MR imaging was 2 * 1.43 days (range, 0—6 days).

Imaging Analysis

On the basis of the standard of reference, 12 children had skull
fractures (43%) and 22 children (79%) had intracranial hemor-
rhages. The different types of skull fractures and intracranial
hemorrhages are shown in Table 1. Six children with a skull
fracture were younger than 2 years of age. Twenty-two of 28
children (79%) had at least a skull fracture and/or an intracra-
nial hemorrhage (all children with a skull fracture had an in-
tracranial hemorrhage).

The sensitivity, specificity, PPV, and NPV for 2D head CT and
brain MR imaging including the black bone sequence for detect-
ing skull fractures, intracranial hemorrhages, and skull fractures
and/or intracranial hemorrhages combined are shown in Table 2.
The 2D head CT had a higher sensitivity, specificity, PPV, and
NPV compared with brain MR imaging including the black bone
sequence for the detection of skull fractures, while brain MR im-
aging including the black bone sequence had a higher sensitivity,

Table 1: Number and types of skull fractures and intracranial
hemorrhages detected on axial 2D head CT and brain MRI
including the black bone sequence in 28 children with head
trauma

No. of Percentage

Patients of Patients
Skull fractures 12 43%
Linear |l 39%
Depressed 1 4%
Intracranial hemorrhage 22 79%
Isolated subdural 4 14%
Isolated epidural 3 %
Isolated intraparenchymal 3 %
Mixed 12 43%

Table 2: Diagnostic accuracy of axial 2D head CT compared with brain MRl including the
black bone sequence for the detection of skull fractures, intracranial hemorrhages, and
skull fractures and/or intracranial hemorrhages combined in 28 children with head trauma

specificity, PPV, and NPV compared with 2D head CT for the
detection of skull fractures and/or intracranial hemorrhages
combined.

The sensitivity, specificity, PPV, and NPV for brain MR imag-
ing including the black bone sequence in detecting skull fractures
dependent on the age of the children at neuroimaging and the
magnetic field strength of the MR scanner are shown in Table 3. In
children younger than 2 years of age, the sensitivity and NPV for
brain MR imaging including the black bone sequence in detecting
skull fractures were higher and the specificity and PPV were lower
compared with children older than 2 years of age. In children with
brain MR imaging acquired on a 1.5T MR imaging scanner, the
sensitivity, PPV, and NPV for brain MR imaging including the
black bone sequence in detecting skull fractures were higher and
the specificity was lower compared with children with brain MR
imaging acquired on a 3T MR imaging scanner.

DISCUSSION

Skull fractures are relatively common in children with head
trauma (up to 30%), particularly in the younger age groups.'>"?
Morphologically, skull fractures can be described as linear, de-
pressed, or basilar (skull base). Most skull fractures are linear
(66%-75%)."*'> Although isolated fractures themselves rarely
require intervention, a neuroimaging study may be needed to
describe the full extent of calvarial and intracranial injuries.'®

Black bone is a novel MR imaging sequence that uses short TEs
and TRs as well as an optimal flip angle to minimize soft-tissue
contrast and enhance the bone—soft-tissue boundary.” ' '” Signal
from fat and water is suppressed to provide uniform soft-tissue con-
trast, thereby optimizing the visualization of the bone—soft-tissue in-
terface.'™'! The short TEs and TRs and the volume acquisition result
in shortimaging times. Black bone MR imaging has been shown to be
useful and accurate in the evaluation of cranial bones and sutures in
children with craniosynostosis. This finding reveals a considerable
clinical potential in the assessment of osseous abnormalities as a non-
ionizing alternative to CT.”'"'”

Our study evaluated the diagnostic accuracy of black bone MR
imaging in detecting skull fractures in children with head trauma
compared with CT. The black bone MR imaging sequence showed
a sensitivity of 66.7% and a specificity of 87.5% in the detection of
skull fractures (Fig 1). The specificity is acceptable, while the sen-
sitivity is low. To determine the reasons for the low sensitivity of
the black bone MR imaging sequence, we studied the 4 false-
negative linear fractures and the 2 false-positive linear fractures.
In 2 children younger than 2 years of age, false-negative linear
fractures were misinterpreted as cranial
sutures (2 false-negative cases). Further-
more, the 2 false-positive cases were
children in the younger age group

Intracranial

Skull Fracture

. (younger than 2 years), with cranial su-
and/or Intracranial

tures being falsely identified as linear

Skull Fractures Hemorrhages Hemorrhages .
MRI + BB e fractures. In young children, the pres-
+ xia . .

(Compared withCT)  (Compared withMR))  AxialCT  MRI+Bs  c"ce of open sutures is known to in-

Sensitivity 56.7% T27% 31.8% 100% crease the diagnostic uncertainty of skull
Specificity 87.5% 833% 833% 100% fractures on 2D images as recently
PPV 80.0% 94.1% 947% 100% shown by a head CT study."* In head CT
NPV 77.8% 45.5% 55.6% 100% studies, the addition of 3D reconstruc-

Note:—BB indicates black bone MRI sequence.

tions to the 2D dataset has been shown
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to increase the reader’s confidence for correct differentiation of
sutures and other nonfracture-related linear lucencies such as vas-
cular channels versus linear fractures.'* The addition of 3D recon-
struction to the 2D black bone MR images as shown for the study
of craniosynostosis” could potentially decrease the misinterpreta-
tion as shown for head CT.

The third false-negative case was an older child in whom a
linear fracture was misinterpreted as a venous transosseous vas-
cular channel. More familiarity with the black bone sequence and
the use of 3D reconstruction could potentially help overcome this
problem. The fourth case of a missed linear fracture on black bone
MR imaging was a fracture in the mastoid region (Fig 2). This case
highlights the main limitation of black bone MR imaging: In an-
atomic regions where bone abuts air (mastoid, craniofacial si-
nuses), the distinction between air and bone is difficult because
both have low signal intensity on this sequence.'® The application
of black bone MR imaging at air-bone interfaces is challenging

Table 3: Differences in diagnostic accuracy of brain MRI including
the black bone sequence for the detection of skull fractures in 28
children with head trauma, depending on the age of the child and
MR imaging field strength

MRI Field
Age at MRI Strength
Younger 2 yrand
Than 2 yr Older 1.5T 3T
(n=14) (n=14) (n=12) (n=16)
Sensitivity 75.0% 50.0% 83.3% 50.0%
Specificity 66.7% 100% 83.3% 90.0%
PPV 75.0% 100% 83.3% 75.0%
NPV 66.7% 83.3% 83.3% 75.0%

FIG 1. A, Axial CT image shows a nondisplaced linear fracture of the right parietal bone (arrow)
with extracranial soft-tissue swelling. Black bone (B) and inverted black bone (C) MR images reveal
equivalent visualization of the right parietal fracture (arrows), as well as overlying soft-tissue

swelling.

FIG 2. A, Axial CT image shows 2 small nondisplaced linear fractures of the mastoid (arrows). On
black bone (B) and inverted black bone (C) MR images, these fractures are barely visible (arrows).
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and requires experience with the technique and careful review of
the images.

The fractures missed on black bone MR images were linear
and nondisplaced and did not require specific treatment. Frac-
tures of the mastoid air cells and temporal bone region are poten-
tially of major clinical concern; in case of suspected CSF leaks,
damage to inner/middle ear structures, and vascular injury, CT is
needed. Further improvement of the black bone imaging tech-
nique is necessary for implementation of this technique to all
neurotrauma patients. Isolated, linear, nondisplaced skull frac-
tures are known to have a low clinical significance: They are not
associated with neurologic deterioration, affected children can be
appropriately managed as outpatients, and neurologic outcome is
excellent.>'® A precise and complete diagnosis in children with
head trauma is important (eg, for medical legal purposes); there-
fore for the work-up of nonaccidental trauma or for other care-
fully selected pediatric patients, an additional head CT study may
be necessary if the black bone MR images are negative for identi-
fication of skull fractures. In most cases, the missed diagnosis of
an isolated, linear skull fracture appears to have low clinical sig-
nificance and no impact on the management of the affected
children.

By using MR imaging including the black bone sequence as a
primary screening tool in patients with neurotrauma, the number
of CT studies in the pediatric population can be decreased. The
identification of intracranial hemorrhages, on the other hand, has
important implications for acute management and long-term
outcome of children with head trauma.>*'? Our study reveals a
higher sensitivity (100% versus 72.7%) and specificity (100% ver-

sus 83.3%) of MR imaging including black bone sequence com-

pared with head CT in detecting intra-
cranial hemorrhages in children with
head trauma (Fig 3). The higher sensi-
tivity and specificity of MR imaging is
not surprising: The superior contrast
resolution of MR imaging compared
with CT results in a higher sensitivity for
parenchymal lesions.”® The implemen-
tation of SWT as part of the MR imaging
protocol for children with head trauma
further increases the sensitivity for de-
tection of intracranial hemorrhages. Ad-
ditionally, a strong correlation has been
shown between the number and volume
of SWI lesions and the severity of injury
(determined by the initial Glasgow
Coma Scale score and the duration of
the coma) as well as neurologic outcome
6-12 months after the injury.”' These
results emphasize the importance of MR
imaging in the acute work-up of chil-
dren with head trauma. In our opinion,
MR imaging as a nonionizing imaging
technique should not only be an impor-
tant alternative to CT in the acute eval-
uation of pediatric head trauma but also
gradually become the main neuroimag-
ing technique for the evaluation of trau-



FIG 3. A, Axial CT image does not show intracranial hemorrhage. A matching axial T2-weighted
MR image (B), axial trace of diffusion (C), ADC map (D), minimal intensity projection—SWI (E), and
inverted black bone MR image (F) reveal areas of T2-hyperintense signal and restricted diffusion
within the temporal white matter (arrows in B-D), areas of restricted diffusion within the right
frontal lobe and splenium of the corpus callosum (arrows in C and D), and foci of hypointense
SWI signal within the right frontal white matter (arrows in E), suggestive of intracranial hemor-

rhages and diffuse axonal injury not seen on axial CT.

matic skull and brain injury in the pediatric population. Specifi-
cally, the combination of highly sensitive MR imaging sequences
for identification of intracranial and intra-axial lesions with a
relatively sensitive MR image for clinically relevant fractures
offers a diagnostically important “one-stop shopping” imaging
approach. In our institution, we currently use a fast trauma
head MR imaging, which combines the black bone MR image
with 3D T1-weighted, axial HASTE T2-weighted, axial DWI,
and SWI sequences.

Our results show a negative correlation between the sensitivity
of black bone MR imaging and the magnetic field strength of the
MR imaging scanner: 83% in 1.5T versus 50% in 3T. The short TE
and TR cause the black bone sequence to be a gradient-echo se-
quence, hence susceptible to artifacts. Movement artifacts, dental
braces, and implanted materials (ie, ventriculoperitoneal shunt
reservoirs) can potentially degrade image quality and decrease the
sensitivity of the study, particularly at 3T due to higher amenabil-
ity to susceptibility artifacts in 3T datasets. In addition, our study
reveals a lower specificity for black bone MR imaging in children
younger than 2 years of age compared with older children. This
difference is most likely due to the confounding role of open cra-
nial sutures in younger children as shown for head CT data.'*

We acknowledge the limitations of our study, including the
small number of patients and its retrospective nature. In addition,
the standard of reference was established by experienced pediatric
neuroradiologists using all available images (CT and MR imag-
ing), as is typical in daily routine. We had no postmortem studies
because all patients survived. Furthermore, head CT and brain
MR imaging data were not acquired on the same day in some
patients. The optimal study design to compare the diagnostic ac-
curacy of CT and MR imaging datasets would require the acqui-

sition of CT and MR imaging studies on
the same day. However, in this retro-
spective study, this was not feasible due
to both practical and ethical reasons. Fu-
ture prospective research should focus
on optimizing the study design to avoid
selection bias. For 7 children, anesthesia
was necessary to perform brain MR im-
aging. This was partly because most of
the study population was younger than 6
months of age or older than 5 years and
the MR imaging examination could be
performed with the patient in a vacuum
cushion or after preparing and coaching
the child and the parents/caregivers, re-
spectively. The increasing availability of
child life specialists may further help de-
crease the need for anesthesia for brain
MR imaging in the future. Finally, brain
MR imaging examinations were ob-
tained for clinical indications on the ba-
sis of the head CT findings or neurologic
symptoms not explained by the head CT
findings. This choice may have been a
potential source of selection bias in our
study population. A prospective study
design in which CT and MR imaging studies are performed in all
pediatric trauma patients is needed for further evaluation of MR
imaging as a primary neuroimaging screening tool in the pediatric
population.

CONCLUSIONS

Our preliminary results show that brain MR imaging including
the black bone sequence may be a promising alternative to head
CT asa primary screening tool for the acute diagnostic work-up of
children with head trauma. The higher sensitivity and specificity
of MR imaging in detecting intracranial hemorrhages compared
with CT highlights the key role of MR imaging for acute manage-
ment and prognosis of long-term outcome of children with head
trauma. The lack of ionizing radiation further supports the use of
brain MR imaging as the primary neuroimaging tool for acute
head trauma in the pediatric population. Currently, additional
head CT studies are indicated for patients without identifiable
skull fracture on the black bone sequence because of the possibil-
ity of missing certain types of skull fractures. Prospective studies
with a larger number of children are needed to further evaluate
the diagnostic role of black bone MR imaging in children with
acute head trauma. Furthermore, the value of a fast trauma MR
imaging protocol should be prospectively evaluated for the wide
range of posttraumatic lesions that may be encountered in the
brain, including diffuse axonal injury, nonhemorrhagic contu-
sions, and tissue lacerations.
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ORIGINAL RESEARCH
PEDIATRICS

Volume of Structures in the Fetal Brain Measured with a New
Semiautomated Method

R. Ber, ““'D. Hoffman, *“/C. Hoffman, ““’A. Polat, E. Katorza

E. Derazne, ““’A. Mayer, and

ABSTRACT

BACKGROUND AND PURPOSE: Measuring the volume of fetal brain structures is challenging due to fetal motion, low resolution, and
artifacts caused by maternal tissue. Our aim was to introduce a new, simple, Matlab-based semiautomated method to measure the volume
of structures in the fetal brain and present normal volumetric curves of the structures measured.

MATERIALS AND METHODS: The volume of the supratentorial brain, left and right hemispheres, cerebellum, and left and right eyeballs
was measured retrospectively by the new semiautomated method in MR imaging examinations of 94 healthy fetuses. Four volume ratios
were calculated. Interobserver agreement was calculated with the intraclass correlation coefficient, and a Bland-Altman plot was drawn
for comparison of manual and semiautomated method measurements of the supratentorial brain.

RESULTS: We present normal volumetric curves and normal percentile values of the structures measured according to gestational age and
of the ratios between the cerebellum and the supratentorial brain volume and the total eyeball and the supratentorial brain volume.
Interobserver agreement was good or excellent for all structures measured. The Bland-Altman plot between manual and semiautomated
measurements showed a maximal relative difference of 7.84%.

CONCLUSIONS: We present a technologically simple, reproducible method that can be applied prospectively and retrospectively on any
MR imaging protocol, and we present normal volumetric curves measured. The method shows results like manual measurements while
being less time-consuming and user-dependent. By applying this method on different cranial and extracranial structures, anatomic and
pathologic, we believe that fetal volumetry can turn from a research tool into a practical clinical one.

ABBREVIATIONS: CV = cerebellar volume; EBV = total eyeball volume; ICC = intraclass correlation coefficient; LEBV = left eyeball volume; LHV = left hemisphere

volume; REBV = right eyeball volume; RHV = right hemisphere volume; STV = supratentorial volume

I n pediatric and adult populations, 3D volumetric measurement
of brain structures is an important tool for the assessment of
neurologic patients. Automatic volumetry of the brain is used to
diagnose and evaluate different pathologies such as Alzheimer
disease, essential tremor, multiple sclerosis, and epilepsy.' ™ Dur-
ing the past decade, with the increasing use of MR imaging in
prenatal evaluation, attempts to implement brain volumetric
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measurements on fetal MR imaging have been made. However,
fetal MR imaging presents unique challenges for interpretation
and measuring capabilities, such as fetal motion, low resolution,
and artifacts due to maternal tissue. Some studies have tried to
overcome these difficulties by measuring the volume manually.>°
This method is very time-consuming and interpreter-dependent.
Other studies have presented newly developed automatic algo-
rithms to correct the artifacts and align the images affected by fetal
motion. However, these methods are costly, not widely applica-
ble, and may require changes in the routine fetal MR imaging
protocol.>” !

In this study, we introduce a new, Matlab-based (MathWorks,
Natick, Massachusetts) semiautomated method for measuring
the volume of structures in the fetal brain. We measured 6 struc-
tures with this method in a relatively large group and calculated 4
volume ratios. We validated this method by measuring a small
control group manually and comparing the results with the mea-
surements of the same group obtained with the new method and
assessed its interobserver reliability.
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FIG 1. Distribution of the fetuses measured by gestational week.

MATERIALS AND METHODS
Subjects
This is a retrospective review of 94 fetal MR imaging examinations
performed in the Chaim Sheba Medical Center between 2011 and
2014. Indications for MR imaging examinations included sus-
pected pathologic findings on ultrasonographic evaluation, ex-
tracranial pathologic findings, maternal cytomegalovirus in-
fection, and a family member with an intracranial pathology.
The inclusion criteria were no pathologic findings according
to the neuroradiologist’s evaluation and normal 2D biometric
measurements according to previously reported biometric stud-
ies.'>"? The distribution of gestational age is presented in Fig 1.

MR Imaging

This study was based on the routine fetal MR imaging procedure
performed in our institution. No sedation was used during MR
imaging examinations. Fetal brain MR imaging was performed
with a 1.5T system (Optima scanner; GE Healthcare, Milwaukee,
Wisconsin). Single-shot fast spin-echo T2-weighted sequences in
3 orthogonal planes were performed with the half-Fourier tech-
nique (NEX = 0.53) with the following parameters: section thick-
ness of 3 or 4 mm, no gap, flexible coil (8-channel cardiac coil).
The FOV was determined by the size of the fetal head with a range
of 24 X 24 cm to 30 X 30 cm. Acquisition time was between 40
and 45 seconds; matrix, 320/224; TE, 90 ms; TR, 1298 ms; pixel
bandwidth, 122 Hz/pixel. Specific absorption rate values were be-
tween 1.1 and 1.7 W/kg."*

Measurements

We measured 6 structures in 94 fetal brain MR imaging examina-
tions with the semiautomated method. For comparison between
manual and semiautomated measurements, we used data of man-
ual measurements of the supratentorial brain volume (STV) pre-

1."* The coronal plane sequence was

viously reported by Polat et a
used for measurements in both methods. Delineation was made
by a semiautomated algorithm or drawn manually. In both meth-
ods, the ROI traced created an area that was then multiplied by the
section thickness to produce the volume. ROI volumes from suc-

cessive sections were then summed to yield the full volume of the
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desired region. The measuring time was
collected for each fetus measured.

The boundaries of the structures
measured were defined as follows:

Supratentorial brain volume: the pa-
renchyma of the frontal, parietal, occip-
ital, and temporal lobes, including the
third ventricle and excluding the later-
al ventricles (measured separately by
the semiautomated method and sub-
tracted), the brain stem, the cerebellum,
and the fourth ventricle. Anterior, pos-
terior, superior, and lateral boundaries
were defined as the outer edge of the
cerebral cortex. The inferior border
matched the cortex and an imaginary
line crossing the brain stem between the
edges of the tentorium cerebelli. The left
and right hemisphere volumes (LHV
and RHV) were measured separately with the same lateral bound-
aries with the interhemispheric fissure as a medial boundary.

Cerebellar volume (CV): cerebellar hemispheres were drawn
with the cerebellar peduncles and vermis. The brain stem and the
fourth ventricle were excluded. A single-section representative
image of STV and CV is presented in Fig 2A.

Left and right eyeball volumes (LEBV, REBV): the eyeball was
defined as the vitreous body and the lens, excluding the optic
nerve. A representative section image of LEBV and REBV is pre-
sented in Fig 2B.

We calculated 4 volume ratios: the ratio between right and left
hemispheres (RHV/LHYV ratio), right and left eyeballs (REBV/
LEBV ratio), cerebellum and supratentorial brain (CV/STV ra-
tio), and the 2 eyeballs and the supratentorial brain (total eyeball
volume [EBV]/STV).

Manual Measurements

Images were first transformed from DICOM to TIFF format
and analyzed with Image] software (National Institutes of
Health, Bethesda, Maryland). Delineation was drawn manu-
ally through cursor-guided freehand traces on individual im-
ages in the coronal plane.

Semiautomated Measurement Algorithm

The semiautomated algorithm was implemented in the Matlab
computing environment. The 3D segmentation is achieved by
a set of N 2D semiautomated segmentations performed on
consecutive coronal sections. The 3 main processing steps are
the following:

3D Preprocessing. The brain is cropped interactively by a cuboi-
dal box, and bias-correction is performed to compensate for MR
imaging radiofrequency-field inhomogeneity.'”> Eventually, an
anisotropic diffusion filter (PeronaMalikFilter; http://reference.
wolfram.com/language/ref/PeronaMalikFilter.html) is applied to
each section for edge-preserving smoothing.'®

Midcoronal Section Processing. An initial closed contour is man-
ually drawn inside the brain parenchyma of the midcoronal sec-
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1)

FIG 2. Representative sections of structure boundaries. A, STV and
CV. B, REBV and LEBV.

FIG 3. A, The initial contour C,;; drawn manually on the midcoronal

section. B, Contour C_,,, automatically propagated by a level set—
based active contour algorithm.

tion, S,;4 (Fig 3A). The initial contour, C, ;(S,,;q)> is automati-
cally propagated by a level set—based active contour algorithm
until convergence into contour C_,,,(S,;4) (Fig 3B).'” Note that
Cipn;e does not have to be similar in shape to the targeted brain
contour but should contain representative pixels for all the tissues
and intensity ranges present in the brain parenchyma, including
CSF if present in the considered section.

Forward and Backward Propagation. C_,,,(S,;q) is used as an

conv
initial contour for the level set in the preceding and successive
sections, S ;q; and S, 4> respectively. The procedure is re-

peated recursively, with C_,,(S,iqi) and C.y o (Spnig i) serving as

midi

the initial contour for S and S,,;,q; until the first and last

midi
sections of the scan are reached. The propagated contours are
downsized from section to section by a fixed quantity determined
by the user, to account for the progressive reduction in coronal
cross-sections of the brain when departing from the midcoronal
section.

Eventually, the resulting set of 2D segmentation contours,
Ceonv(S;), i = 1...N, may be interactively adjusted by dragging
contour points in the Matlab GUI (https://www.mathworks.com/
discovery/matlab-gui.html) with the mouse. The volume is com-
puted as the total number of voxels enclosed by the segmentation
contours multiplied by the voxel physical size. Screenshots of the
Matlab software GUI are presented in On-line Fig 1.

Statistical Analysis

Statistical analysis was based on a previous study by Ber et al."”
Analysis was performed by using R statistical and computing soft-
ware, Version 3.3.1 (http://www.r-project.org/). The reference in-
tervals were estimated by using the Generalized Additive Models

for Location, Scale, and Shape model'® as the World Health Or-
ganization suggested method.'” In our study, the model for cen-
tile g at gestational age ¢ is the following: ¢, = p, + 0.2, where u,
and o, are the mean and SD at age t, measured in days, and Z, is
the g centile of the standard normal distribution. The functions p,
and o, were estimated and smoothed by using the Rigby and Sta-
sinopoulos algorithm'® with a cubic spline smoothing. The nor-
mality assumption was slightly inadequate, but the resulting
curves were almost identical to those achieved by assuming the
Box-Cox t distribution (with 4 parameters) recommended.'” In
addition, we found the skewness and kurtosis parameters of the
Box-Cox t distribution to be nonsignificant for all response vari-
ables; this finding supports our decision to simply use the normal
distribution without any transformation.

For the ratio variables, we examined the hypothesis u, = w to
assess the independence of the ratios with the gestational age. The
hypothesis was tested with the Generalized Additive Models for
Location, Scale, and Shape model. If the ratio was independent of
gestational age (P > .05), we calculated its mean and SD. If the
ratio was dependent on gestational age (P < .05), we applied the
same analysis used for the structures measured.

The intraclass correlation coefficient (ICC) and limits of
agreement were used to study the reliability of measurements
across measurers, and 20 subjects were measured by 2 measurers
for this purpose. Results were defined as poor for ICC < 0.6,
satisfactory for 0.6 < ICC < 0.8, good for 0.8 < ICC < 0.9, and
excellent for ICC > 0.9.

For comparing the manual and semiautomated methods, we

A—M
calculated the maximum relative difference [ 2 X
A+ M

X 100%,

where A and M represent the semiautomated and manual abso-
lute measurements, respectively. This analysis was performed by
using SPSS, Version 23 (IBM, Armonk, New York).

Ethics Approval
The research was approved by the hospital research ethics board.

RESULTS

Normal curves of STV, RHV, LHV, CV, REBV, and LEBV are
presented in Fig 4. Normal percentile reference data for each
structure measured by gestational age are presented in On-line
Tables 1-6.

The ratio variables RHV/LHV and REBV/LEBV are indepen-
dent of gestational age (P = .20 and P = .07, respectively), and
their mean value and SD are 1.00 = 0.04 and 1.01 * 0.09, respec-
tively. The ratio variables CV/STV and EBV/STV are dependent
on gestational age (P < 10~ '° for both). Their normal curves are
presented in Fig 5, and their normal percentile reference data are
presented in On-line Tables 7 and 8.

Measurement results of STV in 19 randomly selected fetuses
obtained from the semiautomated and manual methods are pre-
sented in a Bland-Altman plot with 95% limits of agreement in
On-line Fig 2. The mean difference between the semiautomated
and manual methods was 2.11 *+ 9.03 cm?; 95% limits of agree-
ment, 16.87-21.09 cm?>; and the maximum relative difference be-
tween the 2 methods, 7.84% of the mean. The average measuring
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FIG 4. Normal volumetric curves of measured structures according to gestational age. A, STV. B, CV. C, RHV. D, LHV. E, REBV. F, LEBV.

times of STV with the semiautomated and the manual methods
were 9.2 = 1.1 and 22.4 = 2.1 minutes, respectively.

The interobserver agreement per structure between the 2 mea-
surers is presented in the Table.

DISCUSSION

Fetal volumetry might be the next step in prenatal diagnosis and
evaluation of brain pathologies, as it is in pediatric and adult neu-
rologic evaluations. Therefore, it is widely investigated, and many
groups are trying to develop an accurate yet practical way to over-
come the unique challenges that fetal MR imaging presents. Dur-
ing the past decade, attempts have been made to develop an au-
tomated volumetric measurement method that will eliminate
user dependence and time consumption presented by manual
volumetric measurements. The 2 most challenging obstacles of
the automated prenatal volumetric evaluation are the intersection
motion of the fetus and the isolation of fetal from maternal tissue.
Some studies have introduced new methods to overcome these
challenges and developed algorithms for isolation of fetal from
maternal tissue and for motion correction. These methods have

2196 Ber Nov 2017 www.ajnr.org

promise for future use, but they are either computationally com-
plicated”*° or require a change in the standard prenatal MR im-
aging protocol''and, therefore, may be clinically inapplicable for
the time being and should be validated.

The new semiautomated method presented in this study is a
combination of the simplicity of the manual method and the ef-
ficiency of the automated method. This method is not perfect and
is rather a compromise: It is still relatively user-dependent; the
more the fetus moves during the examination, the more manual
corrections need to be performed; therefore, the method may still
be time-consuming. However, it is suitable for any kind of proto-
col used for the examination, can be applied retrospectively, and is
fast and easily applicable for most prenatal MR imaging examina-
tions. It is a simple Matlab-based algorithm that can also be ad-
justed and changed according to the user requirements.

We used the new method to measure 6 structure volumes and
4 ratios and presented the results as normal growth curves and
percentile reference data. The previously reported structures
measured were STV and CV. Hatab et al’' measured CV manually
and reported it to be 2.8-5.0 mL at the 28th gestational week,



CWIsTV

A 5 28 Fi % 29 &1 n 2 33 34 35 38 ) 38 ]
Gestational Week

EBW/STV

T
B 25 26 27 L] 0 &3] 32 33 34 3 38 T 38 38
Gestational Week

FIG 5. Normal curves of the ratio variable according to gestational
age. A, CV/STV ratio. B, EBV/STV ratio.

Intraclass correlation coefficient between 2 observers per
structure measured

Structure 95% Confidence
Measured ICC Interval
STV 0.995 (0.987-0.998)
LHV 0.990 (0.974-0.996)
RHV 0.985 (0.920-0.995)
cv 0977 (0.944-0.99))
REBV 0.946 (0.871-0.978)
LEBV 0.886 (0.735-0.954)

4.6-7.9 mL at the 32nd gestational week, and 6.6—11 mL at the
36th gestational week. This report is consistently smaller than the
volumes measured by the new semiautomated method for which
we reporta CV of 3.9—6 mL at the 28th gestational week, 7.0-12.1
mL at the 32nd gestational week, and 11.0-20.1 mL at the 36th
gestational week. However, our results are closer to the results of
Clouchoux et al,"' who reported a mean CV of 5.5 mL at the 28th
gestational week, 11 mL at the 32nd gestational week, and 16 mL
at the 36th gestational week. Mean STVs reported by Clouchoux
et al were 135, 190, and 250 mL at the 28th, 32nd, and 36th ges-
tational weeks, respectively, which are like our measurements of
118, 192, and 256 mL at the same gestational weeks, respectively.

In addition to previously reported volumetric measurements
of CV and STV, we used the new method to measure smaller and
clinically relevant structures such as EBV and presented their ref-
erence data. Microphthalmia can be an important marker for
congenital infections such as rubella** and for several rare con-
genital pathologies, such as congenital glaucoma and persistent
hyperplastic primary vitreous.*” These are sometimes difficult to
detect prenatally and require an experienced investigator. A few
studies have addressed the issue of eyeball biometry either in ul-
trasound or in 2D MR imaging.”**> We measured the eyeball

volumes, presented their growth curves according to gestational
age, and supplied normal reference data. We also presented the
ratio between EBV and STV with gestational age and showed that
the EBV change rate is slower than the STV change rate. This
information may become an important tool when assessing a sus-
pected rubella infection during the second or third trimester, for
example.

In their recent publication, Kasprian et al*® have addressed the
issue of fetal brain asymmetry and reported significant asymmet-
ric morphologic and biometric properties, some of them with
lateralization patterns. In our study, we confirm the above find-
ings that some volumetric asymmetry exists between the right and
left hemispheres and right and left eyeballs. However, we have
found no lateralization patterns. The SDs of the right and left
ratios presented in the “Results” section may be of clinical signif-
icance when evaluating nonstandard volumetric asymmetry.

To systematically validate the method, we compared 19 fetal
STVs measured manually with the same volumes measured by the
semiautomated method. The relative difference revealed a maxi-
mum <8% discrepancy between the volumes measured by the 2
methods. The reproducibility of the new semiautomated method
represented by the interobserver agreement was good or excellent
for all structures measured, with an interclass correlation coeffi-
cient ranging between 0.88 and 0.99. However, for smaller struc-
tures, such as LEBV and REBV, the agreement was worse than for
larger structures. This finding might be explained by the effect of
section thickness on measurements of smaller structures and is a
limitation of the new method. We demonstrated another benefit
generated by our method, by comparing the time needed for mea-
suring STV by both methods and found that using the new
method took less than half the time of measuring it manually.

The semiautomated method we developed makes fetal volu-
metry accessible for both prospective and retrospective use. On
the basis of our experience with this method, we can guardedly say
that other structures in the brain can be measured relatively easily
and quickly, even in small structures such as EBV. However, there
are some limitations to this method. The software requires prac-

tice to understand the initial contour S, ;,

that gives the best result
for each structure. The practice time required is short, and ade-
quate experience is gained within a few measurements of each
structure. In addition, as previously mentioned, because the
structure measured is smaller, it is more prone to dependence on
section thickness, affecting the accuracy and reproducibility of the
measurement. Nevertheless, we believe that this method can be
easily applied on intracranial structures and perhaps on extracra-
nial structures as well, such as the heart, kidneys, and placenta. It
might also be used on large pathologic lesions such as cysts, tu-
mors, and any lesion not isointense on MR imaging.

CONCLUSIONS

We present a new semiautomated method to measure the volume
of structures in the fetal brain on MR imaging. This method is
technologically simple, easy to learn, and reproducible and can be
applied prospectively and retrospectively on any MR imaging
protocol. We provide normal growth curves and volumetric ref-
erence data measured by this method in a relatively large cohort.
We believe that by applying it on different cranial and extracranial
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structures, anatomic and pathologic, fetal volumetry can evolve

from a research tool to a practical clinical tool.
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Transient Focal Neurologic Symptoms Correspond to Regional
Cerebral Hypoperfusion by MRI: A Stroke Mimic in Children

L.L. Lehman, ““ AR. Danehy, ““’C.C. Trenor Ill,

ABSTRACT

C.F. Calahan,

M.E. Bernson-Leung, ““'R.L. Robertson, and ““’M,. Rivkin

SUMMARY: Children who present with acute transient focal neurologic symptoms raise concern for stroke or transient ischemic attack. We

present a series of 16 children who presented with transient focal neurologic symptoms that raised concern for acute stroke but who had no

evidence of infarction and had unilateral, potentially reversible imaging features on vascular and perfusion-sensitive brain MR imaging. Patients

were examined with routine brain MR imaging, MRA, perfusion-sensitive sequences, and DWI. Fourteen (88%) children had lateralized MRA

evidence of arterial tree pruning without occlusion, all had negative DWI findings, and all showed evidence of hemispheric hypoperfusion by

susceptibility-weighted imaging or arterial spin-labeling perfusion imaging at presentation. These findings normalized following resolution of

symptoms in all children who had follow-up imaging (6/16, 38%). The use of MR imaging with perfusion-sensitive sequences, DWI, and MRA can

help to rapidly distinguish children with conditions mimicking stroke from those with acute stroke.

hildren who present with sudden onset of focal neurologic

symptoms raise concern for acute stroke and transient ischemic
attack. Yet certain conditions, such as complex migraine, postictal
hemiparesis, or conversion disorder, can imitate acute stroke and are
considered “stroke mimics.” Patients with stroke mimics present
with an acute onset of focal neurologic symptoms but, on further
evaluation, do not have an infarction or hemorrhage. Rapid differ-
entiation of a stroke mimic from a cerebrovascular emergency con-
stitutes a critically important diagnostic step before the initiation of
time-dependent treatment such as thrombolysis or thrombectomy.
Neuroimaging and MR imaging, in particular, provide essential
information in the diagnosis of stroke.'” Diffusion imaging docu-
ments irreversible tissue infarction." Arterial spin-labeling and sus-
ceptibility-weighted imaging provide information on regional differ-
ences in brain perfusion, which can include the core infarct but also
encompass tissue beyond it that is hypoperfused but not yet irrevers-
ibly infarcted.* MRA, which is based on flow-related enhancement,
is used for documentation of vascular attenuation or obstruction
consistent with both a patient’s clinical symptoms and core infarct
location.”
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We report a case series of 16 children with transient neurologic
symptoms who had unilateral cerebral hypoperfusion and later-
alized vascular pruning without associated diffusion abnormali-
ties by MR imaging. The resolution of neurologic symptoms with-
out stroke-specific intervention and the normalization of the
initial MR imaging features in patients with follow-up imaging
confirm this clinicoradiologic entity as a stroke mimic. Recogni-
tion of these imaging patterns may help distinguish true stroke
requiring urgent intervention from a stroke mimic condition in
children presenting acutely with focal neurologic symptoms.”

CASE SERIES

Cases were collected retrospectively as part of a larger, institu-
tional review board—approved review of children with transient
neurologic symptoms presenting to a free-standing children’s
hospital. A total of 16 children met both the clinical criteria of
transient focal neurologic symptoms and the imaging criteria of
focal hypoperfusion and/or focal vascular pruning. We collected
clinical information on each of the children, including symptoms
at presentation, time from presentation to imaging, headache at
presentation, and history of migraines. All clinical information
was reviewed by a pediatric neurologist.

Clinical Features

Our cohort of 16 children included 6 females (38%). The children
ranged from 2 to 16 years of age. Among the 16 children, 13 (81%)
had headache at presentation. Only 6 (38%) had a previous diag-
nosis of migraine (Table 1). Most patients (94%) did not meet the
International Classification of Headache Disorders criteria for
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Table 1: Clinical details of the presentation of the children

History of Time from

Patient  Age Migraine Presentation

No. (yr) Sex Headache Headache to Imaging Clinical Symptoms
1 15 Female Yes Yes 4.5hr Right face and arm weakness, hypoesthesia, hemianopia, aphasia
2 13 Male Yes No 5.5hr Left face and hand paresthesia
3 16 Female Yes No 6.75hr Left hand and foot paresthesia and weakness
4 14 Male Yes Yes 4.5hr Aphasia, right hemianopia
5 2 Male No No <12hr Right hemiparesis and hemianopia
6 12 Female Yes Yes 6hr Aphasia
7 13 Male Yes No 4.25hr Aphasia and right face and arm weakness
8 8 Male Yes No Thr Aphasia, bilateral blurry vision, left hand paresthesia
9 10 Male Yes No 6hr Right hand paresthesia, confusion
10 1 Female No Yes <lhr Right hand paresthesia
T 5 Male No No 4hr Right hemiparesis, dysarthria, and confusion
12 13 Female Yes No 7.5hr Left hand weakness and paresthesia, aphasia
13 8 Male Yes Yes 16.25 hr Left facial weakness, hemiparesis
14 15 Male Yes Yes 10.5 hr Aphasia
15 10 Male Yes No 8.5hr Aphasia and blurry vision
16 4 Female Yes No <16 hr Left facial weakness, dysarthria

hemiplegic migraine.® All patients had complete resolution or
marked improvement in symptoms by 24 hours after symptom
onset. Only 6 (38%) had recurrence of transient neurologic symp-
toms since the initial presentation; none had stroke at the time of
presentation or at follow-up. We had a median follow-up of 0.7
years with a range of 1 day to 3.4 years.

Imaging Approach and Features

MR imaging was performed at a median of 6.4 hours, with all
patients imaged within 16.5 hours of presentation. All examina-
tions were performed on a 3T Magnetom Skyra or Trio imaging
system (Siemens, Erlangen, Germany) with a 32- or 64-channel
head coil. All patients were examined with the standard institu-
tional brain imaging sequences, including the following: sagittal
T1 MPRAGE (TR = 1520-2530 ms, TE = 1.63-3.39 ms, section
thickness = 0.90—1 mm, echo-train length = 1, matrix = 220—
256/220-256, one or 4 excitations); axial fast spin-echo T2 (TR =
4400-14,143 ms, TE = 89—-100 ms, section thickness = 2.5 mm,
echo-train length = 13-19, matrix = 269-359/512, two-to-three
excitations); axial T2 FLAIR (TR = 6800-9000 ms, TE = 135-137
ms, section thickness = 4 mm, echo-train length = 13-16, ma-
trix = 250-320/320, one-to-two excitations); diffusion tensor
imaging with 30 or 35 directions, b=1000 s/mm? (TR = 5300-
13,800 ms, TE = 88-92 ms, section thickness = 2—4 mm, echo-
train length = 1,48, or 51, matrix = 128/128, one excitation); and
3D time-of-flight angiography (TR = 21-22 ms, TE = 3.43-3.88
ms, section thickness = 0.60—0.80 mm, echo-train length = 1,
matrix = 230-344/384-512, one excitation). Perfusion-sensitive
sequences, including perfusion-weighted pulsed arterial spin-la-
beling (n = 11 patients: TR = 2500-5000 ms, TE = 11-35 ms,
section thickness = 3—5 mm, echo-train length = 1-51, matrix =
64-96/64—84, one-to-sixty excitations, TI = 700 ms); velocity-
selective arterial spin-labeling (n = 2 patients: TR = 3000 ms,
TE = 13 ms, section thickness = 5 mm, matrix = 64/64, one
excitation, TI, = 700 ms, TI = 1400 ms, and TL, = 2000 ms
[to the center section]); and axial susceptibility-weighted imaging
(n = 16 patients: TR = 28 ms, TE = 20 ms, section thickness =
1.25 mm, echo-train length = 1, matrix = 184-336/256—384, one
excitation) were also performed.

1,stop
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Images were independently reviewed by 2 pediatric neuroradi-
ologists. The final interpretation was reached by consensus in cases of
disagreement between the reviewers. Each MR imaging examination
was evaluated for the following imaging abnormalities: linear sulcal
signal abnormality on FLAIR imaging, subcortical hypointensity on
T2-weighted imaging, localized brain parenchymal signal or diffu-
sion abnormalities, gyral swelling, venous prominence on suscepti-
bility-weighted imaging, perfusion abnormality on arterial spin-la-
beling, abnormal leptomeningeal and parenchymal enhancement
following the administration of intravenous contrast, and evidence
of increased/decreased flow-related enhancement or vessel stenosis
on 3D TOF MR angiography. Imaging abnormalities were further
characterized according to vascular distribution for MRA and lobes
of the brain involved in SWI and arterial spin-labeling.

DWI revealed no areas of decreased diffusivity in any patient.
None had evidence of gyral swelling. Linear sulcal signal abnormality
in the hemodynamically affected region was seen on FLAIR imaging
in 2 patients (2/16, 13%). One patient had subcortical hypointensity
on T2-weighted imaging (1/16, 6%). All 16 patients had unilateral
increased prominence of the cortical or medullary veins in =1 cere-
bral lobe on SWI, suggesting elevated venous deoxyhemoglobin, in-
dicative of hypoperfusion. Of the 11 patients evaluated with arterial
spin-labeling, decreased perfusion to =1 lobe of the brain was evi-
dent in all. Diminished flow-related enhancement due to decreased
hemispheric flow in at least 1 branch vessel of the circle of Willis was
evident in 14 patients (14/16, 88%). Multivessel unilateral vascular
pruning was present in 9 patients. None of the patients demonstrated
hemodynamic change in the posterior fossa structures. Arterial bead-
ing on MRA was not demonstrated in any patient. Intravenous con-
trast was administered in 3 patients (3/16, 19%) with increased lep-
tomeningeal prominence seen in the regions corresponding to those
with arterial spin-labeling, SW1, and MRA changes in all 3. No pa-
renchymal enhancement was observed in any of the 3 patients ad-
ministered contrast. The Figure represents an example of the imaging
findings observed in our cohort. Follow-up imaging was performed
in 6 patients (6/16, 38%). Resolution of MR imaging changes, includ-
ing normalization of arterial spin-labeling, SWI, and MRA findings,
was observed in all 6 patients who had follow-up imaging (Table 2).



FIGURE. A 5-year-old boy presenting with right-sided weakness. Symptoms were improving at the time of the initial MR imaging performed 3
hours after presentation (A-D). A, Susceptibility-weighted imaging shows increased prominence of the cortical veins throughout the left
cerebral hemisphere, indicating increased deoxyhemoglobin on the left. B, Collapsed maximum intensity projection from time-of-flight MR
angiography shows reduced flow-related enhancement in the left anterior, middle, and posterior cerebral arteries. C, The average trace
of the diffusion tensor image shows no abnormality of diffusion. D, Pulsed arterial spin-labeled perfusion-weighted imaging relative CBF
map shows a marked decrease in perfusion throughout the left cerebral hemisphere. Follow-up imaging at 4 days after presentation (E-H).
E, SWI shows resolution of venous asymmetry. F, MRA shows normal flow-related enhancement in the left anterior, middle, and posterior
cerebral arteries. G, Findings of the average trace image continue to be negative. H, Pulsed arterial spin-labeling relative CBF map shows
resolution of perfusion asymmetry.

Table 2: Radiology findings of children with ASL and SWI reported in lobes and MRA in vessels involved

Patient pPASL VASL Swi MRA
No. Side (Decrease) (Decrease) (Increase) (Decrease) Resolution

1 Left P/T/O ND F/P/T/O MCA/PCA ND
2 Left P/T ND P/T MCA Yes
3 Right P ND P MCA ND
4 Left P/T/O ND P/T/O None Yes
5 Left F/P/T/O ND F/P/T/O ACA/MCA/PCA Yes
6 Left F/P/T/O Left F/P/O/T F/P/T/O ACA/MCA/PCA ND
7 Left F/T ND F/T MCA ND
8 Left P/T ND P/T None ND
9 Left F/P/T/O ND F/P/T/O ACA/MCA ND
10 Left ND ND P/T/O MCA/PCA ND
n Left F/P/T/O ND F/P/T/O ACA/MCA/PCA Yes
12 Right F/P/T/O ND F/P/T/O ACA/MCA/PCA Yes
13 Right ND Right P/O/T P/T/O MCA/PCA Yes
14 Left ND ND F/P/T/O MCA/PCA ND
15 Left ND ND F/P MCA ND
16 Left ND ND P/T/O MCA ND

Note:—pASL indicates pseudocontinuous arterial spin-labeling; vASL, velocity-selective arterial spin-labeling; ND, study not done; F, frontal; P, parietal; T, temporal; O, occipital;

ACA, anterior cerebral artery; PCA, posterior cerebral artery.

DISCUSSION

We describe a cohort of children with a specific radiologic presen-

tation that included negative diffusion-weighted imaging find-

ings, evidence of lobar or hemispheric hypoperfusion by suscep-

tibility-weighted imaging, and/or arterial spin-labeled perfusion

imaging associated with transient focal neurologic symptoms.
MRA evidence of arterial pruning without occlusion was usually
present. In all children who had repeat imaging, the vascular and
perfusion findings had normalized and there was no evidence of
infarction. Most children had headache at presentation, and only
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one-third had recurrence of symptoms. Most interesting, only 1
of the children met the International Classification of Headache
Disorders criteria for hemiplegic migraine.>°

The literature describing the neuroimaging findings in chil-
dren with transient focal neurologic symptoms is limited. Imag-
ing findings of focal hypoperfusion and vascular pruning have
been reported previously in pediatric and adult patients with
hemiplegic migraine (genetically proved or clinically diagnosed)
in case reports and small case series.””” Perfusion findings have
been reported and are temporally variable in children with acute
onset of migraine with an aura. In a case-control study, 10 patients
with migraine with an aura were acutely imaged with arterial
spin-labeled perfusion imaging and found to have a change in
perfusion compared with controls. The children had decreased
perfusion if scanned <14 hours from the onset of symptoms,
while evidence of increased perfusion was found if imaging was
performed at >17 hours from symptom onset.'® In addition,
Safier et al'' reported a series of 8 children with hemiplegic
migraine who demonstrated vascular narrowing by MRA.
However, in their case series, only the middle cerebral artery
was examined.'"' The study by Safier et al did not report on the
other branch vessels of the circle of Willis. Consequently, it is
not certain whether the vascular changes occurred in only the
middle cerebral artery in their patients or if other vessels were
similarly affected but not evaluated as part of the study. In our
patient cohort, several branch vessels were usually affected.

Children who present with the acute onset of focal neurologic
symptoms raise concern for stroke. Rapid neuroimaging of these
children is extremely important, given the availability of treat-
ment with thrombolysis or endovascular thrombectomy for acute
stroke. DWI permits differentiation of a stroke from a stroke
mimic.” While negative DWI excludes an infarction requiring
acute stroke therapy, the addition of perfusion-sensitive imaging
in patients with diffusion-negative transient neurologic deficits
can provide additional information regarding the etiology of the
neurologic symptoms. Our findings indicate that a subset of
children with symptoms mimicking acute stroke lack the ana-
tomic or diagnostic diffusion-related changes of infarction but
exhibit perfusion and flow-related vascular changes indicating
reduced regional perfusion as a cause of symptoms. All chil-
dren in our cohort with anatomic- and DWI-negative but perfusion-
positive imaging findings demonstrated decreased rather than in-
creased regional perfusion. The decreased perfusion findings in these
children help to differentiate symptoms due to an ischemic cause
from other conditions that may mimic stroke, such as a postictal state
that typically shows increased regional blood flow.'*"'*

We recognize limitations in our study. Our series is retrospective
in nature and small in number. Furthermore, only a portion of the
children we report had repeat imaging following resolution of symp-
toms. Finally, we have only limited outcome information.

CONCLUSIONS

The use of combined MR imaging to include perfusion-sensitive,
diffusion-weighted, and angiographic imaging can help to rapidly
distinguish children who present with stroke mimics whose
symptoms are likely to be transient and who do not require
stroke treatment from those with an acute stroke. In our series,
2202
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the imaging findings of unilateral, often multilobar, hypoper-
fusion and arterial vascular pruning without evidence of diffu-
sion restriction in a child presenting with focal neurologic
symptoms reflect a benign stroke mimic and confirm a vaso-
constrictive basis for the patient’s symptoms. Our observa-
tions support the routine use of perfusion-sensitive sequences
as part of the neuroimaging evaluation of any child presenting
with stroke or strokelike symptoms.

Disclosures: Richard L. Robertson—UNRELATED: Other: GE Healthcare*. *Money
paid to the institution.
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ORIGINAL RESEARCH
PERIPHERAL NERVOUS SYSTEM

MR Neurography of Greater Occipital Nerve Neuropathy:
Initial Experience in Patients with Migraine

ABSTRACT

L. Hwang, “'R. Dessouky, ““'Y. Xi, ““’'B. Amirlak, and ““’A. Chhabra

BACKGROUND AND PURPOSE: MR imaging of peripheral nerves (MR neurography) allows improved assessment of nerve anatomy and
pathology. The objective of this study was to evaluate patients with unilateral occipital neuralgia using MR neurography and to assess the
differences in greater occipital nerve signal and size between the symptomatic and asymptomatic sides.

MATERIALS AND METHODS: In this case-control evaluation using MR neurography, bilateral greater occipital nerve caliber, signal inten-
sity, signal-to-noise ratios, and contrast-to-noise ratios were determined by 2 observers.

RESULTS: Among 18 subjects with unilateral occipital migraines, the average greater occipital nerve diameter for the symptomatic
side was significantly greater at 1.77 = 0.4 mm than for the asymptomatic side at 1.29 = 0.25 mm (P = .001). The difference in nerve
signal intensity between the symptomatic and asymptomatic sides was statistically significant at 269.06 * 170.93 and 222.44 =
170.46, respectively (P = .043). The signal-to-noise ratios on the symptomatic side were higher at 15.79 = 4.59 compared with the
asymptomatic nerve at 14.02 = 5.23 (P = .009). Contrast-to-noise ratios were significantly higher on the symptomatic side than on
the asymptomatic side at 2.57 = 4.89 and —1.26 * 5.02, respectively (P = .004). Intraobserver performance was good to excellent
(intraclass coefficient correlation, 0.68—0.93), and interobserver performance was fair to excellent (intraclass coefficient correla-
tion, 0.54-0.81).

CONCLUSIONS: MR neurography can be reliably used for the diagnosis of greater occipital nerve neuropathy in patients with unilateral
occipital migraines with a good correlation of imaging findings to the clinical presentation.

ABBREVIATIONS: Botox = onobotulinumtoxin A; CNR = contrast-to-noise ratio; GON = greater occipital nerve; ICC = intraclass correlation coefficient; MRN =

MR neurography; PSIF = reversed fast imaging with steady-state precession

igraine is a common debilitating neurovascular disorder.

Thirty-five million Americans, women more than men,
have migraines leading to substantial pain and medical costs of §1
billion yearly.'"> The exact pathogenesis of migraines is debated
between a more popular central theory of cortical spreading de-
pression and neuronal hyperexcitability® versus an extracranial
pathology with compression and/or irritation of peripheral
branches of the trigeminal and occipital nerves. The latter is hy-
pothesized to result in triggered release of inflammatory and no-
ciceptive peptides, which reach the meninges, inducing menin-
geal nociception and migraine.®'® A number of conservative and
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surgical peripheral nerve treatments have been reported for pe-
ripheral neuropathy (eg, perineural injections of steroids or ono-
botulinumtoxin A [Botox], radiofrequency ablation, and surgical
decompression)."'"** The greater occipital nerve (GON) is a sen-
sory branch that arises from the dorsal ramus of the second cer-
vical spinal nerve,’® and its compression has been proposed as the
etiology of clinically manifested occipital migraines.'® Currently,
the diagnosis is established on the basis of a combination of clin-
ical history of posterior head and neck pain, tenderness on phys-
ical examination limited to the occipital area, and, in some cases,
response to perineural injections.”’

MR neurography (MRN) is a multiplanar nerve-selective im-
aging used to evaluate peripheral nerve anatomy and pathology.*”
MRN has been successfully used in brachial plexopathies and has
been shown to affect clinical diagnosis and management.”>”*> In
particular, 3D reversed fast imaging with steady-state precession
(3D PSIF) has been shown to selectively identify small peripheral
nerves around the head and neck region due to suppression of

1 36,

perineural fat and vascular signal.*>*” This is an isotropic se-
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FIG1. 3T MRN demonstrating a normal GON. A, Coronal 3D PSIF shows bilateral GONs (arrows).
B, Eight-millimeter-thick MIP reconstruction in the coronal plane shows the normal GONSs (ar-
rows). C and D, Eight-millimeter-thick isotropic MIP reconstruction in the sagittal plane shows

right and left GONs (arrows).

quence, which can be obtained in sub-1-mm resolution and pro-
vides a high signal-to-noise ratio and soft-tissue contrast. Normal
nerves on 3D DWI-PSIF appear isointense to muscle, while nerve
entrapment and resultant neuropathy are demonstrated by an
increase in size and signal intensity proximal to the entrap-
ment.”®>? There have been no reports of quantitative evaluation of
the GON signal and contrast characteristics in patients with occipital
neuralgia (migraine), to our knowledge. Classically, the SNR has
been defined as a measure comparing the level of a desired signal with
the level of background noise of the image.*>*' The contrast-to-noise
ratio (CNR) is defined as the difference in SNR between 2 relevant
tissue types** (ie, the nerve in question [GON] and the adjoining
muscle [semispinalis capitis]).

The aim of this study was to evaluate patients with clinically
suspected unilateral occipital neuralgia with MRN and assess the
differences in GON signal and size characteristics between the
symptomatic and asymptomatic sides. Our hypothesis was that
the symptomatic side GON will be different (brighter and thicker)
than the one on the asymptomatic side. In addition, inter- and
intraobserver performance was evaluated.

MATERIALS AND METHODS

Patient Population

This is a Health Insurance Portability and Accountability Act—
compliant, institutional review board—approved retrospective
cross-sectional study. Informed consent was waived. A consecu-
tive series of patients underwent occipital nerve MRN with the
primary diagnosis of chronic unilateral occipital neuralgia from
2014 to 2016 at our institution. The patients were referred as a
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convenience sample from the plastic
surgery clinic. Patient demographic fac-
tors were recorded, including age, sex,
and clinical characteristics of their mi-
graines, including laterality of pain,
frequency, duration, intensity (on a
qualitative scale from 1 to 10), subjective
triggers, and occipital tenderness on
physical examination. Possible predis-
posing factors to migraines such as fam-
ily history of migraines, previous head
trauma, and comorbidities were re-
corded. Previous methods of treatment
including Botox, nerve block, radiofre-
quency ablation, and an operation were
recorded as well as any previous head
and neck imaging for comparison. Pa-
tients were excluded from this study if
they were unable to localize their pain to
one side or unable to quantify the differ-
ence in pain between the 2 sides (ie, zero
versus reduced pain on the contralateral
side). The subsequent treatment and
outcomes are the subject of another
study and article. This study was limited
to evaluating nerve characteristic differ-
ences among the symptomatic-versus-
asymptomatic GONs.

Image Aquisition and GON Analysis

Occipital MRN from the level of the base of the skull to the C5-6
area was performed, encompassing bilateral GONs in all 18 pa-
tients who met the criteria for possible GON compression based
on history and physical examination, as described above. 3D cor-
onal PSIF imaging was performed in all cases on high-field MR
imaging scanners (Avanto, 1.5T, Siemens, Erlangen, Germany;
and Achieva, 3T, Philips Healthcare, Best, the Netherlands). The
parameters included TR = 12 ms, TE = 3 ms, voxel size = 0.9
mm, isotropic, fat suppression = water-selective. Eight-millime-
ter-thick-slab maximum intensity projections were obtained,
which displayed the nerve in multiple planes (Fig 1 shows the
normal nerve from an asymptomatic subject for comparison).
The GON was visualized in all cases on both sides exiting from the
cervical spine and coursing toward and lateral to the occipital
protuberance. Two trained, experienced radiologists measured
the signal and transverse diameter of the GON and semispinalis
capitis, regardless of the affected side and blinded to the laterality
of symptoms (Figs 2 and 3). The first observer (reader 1) had 7
years of experience interpreting MRN scans, while the second
observer (reader 2) had 1 year of experience. The time between the
first and second data collections of reader 1 spanned approxi-
mately 4 months. The GON signal and size were measured on the
coronal image, midway between the spinal foramen and the point
where it courses under the semispinalis capitis muscle. The largest
diameter or most hyperintense T2 signal persisting on at least two
0.9-mm sections was measured. The freehand ROI tool on Intel-
lispace PACS (Isite; Philips Healthcare) was used to include the



FIG 2. 3D Coronal PSIF images at 3T. A. Enlarged, hyperintense left greater occipital nerve (in
comparison with the right). B, Caliber measurements show a larger left occipital nerve (1.6 mm)
compared with the right (1.2 mm). C, Signal intensity measurements for both greater occipital
nerves and semispinalis capitis muscles.

176.50 mean, 24 9 s
D081 cm*

165.25 mean, 105 s
10290 em*

FIG 3. Coronal 3D PSIF images at 1.5T. A, Caliber measurements for the right and left GONSs. B,
Signal intensity measurements for the right GONs and semispinalis capitis muscles.

GON while excluding any extraneous
soft tissues, such as fat or muscle. A
10-mm circular ROI was used for mus-
cle signal measurement.

For each case, the control group con-
sisted of nerve measurements obtained
from the asymptomatic side, whereas
the subject group included nerve mea-
surements from the symptomatic side.
After we obtained nerve diameter and
signal intensity for both symptomatic
and asymptomatic GONSs, the T2 sig-
nal-to-noise ratio [SNR = SI
(SL,.rve) "] and the contrast-to-noise ratio
[CNR = (SLepve = STymuscid)/(Slperve) ]
were calculated for each nerve in both

nerve/

groups. All data points, measurements,
and calculations were recorded on an Ex-
cel spreadsheet (Microsoft, Redmond,
Washington) for data analysis.

Statistical Analysis

Descriptive statistics were used for GON
diameter, signal intensity, SNR, and
CNR measurements on MRN. Differ-
ences in subject-versus-control groups
were tested with a paired ¢ test at .05.
Interobserver performance was assessed
with intraclass correlation coefficients
(ICCs). Agreement was classified as ex-
cellent (0.75-1.0), good (0.60-0.74), fair
(0.40-0.59), and poor (<0.40).*> Fur-
thermore, to evaluate whether a correla-
tion existed between the duration of mi-
graine symptoms from onset to MR
imaging acquisition and MRN findings
such as GON caliber and signal, we de-
termined the Spearman rank correlation
coefficients. A confidence interval of
95% was used throughout this study. R
statistical and computing software, Ver-
sion 3.3.2 (http://www.r-project.org)
and SAS 9.4 (SAS Institute, Cary, North
Carolina) were used for statistical analysis.

RESULTS

There were 18 patients with persistent
chronic unilateral occipital migraine
histories (Table 1) who underwent a
broad spectrum of treatment options
(Table 2) before MRN acquisition.
Seven (39%) patients were imaged on a
3T MRN scanner versus 11 (61%) pa-
tients imaged on a 1.5T MRN scanner.
None of the patients had a known cen-
tral brain, neck, or spinal mass lesion.
Prior outside imaging (performed in 6
of 18 patients) included CT/MR imag-
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Table 1: Patient demographic factors (n = 18) and migraine histories prior to MR neurography

Migraine Migraine Positive Previous
Age (yr) Sex Frequency?® Laterality Family History Head Trauma
Younger  Older
than40 than40 Male Female <I5permo  >15per mo Left Right Yes No Yes No
6(33%)  12(67%) 3(7%) 15(83%) 5(38%) 8 (62%) 10(56%) 8(44%) 3(7%) 15(83%) 5(28%) 13(72%)
? Five patients were not reported.
Table 2: Migraine diagnostic and treatment modalities prior to acquisition of MR neurography
Nerve Radiofrequency Previous Previous Head/
Botox Block Ablation Operation® Neck Imaging®
Yes No Yes No Yes No Yes No Yes No
13 (72%) 5(28%) 15 (83%) 3(17%) 5(28%) 13 (72%) 6 (33%) 12(67%) 6 (33%) 12(67%)

? Previous migraine operations included occipital nerve neurectomies or neurolysis.

© All previous imaging was either standard 1.5T of the brain or cervical spine MRI or CT and evaluated as negative for pathology related to migraine symptoms.

Table 3: Statistical analysis of differences in GON diameter,
signal intensity, calculated SNR, and calculated CNR comparin
the symptomatic (subject group) versus asymptomatic (contro
group) side using a paired t test in patients with unilateral
occipital migraines®

MRN

Characteristic Subject Group Control Group P Value
Diameter 177 £ 04 129 = 0.25 .001
Signal 269.06 =170.93 222.44 =170.46 .043
SNR 15.79 £ 4.59 14.02 = 5.23 .009
CNR 257 £489 —126 = 5.02 .004

2 All values are mean = SD.

ing of the brain or cervical spine, and findings were unremarkable
with respect to migraine etiology.

On the quantitative analysis of reader 1, the mean GON diam-
eter for the symptomatic side was significantly greater (1.77 mm)
than that on the asymptomatic side (1.29 mm) (P = .001; Table 3
and Figs 4 and 5). In addition, the difference of GON signal in-
tensity between the symptomatic and asymptomatic sides was sta-
tistically significant at 269.06 versus 222.44, respectively (P =
.043; Table 3). The calculated SNRs of the GON on the symptom-
atic side were notably higher at 15.79 compared with those on the
asymptomatic side at 14.02 (P = .009; Table 3). Furthermore, the
calculated CNRs of the GON relative to the ipsilateral semispinalis
capitis muscle were significantly higher and more positive on the
symptomatic side than on the asymptomatic side at 2.57 and
—1.26 (P = .004; Table 3).

Intra- and interobserver statistical analysis with the intraclass
correlation coefficient demonstrated fair-to-excellent interob-
server and intraobserver performance (ICC > 0.54) in all 4 pa-
rameters (nerve diameter, nerve signal, SNR, and CNR), includ-
ing excellent performance when analyzing the nerve diameter
(ICC, 0.81-0.93; Table 4). Furthermore, no statistically signif-
icant correlation was found between the duration of migraine
symptoms (defined as the length of time between onset and
MRN acquisition) and the GON diameter (Spearman rank cor-
relation coefficient, 0.21; P = .4), and only a moderate negative
correlation was found between the duration of symptoms and
the GON signal (Spearman rank correlation coefficient,
—0.499; P = .351) (Fig 6). The mean duration of migraine
symptoms in this cohort of 18 patients was 3415 = 3127 days
(approximately 9 years).
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DISCUSSION

Migraine headaches present a challenge to health care providers
because they have a spectrum of symptoms and are often difficult
to manage. While new evidence emerges about the etiology and
pathophysiology of chronic migraines, many uncertainties re-
main. Currently, the diagnostic strategy is limited and is based on
clinical findings and blinded or targeted perineural injections.”'
This study establishes that a noninvasive technique, MRN, can be
used to evaluate the greater occipital nerve in such cases.

Among our cohort of 18 patients, a statistically significant dif-
ference was observed with respect to the GON diameter and signal
intensity alterations, both being higher on the symptomatic side
and thus consistent with the previous literature citing qualitative
differences.”>*® Furthermore, the SNR of the GON was signifi-
cantly higher on the symptomatic side, suggesting greater resolu-
tion of the nerve versus surrounding noise and the ability to detect
differences in normal peripheral nerve anatomy versus pathology.
The CNR, the difference in SNR between 2 relevant tissue types,
was significantly higher and a more positive value on the symp-
tomatic side than the asymptomatic side. This finding suggests
more signal activation from the nerve than from background
noise of muscle on the symptomatic side.** In most cases, when
there was a discrepancy between MRN findings and the clinical
laterality of pain, confounding factors such as pathology on the
other side may have produced discrepant results. The CNR
showed a relatively lower ICC. Thus, SNR seems to be the more
useful parameter in predicting the symptomatic side in these sub-
jects with complex migraines. The variability may have resulted
from different locations of ROIs in the muscle, while neural ab-
normality was more apparent on 3D imaging.

As medical innovation and technology continue to evolve,*”
the potential use of MRN in the future as a targeted approach to
treatment planning in patients with migraine seems promising.
An objective demonstration of neural abnormality has the poten-
tial to guide treatment and improve outcomes. The current stan-
dard of care is based on clinical history, physical examination
including point tenderness of the GON, and response to nerve
block and Botox in that location. However, if patients do not
respond to injections, documentation of a normal or pathologic
GON by MRN can help the treating physician choose the most
suitable treatment plan for that individual. MRN is also useful
in depicting the nerve abnormality proximal to the entrapment



FIG 4. 3T MRN demonstrating left GON neuropathy in a 62-year-old woman with left occipital
neuralgia. A and B, Coronal 3D PSIF and 8-mm-thick MIP reconstruction show an asymmetrically
thickened and hyperintense left GON (arrows). C and D, Eight-millimeter-thick isotropic MIP
reconstruction in the sagittal planes. Note the normal right GON (arrows in C) and abnormal left
GON (arrows in D) with increasing thickening proximal to the muscle entrapment site.

FIG 5. 3T MRN demonstrating persistent right GON neuropathy in a 55-year-old woman with
prior right occipital neurolysis and persistent right occipital neuralgia. A, Coronal 3D PSIF shows
the surgical scar site (arrow). B, A more anterior coronal image shows minimal hyperintensity of
the right GON (arrows). C and D, Eight-millimeter-thick isotropic MIP reconstruction in the
sagittal planes. Note the normal persistently hyperintense right GON (arrows in C) and normal
left GON (arrows in D).

site. Therefore, the technique could
show persistent abnormality, despite
prior neurolysis (Fig 5).

The limitations of our study include
the small sample size. However, the ra-
diologists were blinded to the laterality
of symptoms, and each of these patients
served as his or her own control, given
unilateral GON migraine symptoms,
making these initial observations valu-
able. This value is reflected by fair-to-
excellent ICCs. We have also considered
that previous perineural injection and
Botox injections, radiofrequency abla-
tion, and surgical procedures could im-
pact the appearance of the nerve on im-
aging. Our chart review revealed limited
documentation of specific previous
treatments performed by other health
care providers before presenting to our in-
stitution, including frequency, dates,
method, and location. However, the pa-
tients were imaged for persistent symp-
toms of unilateral occipital neuralgia. We
did not evaluate other imaging sequences
performed as part of an occipital neuralgia
protocol because they were used to rule
out any central lesion at the base of the
brain or incidental spinal or neck lesion
that could contribute to symptoms.

Further limitations of this study are
due to restrictions in current medical
technology. The strength of the mag-
netic field used in this study varied, with
7 (39%) patients undergoing the newer
3T MR imaging versus 11 (61%) pa-
tients undergoing 1.5T MR imaging.
While the difference in 1.5T and 3T
MRN can be significant and may make
data nonhomogeneous and thus more
difficult to analyze and compare, our in-
vestigation is nevertheless a pilot study,
validating the use of multiple scanners.
On 3T MR imaging technology, the SNR
is usually superior, with improved resolu-
tion of images. Thus, in addition to the
SNR, nerve diameter and CNR were also
evaluated. Finally, both sides were com-
pared in all cases to mitigate the effects of
individual scans because symptomatic
GON measurements were compared with
the contralateral asymptomatic GON
measurements within the same MRN im-
age and not compared with measure-
ments obtained among different images.

In the future, we hope to both in-
crease the study sample and expand the
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Table 4: Intra- and interobserver statistical analysis showing
inter- and intraobserver performance among all 4 parameters
using ICCs

ICC
Reader 1 (initial) versus reader 1(4 mo later)
Nerve diameter (mm) 0.93
Nerve signal 0.79
SNR 0.74
CNR 0.68
Reader 1 versus reader 2
Nerve diameter (mm) 0.81
Nerve signal 071
SNR 0.67
CNR 0.54
800
600
=
5
@ 400
200
0 2000 4000 6000 8000
Time/Days

FIG 6. Evaluation of the correlation between the duration of mi-
graine symptoms (defined as length of “time” in days from symptom
onset to MRN acquisition) and the GON signal yielded a Spearman
rank correlation coefficient of —0.499 with P = .351. When we com-
pared the duration of symptoms and the GON diameter using the
same statistical methodology, no significant correlation was found
(Spearman rank correlation, 0.21; P = .4). The mean duration of mi-
graine symptoms in this cohort of 18 patients was 3415 * 3127 days
(approximately 9 years).

scope of this study to include previously nontreated patients and
other migraine trigger sites, including the frontal, temporal, and
nasoseptal regions. As diagnostic imaging continues to evolve
and methodologies of image acquisition are improved, we hope
that MRN will help provide individualized care to patients with
migraines.

CONCLUSIONS

In patients with unilateral clinical signs of GON compression,
quantitative evaluation of the GON on MRN reveals different
imaging appearances of the affected-versus-nonaffected nerves.
In the future, the study can be expanded to include larger cohorts
and other peripheral nerve disorders.

Disclosures: Avneesh Chhabra—UNRELATED: Consultancy: Icon Medical; Royalties:
Jaypee Wolters.
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T1-Weighted Dynamic Contrast-Enhanced MR Perfusion
Imaging Characterizes Tumor Response to Radiation Therapy
in Chordoma

P. Santos, ““K.K. Peck, ““'). Arevalo-Perez, ““'S. Karimi, “E. Lis, “'Y. Yamada, ““A.I. Holodny, and ““). Lyo
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ABSTRACT

BACKGROUND AND PURPOSE: Chordomas notoriously demonstrate a paucity of changes following radiation therapy on conventional
MR imaging. We hypothesized that dynamic contrast-enhanced MR perfusion imaging parameters of chordomas would change signifi-
cantly following radiation therapy.

MATERIALS AND METHODS: Eleven patients with pathology-proved chordoma who completed dynamic contrast-enhanced MR perfu-
sion imaging pre- and postradiation therapy were enrolled. Quantitative tumor measurements were obtained by 2 attending neuroradi-
ologists. ROIs were used to calculate vascular permeability and plasma volume and generate dynamic contrast-enhancement curves.
Quantitative analysis was performed to determine mean and maximum plasma volume and vascular permeability values, while semiquan-
titative analysis on averaged concentration curves was used to determine the area under the curve. A Mann-Whitney U test at a
significance level of P <.05 was used to assess differences of the above parameters between pre- and postradiation therapy.

RESULTS: Plasma volume mean (pretreatment mean = 0.82; posttreatment mean = 0.42), plasma volume maximum (pretreatment
mean = 3.56; posttreatment mean = 2.27), and vascular permeability mean (pretreatment mean = 0.046; posttreatment mean = 0.028) in
the ROIs significantly decreased after radiation therapy (P < .05); this change thereby demonstrated the potential for assessing tumor
response. Area under the curve values also demonstrated significant differences (P <.05).

CONCLUSIONS: Plasma volume and vascular permeability decreased after radiation therapy, suggesting that these dynamic contrast-
enhanced MR perfusion parameters may be useful for monitoring chordoma growth and response to radiation therapy. Additionally, the
characteristic dynamic MR signal intensity—time curve of chordoma may provide a radiographic means of distinguishing chordoma from
other spinal lesions.

ABBREVIATIONS: AUC = area under the curve; DCE = dynamic contrast-enhanced; K" = vascular permeability; max = maximum; RT = radiation treatment;
V,, = plasma volume

hordoma is a rare cancer of persistent or ectopic notochord ~ chordomas are locally invasive, aggressive, and prone to recur-

remnants, commonly found in the clivus, spine, and sa-  rence.' Thus, patients are faced with a dismal prognosis and clin-

crum." Chordomas account for only 1%—4% of all bone cancers,
with an annual incidence of 1 per 1,000,000 and a prevalence of
>1 per 100,000.>> Although having a low grade in histology,
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ical progression mirroring that of malignant neoplasms. The me-
dian survival of patients with chordoma is currently 6.29 years,
with survival rates dropping from 67.6% at 5 years to 39.9% at 10
years.*

The diagnosis of chordoma is challenging. Currently, conven-
tional MR imaging is the criterion standard for the primary as-
sessment of chordoma because it allows discrimination of tumor
soft tissue from normal architecture, as well as the surveillance of
spinal metastases.”” Classically, chordomas appear isointense or
hypointense on T1-weighted MR imaging and hyperintense on
T2-weighted MR imaging.® Most lesions exhibit minimum-to-
moderate heterogeneous enhancement with gadolinium, mirror-
ing their heterogeneous histology.” Not surprising, conventional
MR imaging is limited in its capacity to discriminate chordoma
and other spinal cancers.'®
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Current treatment guidelines recommend en bloc surgical re-
section for primary chordoma lesions, followed by adjuvant radi-
ation therapy to eliminate residual disease."'® Resection quality is
largely predictive of postsurgical outcomes: Patients who under-
went more aggressive, radical resection exhibited remission last-
ing nearly 3.5 times longer than those who had only undergone
subtotal resection.'! Thus, local recurrence despite resection and
adjuvant radiation is considered a marker of treatment failure.
However, en bloc excision is not universally feasible for all pa-
tients with chordoma. Surgical resection of chordoma is often
complicated by local invasion of adjacent vessels and impinge-
ment of surrounding structures. In these advanced cases, alterna-
tive approaches such as subtotal resection, high-dose radiation
therapy, and systemic biologic therapies may be indicated. Deter-
mining the need for such therapies requires careful monitoring of
tumor response to therapy postresection.

However, monitoring tumor progression with conven-
tional MR imaging is complicated by the indolent nature of
chordoma: Its lesions are largely clinically silent until later
stages of disease, at which point they are resistant to most
traditional chemoradiation regimens.1 As a result, chordoma
lesions typically do not exhibit significant changes in tumor
volume in response to therapy, once again limiting the utility
of conventional MR imaging in evaluating treatment efficacy
and subsequent patient prognosis.

Unlike conventional MR imaging, dynamic contrast-en-
hanced MR perfusion imaging (DCE-MR imaging) provides in-
sight into the physiologic and hemodynamic characteristics of
neoplastic lesions by evaluating tumor vascularity. DCE-MR im-
aging involves assessing changes in signal intensity with time, be-
fore and after contrast injection.'? Previous studies have shown
that DCE-MR imaging is useful for monitoring the response to
therapy in spinal bone metastases,'” and for discriminating the
hypo- and hypervascular spinal lesions of prostate carcinoma and
renal cell carcinoma, respectively.'* More recently, DCE-MR im-
aging has shown clinical utility in chordoma diagnosis, effectively
discriminating between chordoma and giant cell tumors of the
axial skeleton."”

The purpose of this study was to determine whether DCE pa-
rameters, plasma volume (V,,) and vascular permeability (K'ransy,
can be used to monitor tumor response to radiation treatment
(RT). We hypothesized that DCE-MR imaging parameters ob-
tained via quantitative and semiquantitative methods can be used
to characterize tumor response to RT, detecting subsequent
changes in chordoma vasculature, which may later predict paral-
lel changes in tumor volume as detected by conventional MR
imaging.

MATERIALS AND METHODS

Subjects

We analyzed retrospective radiographic data from patients with
pathology-proved chordoma of the sacrum, spine, or clivus.
Eleven patients (mean age, 61 years) with DCE-MR perfusion
imaging before and after RT were enrolled. Our institutional re-
view board granted a waiver of authorization and consent for this
study.

Data Acquisition

MR imaging sequences were acquired with a 1.5T scanner (HDxt
16.0; GE Healthcare, Milwaukee, Wisconsin), equipped with an
8-channel cervical-thoracic-lumbar surface coil. Patients under-
went routine MR imaging, including sagittal T1 (FOV, 32-36 cm;
section thickness, 3 mm; TR, 400—650 ms; flip angle, 90°) and T2
(FOV, 32-36 cmy; section thickness, 3 mm; TR, 3500—4000 ms;
flip angle, 90°), axial T1 (FOV, 18 cm; section thickness, 8 mm;
flip angle, 90°) and T2 (FOV, 18 cm; section thickness, 8 mm; TR,
3000—4000 ms; flip angle, 90°), and sagittal STIR imaging (FOV,
32-36 cm; section thickness, 3 mm; TR, 3500 — 6000 ms; flip angle,
90°).

DCE-MR imaging of the spine was acquired on completion of
routine MR imaging. A power injector was used to administer a
bolus of gadolinium-diethylenetriamine penta-acetic acid at a
dose of 0.1 mmol/kg and rate of 2-3 mL/s. The kinetic enhance-
ment of tissue before and after contrast injection was obtained by
using a 3D T1-weighted fast-spoiled gradient-echo sequence (TR,
4-5ms; TE, 1-2 ms; section thickness, 5 mm; flip angle, 25°% FOV,
32 cm; matrix, 256 X 128; temporal resolution, 6~7 seconds) and
consisted of 10—-12 images in the sagittal plane. Ten phases for
preinjection time delay and 30 phases for postinjection were ob-
tained. Sagittal and axial T1-weighted postinjection MR images
were additionally acquired after DCE-MR imaging.

Data Analysis

Data processing and analysis were performed with dynamic image
processing software (NordicICE, version 2.3.14; NordicNeuro-
Lab, Bergen, Norway). Preprocessing steps included removal of
background noise, spatial and temporal smoothing, and detection
of the arterial input function from the aorta. The arterial input
function was individually calculated in each acquisition. Pixels
with a large change in signal intensity, with a rapid change imme-
diately after bolus injection, and with an early peak in intensity
were chosen for the arterial input function. Linear assumption
was made between the change in signal intensity and gadolinium
concentration to convert the signal intensity curve to a concen-
tration-time curve.

Anatomic images that matched the DCE-MR images were
used in ROI placements. Voxel-by-voxel estimates of quantitative
perfusion parameters, including vascular permeability and
plasma volume, were determined with a Tofts 2-compartment

pharmacokinetic model'®

analysis. The area under the curve
(AUC) was obtained from semiquantitative analysis to assess its
potential as a discriminator of tumor histology.

ROIs were drawn to encompass the entirety of the chordoma
by 2 attending neuroradiologists who were blinded to biopsy re-
sults and other clinical data, including age and sex, with careful
consideration to avoid lesion margins, normal-appearing mar-
row, endplates, spondylotic changes, and vessels (including the
basivertebral venous plexus). ROI values were determined for
each section. Radiologists placing ROIs were blinded to additional
clinical information and additional imaging.

Dynamic Concentration-Time Curves
Dynamic concentration-time curves illustrate changes in MR im-
aging signal intensity as a function of time. As a semiquantitative
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FIG1. MRsignalintensity is diminished in response to radiation therapy in DCE-MR imaging. A, Representative sagittal and axial TI-weighted MR
images and dynamic derived images from DCE-MR imaging, illustrating a chordoma of the sacrum and clivus, pre- and postradiation therapy. B,
Individual dynamic MR signal intensity—time curves pre-RT (blue) and post-RT (purple), obtained from corresponding ROlIs (red).

analysis, AUCs in the dynamic concentration-time curves were
generated from the same ROIs. Two curves for before and after
RT were obtained for each patient. Only MR imaging signal in-
tensities corresponding to the phases of the postinjection period
were included for the calculation.

Statistical Analysis

A Wilcoxon ranked sign test at a significance of P = .05 was
conducted to assess the difference between the V, and K"
maximum (max) and mean values pre- and post-RT. A Mann-
Whitney U test at a significance of P = .05 was conducted to assess
the difference between the dynamic curves pre- and post-RT.

DCE-MR Imaging Intervals

There was variability with respect to the number of both pre- and
posttreatment DCE-MR imaging perfusion scans provided for
each patient. In this study, we selected scans on the basis of the
proximity to the time of radiation therapy as measured by pre-
treatment and posttreatment intervals. The pretreatment interval
was measured as the number of days between the most proximal
pretreatment DCE-MR imaging study and the first day of radia-
tion therapy; the posttreatment interval was measured as the
number of days between the last day of radiation therapy and the
most proximal posttreatment DCE-MR imaging study.

Therapeutic Response

All subsequent posttreatment surveillance MR images and corre-
sponding reports were reviewed. Time to recurrence was mea-
sured as the number of days between the last day of radiation
therapy to the first radiology report that noted increasing tumor
size/signal enhancement concerning for progression. Corre-
sponding radiation oncology notes were reviewed to confirm that

2212 Santos Nov 2017  www.ajnr.org

the patient’s clinical presentation aligned with radiologic find-
ings. For 5 of 11 patients, progression-free survival was measured
as the number of days from the last day of radiation therapy until
the first surveillance MR imaging that reported possible progres-
sion. For the remaining 6 of 11 patients with no concerning ra-
diologic findings, progression-free survival was measured from
the last day of radiation therapy until their most recent MR
imaging.

RESULTS

Patient Demographics and Tumor Characteristics

Six patients had spinal lesions, 4 had sacral lesions, and 1 had a
clival lesion. Of the 11 lesions analyzed, 7 were localized and 4
were metastatic. Five lesions were recurrent (On-line Table 1).
The average bidimensional size for readers 1 and 2 was 22.9 X 40.0
cm? and 22.7 X 40.0 cm? pretreatment, respectively, and 23.6 X
42.2 cm® and 23.8 X 40.8 cm” posttreatment, respectively. The
average percentage change post-RT was 4.3% for reader 1 and
3.4% for reader 2. There was good interreader reliability across
tumor measurements (R*> = 1.0, On-line Table 1).

Vascular Permeability and Plasma Volume

T1-weighted and corresponding DCE perfusion images are
presented in Fig 1A, illustrating 2 representative chordoma
cases of the sacrum and clivus, pre- and posttreatment. The
averaged dynamic concentration time curves in the ROI are
presented in Fig 1B.

As expected, chordoma lesions were hypointense or isointense
on T1 and hyperintense on T2 (Fig 1A). The overall amplitude of
the dynamic concentration time curves is lower at posttreatment.
On evaluation of perfusion images, we found that before treat-
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FIG 2. Perfusion maps of K" and V,, pre- and postradiation therapy. K=" and V, maps corre-
sponding to the representative sacrum and clivus cases in Fig 1. Regions of enhancement are

indicated by white arrows, both pre-RT and post-RT.

ment, 7 lesions exhibited moderate-to-high enhancement, while
the remaining 4 lesions showed little-to-no enhancement. These
findings were confirmed by corresponding V,, and K" maps,
which also demonstrated similar enhancement patterns before
RT (Fig 2).

Posttreatment, there was decreased enhancement across dy-
namic images (Fig 14), as well as V, and K"*" maps (Fig 2).
Box-and-whisker representations illustrated significant differ-
ences in the perfusion parameters of chordoma lesions treated
with RT (Fig 3). Of the 4 quantitative perfusion parameters, V,
mean values showed the most significant difference (P = .02)
before (mean = 0.82) and after (mean = 0.42) treatment, fol-
lowed by V,, max (pre-RT mean = 3.56; post-RT mean = 2.27)
and K'"*"* mean values (pre-RT mean = 0.046; post-RT mean =
0.028), which also were significant with P values of .04 and .03,
respectively (Fig 3). However, K" max values showed no sig-
nificant difference with RT (Fig 3).

Dynamic Concentration-Time Curves

Of the 11 time curves generated, 7 exhibited a persistent enhance-
ment pattern pretreatment, while the remaining 4 curves exhib-
ited a plateau pattern of enhancement (Fig 4B). Time curves fol-
lowing rapid contrast injection showed decreased signal intensity
posttreatment in 9 of 11 cases (Fig 4B). Thereafter, individual
curves were used to generate average time curves pre- and post-
treatment (Fig 4A). Semiquantitative AUC analysis of the aggre-
gate pre- and posttreatment curves showed a significant differ-
ence (P = .03) in MR signal, decreasing from mean = 21.03
pretreatment to mean = 14.52 posttreatment (Fig 4A).

Perfusion and Long-Term Outcomes
Several interesting clinical patterns emerged. First, all tumors im-
aged exhibited changes in at least 3 of the 5 quantitative (V, max,

parameters. In contrast, only 4 irradi-
ated tumors exhibited changes in quan-
titative size measurements on posttreat-
ment conventional MR imaging. On
average, the pretreatment DCE-MR im-
aging interval was 94.27 days before ra-
diation and the posttreatment DCE-MR
imaging interval was 153.81 days after
radiation. In the 5 patients who later
presented with local recurrence/tumor
progression, concerning radiographic
findings were detected on conventional
MR imaging 346 days posttreatment on
average. In comparison, significant
changes in DCE-MR imaging were de-
tectable 119.57 days posttreatment.

Second, 6 patients who received
a shorter, more aggressive course of
RT (24 Gy in 1 fraction) exhibited
larger percentage changes in V,, mean
(mean = —41.93), V, max (mean =
—50.89), K"*"* mean (mean = —49.45),
and K™ max (mean = —24.71) in
comparison with patients who received
longer, less aggressive courses of treatment (V,, mean = —9.36,V,,
max mean = —9.74, K"*™ mean = 5.01, and K"*" max mean =
36.66) (On-line Table 2).

Third, 7 patients with localized tumors had larger percentage
decreases in V,, mean (mean = —52.07) and V, maximum
(mean = —46.48) values in comparison with 4 patients with met-
astatic disease (V,, mean = 53.33, V, maximum mean = 17.36),
suggesting that localized tumors exhibited marked decreases in
vascularity and thus were more responsive to RT. Likewise, 6
never-treated tumors had larger percentage decreases in V,, mean
(mean = —55.02), V,, max (mean = —49.74), and K™ mean
(mean = —31.56) in comparison with 5 previously treated tu-
mors, supporting previous findings that treatment-naive tumors
are more likely to respond to radiation therapy (V,, mean = 6.34,
V, max mean = —11.12, and K™ mean = —16.47) (On-line
Table 2).

DISCUSSION

Conventional MR imaging of chordomas treated with RT typi-
cally exhibits little change. Our results suggest that DCE-MR im-
aging perfusion parameters obtained through quantitative (V,,
and K"™™) and semiquantitative (AUC) analysis significantly
changed following RT and may serve as a more sensitive indicator
for monitoring tumor responsiveness to RT than conventional
MR imaging.

Major Findings

Of the 3 parameters studied, V,, was the most significant measure
of tumor response. Differences in V, mean and V,, maximum
values pre- and posttreatment were significant. On average, V,
max values were approximately 1.6 times greater before treat-
ment, which is concordant with previous work demonstrating the
significantly higher vascularization of chordoma in comparison
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with that of adjacent normal tissues.'”
Chordoma has been shown to express
elevated vascular endothelial growth
factor and matrix metalloproteinase-9,
which may work in concert to increase
angiogenesis and invasiveness and pro-
mote recurrence of chordoma and other
bone cancers.'®*°

K™ was also a positive indicator of
tumor response to therapy. A measure
of vascular permeability, K" repre-
sents the rate at which blood is trans-
ferred from the vascular compartment
to the extravascular extracellular space.
Therefore, unlike Vi, K™ is a marker
of tumor leakiness rather than actual tu-
mor vascularity. On receiving RT, chor-
doma lesions exhibited a significant dif-
ference in K" mean values (P = .03).
In contrast, there was no significant dif-
ference between K"*"® maximum values
pre- and posttreatment. However, a
downward trend in K™ max values
suggests that future analyses of larger
patient cohorts may also achieve signifi-
cance, providing further evidence that
tumor leakiness is increased in irradi-
ated chordoma lesions.

Chordoma presented with unusual
kinetic patterns on DCE-MR imaging.
Typically, malignant tumors carry DCE-MR
imaging time-signal intensity curve sig-
natures characterized by rapid early en-
hancement, followed by fast washout, as
demonstrated by the average time—sig-
nal intensity curves of renal cell carci-
noma and prostate carcinoma (Fig 4C).
In contrast, 8 of 11 patients with chor-
doma presented with “persistently en-
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FIG 4. Chordoma is distinguished by its unique signature on DCE-MR signal intensity—time curves. A, Averaged dynamic MR signal intensity
curves for patients with chordoma (n = 12) pre-RT (blue) and post-RT (purple). Significant differences in areas under the curve pre-RT and
post-RT were observed (P = .03). B, Individual dynamic MR signal intensity—time curves from 12 patients (gray) were used to generate an average
curve (blue). C, Unlike hypervascular renal cell carcinomas (red) and hypovascular prostate carcinomas (green) spinal metastases, chordoma
presents with a signal intensity—time curve characterized by slow contrast uptake and lack of peak enhancement, likely due to a slow washout

phase. For all graphs, each phase = 1second.
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hancing” time-signal intensity curves before treatment (Fig
4B, -C), a pattern of enhancement generally associated with
more benign lesions.”’ However, this pattern of contrast uptake is
also consistent with low-grade tumors, such as chordomas.>”> The
remaining 3 of 11 patients with chordomas had pretreatment time—
signal intensity curves that “plateaued” (Fig 4B, -C). Such curves are
more suspicious for malignancy, but not definitive.”> While the pat-
tern of enhancement remained the same for most patients, 2 patients
exhibited changes in enhancement dynamics. It remains unclear
whether enhancement dynamics offer a predictive value of treatment
response.

Additionally, the persisting and plateauing kinetic patterns of
enhancement on DCE-MR imaging are not unique to chordoma.
Other osseous tumors of the spine, particularly chondrosarcoma
and giant cell tumors, also exhibit similar pa’[terns.23 Further-
more, factors such as the heterogeneous composition of a chor-
doma and the shape of the ROI may also account for the variation
in kinetic patterns observed.” Despite these uncertainties, semi-
quantitative AUC analysis of aggregate dynamic time—signal in-
tensity curves demonstrated that RT was still associated with a
significant decrease (P = .03) in signal intensity posttreatment
(Fig 4A), suggesting that AUC might be another parameter for
characterizing chordoma response to RT.

Our findings are consistent with previous DCE studies that
show that physiologic changes in tumor vascularity present earlier
than corresponding morphologic changes.”**” A representative
case is patient 7. Although the initial posttreatment conventional
MR imaging scan suggested that the tumor had responded to
radiation therapy (ie, subjectively better), subsequent surveillance
scans showed evidence of tumor progression, which was associ-
ated with clinical worsening as denoted by the corresponding ra-
diation oncology progress notes. These findings provide evidence
supporting DCE-MR perfusion imaging as an intriguing alternate
to conventional MR imaging because decreases in detection time
are crucial for rapid decision-making, particularly for patients
with chordoma who may benefit from prompt treatment modifi-
cations. Our findings are also consistent with previous findings
demonstrating that single-dose fractions of >10 Gy cause severe
vascular damage, resulting in alterations of the tumor microenvi-
ronment and triggering tumor cell apoptosis.>* The cytotoxic ef-
fects of ionizing RT are well-established, with increasing doses
leading to an increased risk of vascular pathologies.”® DCE-MR
imaging can detect evidence of vascular damage via decreased V,,
and increased K", Tumor staging and recurrence may have an
influence on both prognostication and posttreatment DCE
changes because both our study and previous studies®” have
shown that tumor progression is associated with higher V, and
K™ values.

There are several limitations to our study. First, larger sample
sizes will permit ROC analysis and more estimation of the predic-
tive value of perfusion parameters. Due to the exceedingly low
incidence and prevalence of chordoma, our study was limited by
the size of the available patient population. The sample size was
further limited to patients with chordoma who received radiation
therapy, pre- and posttreatment DCE perfusion scans, and no
complicating operations. However, some clinical patterns did
emerge that are worth investigating in future studies. Second, as a

retrospective study, there was significant variability in the timing
of the posttreatment DCE-MR images. Much of this variability
could be attributed to numerous factors, including scheduling
constraints of the patient and provider and technical errors result-
ing in suboptimal DCE-MR images that were excluded from the
study. Notably, patients 7 and 11 had posttreatment DCE-MR
images obtained after tumor progression was already detected on
conventional MR imaging. Additionally, these patients presented
with aggressive, widely metastatic disease that had already been
previously irradiated. Collectively, these factors limit the predic-
tive value of DCE-MR imaging in these 2 cases; thus, they were not
included in the analysis of clinical outcomes.

Third, both the precontrast T1 value and arterial input func-
tion must be accurately measured to apply a pharmacokinetic
model for quantitative analysis. In the design of DCE-MR imag-
ing studies, competing demands for high spatial resolution, cov-
erage, and signal-to-noise often resulted in inadequate temporal
resolution for reliable measurement of the arterial input function.
Fourth, the precise mechanism leading to the perfusion differ-
ences before and after RT has not been elucidated, and it is prob-
able that the perfusion changes reflect a combination of radiation-
and therapy-induced changes, healing bone, and reconstitution of
hematopoietic marrow. However, given that successfully treated
chordomas could be differentiated by the perfusion changes by a
statistically significant margin in our patient population, the re-
sults are meaningful regardless of the precise mechanism.

CONCLUSIONS

DCE-MR imaging presents a novel alternative to conventional
MR imaging for tumor monitoring in patients with chordoma,
providing insight into the physiologic and hemodynamic pro-
cesses within a particular lesion. Quantitative and semiquantita-
tive DCE parameters such as V,,, K", and AUC are significantly
decreased posttreatment; this change reflects the extent of vascu-
lar damage induced by radiation therapy. Collectively, these find-
ings demonstrate the capacity of DCE-MR imaging to accurately
reflect underlying tumor physiology in response to therapy.
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LETTERS

Emergency Department MR Imaging Scanner: Supportive Data

e read with personal interest the article in the May 2017
American Journal of Neuroradiology by M. Buller and J.P.
Karis entitled “Introduction of a Dedicated Emergency Depart-
ment MR Imaging Scanner at the Barrow Neurological Institute.”
The authors described the challenges of placing an MR scanner
in the emergency department (ED) setting in 2015 and referred to
the impact on workflow. They also speculated on the impact this
may have on patient care and decision-making. Our analyses on
these issues regarding the installation of our ED MR scanner in
2012 have recently been published or are in press. The issues of
length of stay (LOS) in the ED versus hospital LOS are areas of ap-
propriate investigation, which we have explored in the settings of
stroke> and multiple sclerosis.”* We also have analyzed the impact
of MR imaging on the decisions to admit patients, which may de-
crease unnecessary admissions, another downstream impact.' ™
One important issue that we learned when we installed our ED
CT scanner in 1999 is to have an agreed upon list of indications for
emergent versus nonemergent but appropriate imaging requests.’
For the MR scanner installation, we met with the ED, neurosur-
gery, neurology, trauma surgery, and otorhinolaryngology de-
partments and came up with a consensus list of ED MR imaging
indications. This has led to satisfaction by all parties and less
“drift” to inappropriate imaging.

http://dx.doi.org/10.3174/ajnr.A5315
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REPLY:

e appreciate the interest of Yousem et al in our recent arti-
Wcle, “Introduction of a Dedicated MR Imaging Scanner at
the Barrow Neurological Institute.”' The transition to accessible
emergency department (ED) MR imaging at the Barrow Neuro-
logical Institute is relatively recent, and our article focused on
some important factors to consider when implementing a new ED
MR imaging program and workflow, as well as associated changes
that might be expected in scan volumes and distribution. We
thank Yousem et al for bringing to our attention the important
works on outcomes following ED MR imaging installation that
have been completed at Johns Hopkins. It is encouraging to know
that accessible ED MR imaging can have a positive impact on
patient admission rates and admission lengths.”

We also agree with the importance of open communication with
clinical services; consultation with emergency, neurology, and neu-
rosurgery colleagues before, during, and after installation of an ED
MR scanner is crucial to program success and plays an important role
in shaping new ED ordering guidelines and protocols.

We hope that our experience, taken in conjunction with work
from other centers, may provide support and insight to colleagues

http://dx.doi.org/10.3174/ajnr.A5325

considering the transition to accessible ED MR imaging in the
future.
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LETTERS

Cerebral Microbleeds: A Call for Standardized

I n recent years, cerebral microbleeds have received considerable
attention, in part due to the widespread availability of advanced
neuroimaging methods for their detection.”” The prevalence of
microbleeds has been well-studied in various diseases and in
healthy controls. Their significance, however, is still poorly un-
derstood. In stroke and transient ischemic attack, for instance, the
key question is whether microbleeds are a marker of increased risk
of bleeding due to anticoagulants. Clinical opinion leaders have
recently advocated for worldwide collaboration in microbleed re-
search"? and have recognized the need for standardized imaging-
acquisition sequences.

Here, we would like to further argue for the use of advanced
imaging methods. In a recent meta-analysis, we have shown that
the prevalence of microbleeds is influenced by the imaging tech-
nique and field strength.3 In Alzheimer disease, for example, the
prevalence of microbleeds is twice as high with SWI than with
conventional gradient-echo MR imaging. Multisite trials and in-
ternational consortia are going to face a trade-off between stan-
dardization and the use of advanced imaging techniques. The
maximization of the number of participating sites needs to be
weighed against the ability to acquire and analyze SWI data. How-
ever, SWI is increasingly adopted as a new standard in many
imaging sites. Furthermore, it may be useful to store the un-
processed images of the SWI scans so that they can be pro-
cessed into quantitative susceptibility maps.* Most important,
future advanced processing does not preclude the conven-
tional evaluation of SWI.

Finally, we support the suggestion that microbleeds be re-
corded electronically with standardized tools. Ideally, the output
of such tools should be logfiles that contain microbleed location
and certain attributes, as well as images that record the location
and size of the microbleeds. These images and logfiles can be easily
analyzed across numerous sites; this feature may result in further
insight, such as microbleed location in various disease subtypes.
Moreover, alow-cost by-product of this approach will be valuable
data about the change in the number and size of microbleeds with
time. If these imaging data are shared in conjunction with clinical,
genetic, or biochemical data, their analysis will provide much
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more insight than meta-analyses of aggregate data in the pub-
lished literature.

In summary, members of the international consortia on mi-
crobleeds who will agree on which imaging techniques to use and
how to best analyze and share the data may want to consider more
advanced data-acquisition techniques and the high likelihood of
future progress in quantitative image analysis. The relatively
simple gradient-echo imaging can be used on all scanners, but
it precludes further quantitative analysis of magnetic suscepti-
bility, with a high false-negative rate. SWI detects much
smaller microbleeds than gradient-echo imaging and has the
advantage of allowing advanced quantitative analyses to be
performed in the future without compromising standardiza-
tion in the present.
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LETTERS

Radiomics Approach Fails to Outperform Null Classifier on

I tis with great pleasure that I read the recent article, the accom-
panying commentary, wide popular press, and lively ongoing
discussion in the community regarding “Computer-Extracted
Texture Features to Distinguish Cerebral Radionecrosis from Re-
current Brain Tumors on Multiparametric MRI: A Feasibility
Study” by Tiwari et al.'

With increasingly ubiquitous, cheap, computing infrastruc-
ture and the commoditization of high-quality machine-learning
algorithms, multivoxel and multimodal pattern classification
techniques, so-called “radiomics,” are increasingly being used to
incorporate subtle but useful imaging features into our routine
clinical decision-making as radiologists. To this end, I commend
the authors on their well-thought-out design and implementation
of a machine-learning classifier for differentiating tumor recur-
rence versus radiation necrosis in treated primary and metastatic
human brain tumors.

The authors used a state-of-the-art but straightforward
method incorporating the following: 1) image texture-based fea-
ture extraction, 2) feature selection/reduction via minimum re-
dundancy maximum relevance, 3) generalization performance
estimation of a support vector machine classifier, and most im-
portant, 4) an external layer of cross-validation to ensure that the
feature selection and performance estimation steps were unbiased
(ie, not overfit).

The authors widely acknowledged that this is, indeed, an early
feasibility study, using limited retrospective data at hand, and this
point has already been further explored by other commenters.?
Additionally, however, there was no discussion of base rate effects
or inclusion of a null classifier. A discussion here will hopefully be
useful in both understanding the authors’ specific results and gen-
eralizing to the future because we aim to target the specific clinical
scenarios where these advanced techniques may have their great-
est clinical utility.

Diagnostic testing can be framed in the Bayesian sense of a
pretest (prior) probability, which is updated by some new evi-
dence, to yield a posttest (posterior) probability.” The pretest
probability is often informed by some general knowledge about
the background prevalence (ie, base rate) in the community. The
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new evidence typically takes the form of a test result for the indi-
vidual. Consider the fringe cases: On the one hand, we can imag-
ine a clinical scenario where the base rate is 50%. Under this
regimen, similar to the authors’ training data, incorporation of
individual data—even of marginal reliability—will nudge us in
favor of 1 group and improve clinical diagnostic accuracy. On the
other hand, as the base rate approaches 0% or 100%, even the best
diagnostic tests will be useless in practice. For example, consider
the challenge of identifying an uncommon disease in a hypothetic
healthy population of 1000 individuals. If we examined the whole
population, given a supposed baseline prevalence of 0.001 (1ina
1000), even a terrific “rule out” screening diagnostic test with
100% sensitivity and 95% specificity will result in 1 true-positive
test result and 49.95 false-positive test results, for an overall pos-
itive predictive value of only approximately 2%.

The crux of the issue then lies in the middle gray zone: As the
base rate slides more in favor of 1 group, the bar rises for any
additional candidate predictors/features to be “worth it” in terms
of the marginal discriminating information they provide with re-
spect to their inherent variability and accompanying measure-
ment error. In the present feasibility study, tumor recurrence was
only slightly more prevalent than radiation necrosis among the
primary brain tumor training data (12 of 22 cases, or 55%).
Therefore, a null classifier incorporating only this information
would perform with 55% accuracy on average (the null informa-
tion rate) and would be beaten handily by the authors’ imaging-
based classifier, which achieved 75% estimated generalization ac-
curacy via cross-validation-based resampling on the training data.
This 75% number is the benchmark we would like to compare
against human performance; however, such an analysis was not
performed in the present study.

In the holdout test sample, however, the recurrence group was
much more enriched. Therefore, while it may seem impressive
that the imaging-based classifier attained 91% accuracy (10/11
cases) and this was the main headline widely publicized in the
popular press, we would, in fact, have attained the exact same
diagnostic accuracy by ignoring all the machine-learning algo-
rithms, relying solely on our general knowledge of the base rate
that tumor recurrence is more common and assigning every hold-
out test case to the “recurrence” class label without looking at a
single image.



This leads to several important discussion points: Because
there are so many subtle ways for classification experiments to be
methodologically invalidated, there is a strong intuitive desire to
see the methods tested on a truly independent test set, held out
from the get-go, as was done here. This approach does have the
desired effect of making us feel more comfortable with the meth-
ods; however, it also has negative effects. Not only does it make
less data available for training, thereby decreasing the quality of
the classifier, but, as we see here, the test set itself may be biased
due to small sample size or other effects. This then provides yet
another argument in favor of data-sharing and “reproducible re-
search” in neuroimaging,* whereby the community could easily
validate the authors’ methods, confirm their cross-validated re-
sults, and obviate a separate holdout test.

It is also worth revisiting the uncomfortable fact that humans
are useful but flawed statistical machines (and hence clinical de-
cision-makers), subject to a variety of cognitive biases that have
been explored in the literature on the psychology of decision-
making during the past half-century.”> We underestimate the
value of base rate information compared with individual infor-
mation, overestimate the generalizability of our talents, overesti-
mate the confidence/precision of our estimates, and are able to be
systematically nudged by a variety of factors, including the arbi-
trary sequence in which cases are presented. In particular, as the
validity of a task decreases (ie, the signal gets smaller, subtler, or
more complex) or accompanying uncertainty increases, the con-
sistency of our approach to intuitive reasoning suffers, and the net
effects of these underlying biases may dominate.® Although it was
not investigated here, we may speculate that some (or all) of these
effects may help explain why the “experts” performed even more
poorly than would be expected on the test data. On the bright side,
ample data do suggest that the performance of expert intuitive
reasoning under this regimen can be successfully augmented by
the introduction of even simple algorithms,7 as evidenced in our
field by the success of the Breast Imaging Reporting and Data

System, the Liver Imaging Reporting and Data System, and so
forth.

In summary, while widely publicized, the presented radiomics
approach fails to outperform a null classifier on the given test set.
Conversely, we are unable to compare the classifier cross-vali-
dated performance estimates on the training set with human per-
formance because this analysis was not performed. If one looks
forward, this interesting article describes a state-of-the-art ra-
diomics classifier, though it highlights the importance of base rate
effects and other cognitive bias when evaluating the usefulness of
such a classifier and again argues in favor of both enhanced data-
sharing in neuroimaging and enhanced incorporation of our ex-
pert intuitive reasoning into more structured frameworks for
clinical decision-making.

REFERENCES

1. Tiwari P, Prasanna P, Wolansky L, et al. Computer-extracted texture
features to distinguish cerebral radionecrosis from recurrent brain
tumors on multiparametric MRI: a feasibility study. AJNR Am ] Neu-
roradiol 2016;37:2231-36 CrossRef Medline

2. Schweitzer AD, Chiang GC, Ivanidze J, et al. Regarding “Computer-
Extracted Texture Features to Distinguish Cerebral Radionecrosis
from Recurrent Brain Tumors on Multiparametric MRI: A Feasibil-
ity Study.” AJNR Am ] Neuroradiol 2017;38:E18—19 CrossRef Medline

3. Elstein AS, Schwartz A, Schwarz A. Clinical problem solving and di-
agnostic decision making: selective review of the cognitive literature.
BM]J 2002:324:729-32 Medline

4. Poldrack RA, Baker CI, Durnez J, et al. Scanning the horizon: towards
transparent and reproducible neuroimaging research. Nat Rev Neu-
rosci 2017;18:115-26 CrossRef Medline

5. Tversky A, Kahneman D. Judgment under uncertainty: heuristics
and biases. Science 1974:185:1124-31 CrossRef Medline

6. Kahneman D, Klein G. Conditions for intuitive expertise: a failure to
disagree. Am Psychol 2009;64:515-26 CrossRef Medline

7. Grove WM, Zald DH, Lebow BS, et al. Clinical versus mechanical
prediction: a meta-analysis. Psychol Assess 2000;12:19-30 Medline

).B. Colby

Department of Radiology and Biomedical Imaging
University of California, San Francisco

San Francisco, California

AINR Am J Neuroradiol 38:E92-E93  Nov 2017 www.ajnr.org E93


http://dx.doi.org/10.3174/ajnr.A4931
http://www.ncbi.nlm.nih.gov/pubmed/27633806
http://dx.doi.org/10.3174/ajnr.A5019
http://www.ncbi.nlm.nih.gov/pubmed/27908871
http://www.ncbi.nlm.nih.gov/pubmed/11909793
http://dx.doi.org/10.1038/nrn.2016.167
http://www.ncbi.nlm.nih.gov/pubmed/28053326
http://dx.doi.org/10.1126/science.185.4157.1124
http://www.ncbi.nlm.nih.gov/pubmed/17835457
http://dx.doi.org/10.1037/a0016755
http://www.ncbi.nlm.nih.gov/pubmed/19739881
http://www.ncbi.nlm.nih.gov/pubmed/10752360
http://orcid.org/0000-0001-8816-711X

REPLY:

e thank Dr Colby for his interest in our article “Computer-

Extracted Texture Features to Distinguish Cerebral Radio-
necrosis from Recurrent Brain Tumors on Multiparametric MRI:
A Feasibility Study.”

We are replying to Dr Colby’s specific comment, “Therefore,
while it may seem impressive that the imaging-based classifier
attained 91% accuracy (10/11 cases) ... we would, in fact, have
attained the exact same diagnostic accuracy by ignoring all the ma-
chine-learning algorithms, relying solely on our general knowledge
of the base rate that tumor recurrence is more common and assign-
ing every holdout test case to the ‘recurrence’ class label without look-
ing at a single image.”

While we appreciate Dr Colby’s viewpoint, we respectfully dis-
agree with his argument for at least a few reasons.

First, the test set was curated on the basis of the availability of
studies that had pathologic confirmation (via multiple biopsies or
surgical resections), which, in this case, happened to consist pre-
dominantly of recurrence cases. It was not compiled to be repre-
sentative of the “true” distribution of tumor recurrence and ne-
crosis cases. However, the image-based classifier during testing
did not have this information a priori. Similarly, the readers were
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blinded to the class distribution of cases in the test set. It is cer-
tainly conceivable that readers, when reviewing cases in clinical
practice, tend to factor in the a priori distribution of recurrence
and necrosis cases into their diagnosis, but there is no suggestion
that this information was explicitly taken into account by the
readers during the course of this study.

Second, the null classifier alluded to by Dr Colby is more of an
abstract, theoretic idea. It so happens that for the number of cases
(n = 11 with 10 cancer recurrences and 1 necrosis) considered in
the test set, applying the “null classifier,” which involves labeling
every case as cancer recurrence, would yield the same accuracy as
the machine classifier. However, one could argue that if we were
to create a subset of studies that had just 1 radiation necrosis case
in it, the null classifier would have an accuracy of 0% and the
machine classifier would have a 100% accuracy; the machine clas-
sifier in the test was able to correctly identify the necrosis case.
While the discussion of the performance of the null classifier is
certainly interesting from a theoretic perspective, clearly neither
the human readers nor the machine classifier in our study invoked
this null classifier approach.

P. Tiwari
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LETTERS

Imaging Findings of Benign Enhancing Foramen

We are grateful to McGuinness et al for their interesting and
clinically applicable article “Benign Enhancing Foramen
Magnum Lesions: Clinical Report of a Newly Recognized En-
tity.”1 In a series of 14 patients, the authors documented the ste-
reotypical appearance of 16 small, enhancing lesions posterior to
and separate from the proximal intracranial vertebral artery. In all
patients with available imaging, longitudinal follow-up con-
firmed stability. The authors noted 9 cases in which the enhancing
focus was continuous with a presumed bridging vein extending
from the internal vertebral venous plexus to the anterior condylar
venous confluence. Thus, they suggested that the process might
reflect a venous finding, such as a varix, with a small nerve root
ganglion/pseudoganglion as a differential consideration.

We recently observed this same finding in a 67-year-old man
undergoing a radiation treatment—planning brain MR imaging
for a right caudate melanoma metastasis (Fig 1A). The presence of
asmall (2-mm), enhancing left foramen magnum lesion (Fig 1B)
initially generated concern for a second metastasis. However, after
we retrieved the patient’s prior MR imaging (Fig 1C), our concern
was mitigated by 18-month stability. We were further reassured
after noting its appearance was identical to that of the patients of
McGuinness et al, supporting the benign nature of the process,
despite metastatic disease elsewhere.

The imaging in our patient illustrates several additional nota-
ble features. First, he had a prior contrasted soft-tissue neck CT
(Fig 1D), on which the process was evident as a small enhancing
focus with an attenuation measurement of approximately 90
Hounsfield units. This was less than surrounding arterial vascular
structures (for instance, 175 HU in the adjacent vertebral artery)
and lower than the intracranial dural venous sinuses (for instance,
190 HU in the transverse sinus). However, its attenuation was
similar to that in the upper cervical epidural plexus, suggesting a
related venous etiology. Second, while the authors noted that they
were unable to visualize the relationship of the process to the
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spinal accessory or upper cervical nerve roots, our patient’s thin-
section postcontrast imaging reveals its proximity to the latter
(Fig 1E). While this could suggest a neural or perineural origin, we
likewise referenced the findings of prior anatomic studies, in
which small bridging veins approximate nerve roots as they
course to and through the surrounding dura.”* Thus, the spatial
relationship between the lesion and the upper cervical nerve roots
does not preclude a venous etiology of the process. Last, our pa-
tient had a large developmental venous anomaly in the left cere-
bellum (Fig 1F), superior to the foramen magnum finding, but we
suspect this may be coincidental in nature.

Regardless of its specific etiology, we hope that our case illus-
trates complementary features that can assist radiologic interpre-
tation. Whether observed on CT or MR imaging, the stereotypical
imaging characteristics are reassuring, and their recognition can
optimize resource allocations by obviating extensive follow-up
imaging, even when assessing intracranial metastatic disease.

Disclosures: M. Vittoria Spampinato—UNRELATED: Grants/Grants Pending:
Bracco*. *Money paid to the institution.
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FIG1. Axial Tl postcontrast volumetric imaging from a radiation-planning MR imaging for a metastatic melanoma lesion (A, arrow) demonstrates
a 2-mm enhancing focus posterior to the left vertebral artery in the foramen magnum (B, arrow). This was unchanged from a study 18 months
earlier (C, arrow) and was seen on a venous phase soft-tissue neck CT (D, arrow). Thin-section postcontrast imaging reveals its close proximity
to abarely perceptible upper cervical nerve root (E, dashed arrow). A presumably coincidental developmental venous anomaly is seen in the left
cerebellar hemisphere (F, black arrow).
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LETTERS

Selective Poststent Balloon Angioplasty for Carotid Stenting

We read with interest the recent article' on the selective
use of poststent dilation for carotid atherosclerosis. It
confirms our published findings that the omission of routine
poststent balloon angioplasty does not affect the angiographic
and clinical outcomes in most patients undergoing carotid
stent placement procedures.” We find it surprising that the
authors have omitted from this recent review our series of 181
patients, in which both routine pre- and poststenting balloon
angioplasties were not routinely performed and were only used
selectively when required.” We found that CT angiographic
plaque morphology was quite accurate in predicting which pa-
tients would require balloon angioplasty to achieve a satisfac-
tory angiographic outcome. Our approach, which we have
termed “primary carotid stent” placement, results in less he-
modynamic instability than standard techniques* and has a
similarly low incidence of periprocedural complications. We
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believe that our data would have been a useful addition to this
meta-analysis.
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e would like to thank Drs Pelz and Lownie for their interest
Win our article." The literature search for this study was de-
signed to include all studies published through January 2015, be-
fore the publication of their article titled “Plaque Morphology
(the PLAC Scale) on CT Angiography: Predicting Long-Term An-
atomical Success of Primary Carotid Stenting.” We have read
with interest their article and believe it is a valuable read for those
involved in carotid stent placement procedures. In their article,
the authors reported that stent placement, without angioplasty, of
soft plaques (ie, those with no or minimal calcification) can result
in good long-term anatomic outcomes. On the other hand, ca-
rotid plaques that are heavily calcified require angioplasty and
stent placement or carotid endartectomy for good anatomic re-
sults. We thank the authors for their valuable contribution to the
literature and look forward to seeing more of their work.

REFERENCES
1. Petr O, Brinjikji W, Murad MH, et al. Selective-versus-standard
poststent dilation for carotid artery disease: a systematic review

http://dx.doi.org/10.3174/ajnr.A5435

E98 Letters Nov 2017 www.ajnr.org

and meta-analysis. AJNR Am ] Neuroradiol 2017;38:999-1005
CrossRef Medline

. Pelz DM, Lownie SP, Lee DH, Boulton M. Plaque morphology (the

PLAC Scale) on CT angiography: predicting long-term anatomical
success of primary carotid stenting. ] Neurosurg 2015;123:856—61
CrossRef Medline

O. Petr

Department of Neurologic Surgery
Mayo Clinic

Rochester, Minnesota
Department of Neurosurgery
Medical University Innsbruck
Innsbruck, Austria

W. Brinjikiji

Department of Radiology

Mayo Clinic

Rochester, Minnesota

M.H. Murad

Division of Preventive Medicine
Mayo Clinic

Rochester, Minnesota

B. Glodny

Department of Radiology
Medical University Innsbruck
Innsbruck, Austria

G. Lanzino

Departments of Neurologic Surgery and Radiology
Mayo Clinic

Rochester, Minnesota


http://dx.doi.org/10.3174/ajnr.A5103
http://www.ncbi.nlm.nih.gov/pubmed/28302610
http://dx.doi.org/10.3171/2014.9.JNS14811
http://www.ncbi.nlm.nih.gov/pubmed/25816084
http://orcid.org/0000-0002-2258-1032
http://orcid.org/0000-0001-5271-5524
http://orcid.org/0000-0001-5502-5975
http://orcid.org/0000-0003-1504-1377
http://orcid.org/0000-0003-1479-465X

LETTERS

Open Globe Injury: Ultrasound First!

We read with much interest the article by Dr. Bodanapally
and colleagues' in the March 2017 issue of AJNR regarding
the interest of facial CT findings as prognostic predictors of visual
outcome in open globe injury. They reported 4 variables associ-
ated with poor outcome on a regression model and showed that a
grade III posterior segment hemorrhage had a strong positive
predictive value of 100% for profound vision loss. Although these
results are interesting and innovative, we believe that the interest
in CT as a prognostic tool for visual outcome in open globe injury
remains limited.

The exploration of the eyeball is still difficult with CT, even
more so in case of injury. That is why the authors chose to refer to
posterior eyeball injuries collectively as posterior segment hem-
orrhage. However, CT is only a mere surrogate for major ocular
injuries such as retinal (RD) or choroidal detachments, which are
reported to be the most important factors influencing final visual
acuity in clinical and surgical studies.> Although vitreous hemor-
rhage may predict RD, it is not associated with poor visual out-
come on its own. From a clinical and practical viewpoint, an
emergency surgery is often performed on patients with open
globe injuries to explore the eyeball, state the injuries, and per-
form a vitrectomy in the case of intravitreous hemorrhage. The
demonstration of an RD or choroidal detachment profoundly
changes the management of patients because prompt interven-
tion and repair of these injuries significantly improve visual out-
comes.” Thus, distinguishing attenuated vitreous membranes
from RD is essential. It is, unfortunately, not directly possible with
CT.

Moreover, the quantification of posterior segment hemor-
rhage is difficult with CT because of heterogeneous and varying
blood densities in the eyes depending on the location of the hem-
orrhage, the presence of RD or choroidal detachment, the pres-
ence of a hematoma, or the delay between the injury and the CT.
The absence of blood visualization on CT is also not reliable be-
cause of a lack of sensitivity.

The most appropriate imaging tool to assess prognostic pre-
dictors of visual outcome in open globe injury would be sonogra-
phy. Its role in the detection of RD in eyes with opaque media has
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been established clearly in the past. At present, there is no other
method to reliably ascertain the anatomic position of the retina
when direct examination is impossible. It allows a direct visual-
ization of the main eyeball injuries, such as RD, globe rupture,
perforating injury, or endophthalmitis.” These items are used in
the main predictive models that have been developed for clinical
decision-making, such as the Ocular Trauma Score,® which can
predict profound vision loss with a sensitivity of 100% and spec-
ificity of 91%. Sonography has 100% accuracy in the diagnosis of
RD and can distinguish RD from choroidal detachments.” It is
reported to be more accurate than CT in the diagnosis of vitreous
hemorrhages,4 to provide an accurate quantification, and to de-
tect even a small amount of blood that is not visible on CT. It may
depicthyphema, lens dislocations, and intraocular foreign bodies.
It can provide the exact location of the injuries and can differen-
tiate vitreous from subretinal hemorrhage. It can even indicate
some rare injuries that are often inoperable, such as closed-funnel
RDs.

Sonography is simple to perform and interpret, easily accessi-
ble even at the patient’s bedside or in a military setting. It is inex-
pensive and does not expose patients to ionizing radiation, as
opposed to CT. It can be associated with a Doppler measurement
of the central retinal artery, which reflects the intraocular hemo-
dynamic, and is also a prognostic predictor for visual outcome.
Finally, it is easy to perform sequential sonography during follow-
up, which is crucial because one-quarter of patients with an open
globe injury will develop an RD or a retinal tear after surgical
repair.’

In conclusion, although interesting in the context of emer-
gency, especially for the detection of ocular foreign bodies, we
believe that CT has limited value in immediate clinical decision-
making and as a prognostic predictor of visual outcome, and we
believe that sonography could be a valuable and effective tool to
predict outcomes.
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REPLY:

e thank Lecler et al for their insightful comments and for
Wsharing their opinion on the use of sonography in patients
with open globe injuries. Many valid points have been raised
about the limitations of CT, with which we agree.

CT has evolved as the imaging technique of choice for evalu-
ating patients with polytrauma in the United States. This imaging
technique is widely used in emergency departments and trauma
centers.

CT of the face detects not only globe injuries and radiopaque
foreign bodies but also intraorbital soft-tissue injuries and orbito-
facial fractures, which have major treatment implications. The
chaotic environment of the trauma resuscitation units dealing
with patients with various forms of blunt and penetrating trauma
makes it impractical for ophthalmic sonography to be performed
in all emergency settings. The procedure requires both specialized
ophthalmic sonography equipment and expertise in its interpre-
tation, which are not available around the clock in many trauma
centers. In an emergent situation, CT and clinical examination
provide ample information to decide whether a globe injury re-
quires exploration. Our study shows that this information alone
also provides prognostic information.

There is still not enough evidence to show that sonography can
be performed without inducing pressure on the globe. Pressure
on the globe risks the extrusion of intraocular contents and po-
tentiates endophthalmitis or suprachoroidal hemorrhage, all of
which could further damage the already injured globe. Hence, the
experts at the University of Maryland Shock Trauma center avoid

http://dx.doi.org/10.3174/ajnr. A5379

sonography in patients with suspected globe injury in the acute
setting.

Ophthalmic sonography does have a role in select cases to
answer specific questions regarding ocular surgical planning and
follow-up after globe repair. There is evidence to show that sonog-
raphy has a major role in detecting complex pathologies that de-
velop after globe repair, specifically differentiating a retinal de-
tachment from a choroidal detachment. The findings from
sonography provide useful information for planning manage-
ment and predicting visual outcome. Andreoli et al' reported all
these important factors in patients after globe repair. Our study
differs in that it mainly deals with patients before globe repair and
uses the limited preoperative clinical data available in the acute
trauma setting.

In summary, the authors have made a compelling argument
for sonography to determine prognostic information after globe
repair. The safety of ophthalmic sonography should be estab-
lished before using it in patients prior to globe repair. Ultimately,
ophthalmic sonography is an effective tool in the follow-up of
patients after globe repair to identify various traumatic patholo-
gies, plan surgical repair, and predict patient outcomes.
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