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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



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.




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
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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!

7@ ~ Pina C. Sanelli, MD, MPH, FACR
AMa a 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

Meeting Registration Opening SOON!
Please visit 2018.asnr.org for more information

" APANPACIFIC |

Fairmont Waterfront
© Copyright 2017 FRHI

© 2017 Pan Pacific Hotels and Resorts

ASNR 56 Annual Meeting

¢/0 American Society of Neuroradiology

800 Enterprise Drive, Suite 205

Oak Brook, lllinois 60523-4216

Phone: 630-574-0220 + Fax: 630 574-0661
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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.



We're Inside Every Great Neuroradiologist!

ASNR MEMBERS RECEIVE
American Journal of Neuroradiology (AJNR)
The leading neuroradiology research journal,
published monthly

Neurographics
Bimonthly educational journal with CME for
members

ASNR Annual Meeting
Discounts for members on the field's premier
conference

eCME
Online collection of lectures and articles with
SA-CME and Category 1 credit

Advocacy

Coding/reimbursement, quality standards and
practice guidelines; demonstrating
neuroradiology’s value!

Networking
Access to 5,000 peers

....And More!

Join the leaders in neuroradiology today!
Learn more at www.asnr.org/join

ASNR

American Society of Neuroradiology

800 Enterprise Dr., Suite 205, Oak Brook, IL 60523 (630)574-0220 « membership@asnr.org « www.asnr.org
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52" Annual Meeting | American Society of

Head & Neck Radiology

The Westin Savannah Harbor Golf Resort & Spa
Savannah, GA

September 26 - 30, 2018

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




Neuroform Atlas™ Stent System

See package insert for I
warnings and instructions for use.

Humanitarian Device. Authorized by Federal law for use with
neurovascular embolic coils in patients who are > 18 years of age for the
treatment of wide neck, intracranial, saccular aneurysms arising from a parent
vessel with a diameter of > 2 mm and < 4.5 mm that are not amenable to
treatment with surgical clipping. Wide neck aneurysms are defined as having
aneck >4 mm or a dome-to-neck ratio < 2. The effe of this device for

« Standard interventional devices with distal tips > 1.8 F may not be able to
pass through the interstices of the stent.

« Safety of the Neuroform Atlas Stent System in patients below the age of 18
has not been established

« In cases where multiple aneurysms are to be treated, start at the most distal
aneurysm first.

MAGNETIC RESONANCE IMAGING (MRI)
Safety

Non-clini

this use has not been demonstrated.

INDICATIONS FOR USE

The Neuroform Atlas™ Stent System is indicated for use with neurovascular
embolic coils in patients who are > 18 years of age for the treatment of wide
neck, intracranial, saccular aneurysms arising from a parent vessel with a
diameter of > 2 mm and < 4.5 mm that are not amenable to treatment with
surgical clipping. Wide neck aneurysms are defined as having a neck = 4 mm
or a dome-to-neck ratio of <2

CONTRAINDICATIONS

Patients in whom antiplatelet and/or anticoagulation therapy is
contraindicated.

POTENTIAL ADVERSE EVENTS
The potential adverse events listed below, as well as others, may be
associated with the use of the Neuroform Atlas™ Stent System or with the
procedure:
Allergic reaction to nitinol metal and medications, Aneurysm perforation or
rupture, Coil herniation through stent into parent vessel, Death, Embolus,
Headache, Hemorrhage, In-stent stenosis, Infection, Ischemia, Neurological
sequelae, P m, Stent fracture, Stent
migratior Stent mi Stent , Stroke,
Transient ischemic attack, Vasospasm, Vessel occlusion Drc\osure Vessel
perforation/rupture, Vessel dissection, Vessel trauma or damage, Vessel
thrombosis, Visual impairment, and 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.

« Forsingle use Dnly Do not rsuss reprocess or resterilize. Reuse,

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

« After use, dispose of product and packaging in accordance with hospital,
administrative andjor local government policy.

« 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.

« Select a stent size (length) to maintain a minimum of 4 mm on each side of
the aneurysm neck along the parent vessel. An incorrectly sized stent may
result in damage to the vessel or stent migration. Therefore, the stent is not
designed to treat an aneurysm with a neck greater than 22 mm in length.

« If excessive resistance is encountered during the use of the Neuroform

Atlas™ Stent System or any of its components at any time during the

procedure, discontinue use of the stent system. Continuing to move the

stent system against resistance may result in damage to the vessel or a

system component.

Persons allergic to nickel titanium (Nitinol) may suffer an allergic response

to this stent implant.

« Purge the system carefully to avoid the accidental introduction of air into
the stent system.

« Confirm there are no air bubbles trapped anywhere in the stent system.

CAUTIONS / PRECAUTIONS

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

« Use the Neuroform Atlas Stent System prior to the “Use By" date printed
on the package

« Carefully inspect the sterile package and Neuroform Atlas Stent System
prior to use to verify that neither has been damaged during shipment. Do
not use kinked or damaged components; contact your Stryker Neurovascular
representative.

« The stent delivery microcatheter and the Neuroform Atlas Stent delivery
wire should not be used to recapture the stent.

« Exercise caution when crossing the deployed stent with adjunctive devices.

« After deployment, the stent may foreshorten from up to 6.3%.

« The max 0D of the coiling microcatheter should not exceed the max 0D of
the stent delivery microcatheter.

.

Copyright © 2017 Stryker
AP001839 v1.0 | Page 2 of 2

Target® Detachable Coil

| testing and analysis have demonstraled that the Neuroform Atlas

Stent is MR Conditional alone, or when overlapped with a second stent, and

adjacent to a Stryker Neurovascular coil mass. A patient with the Neuroform

Atlas Stent can be safely scanned immediately after placement of this

implant, under the following conditions:

« Static magnetic field of 1.5.and 3.0 Tesla

« Maximum spatial gradient field up to 2500 Gauss/cm (25 Tesla/m)

« Maximum MR system reported whole body averaged specific absorption
rate of 2 W/kg (Normal Operating Mode) and head averaged specific
absorption rate of 3.2 W/kg.

Under the scan conditions defined above, the Neuroform Atlas Stent is

expected to produce a maximum temperature rise of 4°C after 15 minutes of

continuous scanning. The Neuroform Atlas Stent should not migrate in this

MRI environment.

In non-clinical testing, the image artifact caused by the device extends

approximately 2 mm from the Neuroform Atlas Stent when imaged with a

spin echo pulse sequence and 3 Tesla MRI System. The artifact may obscure

the device lumen. It may be necessary to optimize MR imaging parameters for
the presence of this implant.

Excelsior® XT-17" Mlcrocalheler

See package insert for
warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE

Stryker ‘s Excelsior XT-17 Mi are intended to
assist in the delivery of diagnostic agents, such as contrast media, and
therapeutic agents, such as occlusion coils, into the peripheral, coronary and
neuro vasculature,

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS

Potential adverse events associated with the use of microcatheters or
with the endovascular procedures include, but are not limited to: access
site complications, allergic reaction, aneurysm perforation, aneurysm
rupture, death, embolism (air, foreign body, plague, thrombus), hematoma,
hemaorrhage, infection, ischemia, neurological deficits, pseudoaneurysm,
stroke, transient ischemic attack, vasospasm, vessel dissection, vessel
occlusion, vessel perforation, vessel rupture, vessel thrombosis

WARNINGS

« The accessories are not intended for use inside the human body.

« Limited testing has been performed with solutions such as contrast media,
saline and suspended embolic particles. The use of these microcatheters
for delivery of solutions other than the types that have been tested for
compatibility is not recommended. Do not use with glue or glue mixtures.

« Carefully inspect all devices prior to use. Verify shape, size and condition are
suitable for the specific procedure.

« Exchange microcatheters frequently during lengthy procedures that require

extensive guidewire manipulation or multiple guidewire exchanges.

Never advance or withdraw an intravascular device against resistance

until the cause of the resistance is determined by fluoroscopy. Movement

of the microcatheter or guidewire against resistance could dislodge a clot,

perforate a vessel wall, or damage microcatheter and guidewire. In severe
cases, tip separation of the microcatheter or guidewire may occur.

Contents supplied STERILE using an ethylene oxide (EO) process. Do not

use if sterile barrier is damaged. If damage is found, call your Stryker

Neurovascular representative.

For single use on\y Do not reuse reprocess or resterilize. Reuse,

the structural integrity of
the device and/uv lead to devme fa\\ure which, in tum, may result in patient
injury, illness or death. Reuse, reprocessing or resterilization may also create
arisk of contamination of the device andjor cause patient infection or
cross-infection, including, but not limited to, the transmission of infectious
disease(s) from one patient to another. Contamination of the device may lead
to injury, illness or death of the patient.

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

» These devices are intended for use only by physicians trained in performing
endovascular procedures.

« Inspect product before use for any bends, kinks or damage. Do not use
amicrocatheter that has been damaged. Damaged microcatheters may
rupture causing vessel trauma or tip detachment during steering maneuvers.

« The shaping mandrel is not intended for use inside the human body.

This device should only be used by physici
received training in i

« Discontinue use of microcatheter for infusion if increased resistance is
noted. Resistance indicates possible blockage. Remove and replace blocked
microcatheter immediately. DO NOT attempt to clear blockage by over-
pressurization. Doing so may cause the microcatheter to rupture, resulting in
vascular damage or patient injury.

« Do not exceed 2,070 kPa (300 psi) infusion pressure. Excessive pressure
could dislodge a clot, causing thromboemboli, or could result in a ruptured
microcatheter or severed tip, causing vessel injury.

CAUTIONS / PRECAUTIONS

« To reduce the probability of coating damage in tortuous vasculature,

use a guide catheter with a minimum internal diameter as specified in

Table T above, and is recommended for use with Stryker Neurovascular

hydrophilically coated microcatheters.

To control the proper introduction, movement, positioning and removal of

the microcatheter within the vascular system, users should employ standard

clinical angiographic and fluoroscopic practices and techniques throughout

the interventional procedure.

« Exercise care in handling of the microcatheter during a procedure to reduce
the possibility of accidental breakage, bending or kinking.

« Use the product prior to the “Use By” date printed on the label.

to injury, illness or death of the patient.

« After use, dispose of product and packaging in accordance with hospital,
administrative andyor local government policy.

« These devices are intended for use only by physicians trained in
performing endovascular procedures.

« Limited testing has been performed with solutions such as contrast
media, saline and suspended embolic particles. The use of these catheters
for delivery of solutions other than the types that have been tested for
compatibility is not recommended. Do not use with glue or glue mixtures.

« The accessories are not intended for use inside the human body.

« Carefully inspect all devices prior to use. Verify shape, size and condition are

suitable for the specific procedure.

Exchange microcatheters frequently during lengthy procedures that require

extensive guidewire manipulation or multiple guidewire exchanges.

« Never advance or withdraw an intravascular device against resistance

until the cause of the resistance is determined by fluoroscopy. Movement

of the microcatheter or guidewire against resistance could dislodge a clot,
perforate a vessel wall, or damage microcatheter and guidewire. In severe
cases, tip separation of the microcatheter or guidewire may occur.

\nspect product before use for any bends, kinks or damage. Do not use

« Limited testing indicates that Excelsior XT-17 Mi is

with Dimethyl Sulfoxide (DMSO). The compatibility of Excelsior XT-17

Microcatheter with individual agents suspended in DMSO has not been

established

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

physician.

Wet dispenser coil or packaging tray and hydrophilically coated outer

shaft of microcatheters prior to removal from packaging tray. Once the

microcatheter has been wetted, do not allow to dry.

The packaging mandrel is not intended for reuse. The packaging mandrel is

not intended for use inside the human body.

Check that all fittings are secure so that air is not introduced into guide

catheter or microcatheter during continuous flush.

In order to achieve optimal performance of Stryker Neurovascular

Microcatheters and to maintain the lubricity of the Hydrolene® Coating

surface, it is critical that a continuous flow of appropriate flush solution be

maintained between the Stryker Neurovascular Microcatheter and guide
catheter, and the microcatheter and any intraluminal device. In addition,
flushing aids in preventing contrast crystal formation andj/or clotting on
both the intraluminal device and inside the guide catheter and/or the
microcatheter lumen.

Do not position microcatheter closer than 2.54 cm (1 in) from the steam

source. Damage to the microcatheter may result.

« Excessive tightening of a hemostatic valve onto the microcatheter shaft may
result in damage to the microcatheter. Removing the peel away introducer
without a guidewire inserted in the microcatheter lumen might result in
damage to the microcatheter shaft.

« To facilitate microcatheter handling, the proximal portion of the
microcatheter does not have the hydrophilic surface. Greater resistance
may be encountered when this section of the microcatheter is advanced
into the RHV.

Excelsi

SL-10° Mi h

See package insert for
warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE

Stryker N lar Excelsior SL-10 Mi is intended to

assist in the delivery of diagnostic agents, such as contrast media, and
therapeutic agents, such as occlusion cails, into the peripheral, coronary, and
neurovasculature.

CONTRAINDICATIONS
None known,

POTENTIAL ADVERSE EVENTS

Potential adverse events associated with the use of microcatheters or

with the endovascular procedures include, but are not limited to: access
site complications, allergic reaction, aneurysm perforation, aneurysm
rupture, death, embolism (air, foreign body, plaque, thrombus), hematoma,
hemorrhage, infection, ischemia, neurological deficits, pseudoaneurysm,
stroke, transient ischemic attack, vessel dissection, vessel occlusion, vessel
perforation, vessel rupture, vessel thrombosis.

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.
« Forsingle| pauem use only. Do nm reuse, reprocess or resterilize. Reuse,
the structural integrity of
the device and/or lead to dewce fallure which, in turn, may result in patient
injury, illness or death. Reuse, reprocessing or resterilization may also create
arisk 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

beyond the alignment marker when the fluoro-saver marker reaches the
hub.

See package insert for
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
« Intracranial aneurysms

radiology and preclinical training on the use of ﬂus
device as
Patients with hypersensitivity to 316LVM stainless steel may suffer an
allergic reaction to this implant.

« MR temperature testing was not conducted i arteriovenous

« If the fluoro-saver marker is not visible, do not advance the coil without
fluoroscopy.

« Do not rotate delivery wire during or after delivery of the coil. Rotating
the Target Detachable Coil delivery wire may result in a stretched coil or
premature of the coil from the delivery wire, which could result

o 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

« Other
arteriovenous fistulae
« Arterial and venous

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

such as arteriovenou: and

in the peripheral

‘s devices (whether coils, coil delivery devices, coil detachment
systems, catheters, guidewires, and/or other accessories). Due to the
potential of non Stryker ! 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 catheter, and c) the 2-tip microcatheter

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 rsuss reprocess or resterilize. Reuse,

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

« After use, dispose of product and packaging in accordance with hospital,
administrative andjor local government policy.

.

Copyright © 2017 Stryker
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and Stryker 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 packaging hoop or use with any coil other than the original coil
may result in contamination of, or damage to, the coil

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.

« 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

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.

Verify repeatedly that the distal shaft of the catheter is not under stress

before detaching the Target Detachable Coil. Axial compression or tension

forces could be stored in the 2-tip microcatheter causing the tip to move
during coil delivery. Microcatheter tip movement could cause the aneurysm
or vessel to rupture.

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

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

CAUTIONS / PRECAUTIONS

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

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

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

« 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

that has been damaged. Damaged microcatheters may

rupture causing vessel trauma or tip detachment during steering maneuvers.
« Shaping mandrel is not intended for use inside the human body.
Discontinue use of microcatheter for infusion if increased resistance is
noted. Resistance indicates possible blockage. Remove and replace blocked
microcatheter immediately. DO NOT attempt to clear blockage by over-
pressurization. Doing so may cause the microcatheter to rupture, resulting in
vascular damage or patient injury.
Do not exceed 2,070 kPa (300 psi) infusion pressure. Excessive pressure
could dislodge a clot, causing thromboemboli, or could resultin a ruptured
microcatheter or severed tip, causing vessel injury.

CAUTIONS / PRECAUTIONS

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

« To facilitate microcatheter handlmg the proximal portion of the

does not have the hydrophilic surface. Greater resistance
may be encountered when this section of the microcatheter is advanced
into the RHV.

« Exercise care in handling of the microcatheter during a procedure to reduce
the possibility of accidental breakage, bending or kinking.

« To reduce the probability of coating damage in tortuous vasculature, use a
guide catheter with a minimum internal diameter that is > 1.00 mm (0.038 in)
and is recommended for use with Stryker Neurovascular hydrophilically
coated microcatheters.

« To control the proper introduction, movement, positioning and removal of
the microcatheter wnhm the vascular system, users should employ standard
clinical practices and ques throughout
the interventional prucedurs

« Flush dispenser coil of hydrophilically coated microcatheters prior to removal

from dispenser coil. Once the microcatheter has been wetted, do not allow

to dry. Do not reinsert the microcatheter into dispenser coil.

Do not position microcatheter closer than 2.54 cm (1 in) from the steam

source. Damage to the microcatheter may result.

Check that all fittings are secure so that air is not introduced into guide

catheter or microcatheter during continuous flush.

In order to achieve optimal performance of Stryker Neurovascular

Microcatheters and to maintain the lubricity of the Hydrolene® Coating

surface, it s critical that a continuous flow of appropriate flush solution be

maintained between the Stryker Neurovascular Microcatheter and guide
catheter, and the microcatheter and any intraluminal device. In addition,
flushing aids in preventing contrast crystal formation and/or clotting on

both the intraluminal device and inside the guide catheter and/or the

microcatheter lumen.

Excessive tightening of a hemostatic valve onto the microcatheter shaft may

result in damage to the microcatheter.
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visualize the fluoro-saver marker; monitor light alone will not allow sufficient
visualization of the fluoro-saver marker.

« Advance and retract the Target Detachable Coil carefully and smoothly
without excessive force. If unusual friction is noticed, slowly withdraw the
Target Detachable Coil and examine for damage. If damage is present,
remove and use a new Target Detachable Coil. If friction or resistance is still
noted, carefully remove the Target Detachable Coil and microcatheter and
examine the microcatheter for damage.

« Ifitis necessary to reposition the Target Detachable Coil, verify under
fluoroscopy that the coil moves with a one-to-one mation. 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.
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Soft Torqueable Catheter Optimized
for Intracranial Access with
Excellent Navigation and Trackability

INDICATIONS FOR USE:

The SOFIA® Catheter is indicated for general intravascular use, including the neuro and
peripheral vasculature. The SOFIA® Catheter can be used to facilitate introduction of
diagnostic or therapeutic agents. The SOFIA® Catheter is notintended for use in coronary
arteries.

The Scepter C® and Scepter XC® Occlusion Balloon Catheters are intended for use in
the peripheral and neuro vasculature where temporary occlusion is desired. The balloon
catheters provide temporary vascular occlusion which is useful in selectively stopping
or controlling blood flow. The balloon catheters also offer balloon assisted embolization
of intracranial aneurysms. For use in the peripheral vasculature for the infusion of
diagnostic agents, such as contrast media, and therapeutic agents such as embolization
materials. For neurovascular use for the infusion of diagnostic agents such as contrast
media, and therapeutic agents, such as embolization materials, that have been approved
or cleared for use in the neurovasculature and are compatible with the inner diameter of
the Scepter C/XC Balloon Catheter.
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Scepter® XC

Occlusion Balloon Catheter

Clinical Applications in Four Key
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Delivery, Liquid Embolic Injection,
and Balloon-Test Occlusion

The LVIS® Device is intended 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 < 4.5 mm.

The Headway® Duo Microcatheter is intended for general intravascular use, including
the peripheral and coronary vasculature for the infusion of diagnostic agents, such as
contrast media, and therapeutic agents, such as embolization materials. The Headway®
Duo Microcatheter is intended for neurovascular use, for the infusion of diagnostic
agents, such as contrast media, and therapeutic agents that have been cleared or
approved for use in the neurovasculature and are compatible with the inner diameter of
the Headway® Duo Microcatheter.
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Bending expectations of
conformability and stabllity.

Enhanced conformability — The hybrid cell structure is
designed to enhance stent opening and conformability
in bifurcations and tight curves.

Ease of use — All sizes of the Neuroform Atlas Stent are
deliverable through Excelsior® SL-10® and Excelsior XT-17™
Microcatheters.

Higher deployment accuracy — The Neuroform Atlas Stent
is designed to have very low foreshortening, which enables
very high deployment accuracy.

Neuroform Atlas™
STENT SYSTEM

The Neuroform Atlas Stent System is authorized under a Humanitarian Device Exemption (HDE).

IRB approval is required prior to use.
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Bring Back the Joy in Neuroradiology

D.M. Yousem, ““K.P. Yousem, and ““’K.A. Skarupski

n School of Medicine leadership forums, affinity group
meetings of the Association of American Medical Colleges,
and at the American Medical Association, everyone is talking
about “resilience,” “burnout,” and “attrition.”’™* Medical
practitioners struggle with the demands of serving their pa-
tients, finding meaning in their work in the face of increased
emphasis on revenue generation and regulatory demands, and
maintaining some semblance of a home life. In our field of
neuroradiology, recognized by the readership of the American
Journal of Neuroradiology as the best profession ever, we too
have experienced anxiety when we hear about the future
changes in health care that dampen our positive attitudes.
However, if we focus only on how to build resilience, prevent
burnout, handle disappointments, or prevent attrition, we have
already lost the battle. What we want instead is to be delighted to
be at work! Fun! Pleasure! In this short editorial, we hope to pro-
vide you with some tips on returning joy to neuroradiology.

Mission Centric

Believing in the principles of the mission of your work is the first
step to joyfulness in that work. If you believe in the vision and
values of your practice and the worthiness of committing energy
to its success, you will have a sense of purpose that enables a sense
of satisfaction."> We advocate strongly for a thoughtful intermit-
tent full staff review of the mission statement of the practice and a
commitment to dedicating necessary resources to achieving the
goals in that statement. When you believe in your work, you are
happy performing it.>*

Empowerment

Physicians are often, by virtue of their profession, considered
leaders in their community. Part of enhancing job satisfaction
resides in finding the individual niches in which all members of
the team are empowered and eager to lead, grow, and excel.®
Centralization of power under 1 Director/CEO/President/
Chairman with autocratic governance should be weighed
against providing colleagues responsibility and encourage-
ment to determine that part of the practice where they have
jurisdiction/sovereignty/growth to be creative.” That may
mean considering assigning directors of spine imaging, brain
imaging, head and neck imaging, fellowship training, resi-
dency training, medical student training, outpatient clinics,
hospital services, and so forth, within neuroradiology. When
people do what they love, their work excels, and data show that
physicians spending at least 20% of their professional effort
doing the work they find most meaningful are at much lower
risk of burnout.” Give people an opportunity to shine and then
shine the spotlight on their good work, which leads to. . .

http://dx.doi.org/10.3174/ajnr.A5392
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Gratitude

People want to be appreciated. One of the best ways to foster a
happy workplace is to have an attitude of gratitude, in which
finding someone doing something right is the norm.” Having
people feel comfortable complimenting each other in an open
fashion takes practice to sound sincere and not forced. Consider
“Thankful Thursdays,” when people are encouraged to acknowl-
edge the exceptionally positive interactions in their work life in a
public way. Build an atmosphere of beneficence.

Mindfulness

While we all must be planful about addressing the challenges of
the future, mindfulness training brings one back to present
conditions. When mindful, one focuses awareness on the pres-
ent moment, channeling the inner harmony of body and mind,
yet being available to others. Being able to engage fully in the
moment (and put away our social media/electronic distracting
devices) allows one to set the mind at peace and connect fully
with patients, colleagues, and loved ones.®'° Setting aside sev-
eral minutes each day for refocusing, be it meditation or intro-
spection or self-reflective exercises, has long-term joy-inspir-
ing consequences.

Pla

Nogling has inspired greater joy in our workplace than the
playfulness we bring to our jobs in neuroradiology. Whether it
is dressing up in kooky outfits for Halloween or showering
faculty with candy/games/shaving cream/jokes, cultivating an
atmosphere of light-heartedness is good. Having leadership
dress up in self-deprecating costumes for Halloween or Santa
outfits for the winter holidays are examples of transforming
the dreariness of the mundane into a super-special delightful
day. The suspense about how the boss will be dressed this year
in September and October lends a cheerfulness to the work-
place that far exceeds the cost of an Ironman costume. Daily
15- to 20-minute competitions for a month devoted to Su-
doku/finding the missing words/puzzlers/scavenger hunts also
can lighten the mood during the heavy-volume periods at
work. A 5-minute dance party elevates the mood and energizes
an often-sluggish midafternoon (the introverts here get to pick
the music, clap on the side, and take the embarrassing videos to
post to social media). Share joy.

Decorations

Why do people ride around sundry neighborhoods during the
winter/Christmas festival times? Why have some Jewish families
adopted Hanukkah bushes? Why are the Kwanza lights and Di-
wali fireworks so popular? For whatever reason, seeing decora-
tions and holiday cheer (on the walls of your office/workplace/
building and so forth) in a tasteful and diversity-respectful
manner brings joy to the workplace."" After an initial investment,
being able to pull out wall decorations for the New Year, Valen-
tine’s Day, St Patrick’s Day, Springtime, Memorial Day, Indepen-
dence Day, Thanksgiving, Halloween, Winterfest, and Elvis Pres-
ley commemorations has a dramatic impact on those coming to
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work. You create a party atmosphere based on the environment.
Working here is fun.

Celebrations

Festivities that acknowledge group and individual successes or
milestones help to create a positive mental outlook at work. Have
you installed that new magnet in the department? Party! Junior
faculty member got her first RO1? Celebrate at work! Instead of
going to the corner bar for champagne, let the workplace become
associated with the successes and the happy place where those
successes are recognized. Combine the partying with acknowledg-
ment of the diversity within your work group by selecting ethnic
food for the revelry with nation-specific music selections, and you
can multiply the good will that such celebrations inspire. Take the
opportunity to acknowledge success and have the work environ-

ment be the place for celebrations.*'?

Group Exercise and Nutrition

In healthy people, being joyful is easier. Exercise, movement
releases, and healthy meals and snacks at work will inspire
better spirit and more energy.'? In 1 such initiative, we spent
20 minutes a day doing staff-led dance instruction with the
goal of being the best dancing division at the winter holiday
departmental party. Doing line dances led by experienced tal-
ented members of the team not only showed what people are
capable of outside of work but also allowed moving in a fun
fashion that built enthusiasm throughout the day...before and
after the lessons. Some team members even felt an improved
self-image because they were finally, with practice, able to
move more rhythmically on the dance floor (yes, we mean you
Dave Yousem!). Make sure you are offering heart-healthy
whole foods and plant-based treats at these breaks.

These are just some ideas that can be implemented at a low
cost of time, energy, and finances yet yield great gains for
building happiness at work. Each of these categories of inter-
ventions can be discussed more fully with the leadership team,
but often the initiatives are best implemented from rank and
file ideas that are part of an explicit program to bring the joy
back to the workplace.

Disclosures: David M. Yousem—UNRELATED: Expert Testimony: self, medicolegal
expert witness; Payment for Lectures Including Service on Speakers Bureaus: Amer-
ican College of Radiology Education Center; Royalties: Elsevier for 5 books.
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Pacemakers in MRI for the Neuroradiologist

A.W. Korutz, ““A. Obajuluwa, ““’M.S. Lester, ““ E.N. McComb, ““T.A. Hijaz, **).D. Collins, *“’S. Dandamudi, ““'B.P. Knight, and
AJ. Nemeth
3 o

ABSTRACT

SUMMARY: Cardiac implantable electronic devices are frequently encountered in clinical practice in patients being screened for MR

imaging examinations. Traditionally, the presence of these devices has been considered a contraindication to undergoing MR imaging.

Growing evidence suggests that most of these patients can safely undergo an MR imaging examination if certain conditions are met. This

document will review the relevant cardiac implantable electronic devices encountered in practice today, the background physics/

technical factors related to scanning these devices, the multidisciplinary screening protocol used at our institution for scanning patients

with implantable cardiac devices, and our experience in safely performing these examinations since 2010.

ABBREVIATIONS: CIED = cardiac implantable electronic device; EP = electrophysiologist; ICD = implantable cardioverter-defibrillator; RF = radiofrequency;

SAR = specific absorption rate

R imaging examinations are being performed with increas-

ing frequency worldwide, with nearly 35 million scans per-
formed annually in the United States alone.' More than 1.8 mil-
lion individuals in the United States have a cardiac pacemaker or
implantable cardioverter-defibrillator (ICD), both of which fall
under the larger umbrella term of cardiac implantable electronic de-
vices (CIEDs). Traditionally, these devices have precluded patients
from undergoing MR imaging examinations.>> More recently, “MR
imaging—conditional” CIEDs have been developed, which contain
components that can be safely placed in an MR imaging scanner.®
Despite the development of these devices, many patients with a CIED
that is not MR imaging—conditional remain and would benefit clin-
ically from an MR imaging examination.

To date, a growing body of research suggests that CIEDs that
were traditionally considered MR imaging incompatible can be
scanned safely when certain precautions are taken.>”"'° Despite
these published reports, many institutions still do not have pro-
tocols in place to scan patients with CIEDs.

In this article, we will begin by providing an overview of the
types of CIEDs encountered in practice today as well as some of
the relevant physics and technical factors related to scanning these
devices. Then we will discuss the multidisciplinary protocol used
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at our institution for scanning patients with CIEDs, including
initial cardiac evaluation/cardiac clearance, cardiac monitoring
during scanning, and the relevant postscan evaluation and clinical
follow-up. Finally, we will outline the number and types of pro-
cedures performed at our institution since 2010 and any compli-
cations encountered during this period.

Cardiac Implantable Electronic Devices

A pacemaker is an implantable device that senses cardiac activity
and delivers the required electrical stimuli to the heart to regulate
slow heart rates or erratic cardiac rhythms. An ICD is a device that
contains both pacemaker and defibrillator components, the latter
of which can provide a high-energy shock for treating life-threat-
ening arrhythmias, most commonly ventricular tachyarrhyth-
mias. These devices are currently classified under the more gen-
eral term “cardiac implantable electronic devices,” and they
consist of a pulse generator and leads that extend into =1 of the
chambers of the heart. The pulse generator contains the relevant
circuitry for the device and the device battery. The CIED leads are
bidirectional wires that function to sense intrinsic cardiac activity
and deliver electrical impulses to the heart.''"*

As described above, a CIED may have =1 cardiac lead. If only
asingle lead is present, it is usually implanted into either the right
ventricle or right atrium. When a 2-lead CIED is present, the leads
are typically implanted into both the right atrium and right ven-
tricle, with the latter lead performing both pacemaker and defi-
brillator functions. Biventricular pacing, also called “cardiac re-
synchronization therapy,” uses a third lead, which is usually
implanted in a ventricular branch of the coronary sinus to capture
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Table 1: Pacing modes

Chamber Chamber Pacer Response to
Paced Sensed Sensed Beat
V = ventricle V = ventricle | = inhibited
A = atrium A = atrium T = triggered

D = both (dual)] D =both(dual) D = inhibited or triggered

depending on chamber
(dual)
O = none

O = none O = none

the left ventricular epicardium at the same time as right ventric-
ular activation to improve synchronization between right and left
ventricular contractions.''”'? Regardless of whether the patient
has a pacemaker device or a combined pacemaker/defibrillator
and irrespective of the number of device leads, a CIED is pro-
grammed to operate in a specific pacing mode chosen to provide
the greatest benefit to the patient.

In the simplest terms, the pacing mode is denoted with a 3-let-
ter code (eg, DDD or VOO), with both the letter position and
letter type describing specific pacemaker functions. Fourth and
fifth letters can be added to this code; however, discussion of these
is beyond the scope of this article. The first letter describes which
chamber is being paced, the second describes which chamber is
being sensed, and the third describes how the pacemaker re-
sponds when a beat is sensed (Table 1). While the first 2 letters in
this code are self-explanatory, the third letter requires a brief dis-
cussion. During “inhibition” mode, a pacemaker will inhibit ven-
tricular pacing when a heartbeat is sensed. “Trigger” mode indi-
cates that the device will trigger a ventricular pacing stimulus
every time an atrial beat is sensed. Finally, “dual” mode indicates
amore complex situation in which the device responds to a sensed
beat in the atrium or ventricle by inhibiting pacing output to that
chamber and simultaneously delivering a stimulus to the ventricle
after the atrial beat is sensed. This scenario only arises if there is no
inhibition of the pacemaker by an intrinsic beat originating in the
ventricle. For example, when a patient’s device is programmed in
DDD mode, the device may operate in 4 possible ways: pace both
chambers, sense only in both chambers without pacing, pace
the atrium with natural conduction to the ventricle, or pace the
ventricle following an intrinsic atrial beat. Finally, asynchro-
nous (also known as “fixed”) pacing can be used as a more
general term to describe any scenario in which cardiac pacing is
not inhibited by intrinsic cardiac activity.'” For instance, in
VOO pacing, the ventricle is paced at a fixed rate with no device
sensing, so there is no capacity to inhibit/trigger based on
sensed activity.

Current Experience of CIEDs with MR Imaging

Traditional CIEDs are currently referred to as non-MR imaging—
conditional devices, given the advent of newer, MR imaging—con-
ditional devices. The presence of a non-MR imaging— conditional
CIED was conventionally thought to be a contraindication for
undergoing MR imaging.'*'® As will be discussed shortly, this is
no longer the case. Multiple risks have been associated with these
nonconditional devices, primarily related to interactions between
the ferromagnetic components of these devices and the static
magnetic field, gradient magnetic fields, and the transmitted ra-
diofrequency (RF) field."”

The static magnetic field can affect a CIED in multiple ways. For
instance, the field can reset/reprogram the device or deplete its bat-
tery.»'®2° It can also affect the magnetically activated reed switch
within the device, spontaneously switching the CIED into an asyn-
chronous pacing mode.>"** The potential for some of these scenarios
to occur can be limited by switching the device into asynchronous
mode before placing the patient in the scanner and switching off the
ability of an ICD to provide a therapeutic shock.**"** The static
magnetic field can also interact with charged ions in moving blood,
producing small local voltages that, when superimposed on the pa-
tient’s electrocardiogram, can falsely mimic arrhythmias or other
electrocardiogram changes. In some instances, this phenomenon
may inhibit pacemaker function or falsely simulate the presence of a
cardiac arrhythmia, which requires administration of a shock.*?
Last, the static field can cause a mechanical torque on the device,
which can move the pulse generator within the chest wall or dislodge
the device leads within the myocardium.>">**3

Complications associated with the rapidly alternating gradient
magnetic fields mainly involve the induction of currents within
the device leads themselves. Similar to local currents produced by
moving blood within the static field, currents within the cardiac
leads can also mimic cardiac electrical activity, thereby inhibiting
the need for pacing, pacing the heart at inappropriately high rates,
or administering electronic shocks, depending on the scenario in
which the above occurs.?"»**? Alternatively, induced current at
the lead tip could surpass the activation threshold needed to stim-
ulate cardiac myocytes, thereby having the potential to generate
life-threatening arrhythmias such as ventricular fibrillation and
ventricular tachycardia.*"**

Finally, the RF pulse used during an MR imaging examination
can also induce currents within device leads. Due to the high
frequency of these RF pulses and the high conductivity of the device
leads relative to the adjacent soft tissues, energy can be lost in the form
of heat or so-called ohmic (also known as “resistive”) heating. This
heating is concentrated at the tip of a device lead or at a point where
alead is fractured. Resultant focal heating may cause adjacent tissue
damage and, subsequently, the need for a higher pacing threshold or
loss of pacing capture entirely.*”!>2%2%27

Despite these hypothetic risks when scanning a patient with a
non-MR imaging—conditional CIED, recent statements from the
American Heart Association and the European Society of Cardi-
ology have suggested that MR imaging may be performed at a
1.5T field strength when using specific protocols for program-
ming and monitoring.*> These statements are based on results
from a growing number of trials that have investigated this issue,
focusing specifically on the potential risks and overall safety of
MR imaging in patients with non-MR imaging—conditional de-
vices.” % For instance, Martin et al® examined 54 non-pacer-
dependent patients with non-MR imaging—conditional pace-
maker devices who underwent 62 MR imaging examinations that
included both thoracic and nonthoracic studies. This study found
a change in the pacing threshold in 37% of device leads, of which
most threshold changes were judged to be unimportant and no
threshold changes were noted to have any clinical impact.”

In 2011, Nazarian et al® reported their prospective experience
following 438 patients with pacemakers and ICDs who underwent
555 MR imaging examinations. This study included thoracic ex-
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aminations but excluded pacer-dependent patients with ICDs.
The authors reported power-on resets in 3 of 438 patients, none of
which were associated with long-term device dysfunction. With
regard to lead parameters such as sensing, impedance, and cap-
ture thresholds, no device in this study required device revision or
reprogramming due to any parameter changes. However, right
ventricular lead—sensed amplitude was lower and right ventricu-
lar capture thresholds tended to be higher both immediately fol-
lowing MR imaging examinations and at long-term device follow-
up. These lead parameter changes were most strongly associated
with thoracic MR imaging examinations, though they were not
clinically important.> Dandamudi et al'® evaluated 58 patients
with non-MR imaging—conditional CIEDs who underwent only
cardiac and thoracic spine MR imaging examinations. No clini-
cally important parameter changes, arrhythmias, device mode
changes/electrical resets, or battery depletions were found follow-
ing the MR imaging examinations in this study.

More recently, the largest study to date, The MagnaSafe Reg-
istry (http://magnasafe.org/), examined 1500 nonthoracic MR
imaging scans in patients with non-MR imaging—conditional
CIEDs.? In this study, device interrogation following the MR im-
aging examinations assessed parameter changes such as a decrease
in battery voltage, an increase in pacing threshold, pacing or
shock lead impedance change, and a decrease in P- and R-wave
amplitudes. This study found that no patient who was appropri-
ately screened and reprogrammed following the procedure had
device or lead failure. The authors also noted that changes in
device settings were uncommon and not clinically important. Of
note, 1 case of the 1500 (in the subgroup of 500 patients with
ICDs) did require device replacement due to device failure from
inappropriate programming during the MR imaging examination.
Additionally, there were 6 cases of partial electrical reset, which was
corrected following the MR imaging examination during standard
device reprogramming. Finally, 6 patients developed atrial fibrilla-
tion/flutter, though 5 of these patients had a history of paroxysmal
atrial fibrillation and the sixth patient had resolution by 48 hours.

To date, an overwhelming body of evidence suggests that pa-
tients with intact CIEDs can be scanned safely when using proper
MR imaging protocols and if the risk to the patient is well-man-
aged. A few absolute contraindications remain for performing
MR imaging in a patient with a CIED. The first is a device that was
implanted <6 weeks before the MR imaging examination. These
leads have not fully healed and are susceptible to dislodgement.”
The second is the presence of an abandoned or fractured lead.
When the lead is not connected to a CIED generator, then, there is
no heat sink in place for the lead. The third is the presence of
surgically placed permanent epicardial pacing leads. The lead de-
sign for these devices is different from that in the more common
transvenous leads, and there are insufficient data to recommend
MR imaging in these patients at this time.*

A few additional pacing devices can be encountered in clinical
practice, the 2 most common of which are temporary epicardial
pacing devices and temporary intracardiac pacing devices. Both
devices comprise an external pulse generator paired with =1 car-
diac lead. In all instances, the patient should not undergo an MR
imaging examination when the external pulse generator is pres-
ent, regardless of its type. External pulse generators for temporary
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pacing devices use less sophisticated designs, which make them
more prone to electromagnetic interference. In addition, no stud-
ies of the safety of these devices in an MR imaging environment
have been performed, to our knowledge. Retained (also known as
“abandoned”) temporary epicardial pacing leads are not believed
to present a risk of injury during an MR imaging examination,
given that these leads are relatively short and usually do not form
large “antennalike” loops. Nevertheless, there is still a theoretic
risk with these devices of cardiac excitation and thermal injury,
though at our institution, this risk is not considered high enough
to prevent scanning these patients. On the other hand, retained
leads for temporary intracardiac (ie, transvenous) pacing devices
are considered a contraindication for undergoing an MR imaging
examination. These devices tend to have unfixed leads, which are
more susceptible to movement, and longer leads, which are more
prone to current induction.*

Given the traditional thinking that the presence of a non-MR
imaging— conditional device was a contraindication for perform-
ing an MR imaging examination, there was a time when an unmet
need existed for a CIED that could be safely placed in an MR
imaging environment. In 2008, the first MR imaging—conditional
device was released in the European market with subsequent re-
lease of a similar pacemaker in the United States in 2011.>* Mul-
tiple design changes were used to produce CIEDs that were safe
for an MR imaging environment. These include constructing the
device from materials that are less magnetosensitive (ie, nickel,
cobalt, or chromium) or entirely nonferromagnetic, using a solid-
state Hall-effect sensor rather than the somewhat unpredictable
reed switch, protecting/desensitizing the electronic circuits within
the CIED from energy deposition during the MR imaging exam-
ination, modifying the construction of the device leads, and using
MR imaging—specific programing algorithms (ie, a specific “MR
imaging mode”).*"*>

For a CIED in a specific patient to be correctly labeled as MR
imaging— conditional, the entire device, including the pulse gen-
erator, pulse generator software, and cardiac leads, must all be
constructed from MR imaging—conditional components pro-
duced by the same manufacturer. In addition, each manufacturer
requires that other specific conditions be met. These are related to
magnet field strength (1.5T magnet only), time when the CIED
was implanted (>6 weeks before the MR examination), body part
to be scanned, specific absorption rate (SAR; maximum of 2
W/kg), and so forth.>""**2> Please see Table 2 for a list of currently
approved MR imaging— conditional CIEDs.

Despite the wide availability of MR imaging—conditional
CIEDs, non-MR imaging—conditional devices are still implanted
in clinical practice today. In certain instances, non-MR imaging—
conditional devices are implanted for cost reasons. Non-MR im-
aging—conditional generators also continue to be installed in pa-
tients who have non-MR imaging- conditional devices, in which
the leads are intact and the device generator must be replaced due
to battery depletion.

MR Imaging Physics and Technical Considerations
Relevant to Pacemakers

When an object is placed in an MR imaging scanner, hydrogen
atoms tend to align either with or against the static magnetic field,



Table 2: Currently approved MRI-conditional CIEDs

Device
Manufacturer Device Model Device Type

Boston Scientific? Accolade Pacemaker
Boston Scientific Essentio Pacemaker
Boston Scientific Emblem Subcutaneous ICD
BIOTRONIK® Entovis Pacemaker
BIOTRONIK Eluna Pacemaker
BIOTRONIK Edora Pacemaker
BIOTRONIK Iperia 7 DRT-T/VR-T ICD
BIOTRONIK Iperia 7 HF-T CRT
Medtronic® Advisa MRI Pacemaker
Medtronic Revo MRI Pacemaker
Medtronic Visia AF MRI ICD

Medtronic Evera MRI ICD

Medtronic Claria MRI CRT

Medtronic Amplia MRI CRT

Medtronic Compia MRI CRT

St. Jude Medical® Assurity MRI Pacemaker

Note:—CRT indicates cardiac resynchronization therapy.
 Natick, Massachusetts.

® Lake Oswego, Oregon.

€ Minneapolis, Minnesota.

9 Minnetonka, Minnesota.

B,,. A rotating radiofrequency pulse can then be applied that con-
tains 2 orthogonally oriented components, the magnetic field (B-
field or B,) and the electric field (E-field). The positive compo-
nent of the B-field tilts the hydrogen atoms into the transverse
plane, where the atoms rotate and produce a signal detected in the
receiver coil. As described previously, this RF pulse deposits en-
ergy in the tissue and results in tissue heating.**"***° The term
that has been traditionally used to describe the RF power that is
absorbed per unit mass of an object is the “specific absorption
rate.” SAR is expressed in watts per kilogram and is related to the
square of the main magnetic field, square of the flip angle, square
of the patient radius, patient conductivity, and the RF duty cy-
cle.?® “Duty cycle” refers to the percentage of time that the RF
pulse is “on” and can be shortened by lengthening the TR.

Because the SAR calculation relies on estimates of patient size
and composition, each scanner manufacturer uses proprietary
models for calculating this value. Therefore, SAR values calcu-
lated for a patient may vary among scanner vendors.*® Thus, the
term B, , xis hasbeen proposed as a replacement for SAR. Briefly,
B, rus refers to the time-averaged RF magnetic field, which is
generated by the RF coil. This term is independent of patient
factors and is solely determined by MR imaging scanner parame-
ters, such as flip angle, RF pulse duration, echo-train length,
choice of a gradient-echo rather than a spin-echo sequence, and
so forth.”*?!

Per the Faraday law, a changing magnetic field will produce a
voltage in an exposed electrical conductor. The resulting current
depends on the speed with which the magnetic field changes (dB/
dt), the conductivity of the object, and the cross-sectional area of
the conducting loop. Therefore, both the transmitted RF mag-
netic field and the time-alternating gradient magnetic fields are
capable of producing currents within conductors, albeit to differ-
ent degrees.'”>> The RF fields used in MR imaging are high-fre-
quency pulses capable of producing high-frequency oscillating
currents (64 MHz at 1.5T), which can deposit relatively large
amounts of energy in tissue. On the other hand, the alternating

Prediction |

FIG 1. Normal versus first-level mode: normal level only for neuroradi-
ology. SAR information panel at the scanner console for a sagittal STIR
TSE acquisition of the lumbar spine. Any neurologic imaging study that
can be run on a 15T magnet, including echo-planar imaging, can be per-
formed in a patient with a CIED, as long as the examination is performed
in normal operating mode. Image courtesy of Charles Fasanati.

gradient magnetic fields produce relatively low-frequency cur-
rents (ie, <1000 Hz), which deposit very low levels of energy in
tissue.'”?®2° Therefore, a CIED generator and leads could serve as
an antenna with which to generate and concentrate a current, a
current concentrated at the lead tip or any site of lead fracture, if
present.4’l5’23’26’27’32’33

The quantity of energy deposited in a patient with a CIED also
depends, in part, on the patient’s location within the magnet and
the configuration of the generator and device leads within the
patient. In general, the greatest RF energy is deposited when the
generator and leads are positioned entirely within the RF coil
isocenter.”*?%?>* In addition, the amount of energy deposited
in the patient also increases as the length of the exposed device
lead increases. The “exposed” lead refers to the length of wire that
extends from the device generator to the insertion site in the myo-
cardial tissue. A longer exposed lead creates a longer loop with
which to interact with the RF field.’*?> Last, pacemaker genera-
tors placed within the right chest wall have also been shown to
lead to greater tissue heating, even at times when a smaller lead
area is present. This has been attributed to nonuniform RF gen-
erated E-fields within the scanner bore.”>>*”

While the focused examinations performed in clinical practice
(ie, MR imaging of the brain) produce a local SAR value in the
region being scanned, SAR is typically averaged over the entire
body, generating a single whole-body SAR value. When perform-
ing an MR imaging examination, the operator (ie, technologist)
can choose between scanning in normal and first-level modes. In
normal mode, the whole-body SAR is limited to 2 W/kg. In first-
level mode, there is an allowed maximum SAR of 4 W/kg. The
scanning mode is selected at the MR imaging scanner console (Fig
1). B, | rus values are also displayed in this region.

At our institution, all MR imaging in patients with pacemakers
is performed at 1.5T, and the pacemaker must have been in place
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modality that can provide the === imaging We believe that it would be contradic-
appropriate information? tory and overly complicated to use a
lNo head transmit/receive coil followed by
Proceed with alternative the body transmit coil and spine receive
Were the leads implanted < 6 YES imaging if available “"? fo.r lmagmg.Of the thoraac, spime
weeks prior to the requested 3 OR T/Vthh' is the pOl‘thI.l of tl'1e' examma.tlon
MRI? Wait till lead P in which the CIED is positioned entirely
ait t1ll leads present for within the coil.

l NO 6 weeks In general, no alterations are made to
our MR imaging protocols when a pa-
Does the patient have YES Prisesd with alteriative tient with a non-MR imaging—condi-
abandoned, fractured or capped [ imaging if available tional CIED undergoes an MR imaging
leads or is there any epicardial examination of the neural axis. In fact,
pacing or ICD system present? UNCLEAR’ Rieview: chest x-tay any neurologic imaging study that can
be run on a 1.5T magnet, including se-
lNO quences using echo-planar imaging, can
be performed in a patient with a CIED,
Perform pre-MRI device NO as long as the examination is performed
interrogation (assess CONTRAINDICATION in normal operating mode. This in-
underlying rhythm, baseline cludes diffusion-weighted imaging, per-
sensing, lead impedances and fusion imaging, and diffusion tensor im-
pacing thresholds, review aging. These factors are independent of
battery status and arrhythmia the pacemaker device. In contrast to ar-
log) tifacts encountered due to the device
generator and leads when performing
l cardiac or breast MR imaging examina-

. ; tions, no alterations to our scannin
Is the patient pacemaker YES 5 Rr.hprogrdm s : protocols were necessary to combat artigi
dependent? R ronoéls Pacig facts when scanning the neural axis in
l NO moce patients with a CIED. However, the lon-
ger acquisition times used for some se-
; YES quences when scanning in the normal
Does the patient have an ICD? fd | Disable tachytherapies operating mode (eg, due to longer scan

lNO

Proceed with MRI (continuous
ECG, oximetry, non-invasive
hemodynamic monitoring)

v

Perform post-MRI device
interrogation and reprogram
device to initial settings

FIG 2. Comprehensive safety protocol: collaboration between neuroradiology and cardiology.

for >6 weeks. Examinations are typically performed with receive-
only coils. Although we have used head transmit/receive coils in
the past to minimize patient RF exposure, we are not currently
using head transmit/receive coils because these coils do not allow
the use of parallel imaging in patients with non-MR imaging—
conditional CIEDs. Not using parallel imaging would lengthen
and thus may degrade the examination. Many patients are also
undergoing concurrent MR imaging of the spine for which we use
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TRs) make some sequences more sus-
ceptible to motion artifacts.

Cardiac Evaluation

A comprehensive protocol was estab-
lished through the collaboration be-
tween the department of radiology and
the division of cardiology (Fig 2) to en-
sure patient safety when performing MR
imaging in patients with a CIED. The
comprehensive safety protocol is similar
to that initially described by Nazarian
et al.’®?? Understanding the potential
interactions between MR imaging and
CIED systems is imperative to the preimaging patient evaluation
as well as the risk and benefit discussion. The main risk categori-
zations include the following: 1) ferromagnetic interaction, lead-
ing to induced electrical currents, arrhythmia induction, device-
sensing malfunction, or electrical resets; 2) lead thermal
conduction causing loss of capture (“capture” refers to the exci-
tation of heart tissue by a pacing stimulus, assuming that the
strength of stimulus is sufficient and tissue is not in a refractory



period) due to local myocardial edema and scar formation with
subsequent increased pacing thresholds; 3) change in the pacing
mode to asynchronous or inhibition of pacing; 4) inappropriate
arrhythmia sensing, which may lead to ICD therapy or antitachy-
cardia therapy (Fig 3); and 5) saturation of device storage for
diagnostic and event data.*?

All patients scheduled for an MR imaging examination are
screened by the department of radiology at the time of scheduling
for the presence of a CIED. If a non-MR imaging—conditional
CIED is present, the patient’s case is reviewed by a radiologist and
alternative imaging is reccommended when the radiologist or or-
dering physician determines that the clinical information needed
could be obtained from a non-MR imaging technique. In patients
for whom MR imaging is judged to be the most appropriate test,
the radiologist makes this documentation in the patient’s elec-
tronic medical record. Before imaging, the patient is then evalu-
ated by an electrophysiologist (EP) in the same way that patients
scheduled to undergo an operation are evaluated preoperatively.
If scheduled as an outpatient, a patient with a non-MR imaging—
conditional CIED is referred to the cardiac EP clinic, where a
physician performs a history, physical, electrocardiogram, and
device interrogation. A chest radiograph is performed when there
is uncertainty as to the presence of a fractured or retained trans-
venous pacing lead or a permanent epicardial pacing lead, each of

which is an absolute contraindication to undergoing an MR im-
aging examination (Fig 4). Please refer to Table 3 for a complete
list of absolute contraindications for undergoing MR imaging in
patients with nonconditional CIEDs. If the patient has no abso-
lute contraindication to MR imaging, the cardiologist discusses
the potential risks and benefits with the patient, and the study is
scheduled. If scheduled as an inpatient, a patient with a non-MR
imaging—conditional CIED is evaluated by the EP consult service
in a fashion similar to that in an outpatient. An important point of
clarification is for patients who are not awake and alert for the MR
imaging examination, such as those who are intubated or heavily
sedated. These patients are unable to report pain or discomfort
during the examination and are only imaged in circumstances in
which the benefits of the procedure greatly outweigh the risk of a
complication, which could potentially go unnoticed.

On the day of the examination, a staff radiologist obtains in-
formed consent from the patient following a discussion of the
risks and benefits of the procedure. A physician or appropriately
credentialed EP nurse then performs a complete device interro-
gation to determine the underlying rhythm and measures baseline
sensing, lead impedances, and pacing thresholds. All devices are
programmed to an asynchronous pacing mode (DOO/VOO)
(Table 1) during imaging in patients who are pacemaker-depen-
dent; this mode is defined as the absence of a spontaneous under-
lying rhythm of >40 beats per minute.
In those who are not pacemaker-depen-

FIG 3. Risk categorization: inappropriate device sensing during MR imaging. Intracardiac electro-
grams from a patient with a dual-chamber ICD. Electromagnetic interference is seen on both
atrial and ventricular channels (solid arrows), resulting in oversensing (dashed arrow) and an

inappropriate ICD shock (asterisk).

dent, devices may be placed in a mode in
which backup pacing is possible (AAI/
VVI/DDI) or they may be placed in a
mode in which pacing is disabled en-
tirely (OVO/ODO). ALl ICD therapies to
treat ventricular tachycardia or ventric-
ular fibrillation are disabled before MR
imaging.

Continuous electrocardiogram, pulse
oximetry, and noninvasive blood pres-
sure monitoring are performed, in addi-
tion to patient symptom assessment
throughout imaging. Imaging was per-

FIG 4. Absolute contraindications: chest x-ray examinations with abandoned and epicardial leads. Posteroanterior view of the chest (A)
demonstrates an abandoned lead (black arrows) in a patient with a dual-chamber pacemaker device. B, An abandoned right ventricular lead
(black arrows) in a patient with a single-lead pacemaker device. The black arrowhead denotes a fracture of the abandoned lead. C, A patient
with a biventricular ICD pacing system, which includes transvenous atrial and right ventricular leads and 2 permanent epicardial pacing leads
(black arrows). None of these 3 patients would be cleared to undergo MR imaging examination at our institution.
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Table 3: Contraindications for undergoing MRI with a non-MRI-
conditional CIED

Contraindications

A device implanted <6 weeks prior to the MRI examination

Abandoned or fractured permanent intracardiac pacing leads

Permanent epicardial pacing leads

Temporary epicardial pacing leads when the device generator is
attached

Temporary intracardiac pacing leads (with or without attached
generator)

Intubated, obtunded, or heavily sedated patients (relative
contraindication)

formed under the continuous supervision of a member of the EP
consult team until 2011, when it was determined that the risks in
patients who were not pacemaker-dependent were low. Since that
time, only patients who are pacemaker-dependent require con-
tinuous supervision by a member of the EP consult team during
imaging. Patients who are not pacemaker-dependent are cur-
rently supervised by a radiology MR imaging technician and a
radiology nurse, neither of whom routinely undergo additional
training for this procedure. Resuscitation equipment and an ex-
ternal defibrillator with the capability of delivering transcutane-
ous pacing are immediately available. Imaging is terminated for
any adverse events or if the safety of the patient is thought to be
compromised.

On completion of the examination, a physician or appropri-
ately credentialed EP nurse performs a repeat device interrogation
with measurements, noting any changes in device settings, ar-
rhythmias, therapies delivered, or battery depletion. Device set-
tings are reprogrammed to the initial settings if any adjustments
have been made previously or modified on the basis of postimag-
ing observations. Patients are then followed routinely in their out-
patient cardiac device clinics.

Our Experience

Using the electronic medical record of the hospital, we retrospec-
tively identified 292 MR imaging examinations of the neural axis
that were performed in 121 patients with non-MR imaging—con-
ditional pacemakers between June 2010 and November 2016. All
examinations were performed at 1.5T following appropriate car-
diac clearance per the multidisciplinary protocol outlined in the
“Cardiac Evaluation” section. Of the 292 MR imaging examina-
tions, there were 162 MRIs of the brain (55%), 26 MRAs of the
head (9%), 16 MRAs of the neck (5%), 28 MRIs of the cervical
spine (10%), 26 MRIs of the thoracic spine (9%), 32 MRIs of the
lumbar spine (11%), 1 MRI of the face/neck, and 1 MRI of the
orbits. In patients requiring >1 MR imaging examination, mul-
tiple studies were grouped into single patient encounters when
possible. In total, 204 discrete MR imaging encounters occurred
in this group of 121 patients.

Seven of 121 patients (6% of patients with a total of 17 MR
imaging encounters) were pacemaker-dependent, 111 of 121 pa-
tients (92%) were non-pacemaker-dependent, and in 3 of 121
patients (2%), it was unclear whether the patient was pacemaker-
dependent or not. As described in the “Cardiac Evaluation” sec-
tion, pacemakers were set to an asynchronous pacing mode in
patients who were pacemaker-dependent.

All MR imaging examinations were completed safely with no
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clinically important complications reported. No examinations
were terminated prematurely due to pacemaker-related prob-
lems. There were 8 episodes in 204 total encounters (4%), in
which minor, unexpected programming changes occurred with
no immediate or delayed adverse outcomes. In 2 patients, MR
imaging electromagnetic interference artifacts were noted in the
ventricular fibrillation zone; however, no therapy was adminis-
tered (as noted in the “Cardiac Evaluation” section, all ICD ther-
apies to treat ventricular tachycardia or ventricular fibrillation are
disabled before MR imaging). In these 2 patients, no subsequent
change in device settings or postprocedural complication was
noted following the MR imaging examination. In 1 patient with a
dual-chamber pacemaker, there was a minor change in the right
ventricular lead impedance, though the impedance remained
within normal limits. In another patient with a dual-chamber
pacemaker, a slight increase in the right atrial lead capture thresh-
old was managed by a slight increase in the right atrial lead pacing
output amplitude.

Variations in lead impedance and pacing capture thresholds
have been noted previously but are generally deemed to be not
clinically important and occur, to some degree, in the general
CIED population.*>*' There were noise reversion episodes in 3
patients (multiple episodes in 2 of those patients). In all 3 patients,
there were no immediate adverse outcomes, and the device was
reprogrammed to the original settings after the MR imaging ex-
amination. In 1 patient with a single-lead pacemaker who experi-
enced 6 MR imaging encounters, the pacemaker mode converted
to asynchronous pacing with a rate of 100 beats per minute during
1 of the 6 MR imaging examinations. This patient had atrial fibril-
lation with an underlying ventricular rate ranging from the 40s to
the 50s and required pacing 88% of the time. No subsequent ad-
verse outcomes were reported in this patient. No programming
changes or other unexpected events were recorded during the
patient’s other 5 encounters.

Our cohort of patients who were safely scanned with MR im-
aging included those who were pacer-dependent and others who
underwent examinations of the thorax. Limitations of this study
include the relatively low number of pacer-dependent patients
(17/292 confirmed MR imaging encounters) and the general het-
erogeneity of specific CIED manufacturer generator/lead combi-
nations. In addition, no pediatric patients were scanned at our
institution, and no patients were scanned at field strengths of
>1.5T.

CONCLUSIONS

On the basis of our experience during the past 6 years performing
MR imaging examinations in patients with non-MR imaging—
conditional CIEDs, including those who are pacemaker depen-
dent or are undergoing an MR imaging of the thorax, as well as the
growing body of supportive evidence in the literature, it is our
opinion that these examinations can be performed safely when
risks to the patient are well-managed. Before proceeding with an
MR imaging examination, it is important to confirm that doing so
is judged appropriate following a thorough review of the patient’s
chart and a discussion with the ordering physician by the super-
vising radiologist. Strict adherence to basic screening and scan
protocols is also required. Patient populations that should con-



tinue to be excluded from MR imaging include those with devices
implanted <6 weeks prior, those with retained or fractured device
leads, those with surgically placed permanent epicardial pacing
leads, and those with temporary intracardiac/epicardial pacer de-
vices with the external generator still attached.
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Setting the Stage for 2018: How the Changes in the American
Joint Committee on Cancer/Union for International Cancer
Control Cancer Staging Manual Eighth Edition

Impact Radiologists

C.M. Glastonbury, ““'S.K. Mukherji, ““'B. O’Sullivan, and ““’W.M. Lydiatt

%

ABSTRACT

SUMMARY: The updated eighth edition of the Cancer Staging Manual of the American Joint Committee on Cancer will be implemented
in January 2018. There are multiple changes to the head and neck section of the manual, which will be relevant to radiologists participating
in multidisciplinary head and neck tumor boards and reading pretreatment head and neck cancer scans. Human papillomavirus—related/
p16(+) oropharyngeal squamous cell carcinoma will now be staged separately; this change reflects the markedly better prognosis of these
tumors compared with non-human papillomavirus/p16(—) oropharyngeal squamous cell carcinoma. Nodal staging has dramatically
changed so that there are different tables for human papillomavirus/pl1é(+) oropharyngeal squamous cell carcinoma, Epstein-Barr virus—
related nasopharyngeal carcinoma, and all other head and neck squamous cell carcinomas. Extranodal extension of tumor is a new clinical
feature for this third staging group. In the oral cavity, the pathologically determined depth of tumor invasion is a new staging criterion,
while extrinsic tongue muscle invasion is no longer part of staging. This review serves to educate radiologists on the eighth edition changes
and their rationale.

ABBREVIATIONS: AJCC = American Joint Committee on Cancer; cN = clinical nodal staging; DOI = depth of invasion; EBV = Epstein-Barr virus; ENE = extranodal
extension; HN = head and neck; HPV = human papillomavirus; NPC = nasopharyngeal carcinoma; OPSCC = oropharyngeal squamous cell carcinoma; pN = pathologic

nodal staging; SCC = squamous cell carcinoma; TNM = tumor, node, metastasis; UICC = Union for International Cancer Control

he tumor, node, metastasis (TNM) cancer staging system is a

collaborative effort between the American Joint Committee
on Cancer (AJCC) and the Union for International Cancer Con-
trol (UICC) to systematically record, analyze, and better under-
stand cancer and cancer treatment worldwide."* For the clinical
team, this staging system allows a common, consistent nomencla-
ture and provides a framework for managing patient care. For the
individual patient, this system allows classification of the extent of
disease so that prognostic information can be provided and treat-
ment options determined.
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Periodically, the TNM system is revised to reflect changes in
our understanding of tumor pathology and pathophysiology. The
AJCC Cancer Staging Manual seventh edition was implemented in
2010, with the most recent eighth edition completed and pub-
lished this year and implemented for staging of all patients with
cancer as of January 1, 2018.> There are many important changes
to the head and neck (HN) section, which again forms Part I of
the AJCC eighth edition and has expanded to 11 chapters. Two
new chapter titles have been added to the head and neck section,
one on cervical nodes and unknown primary tumors and one on
HN-specific cutaneous malignancy. Pharynx cancer has been di-

» «

vided into 3 separate chapters: “Nasopharynx,” “Human Papillo-
mavirus (HPV)-Mediated pl6+ Oropharyngeal Cancer,” and
“pl6— plus Hypopharynx.” Thyroid cancer staging has been
moved from the HN section to the “Endocrine System” (Part
XVII), and orbital and eyelid tumors remain in “Ophthalmic
Sites” (Part XV). Within the HN chapters, there are important
changes related to extranodal extension (ENE) of tumor and
some key changes to T-categories, some of which relate to pathol-
ogy staging and others to imaging. Changes to the eighth edition
of the AJCC Cancer Staging Manual head and neck section require
knowing specific clinical and/or pathologic information in order
to use the correct staging table. Specifically, it is important to
know the pl6 status of oropharynx primary tumors because
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Table 1: Clinical N staging for all non-HPV, non-EBV SCCs®

Particularly given this increasing

N Category N Criteria complexity, referring to the published
Nx Regional lymph nodes cannot be assessed charts is the best way to avoid confusion
NO No regional lymph node metastasis and errors in staging. For radiologists
N1 Meat:;t;s\jzin a single ipsilateral lymph node =3 c¢m in greatest dimension reading scans who are unsure of the
N2a Metastasis in a single ipsilateral lymph node >3 cm but <6 cm in greatest HPV or EBV tumor status, it will not be

dimension and ENE— possible to know which clinical nodal
N2b Metastasis in multiple ipsilateral nodes, none >6 cm in greatest dimension category (cN) table to use. In the first

and ENE— instance, radiologists should, if possible,
N2c Medti?Ts]‘;a:;sC:: ::]lzt;r\la\é or contralateral lymph node(s), none >6 cm in greatest search the pathology report in the elec-
N3a Metastasis in a lymph node >6 cm in greatest dimension and ENE— tronic medical record for this informa-
N3b Metastasis in any node(s) with clinically overt ENE+ (ENEc) tion. When EBV/HPV/p16 information

Note:—ENEc indicates invasion of skin, infiltration of musculature, dense tethering or fixation to adjacent structures,
or cranial nerve, brachial plexus, sympathetic trunk, or phrenic nerve invasion with dysfunction.

#Note the addition of ENE to the staging system, creating a new N3b designation in the eighth edition of the A/CC
Cancer Staging Manual. Table used with the permission of the American Joint Committee on Cancer (AJCC), Chicago,

Illinois. The original source for this material is the AJCC Cancer Staging Manual.

Table 2: Clinical nodal staging for HPV-related OPSCC?

N Category N Criteria

Nx Regional lymph nodes cannot be assessed

NO No regional lymph node metastasis

N1 One or more ipsilateral lymph nodes, none larger
than 6 cm

N2 Contralateral or bilateral lymph nodes, none >6 cm

N3 Lymph node(s) >6 cm

2 The HPV-related OPSCC nodal staging shows a dramatic change compared with the
eighth edition non-HPV OPSCC staging. Table adapted with permission of the Amer-
ican Joint Committee on Cancer, Chicago, Illinois. The original source for this material
is the AJCC Cancer Staging Manual.'

pl6(+) and pl6(—) oropharynx tumors are staged differently.
Also, when evaluating cases of nodal disease, one must know
whether an HN primary tumor is known and whether that tumor
is a skin or mucosal primary. This review serves to summarize the
critical changes relevant to all imagers reading HN CT, MR imag-
ing, or PET/CT scans, particularly those participating in tumor
board clinical staging.

AJCC Changes with Impact for the Radiology Report

Cervical Nodes and Extranodal Extension. The changes made to
nodal staging might be perceived by radiologists as the most con-
fusing part of the HN section in the eighth edition, and while
many areas elsewhere in the HN section are about simplification
from the seventh edition, nodal definition shows increasing com-
plexity. This reflects the key changes resulting from a better un-
derstanding of both HPV-related oropharyngeal squamous cell
carcinoma (OPSCC) and the significance of extranodal extension
of tumor in non-HPV and non-Epstein-Barr virus (EBV) nodal
disease.* "

There are now 5 different staging tables for nodes, 2 of which
are purely pathologic staging (pN) following cervical lymph node
dissection (of =15 nodes) (Tables 1-3):

e HPV-related OPSCC: clinical (cN) and separate pathologic (pN)
nodal staging

e EBV-related nasopharyngeal carcinoma (NPC): clinical staging
very similar to that in the seventh edition with changes to N3
designation only

e All other HN squamous cell carcinomas (SCCs): clinical and
separate pathologic nodal staging.
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is not available, it is important that the
nodal level system be used to describe
the location of ipsilateral and/or con-
tralateral abnormal nodes to enable the
clinician to assign a ctN. When one de-
termines the presence of concerning adenopathy, all morphologic
characteristics of a node should be assessed, particularly in the
expected drainage pattern of the known primary tumor: size
(>10-mm short axis), shape (rounded), loss of fatty hilus, focal
nodal inhomogeneity (focal necrosis), and cystic change. Addi-
tionally, for all tumors except nasopharyngeal carcinoma and HPV/
pl6(+) oropharyngeal tumors, radiologists should evaluate evidence
of extranodal extension of the tumor. Currently, the clinical des-
ignation of ENE+ requires overt clinical examination evidence of
ENE, such as skin invasion, infiltration of muscle with tethering
or fixation to adjacent structures, or large-nerve invasion with
dysfunction such as the brachial plexus, sympathetic trunk,
phrenic, or cranial nerves. While indistinct nodal margins and an
irregular nodal capsular enhancement suggest ENE, the strongest
imaging feature supporting the clinical diagnosis of ENE is clear
infiltration of perinodal tumor into adjacent fat or muscle.'*'* It
will be most useful for radiologists to describe features suspicious
for ENE so that the clinician can re-evaluate the clinical nodal
status. Improving the imaging specificity for ENE is clearly an area
of focus for radiologists and therefore potentially contributing to
future revisions of the AJCC Cancer Staging Manual.

HPV-Related (p16+) Oropharyngeal Squamous Cell Car-
cinoma. Probably the most significant change to HN tumor
staging is the separation of tumors related to human papilloma
virus infection and/or determined to be pl6+ on immunohisto-
chemistry. This separate staging designation reflects the novelty of
this disease, which exhibits an overall markedly better prognosis
compared with pl6— and largely tobacco- and alcohol-related
opscc.A7!

Metastatic nodes with HPV-related OPSCC are frequently
large, multiple, and/or bilateral, yet the disease will overall have a
much better survival than non-HPV OPSCC with similar extent
of nodal involvement. Thus, there have been significant changes
made to the nodal staging, which will result in quite dramatic
changes to overall prognostic grouping compared with the staging
used for all OPSCC in the seventh edition (Figs 1 and 2 and Tables
2,4, and 5). For clinical N categories of HPV/p16+ OPSCC, any
ipsilateral node or nodes that are =6 cm are designated N1 dis-
ease. Bilateral or contralateral nodes of =6 cm are designated N2
disease, and N3 disease is determined when a nodal mass is >6



Table 3: Clinical nodal staging for NPC?

N Category N Criteria

Nx Regional lymph nodes cannot be assessed

NO No regional lymph node metastasis

N1 Unilateral metastasis in cervical lymph node(s) and/or unilateral or bilateral metastasis in retropharyngeal lymph
node(s) =6 cm in greatest dimension, above the caudal border of cricoid cartilage

N2 Bilateral metastasis in cervical lymph nodes =6 cm in greatest dimension, above the caudal border of cricoid cartilage

N3 Unilateral or bilateral metastasis in cervical lymph node(s) >6 cm in greatest dimension, and/or extension below the

caudal border of cricoid cartilage

@ Changes in the eighth edition reflect the designation of level IV or VB nodes as N3 disease with no distinct a or b status. Table adapted with permission of the American Joint
Committee on Cancer, Chicago, Illinois. The original source for this material is the A/CC Cancer Staging Manual.!

FIG 1. Axial contrast-enhanced CT in a 69-year-old man demon-
strates a heterogeneously enlarged lingual tonsil filling the valleculae
and at least 2 left cystic cervical nodes. No right neck adenopathy was
evident. Biopsy of the primary site revealed p16(+) OPSCC. This was
staged as cT2N2b, stage IVA OPSCC. In the eighth edition of the AJCC,
the T-category does not change; however, multiple ipsilateral nodes
are now assigned NI category if <6 cm in greatest diameter. In the
eighth edition, T2N1 p16(+) OPSCC is designated stage | disease.

cm. For prognostic staging of tumors with T0—2, N1 disease is
stage I, N2 is stage II, and N3 is stage III. For T3 tumors, stage IT is
aminimum stage regardless of N, and for T4 or N3, stage 1T is the
minimum as seen in Table 5. Stage IV will now be reserved for M1
disease, regardless of T and N. There are no changes to the pri-
mary tumor size criteria, which separate T1, T2, and T3 disease;
and extension of base of tongue tumor onto the lingual surface of
the epiglottis is still T3 disease, but T4a and T4b are combined
into one as T4.

Nasopharyngeal Carcinoma. Nasopharyngeal carcinoma is most
often nonkeratinizing differentiated or undifferentiated carci-
noma, which is EBV-related and, in the United States, most often
found in Asian populations, particularly those of southern Chi-
nese migration or descent. HPV-related NPC and tobacco-/
alcohol-related EBV are less common worldwide. Staging is not
currently altered by EBV status of the tumor; however, if EBV-
positive nodal disease is found in the neck without a primary
source determined, then the nodal metastases are presumed to be

from the nasopharynx and they are designated TO NPC and staged
accordingly.

The most significant change to the T-assignment for NPC is
the clarification of involvement of specific bony and masticator
structures. Involvement of any bony structures such as cervical
vertebrae, pterygoid plates, skull base, or paranasal sinuses is T3
disease. In the AJCC Cancer Staging Manual seventh edition, in-
volvement of any masticator space structure was designated T4
disease. This has now been subdivided so that involvement of the
medial or lateral pterygoid muscle or of the prevertebral muscles
is T2 disease, but if there is extension of tumor beyond the lateral
surface of the pterygoid muscle or involvement of the parotid
gland, this is T4 disease (Fig 3 and Tables 3 and 6). This reflects
study evidence of a relatively good prognosis for lateral pterygoid
muscle infiltration compared with more extensive lateral tumor
spread.'®

For NPC nodal disease, the clinical designation of N3 disease
has been modified. In the seventh edition staging system, N3b
disease was determined by the presence of =1 supraclavicular
node in the triangle of Ho, with N3a indicating any nodal mass
measuring >6 cm that lies above the supraclavicular fossa. From
a radiologic perspective, a supraclavicular node was determined
by the presence of a clavicle on the same axial imaging section;
however, variable patient positioning in the scanner makes this
designation unreliable, and for many radiologists, supraclavicular
nodal status was left to the physical examination. N3 disease is
now designated as any nodal mass of >6 cm or any nodal mass
below the inferior aspect of the cricoid—that is, any node that is
level IV or Vb. There is no longer subdivision into N3a and N3b.

“Non-HPV OPSCC and Hypopharynx.” This is an entirely new
chapter after creation of distinct nasopharyngeal and HPV-relat-
ed/p16+ oropharyngeal SCC chapters from a previous pharynx
chapter that encompassed all pharyngeal tumors. There are, how-
ever, no changes to the T-staging described in the seventh edition
for oropharyngeal and hypopharyngeal tumors. The nodal stag-
ing of these tumors will follow the non-HPV, non-EBV HN clin-
ical (cN) and pathologic (pN) nodal staging definitions, with spe-
cial attention to the new inclusion of ENE (Table 1).

Oral Cavity SCC. The chapter, historically entitled “Lip and Oral
Cavity,” will now be called “Oral Cavity,” with the lip tumors now
staged in the new chapter entitled “Cutaneous Carcinoma of HN.”
In the seventh edition, one of the defining features requiring
careful imaging evaluation of oral tongue tumors was the pres-
ence of invasion of the extrinsic tongue muscles. This feature has
been difficult for pathologists to determine because it is typically
not possible for them to distinguish intrinsic and extrinsic skeletal
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FIG 2. HPV-related p16(+) OPSCC in a 62-year-old man presenting with bilateral neck masses
determined to be pl6+ squamous cell carcinoma. Coronal T1 postcontrast fat-saturated MR
image (A) demonstrates a left tonsillar tumor extending superiorly to the soft palate. Because this
tumor measured >4 cm in longest dimension, it is assigned T3 with no change in the primary
tumor staging from the seventh-to-eighth edition of the AJCC Cancer Staging Manual. Axial T2
fat-saturated image (B) shows bilateral heterogeneous nodal masses with a high degree of suspi-
cion of extranodal extension bilaterally. In the seventh edition, bilateral adenopathy of <6 cmin
greatest dimension for all OPSCCs is designated T2c disease, with prognostic grouping of T3N2c
as stage IVA. In the new eighth edition, bilateral adenopathy of <6 cm is N2 disease and the new
prognostic grouping for p16+ OPSCC T3N2 is stage II. Extranodal extension does not affect the N

designation for HPV/p16(+) OPSCC or NPC.

Table 4: Tumor staging for HPV-related OPSCC?

T Category T Criteria

TO No primary identified

Tl Tumor =<2 cm in greatest dimension

T2 Tumor >2 but =4 cm in greatest dimension

T3 Tumor >4 cm in greatest dimension or extension
to lingual surface of epiglottis

T4 Moderately advanced local disease; tumor

invades the larynx, extrinsic muscles of tongue,
medial pterygoid, hard palate or mandible, or
beyond

#The T4a and T4b features from OPSCC staging in the seventh edition are now
combined as T4 in the new eighth edition. Table adapted with permission of the
American Joint Committee on Cancer, Chicago, Illinois. The original source for this
material is the AJCC Cancer Staging Manual!

Table 5: AJCC clinical prognostic groupings for HPV-related
oPscc?

And Then the Stage

When T Is... And N Is... Mis... Group Is...
TO, T1, or T2 NO or N1 MO |

TO, Tl, or T2 N2 MO Il

T3 NO, N1, or N2 MO Il

Any T N3 MO 1T

T4 Any N MO 1l

Any T Any N Mi v

#Table adapted with permission of the American Joint Committee on Cancer, Chi-
cago, Illinois. The original source for this material is the AJCC Cancer Staging Manual.!

muscles on sections. The eighth edition sees the removal of ex-
trinsic muscle invasion as a T4 feature and the introduction of the
depth of invasion (DOI) as a critical determinant of T-staging
(Table 7). Depth of invasion is a pathology measurement and is
the deep or endophytic invasive growth below a horizontal line
drawn at the level of the basement membrane relative to the clos-
est intact squamous mucosa. This is distinct from tumor thickness,
which includes both the endophytic component and the exophytic
tumor. Tumor infiltration below the basement membrane is the crit-
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ical factor for DOI and is very difficult to
accurately assess by imaging. Measure-
ment by the radiologist of tumor thickness
may help guide the clinician in preopera-
tive planning, but DOI is a pathologic as-
sessment. It is still useful to comment on
infiltration into the tongue or soft tissues
of the oral cavity, particularly when evalu-
ating the presence of bone invasion.

Nodal staging again follows the
nodal groupings above, with separate
nodal staging for HPV— and HPV + tu-
mors and both clinical and pathologic
nodal staging (Table 1). Radiologists
should report nodal disease ipsilateral
and contralateral to the primary site.
Midline nodes in level IA, which are not
uncommon with anterior oral cavity tu-
mors, are considered ipsilateral to the pri-
mary tumor. Imaging should also evaluate
ENE, though again this is ultimatelya clin-
ical examination or pathologic designa-
tion. Because neck dissections are fre-
quently performed for oral cavity SCC, the
pN tables for non-HPV SCC will be used for final staging
designation.

“Cutaneous Carcinoma of HN.” This entirely new chapter reor-
ganizes all HN skin cancers other than eyelid SCC, melanoma,
and Merkel cell carcinoma into a distinct chapter. Notably, lip
SCC, which has traditionally been included with oral cavity tumor
staging, is now included here. While tumor size constitutes much
of the T-staging and is likely better determined by direct clinical
examination, there are important features such as bone erosion,
perineural tumor, and skull base invasion that should be sought
by the radiologist when reading staging scans (Table 8). The nodal
staging follows the ¢cN and pN for all non-HPV, non-EBV SCCs
elsewhere in the HN (Table 1).

Key AJCC Changes without Specific Radiologic Impact

Unknown Primary Carcinomas. Unknown primary carcinomas
are characterized by the presentation of metastatic nodal disease
in the absence of a defined primary tumor (T0). More than 90% of
these tumors are HPV-related SCCs, and the occult primary is con-
sidered of oropharyngeal origin.'® When a primary tumor cannot be
found by clinical examination or cross-sectional imaging, p16 mmu-
nohistochemistry and HPV-ISH are performed. P16+ nodal disease
should be further evaluated with HPV-ISH because pl6+ (non-
HPV-related) tumors can be found elsewhere in the HN. HPV and
pl6+ disease are likely of oropharyngeal origin and will therefore be
categorized as TO. A positive EBV-ISH of nodal disease favors the
unknown primary being of nasopharyngeal origin, TO.

SCC nodal disease that is pl6-negative, HPV-negative, and
EBV-negative is not assigned to any primary site unless there is a
known or suspected prior skin malignancy with the expected pat-
tern of nodal disease. This metastatic nodal disease is staged using
the HN clinical and pathologic nodal definitions for all non-HPV,



non-EBV SCCs found in Chapter 6 of the AJCC Cancer Staging
Manual (Fig 4 and Table 1).

Larynx. There are no changes to laryngeal T-staging, and again
nodal staging follows the changes outlined previously for non-

FIG 3. Two patients with nasopharyngeal carcinoma. A and B, A 64-year-old man with a nasopha-
ryngeal mass found incidentally on PET/CT and determined to be EBV(+) undifferentiated
nonkeratinizing carcinoma. Axial T1 postcontrast fat-saturated images (A and B) demonstrate an
asymmetric nasopharyngeal mass with lateral extension to the right masticator space lateral
pterygoid muscle. In the seventh edition, this would be T4 disease; however, in the eighth edition,
this is only T2 disease. Note however that in this patient, there is also involvement of the
pterygoid plates, which is now clarified as T3 disease, and superior extension to the right cavern-
ous sinus, which is T4 disease in both AJCC Cancer Staging Manual seventh and eighth editions.
CandD, A15-year-old boy presenting with epistaxis and a large mass arising from the nasopharynx
determined to be EBV(+) undifferentiated nonkeratinizing carcinoma. Sagittal T1 (C) shows the
large mass filling the nasopharynx, extending inferiorly to the oropharynx and anteriorly to the
nasal cavity. Axial postcontrast T1 with fat saturation (D) shows lateral extension of the mass into
the masticator space but also to the left parotid gland. In the eighth edition, involvement of the
parotid gland or extension of tumor beyond the lateral surface of the lateral pterygoid muscle
determines T4 status.

Table 6: Tumor definitions for nasopharyngeal carcinoma®

EBV, non-HPV SCCs for the entire HN (Table 1). Unknown pri-
mary tumors that are EBV and HPV negative are not assigned to
the larynx as outlined above. When one evaluates primary laryn-
geal tumors, imaging offers utility for evidence of invasion of the

paraglottic space (T3) and inner lamina
of the thyroid cartilage (T3) or invasion
through the outer thyroid cortex or of
the cricoid (T4a). Arytenoid and epi-
glottic cartilage involvement does not
change the laryngeal tumor stage.

There
have been no changes to the T-staging ta-

Major Salivary Gland Tumors.

bles for salivary masses. The N nodal stag-
ing table changes reflect those described
above for all p16—, EBV— HN nodal dis-
ease (Table 1). Again, SCC masses in the
parotid gland may reflect metastatic nodal
disease, particularly from cutaneous facial
and scalp malignancies.

Nasal Cavity and Paranasal Sinuses.

There have been no significant changes
to the T-staging for nasal cavity and
paranasal sinuses, and the N nodal stag-
ing tables reflect those described above
for the HN (Table 1). Both CT and MR
imaging offer advantages for complete
pretreatment evaluation of sinonasal
malignancies and are often both used.
CT offers superior detail for hard palate
invasion, while MR imaging allows bet-
ter discrimination of tumor from ob-
structed sinus secretions. MR imaging
offers a more detailed evaluation for du-
ral or brain parenchymal involvement as
well as perineural tumor spread. Both al-
low nodal evaluation with the caveat
that retropharyngeal nodal tumor may
be more conspicuous on MR imaging
when isodense to prevertebral muscles
on contrast-enhanced CT.

Mucosal Melanoma of the HN. There
are no changes to this staging system for
mucosal melanoma of the HN com-

T Category T Criteria

Tx Primary tumor cannot be assessed

TO No tumor identified, but EBV + cervical lymph node(s) involvement

Tis In situ carcinoma

Tl Tumor confined to nasopharynx, or extension to oropharynx and/or nasal cavity without parapharyngeal involvement

T2 Tumor with extension to parapharyngeal space, and/or adjacent soft-tissue involvement (medial pterygoid, lateral
pterygoid, prevertebral muscles)

T3 Tumor with infiltration of bony structures at skull base, cervical vertebrae, pterygoid structures, and/or paranasal sinuses

T4 Tumor with intracranial extension, involvement of cranial nerves, hypopharynx, orbit, parotid gland, and/or extensive

soft-tissue infiltration beyond the lateral surface of the lateral pterygoid muscle

2 The eighth edition shows critical changes from the prior edition with downstaging of masticator space involvement from T4 to T2 and clarification of the T-staging for invasion
of bony structures. Table adapted with permission of the American Joint Committee on Cancer, Chicago, lllinois. The original source for this material is the AJCC Cancer Staging

Manual.
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Table 7: Oral cavity primary tumor definitions®

T Category T Criteria

Tx Primary tumor cannot be assessed

Tis Carcinoma in situ

T Tumor =<2 cm, =5-mm DOI; DOI is depth of invasion and not tumor thickness

T2 Tumor =2 cm, DOI >5 mm and <10 mm or tumor >2 but =4-cm and <10-mm DOI

T3 Tumor >4 cm or any tumor >10-mm DOI

T4a Moderately advanced local disease; tumor invades adjacent structures only (eg, through cortical bone of the mandible or
maxilla or involves the maxillary sinus or skin of the face); note that superficial erosion of bone/tooth socket (alone) by
a gingival primary is not sufficient to classify a tumor as T4

T4b Very advanced local disease; tumor invades masticator space, pterygoid plates, or skull base and/or encases the internal

carotid artery

# Note that the greatest diameter of the primary tumor is still measured, but primary tumor depth of invasion is also a critical determinant of T-staging. This is the deep extent
of tumor invasion below the surface and is distinct from tumor thickness. Lip tumors are no longer staged along with oral cavity SCC, but using the tables from “Cutaneous
Carcinoma of HN.” Table adapted with permission of the American Joint Committee on Cancer, Chicago, Illinois. The original source for this material is the AJCC Cancer Staging

Manual!

Table 8: Tumor definitions for cutaneous carcinoma of the HN®

T Category T Criteria

Tx Primary tumor cannot be identified

Tis Carcinoma in situ

TI Tumor =2 cm in greatest dimension

T2 Tumor >2 but =4 cm in greatest dimension

T3 Tumor >4 cm in maximum dimension or minor bone
erosion or perineural invasion, or deep invasion®

T4a Tumor with gross cortical bone/marrow invasion

T4b Tumor with skull base invasion and/or skull base

foramen involvement

#This new chapter in the eighth edition should be used for all HN cutaneous malig-
nancies except the eyelid and cutaneous melanoma and Merkel cell carcinoma. Lip
tumors are now staged using this table. Table adapted with permission of the Amer-
ican Joint Committee on Cancer, Chicago, Illinois. The original source for this material
is the AJCC Cancer Staging Manual.'

® Deep invasion is defined as invasion beyond the subcutaneous fat or >6 mm (as
measured from the granular layer of adjacent normal epidermis to the base of the
tumor). Perineural invasion for the T3 classification is defined as tumor cells within the
nerve sheath of a nerve lying deeper than the dermis or measuring =0.1mm in caliber
or presenting with clinical or radiographic involvement of named nerves without skull
base invasion or transgression.

pared with the seventh edition. As a reminder for radiologists
when evaluating these aggressive tumors, there is only T3 or T4a/b
disease (there is no T1 or T2). There is also a tumor-specific muco-
sal melanoma nodal staging in which NO is the absence of nodal
metastasis and N1 is the presence of regional nodal disease. Nx is used
when regional nodes cannot be assessed. Extranodal extension has
not been added to this nodal staging. There is not yet a prognostic
stage grouping for mucosal melanoma.

Final Reminders about Staging

1) For all sites in the head and neck, MO is used when there is a
negative metastatic work-up or there are no known metastases. M1 is
the presence of metastatic disease. There is no Mx designation.

2) When in doubt, the general rules of AJCC staging are to
assign the lower of the two T, N, or M categories—that is, to
downstage rather than upstage.'”

3) Tumor staging is a team effort. The radiologist can add
significant value to tumor boards by attending them, explaining
the radiologic subtleties, and being aware of the critical features
that distinguish different T and N categories.

Summary
Perhaps the most dramatic changes noticeable to radiologists who
are participating in tumor boards or who have been making it a
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FIG 4. Axial T2-weighted MR image through the neck in a 45-year-old
man presenting with neck masses. The enlarged solid left level 2A
node measured 3.5 cm in maximal diameter with additional abnormal
nodes seen on the right at 2A and bilaterally at levels 3 and 5A. No
primary tumor was evident on clinical examination or on this MR
imaging. In the absence of a primary tumor, it is difficult to determine
which nodal table to use, though most unknown primary tumors are
HPV/pl16(+) OPSCC. If fine-needle aspiration of the node reveals
HPV/p16(+), then an OPSCC primary would be assumed and this
would be assigned TON2. If pathology revealed HPV-negative, p16
negative, and ENB negative, then this would be assigned N2c and no
primary site assigned. Fine-needle aspiration revealed this to be un-
differentiated, nonkeratinizing carcinoma EBV+, with categories
then assigned as TON2 NPC.

practice to include TNM categories in the radiology report are
those relating to HPV-related p16+ OPSCC and nodal staging.
There is a dramatic downstaging of HPV-related p16(+) OPSCC
disease with the new staging system, reflecting the overall mark-
edly better prognosis of these tumors compared with pl6(—)
OPSCC. Because p16/HPV status may be unavailable to the radi-
ologist at the time of reporting, it remains important, as with all
reports for tumor staging, to include all the relevant imaging in-
formation of tumor size and extent of invasion. This information
can then be combined with immunohistochemistry to determine
the accurate p16(+) or p16(—) OPSCC clinical stage.



Nodal staging has also expanded so that there are different
clinical nodal categories (cN) for HPV/p16(+) OPSCC, EBV(+)
NPC, and all other HN SCCs. There are also 2 new pathologic
nodal staging systems (pN) for HPV/p16(+) OPSCC and all
other HN SCCs when neck dissections are performed. The stan-
dard imaging-based classification should be used to describe
nodal levels, and it is important that radiologists clarify both ip-
silateral and contralateral nodes that appear positive and whether
there is perinodal infiltration of adjacent fat or muscles, the stron-
gest imaging features supporting ENE. Currently the staging des-
ignation of ENE+ requires gross clinical examination evidence of
ENE or pathologic demonstration of ENE, but it will be very use-
ful for radiologists to describe features suspicion for ENE so that
the clinician can re-evaluate the clinical nodal status.

Additional, less complex changes have been made to the stag-
ing in other HN sections to reflect the changing understanding of
tumor biology and pathophysiology and patient outcomes. Radi-
ologists are encouraged to become familiar with the new TNM
system when reporting staging scans and to include all relevant
imaging information in reports to facilitate cancer care. Regard-
less of whether an individual radiologist includes TNM categories
in their report, it is important that we try to understand the pro-
cess of tumor staging, the critical role radiologists play in provid-
ing staging information, and the value we add to patient care. The
AJCC and UICC eighth editions will be implemented for staging
new tumors as of January 1, 2018.
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PRACTICE PERSPECTIVES

Wide Variability in Prethrombectomy Workflow Practices in
the United States: A Multicenter Survey

G.C. Meyers, "“'M.S. Kruzich, ““D.T. Cross Ill, and “*'CJ. Moran

A.P. Kansagra,

ABSTRACT

BACKGROUND AND PURPOSE: Clinical outcomes in patients with acute ischemic stroke caused by large vessel occlusion depend on the
speed and quality of workflows leading to mechanical thrombectomy. In the absence of universally accepted best practices for workflow,
developing stroke hospitals can benefit from improved awareness of real-world workflows in effect at experienced centers. To this end,
we surveyed prethrombectomy workflow practices at stroke centers throughout the United States.

MATERIALS AND METHODS: E-mail and phone interviews were conducted with neurointerventional team members at 30 experienced,
endovascular-capable stroke centers. Questions were chosen to reflect workflow components of triage, team activation, transport, case
setup, and anesthesia.

RESULTS: There is wide variation in prethrombectomy workflows. At 53% of institutions, nonphysician staff respond to stroke alerts
alongside physicians. Imaging triage involves noninvasive angiography or perfusion imaging at 97% and 63% of institutions, respectively.
Neurointerventional consultation is initiated before the completion of neuroimaging at 86% of institutions, and the team is activated
before a final treatment decision at 59%. The neurointerventional team most commonly arrives within 30 minutes. Patients may be
transported to the neuroangiography suite before team arrival at 43% of institutions. Procedural trays are set up in advance of team arrival
at13% of centers; additional thrombectomy devices are centrally stored at 54%. A power injector for angiographic runs is consistently used
at 43% of institutions. Anesthesiology routinely supports thrombectomies at 67% of institutions.

CONCLUSIONS: Prethrombectomy workflows vary widely between experienced centers. Improved awareness of real-world workflows
and their variations may help to guide institutions in designing their own protocols of care.

ABBREVIATIONS: LVO = large vessel occlusion; NI = neurointerventional

Recent clinical trials have conclusively demonstrated the out-
come benefit of mechanical thrombectomy in selected patients
with acute ischemic stroke caused by large vessel occlusion (LVO).' ™
For these patients, the likelihood of a good neurologic outcome de-
pends on the time elapsed between symptom onset and revascular-
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ization."'! Indeed, the negative results of 3 earlier clinical trials'*"*

may be attributed in part to prolonged treatment delays.®'>""”
These developments have sparked considerable interest in designing
efficient workflows for diagnosis and treatment that can reduce the
time between patient presentation and thrombectomy.”>'®2°
Although many of these efforts have been successful, there is
currently no broadly accepted consensus for optimal pre-
thrombectomy workflow. In the absence of such consensus,
individual centers have implemented a heterogeneous assort-
ment of workflows that may be influenced by individual phy-
sician preference, institution-specific factors, or incomplete
awareness of effective solutions at competing institutions.
Given the overall importance of prethrombectomy workflow
on time to treatment, improved guidance is needed for hospitals
looking to redesign their own systems to care for patients with
LVO. Understanding the range of current practice patterns is an
important first step toward that goal. In this work, we aimed to

attain a broader perspective on prethrombectomy workflow prac-
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FIGURE. Locations of stroke centers responding to the survey.

tices by conducting a nationwide survey of practices in effect at
experienced stroke centers, identify highly consistent workflow
steps that may indicate general agreement on best practices in
real-world conditions, and recognize areas of greater workflow
variability that may suggest that such a consensus has yet to
emerge.

MATERIALS AND METHODS

Institutional review board approval was obtained for this sur-
vey. Target institutions were identified based on American
Heart Association certification as an Advanced Comprehen-
sive Stroke Center or endovascular-capable Advanced Primary
Stroke Center, or the presence of a fellowship-level neuroint-
erventional (NI) training program. Contact information was
obtained from institutional Web sites and/or hospital opera-
tors at each of these centers, and an attempt was made to con-
tact NI team members (physicians, technologists, and nurses
who are directly involved in thrombectomy procedures) via
telephone during normal business hours between August 2015
and November 2015. If this initial attempt was unsuccessful, a
second attempt was made between 1 and 3 weeks later.

At centers where contact was successfully established, inter-
views were conducted by experienced NI technologists with NI
team members via telephone or e-mail, depending on the prefer-
ence of the person being surveyed. Each of these centers reported
performing at least 50 thrombectomy cases in the previous 12
months. Survey questions were chosen based on perceived areas
of opportunity to reduce time to treatment or workflow complex-
ity at our institution, as suggested by a multidisciplinary group of
physicians, technologists, and nurses while streamlining our own
protocol for the management of patients with LVO. Questions
were categorized into primary workflow components of triage,
team activation, transport, case setup, and anesthesia. Respon-

dents were asked to consider a typical patient when providing
answers. Responses were stored in an electronic data base. No
compensation was offered to study participants. Data are re-
ported as simple proportions.

RESULTS

Responses

The complete list of questions and answers is reported in the On-
line Table. An attempt was made to contact NI team members at
50 different institutions. Of these, 60% (30/50) responded in
whole or in part to the survey (Figure). These institutions in-
cluded 22 Advanced Comprehensive Stroke Centers, 6 Advanced
Primary Stroke Centers, and 2 Massachusetts Designated Primary
Stroke Services Hospitals. Of these 30 institutions, 60% (18/30)
included a postresidency NI fellowship training program.

Triage

Fifty-three percent (16/30) of institutions reported creating an
acute response team of nonphysicians to facilitate triage in the
emergency department. CT was the preferred imaging tech-
nique and was used as the sole modality at 90% (27/30) of
institutions. Noninvasive angiographic imaging was incorpo-
rated into routine patient selection at 97% (29/30) of centers,
whereas noninvasive perfusion imaging was routinely used at
63% (19/30) of facilities.

Team Activation

At 93% (28/30) of institutions, initial contact with the NI service
was directed only to an NI physician—typically the NI fellow at
centers with fellowship training programs—rather than the full
NI team. Initial contact was made before image acquisition at 86%
(25/29) of centers, but activation of the full NI team before reach-
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ing a final decision to treat occurred at only 59% (17/29) of
institutions.

Activation of the full NI team occurred by direct contact from
the NI physician at 63% of institutions (19/30) and through a
hospital operator at 23% (7/30). In total, 97% (29/30) of institu-
tions had a defined response time requirement for the NI nurses
and technologists, most commonly 30 minutes.

Transport

The emergency department team (including any responding neu-
rologists in the emergency department) took part in transport of
the patient to the neuroangiography suite at 87% (26/30) of cen-
ters, whereas the NI team was routinely involved in transport at
20% (6/30) of institutions. Patients were permitted to be trans-
ported to the neuroangiography suite before NI team arrival at
439 (12/28) of centers.

Case Setup

The procedural tray was opened by the NI team upon arrival at
90% (27/30) of institutions. The procedural tray comprised a ba-
sic diagnostic angiography tray at 90% (27/30) of centers, with
additional supplies needed for mechanical thrombectomy added
as necessary. Additional thrombectomy supplies were stored in a
centralized location in the neuroangiography suite at 54% (15/28)
of institutions. A power injector was routinely or variably used at
47% (14/30) of centers, but was not kept preloaded with contrast
at any institution (0/30).

Anesthesia

Members of the anesthesiology service routinely assisted mechan-
ical thrombectomy at 67% (20/30) of institutions and variably at
7% (2/30). Regardless of anesthesiology service involvement, the
preferred type of anesthesia was conscious sedation at 43% (12/
28) of centers and general anesthesia at 21% (6/28).

DISCUSSION

With the goal of maximizing the clinical outcome benefit of me-
chanical thrombectomy, several groups have described efficient
workflows or suggested improvements to facilitate timely throm-
bectomy in patients with LVO.”'®'#2* These case studies can
serve as important prototypes for other hospitals attempting to
redesign their own prethrombectomy workflows. However, these
prototypes are likely to be heavily influenced by institution-spe-
cific factors. As such, hospitals looking to these examples for guid-
ance may not become aware of workflow variations in effect at
other experienced centers. By reviewing in aggregate the work-
flows at many centers rather than just a single facility, our findings
offer a more institution-agnostic view of real-world prethrom-
bectomy workflows. Moreover, the considerable heterogeneity we
identified in these workflows suggest areas where consensus on
universal best practices is not established or does not exist, while
also suggesting opportunities for workflow customization tai-
lored to conditions at individual hospitals.

Mirroring the practices in recent positive thrombectomy
trials,' we found nearly universal use of noninvasive angiog-
raphy to identify LVO before attempted thrombectomy. How-
ever, we also found that nearly two-thirds of institutions rou-
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tinely used perfusion imaging for patient selection despite the
fact that perfusion imaging was not consistently used in the
initial trials demonstrating the effectiveness of thrombecto-
my.>"> Overall, only a small minority of institutions made rou-
tine use of MR imaging for patient selection, presumably re-
flecting resource constraints and the greater time typically
required for MR imaging.

One common workflow solution was to have an acute re-
sponse team of nonphysicians able to respond immediately to
cases of suspected LVO alongside neurology and emergency
department physicians. These teams are fluent in prethrom-
bectomy workflows and can facilitate timely management in
the acute care setting. Several respondents expressed frustra-
tion at a perceived lack of awareness among nonspecialists
of the need for rapid evaluation in patients with LVO and
noted that acute response teams can bridge this awareness gap
until emergency department teams gain familiarity with mod-
ern reperfusion strategies in LVO.

At most institutions, initial contact occurs with a single NI
physician who is responsible in turn for notifying the remainder
of the NI team. Some hospitals facilitate this notification process
by designating specific personnel to identify and contact the full
NI team, freeing the physician to focus on medical decision-mak-
ing. A large majority of facilities initiate NI consultation on clin-
ical grounds even before the acquisition of neuroimaging neces-
sary for patient selection. This approach?® may confer some time
benefit, but comes at the cost of more frequent consultation for
patients who later prove to have imaging contraindications to
thrombectomy (eg, intracranial hemorrhage, absence of LVO, or
a large burden of completed infarction). However, we note that
though initial NT consultation precedes neuroimaging at most
institutions, it is far less common to activate the full NI team
before completing the clinical and imaging evaluation necessary
to fully assess the appropriateness of thrombectomy. Once the NI
team is activated, most hospitals set a mandatory response time
for NI team members.

Transport of patients to the neuroangiography suite is most
commonly handled by members of the emergency department
team. Furthermore, at many facilities, patients can be transported
to the neuroangiography suite by the emergency department
team before the arrival of the NI team. Even if the NT team is in
house, active ownership of the patient transport process by the
emergency department team may allow the NI team to work in
parallel to set up the neuroangiography suite. Thus, regardless of
NI team location, an emergency department-led transport pro-
cess may help to minimize the actual time penalty associated with
team travel and room setup.

Most commonly, a procedural tray is set up by the NI team
upon arrival, as opposed to a “dry tray” set up in advance by the
NI team or a conventional tray set up by an in-house designee
while the NI team travels to the hospital. Each of these approaches
has its virtues; setting up the tray in advance of team arrival likely
confers a small time benefit, but sacrifices a clear chain of custody
for sterile supplies. Regardless of the approach, most NI teams
save time by initially opening a basic diagnostic angiography tray,
thereby allowing the NI physician to establish arterial access and
perform initial angiographic runs while other NI team members



work in parallel to retrieve additional thrombectomy supplies.
Curiously, many centers have not centralized the location of these
supplies within the neuroangiography suite—for example, on a
supply cart or cabinet dedicated to stroke interventions—which is
a simple and straightforward means to facilitate the retrieval of
thrombectomy devices and reduce the cognitive burden on NI
team members.

The preferred type of anesthesia during thrombectomy proce-
dures is most commonly conscious sedation, possibly reflecting a
desire to avoid the time delay of intubation or concern about early
data suggesting worsened postthrombectomy outcomes with
general anesthesia.”**® Regardless of the type of anesthesia used,
members of the anesthesiology service routinely assist thrombec-
tomy at two-thirds of the surveyed institutions. Although our and
other investigators’ experience is that door-to-puncture times are
shortest when the number of teams engaged in the prethrombec-
tomy workflow is minimized,'®>* these data suggest that many NI
physicians value having more experienced personnel provide se-
dation and/or anesthesia, thereby allowing NI physicians to con-
centrate on the technical aspects of the procedure.

There are 3 principal limitations of this work. First, although
we have captured details about the degree of workflow variation
between hospitals, we cannot evaluate the validity of these work-
flow variations without knowledge of door-to-puncture times
and clinical outcomes, which many hospitals are unwilling or un-
able to disclose. Thus, although our data may suggest general
agreement on highly consistent workflow steps, we cannot define
best practices on the basis of patient impact. Second, although the
sample size of 30 institutions is sufficient to extract qualitative
insights into practice patterns and the general scale of workflow
variation, it is not sufficiently large to permit accurate quantita-
tive assessment. Third, all surveyed institutions are experienced
stroke centers, which likely skews demographics toward large, ac-
ademic institutions that may have different infrastructure and
resources than smaller, nonacademic centers.

Our results suggest an opportunity for future work to detail
the impact of specific workflow variations on clinical outcomes
across multiple institutions. However, it is important to note that
not all workflow variations will meaningfully impact time to
treatment, though all are likely to impact workflow complexity.
The benefits of reduced workflow complexity can be difficult to
capture in patient-centered clinical outcome data, but may in-
clude increased speed, greater capacity to multitask, fewer errors,
and decreased cognitive stress, all of which are likely to be impor-
tant during critical and time-sensitive procedures.

CONCLUSIONS

Even at experienced stroke centers, there is considerable hetero-
geneity in real-world workflow processes leading to mechanical
thrombectomy. These differences may reflect institution-specific
factors or incomplete awareness of workflow variations in effect at
other facilities. Knowledge of the range of prethrombectomy
workflows seen in actual clinical practice can guide institutions
looking to redesign their own systems of care in a manner best
suited to their needs.
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ORIGINAL RESEARCH
ADULT BRAIN

Comparison between the Prebolus T1 Measurement and the
Fixed T1 Value in Dynamic Contrast-Enhanced MR Imaging
for the Differentiation of True Progression from
Pseudoprogression in Glioblastoma Treated with Concurrent
Radiation Therapy and Temozolomide Chemotherapy

).G. Nam, ““K.M. Kang, ““'S.H. Choi, “’W.H. Lim, “’R-E. Yoo, ““).-H. Kim, ““TJ. Yun, and ““'C.-H. Sohn

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastoma is the most common primary brain malignancy and differentiation of true progression from
pseudoprogression is clinically important. Our purpose was to compare the diagnostic performance of dynamic contrast-enhanced
pharmacokinetic parameters using the fixed T1 and measured T1 on differentiating true from pseudoprogression of glioblastoma after
chemoradiation with temozolomide.

MATERIALS AND METHODS: This retrospective study included 37 patients with histopathologically confirmed glioblastoma with new
enhancing lesions after temozolomide chemoradiation defined as true progression (n = 15) or pseudoprogression (n = 22). Dynamic
contrast-enhanced pharmacokinetic parameters, including the volume transfer constant, the rate transfer constant, the blood plasma
volume per unit volume, and the extravascular extracellular space per unit volume, were calculated by using both the fixed T1 of 1000 ms
and measured T1 by using the multiple flip-angle method. Intra- and interobserver reproducibility was assessed by using the intraclass
correlation coefficient. Dynamic contrast-enhanced pharmacokinetic parameters were compared between the 2 groups by using univar-
iate and multivariate analysis. The diagnostic performance was evaluated by receiver operating characteristic analysis and leave-one-out
cross validation.

RESULTS: The intraclass correlation coefficients of all the parameters from both T1 values were fair to excellent (0.689—-0.999). The
volume transfer constant and rate transfer constant from the fixed T1 were significantly higher in patients with true progression (P = .048
and .010, respectively). Multivariate analysis revealed that the rate transfer constant from the fixed T1 was the only independent variable
(OR, 177 X 10°) and showed substantial diagnostic power on receiver operating characteristic analysis (area under the curve, 0.752; P =
.002). The sensitivity and specificity on leave-one-out cross validation were 73.3% (11/15) and 59.1% (13/20), respectively.

CONCLUSIONS: The dynamic contrast-enhanced parameter of rate transfer constant from the fixed T1 acted as a preferable marker to
differentiate true progression from pseudoprogression.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; K,,, = rate transfer constant; K" = volume transfer constant; TMZ = temozolomide; V,, = the blood
plasma volume per unit volume of tissue; V, = the extravascular extracellular space per unit volume of tissue; AUC = area under the curve

G lioblastoma is the most common primary brain malignancy,  appear in approximately 20% of patients after their first posttreat-

and concurrent chemoradiation with temozolomide (TMZ) ~ ment MR imaging.>” This phenomenon is most conspicuous at
after surgical resection is the standardized treatment known to 12 weeks after chemoradiation therapy and is regarded to result

exhibit the best survival for patients." For the TMZ chemoradia-  from the transient treatment-induced changes of the capillary and

tion treatment, the well-known radiologic false progression
(so-called “pseudoprogression”) has been previously reported to
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cell membrane permeability, distortion of the BBB, and altera-
tions in cell metabolism.> Because TMZ is one of the few limited
treatment options for patients with glioblastoma, revised Re-
sponse Assessment in Neuro-Oncology criteria accept the radio-
logic decision of true progression only when the lesion increases
in the follow-up imaging after the completion of 6 cycles of adju-
vant chemotherapy.4 However, in this clinical setting, patients
with true progression may suffer from the side effects of ineffec-
tive chemotherapy and be deprived of opportunities to pursue
alternative treatments such as bevacizumab chemotherapy.
Therefore, it is clinically important to distinguish true progres-
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Patients with pathologically confirmed
Glioblastoma between Jan 2011 and Mar 2017
with post-TMZ chemoradiation DCE MRI images (n=134)

diagnostic performance of the following
2 methods in calculating the baseline T1:
the T1 measurement when using the
multiple flip-angle method versus us-

86 patients were excluded
- No newly appeared
enhancing nodules (n=86)

ing the fixed T1 of 1000 ms.

MATERIALS AND METHODS

Adjuvant 6 cycle TMZ
qr pathologic confirmation

11 patients were excluded

- Lost to follow up (n=7)

- Patients with meningeal seeding (n=2)
- Suspicious RT induce sarcoma (n=2)

Patients

The institutional review board of Seoul
National University Hospital approved
this retrospective study, and the require-

|

| True progression (n=15) |

Pseudoprogression (n=22) |

FIG1. Flowchart of the inclusion and exclusion criteria of our study population.

sion from pseudoprogression after 12 weeks of chemoradiation
before the administration of adjuvant chemotherapy.

There have been continuous efforts to differentiate true
progression by using conventional MR imaging techniques with
contrast enhancement, DWI, or PW1,> but achieving clinically
credible differentiation still remains challenging. Dynamic con-
trast-enhanced (DCE) MR imaging can noninvasively provide
pharmacokinetic parameters representing the microcirculation
of the tissue; these parameters include the volume transfer con-
stant (K'""), the rate transfer constant (K,,), the blood plasma
volume per unit volume of tissue (V,), and the extravascular ex-

o)

tracellular space per unit volume of tissue (V). A few studies
reported that some parameters, such as K" and V., showed
significant differences between true progression and pseudopro-
gressionw’1 L. however, there has been a lack of studies that metic-
ulously explored the diagnostic performance of all DCE parame-
ters in accordance with the prebolus T1 acquisition methods.

To derive the pharmacokinetic parameters from the DCE MR
imaging, a prebolus T1 is required at the initial step to obtain a
concentration-time curve.'? Between 2 options of the precontrast
T1 value, the measured and the fixed T1, the baseline T1 measure-
ment is theoretically the more accurate method reflecting the na-
ture of the tissue. However, the fixed T1 method, less prone to
systematic errors resulting from scale factor miscalibration and
motion susceptibility, has been reported to be more reliable."*'*
Among T1 measurement methods, because of the long acquisi-
tion time, standard inversion recovery is prone to systemic error
and also is less applicable in routine clinical practice. The multiple
flip-angle method is generally regarded as the clinically more ap-
plicable method compared with the inversion-recovery method
because of its reduced acquisition time and decreased motion
artifacts.'>"'¢

Therefore, the purpose of this study was to evaluate the value
of the pharmacokinetic parameters from DCE MR imaging in
differentiating true progression from pseudoprogression of glio-
blastoma after TMZ chemoradiation as well as to compare the
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ment for informed consent was waived.
Using a computerized search of the pa-
thology records at our institution and
reviewing the electronic medical re-
cords, we identified 134 consecutive pa-
tients pathologically diagnosed with gli-
oblastoma after either surgical resection
or biopsy between January 2011 to
March 2017 who met the following cri-
teria: 1) available baseline contrast-en-
hanced MR imaging performed within 2
days after surgery or biopsy and 2) underwent DCE MR imaging
with multiple flip-angle imaging within 2 months after TMZ
chemoradiation therapy. We excluded 86 patients who did not
show a newly manifested measurable enhanced area (larger than
10 mm bidimensionally on MR imaging) in the radiation field on
postchemoradiation MR imaging. In addition, 11 patients who
were lost to follow-up (n = 7), who had a decreased nodule size
but developed meningeal seeding during the follow-up (n = 2), or
whose lesion was suspicious for radiation therapy—induced sar-
coma (n = 2) were excluded. Finally, 37 patients were included,
with a mean age = SD of 57.0 years = 12.8 years (Fig 1). Among
them, 5 patients were defined to have true progression (ie, the
patient’s status was not attributable to concurrent medication or
the patient’s comorbid conditions were apparent to declare pro-
gression on current treatment) according to pathologic confirma-
tion (n = 3) or obvious clinical deterioration (7 = 2). The other
32 patients were classified as having either true progression (n =
10) or pseudoprogression (n = 22) radiologically according to the
Response Assessment in Neuro-Oncology criteria in consensus of
3 radiologists (J.G.N., KM.K,, and S.H.C.) with 2, 8, and 15 years
of experience, respectively. True progression was decided when
either there was new enhancement outside the radiation field or
the enhancing lesions showed an increase by =25% in the sum of
the products of the perpendicular diameters on the postadjuvant
TMZ chemotherapy scan; otherwise, pseudoprogression was
decided.*

DCE MR Imaging Acquisition

All patients underwent follow-up DCE MR imaging studies after
the completion of concurrent TMZ chemoradiation with a 3T
imaging unit with a 32-channel head coil (Verio; Siemens, Erlan-
gen, Germany [n = 33] and Ingenia; Philips Healthcare, Best, the
Netherlands [n = 4, respectively]). The MR imaging included
sagittal TIWI and reconstructed transverse and coronal images
acquired before and after contrast enhancement with a 3D rapid



acquisition of gradient-echo sequence and a transverse FLAIR
sequence. For the gradient-echo sequence, the following MR pa-
rameters were used: TR, 1500 ms; TE, 1.9 ms; flip angle, 9° and
matrix, 256 X 232 with an FOV of 220 X 250, a section thickness
of I mm, and 1 acquired signal. For the T1 measurement analysis,
additional precontrast images were collected with multiple flip
angles of 2°, 8°, and 15° from the spoiled gradient-echo TIWI.
Afterward, transverse T2WI with TSE was collected with the fol-
lowing MR parameters: TR, 5160 ms; TE, 91 ms; flip angle, 130
and matrix, 640 X 510-580 with an FOV of 175-199 X 220,
section thickness of 5 mm, and 3 NEX. Axial FLAIR imaging was
performed with the following MR parameters: TR, 9000 ms; TE,
97 ms; flip angle, 130°% and matrix, 384 X 348 with an FOV of
199 X 220 and a section thickness of 5 mm. Contrast-enhanced
imaging was performed after intravenous administration of gad-
obutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany) ata
dose of 0.1 mmol/L per kilogram of body weight.

DCE MR imaging was performed by using 3D gradient-echo
T1WI after intravenous administration of gadobutrol (0.1 mmol/
L/kg) by using a power injector (Spectris; MedRad, Indianola,
Pennsylvania) at a rate of 4 mL/s. A 30-mL bolus injection of
saline followed gadobutrol treatment at the same injection rate.
For each section, 40 images were acquired at intervals equal to the
TR. The following MR parameters were used: TR, 2.8 ms; TE, 1.0
ms; flip angle, 10° and matrix, 192 X 192 with a section thickness
of 3 mm, an FOV of 240 X 240 mm, a voxel size of 1.25 X 1.25 X
3mm?>, a pixel bandwidth of 789 Hz, and a total acquisition time
of 1 minute 30 seconds.

Image Analysis

T1Measurement from the Multiple Flip-Angle Method. DCE MR
images were processed by using the MR imaging perfusion anal-
ysis method (nordicICE; NordicNeuroLab, Bergen, Norway), and
the 3D gradient-echo T1-weighted images were used. After regis-
tering the precontrast acquisitions with the multiple flip-angle
images (by using 3 flip angles [2°, 8°, and 15°] from the spoiled
gradient-echo T1-weighted images), the T1 measurement was au-
tomatically calculated by the following equation by using the soft-
ware (nordicICE):

sinc X (1 —E,) X E,
1 —E, X cosc

S=M, X

where E| = exp(—TR/T,) and E, = exp(—TE/T;), (S = signal in-
tensity; M, = the equilibrium magnetization; T1 = longitudinal
relaxation; T2* = effective transverse relaxation; and « = flip
angle). As E, is usually ignored when TE << T, the equation can

be simplified to the following linear form."”**

S
=E1Xm+MOX(1—E1)

sin &
Then, E, and finally T1 maps can be derived by solving multiple
equations generated by entering multiple flip angles (2°, 8°, and
150).17719

DCE Parameter Acquisition. For each patient, the arterial input
function was automatically detected from the software (nordicICE)
by analyzing all pixel-time curves in the dataset and applying cluster

analysis to select the time courses that most resembled the expected
arterial input function properties, satisfying large area under the
curve (AUC), low first moment, and high peak enhancement.** The
VOI was plotted section by section by using the semiautomatic seg-
mentation method in the pixel analysis software (nordicICE), in-
cluding all newly developed enhancing areas and excluding vessels
and necrotic or liquefied regions. Then, the overall value for each
tumor was obtained automatically by the software by summing up all
values from each plane.

The pharmacokinetic DCE parameters, including K™, K ,,,
blood plasma volume per unit volume of tissue, and extravascular
extracellular space per unit volume of tissue, were calculated
based on the 2-compartment pharmacokinetics model proposed
by Tofts and Kermode.?' Each parameter was calculated by using
both the measured T1 derived from T1 mapping and the fixed T1
of 1000 ms. Each procedure, including arterial input function
selection and VOI plotting, was performed twice for both T1
methods by a radiologist (J.G.N.) at 2-week intervals and once by
another radiologist (W.H.L; 3 years of experience). The total im-
age processing for each patient required approximately 4—6 min-
utes and 810 minutes for the fixed T1 and measured T1 meth-
ods, respectively, for both observers.

Statistical Analysis
For comparison of clinical and demographic characteristics, the
Student ¢ test and x” test were used, as appropriate. The intra- and
interobserver reproducibility were assessed by using the intraclass
correlation coefficient. We adapted the following guidelines for
the intraclass correlation coefficient: excellent, higher than 0.75;
fair, 0.40—0.75; and poor, less than 0.40.>*> The Kolmogorov-
Smirnov test was used to determine whether any noncategoric
data were normally distributed. The means of the variables were
compared between the true progression and pseudoprogression
groups by using the Student ¢ test when the data were normally
distributed, and the median and ranges of the variables were com-
pared by using the Mann-Whitney U test for variables not nor-
mally distributed. Significant variables from the univariate anal-
yses were applied to the multivariate logistic regression analysis.
The diagnostic performance was evaluated by receiver operating
characteristic analysis; the optimal criterion that maximizes sen-
sitivity and specificity corresponding with the Youden Index J was
selected by the software (MedCalc; MedCalc Software, Mari-
akerke, Belgium).** To compare the diagnostic power of T1 mea-
surement and fixed T1 methods, a pair-wise comparison receiver
operating characteristic curve analysis was used.** Leave-one-out
cross-validation was also performed to validate the diagnostic
performance.

Statistical analyses were performed by using MedCalc software
version 15.8 (MedCalc Software). For all tests, values of P < .05
were considered statistically significant.

RESULTS

As mentioned previously, among 37 patients, 15 were defined
as having true progression according to pathologic confirma-
tion (n = 3), apparent clinical deterioration (n = 2), or radio-
logic diagnosis following the Response Assessment in Neuro-
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Table 1: Clinical information of the enrolled patients

True Progression Pseudoprogression P
Variable (n=15) (n=22) Value®
Age, yr (mean * SD) 59.6 = 11.9 56.7 £13.7 .61
Gender 12
Male 9 (60.0%) 17 (77.3%)
Female 6 (40.0%) 5(22.7%)
Surgery 24
Biopsy 4(26.7%) 2(9.1%)
Subtotal 6 (40.0%) 9 (40.9%)
Total 5(33.3%) 11(50.0%)
Time interval of end of TMZ-chemoradiation to DCE MR, 27.0 = 7.3[15-44] 287 * 6.0 [17-44] 39
d (mean = SD [range])
End of adjuvant TMZ chemotherapy to follow-up MR, 312 £10.6 [20-53]° 26.2 * 8.7 [16-54] 46
d (mean = SD [range])
Initial operation to the last follow-up, d (mean = SD 3914 *+156.3 [224-716] 657.3374.7 [2741774] .002

[range])

2 P values are from either Student t test or the x” test, as appropriate, for all variables.

© Four patients who underwent pathologic confirmation (n = 2) or developed obvious clinical deterioration before the termination of adjuvant TMZ chemotherapy (n = 2) were

excluded for this parameter.

Table 2: Comparison of the DCE pharmacokinetic parameters of patients with true progression versus pseudoprogression

True Progression

Pseudoprogression

Intraclass Correlation

L (n=15) (n=22) Coefficient [95% CI]
Pharmacokinetic T P
Parameter Method Mean = SD Median [range] Mean = SD Median [range] Value® Intraobserver Interobserver
K3 min " Fixed 0138 = 0148  0.096[0.042-0.579]  0.068 £ 0.043  0.064 [0.0005-0.154] .05° 0.893[0.792-0.945]  0.897[0.799-0.947]
Measured 0.126 = 0.139 0.069[0.025-0.499] 0.056 = 0.045  0.058[0.0001-0.194] 10 0.923[0.850-0.960]  0.943[0.888-0.970]
Kep, min ™" Fixed 0321+ 0244  0.244[0.135-1.082] 0179 = 0103  0.179[0.024-0.483] o 0.910[0.825-0.954]  0.929[0.862-0.963]
Measured  0.224 + 0108  0.202[0.035-0.396] 0.192 = 0.148 0.157 [0.009-0.494] 47 0.861[0.729-0.928]  0.882[0.771-0.939]
VP, % Fixed 3.309 * 4.429 1468 [0.709-18.298] 1.998 * 1462 1705[0.140-6.723] .60 0.872[0.752-0.934]  0.888[0.784-0.943]
Measured  2.358 * 2.701 1.339[0.478-10.407] 1521 + 1456 1.134[0.081-6.056 | 27 0.800[0.605-0.895]  0.688[0.394-0.839]
Ve Fixed 0.536 = 0.330  0.446[0.168-1.050] 0.506 = 0.284  0.482[0.114-1156] 77 0.761[0.537-0.877] 0.718[0.516—0.844]
Measured  0.550 * 0.511 0.377[0.121-1192] 0316 = 0.265  0.270[0.041-1.297] .08 0.937[0.877-0.968]  0.936[0.875-0.967]

# P values are from Student t test when the variables satisfied normality (K., from measured Tl and V., from fixed T1) or from Mann-Whitney U tests otherwise, according to

Kolmogorov-Smirnov test.
b Significant P value for each test.

Oncology criteria (n = 10).* The other 22 patients were
defined as having pseudoprogression.

Among the patients, 73.3% (11/15) of the true progression
patients and 90.9% (20/22) of the pseudoprogression patients
underwent radical surgery, whereas the others underwent ste-
reotactic biopsy. The immediate postoperative MR imaging
showed that total resection was achieved for 45.5% (5/11) and
55.0% (11/20) of surgical cases in the true progression and
pseudoprogression groups, respectively. Detailed demograph-
ics are listed in Table 1.

Intraobserver and Interobserver Reproducibility of DCE
Pharmacokinetic Parameters

The intraclass correlation coefficients for intra- and interob-
server agreement for each DCE pharmacokinetic parameter
were deemed mostly excellent, or at least fair, ranging from
0.689-0.943,%2 for both the fixed T1 and measured T1 meth-
ods (Table 2).

Comparison of DCE Pharmacokinetic Parameters: True
Progression versus Pseudoprogression

Among the 4 DCE pharmacokinetic parameters calculated from
the 2 different precontrast T1 values, the mean value was com-
pared for the 2 parameters that satisfied normality based on the
Kolmogorov-Smirnov test: K., from the measured T1 and V,
from the fixed T1. The median and ranges for the other 6 param-
eters were compared. Only 2 parameters showed a significant dif-
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ference between the true progression and pseudoprogression
groups: K" evaluated from the fixed T1 (median [range] value
of true progression versus pseudoprogression, 0.096 minutes '
[0.042—0.580] versus 0.064 minutes ' [0.0005—0.154]; P = .048)
and K., calculated from the fixed T1 (median [range], 0.244 min-
utes™ ' [0.135-1.082] versus 0.179 minutes ' [0.024—0.483]; P =
.010). No parameters obtained from the measured T1 showed
significant difference between the 2 groups (Table 2). The repre-
sentative cases are presented in Figs 2 and 3.

The multivariate logistic regression analysis with the backward
method was conducted for 3 variables, including significant vari-
ables on the univariate analysis (K" and K., evaluated from the
fixed T1) and V, calculated from the fixed T1 method, which was
shown to exhibit significant difference in the previous study.'® As
a result, K., from the fixed T1 method was the only significant
parameter (OR [95% CI], 1.77 X 10° [4.27-7.32 X 10°]; P =
.007).

Diagnostic Performance of DCE Pharmacokinetic
Parameters: Comparison of the Fixed Tl and T1
Measurement Methods

In the receiver operating characteristic analysis, K"*"* and K.,
from the fixed T1 showed significant diagnostic power in distin-
guishing true progression from pseudoprogression (AUC, 0.694
and 0.752; P = .03 and .002, respectively). The 2 parameters did
not demonstrate a significant difference based on a comparison of
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FIG2. A 68-year-old female patient with surgically proved glioblastoma presented A, a newly appeared enhancing nodule on DCE-MR imaging
taken 1 month after temozolomide chemoradiation. The lesion was not identified on the postoperative MR imaging. B, The lesion was markedly
increased after 6 cycles of temozolomide chemotherapy, implying that the lesion was true progression according to the Response Assessment

in Neuro-Oncology criteria. The pharmacokinetic DCE maps, especially those for K" and K

and D, measured T1 methods.

the receiver operating characteristic analysis (P = .29). No pa-
rameters obtained from the measured T1 method showed a
proper diagnostic performance (all Ps > .05).

The diagnostic accuracy of K"*"* and K, from the fixed T1
was 73.0% (27/37) and 70.3% (26/37), respectively. Whereas
K" from the fixed T1 exhibited high specificity (86.4%; [19/
22]) but suboptimal sensitivity (53.3% [8/15]), K, from the fixed
T1 showed relatively reliable sensitivity and specificity (80.0%
[12/15] and 63.6% [14/22], respectively), along with fair positive
predictive value (60.0%, [12/20]) and reliable negative predictive
value (82.4% [14/17]) (Table 3). The leave-one-out cross-valida-
tion for K, from the fixed T1 method demonstrated similar re-
sults: sensitivity, specificity, accuracy, and positive and negative
predictive values 0f 73.3% (11/15),59.1% (13/22), 64.9% (24/37),
55.0% (11/20), and 76.5% (13/17), respectively (Table 4).

o Showed a bright signal from both the C, fixed T1

DISCUSSION
In our study, some pharmacokinetic parameters of the fixed T1
method derived from post-TMZ chemoradiation DCE MR imag-
ing showed a significant difference between the true progression
and pseudoprogression groups: K" and K, from the fixed T1
were significantly larger in the true progression group than in the
pseudoprogression group. No parameters calculated from the
measured T1 method demonstrated a significant difference be-
tween the 2 groups. In the multivariate analysis, K., from the fixed
T1 method was the only significant variable. It exhibited a fair
diagnostic performance with acceptable intra- and interobserver
reproducibility, especially in terms of sensitivity and negative pre-
dictive value, in both the AUC analysis and leave-one-out
cross-validation.

Although the baseline T1 measurement provides the tissue

AJNR Am J Neuroradiol 38:2243-50 Dec 2017  www.ajnr.org 2247
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FIG3. A 57-year-old female patient with surgically proved glioblastoma presented A, a newly appeared enhancing nodule on DCE-MR imaging
taken 1 month after temozolomide chemoradiation. B, The lesion had disappeared after 6 cycles of temozolomide chemotherapy, defining the
lesion as a pseudoprogression according to the Response Assessment in Neuro-Oncology criteria. The pharmacokinetic DCE maps, especially
those for K#"* and Keps showed less intense signals from both C, the fixed T1 and D, measured T1 methods.

Table 3: Diagnostic performance of the DCE pharmacokinetic parameters in detecting true progression

Optimal
Pharmacokinetic T1 Median Threshold P
Parameter Method AUC Value Sensitivity [%] Specificity [%] Value®
K2"s min~! Fixed 0.694 0.093 533 86.4 03°
Measured 0.664 0.059 .08
Kep, min~" Fixed 0.752 0.184 80.0 63.6 .002°
Measured 0.603 0.159 .28
Vs % Fixed 0.552 3423 .62
Measured 0.609 0.597 .25
Ve Fixed 0.518 0.349 .86
Measured 0.606 0.546 30

Note:—V, indicates extravascular extracellular space per unit volume; V,,, blood plasma volume per unit volume.
2P values are from the receiver operating characteristics analysis.
® Significant P value for each test.

property, it has the problem of weak reliability and reproducibil-  artifacts are known to be particularly important in the overall
ity because of major systematic errors resulting from scale factor ~ errors of DCE MR imaging among other tissue- or acquisition-
miscalibration and susceptibility to motion.'*** Because signal  related parameters,'” the fixed T1, simple and reproducible, has
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Table 4: Diagnostic performance of K., from the fixed T1 and results from the leave-one-out cross-validation

Optimal Positive Negative
Median AUC Threshold Value Sensitivity Specificity Accuracy Predictive Value Predictive Value
0752 0184 80.0% (12/15)  63.6%(14/22)  70.3%(26/37) 60.0% (12/20) 82.4% (14/17)
Leave-one-out 73.3% (11/15) 591%(13/22)  64.9% (24/37) 55.0% (11/20) 76.5% (13/17)

cross-validation

its strength. In this situation, it is necessary to compare the diag-
nostic performance of DCE parameters from the fixed T1 with
measured T1 methods to verify the better processing method. Our
study demonstrated that the fixed T1 method more reliably pre-
dicts true progression from pseudoprogression. Clinically, our
results can provide evidence to eliminate the T1 measurement
process in DCE MR interpretation, possibly resulting in the re-
duction of both imaging acquisition time and postprocessing
time.

The use of DCE MR imaging in differentiating true progres-
sion from pseudoprogression is in its infancy, and few studies
have been performed. Yun et al'® reported that the mean K™
from the fixed T1 method is the most convincing parameter in
differentiating true progression, but K, was not evaluated. Our
study agrees with a previous study reporting that the mean K"*"
from the fixed T1 method was significantly different between true
progression and pseudoprogression with similar sensitivity and
specificity.'® However, the multivariate analysis in our study re-
vealed that K, , was the only independently differentiable param-
eter. To the best of our knowledge, there are no studies that have
reported the difference of K, between the 2 groups.

Although both pseudoprogression and true progression ap-
pear as new enhancing lesions on the post-TMZ chemoradiation
therapy MR imaging, the pathologies are markedly dissimilar. It
has been well known that pseudoprogression histopathologically
resembles radiation necrosis.>*® Radiation-induced endothelial
injury is understood to be the major cause of radiation injury,
including pseudoprogression, resulting in destruction of the BBB
concomitant with vasogenic edema and tissue ischemia.”®*” Be-
cause angiogenesis in addition to breakdown of the BBB occurs
for true progression, vascularity-related parameters, including
K™ and K., are likely to be higher in true progression than in
pseudoprogression.?®>°

The exchange rate constant K, is a composite parameter of
K"*%/V_ and represents the transit between the extravascular and
the intravascular compartments. K., is known to reflect the vessel
permeability and the surface area,’ both of which are known to
be increased in true progression. There have been other reports in
other organs that indicated K., as a potential parameter for pre-
dicting tumor angiogenesis: K., showed a significant correlation
with the microvessel attenuation calculated from immunohisto-

chemistry in prostate cancer, >

whereas other parameters, in-
cluding K™,V , and V,, did not demonstrate a significant cor-
relation.® A similar study of multiple myeloma also reported that
K., was significantly higher in tumors with a high vessel attenua-
tion.** Other reports showed that K, was the only significant
DCE parameter (along with K"*"* and V,) that was correlated
with the histologic grade in rectal cancer and correlated with poor
response in malignant pleural mesothelioma.’>*® In agreement
with the previous explanation,” because it is a composite of 2

parameters, the compounding effects of these parameters might
subside and allow K., to present a better correlation with the
nature of the lesion.

Our study has some limitations. First, because of its retrospec-
tive nature, patients had variable time intervals between treat-
ment and imaging. We selected patients who satisfied Response
Assessment in Neuro-Oncology criteria to define the nature of the
lesion; thus, some patients with true progression of an aggressive
nature might have not been selected because they could not sur-
vive 6 cycles of adjuvant chemotherapy. However, because DCE
MR imaging was routinely performed at our hospital for patients
with glioblastoma with TMZ chemoradiation, our cohort might
work as a potentially representative selection. Second, our sample
size was small, and the number of tumor types was disproportion-
ate (15 true progression patients and 22 pseudoprogression pa-
tients). Third, we did not compare our arterial input function
acquisition method with other patient-specific methods or pop-
ulation-based arterial input function, which can reduce both im-
age processing and postprocessing time. Because DCE parameters
can also be affected by various arterial input function calculations,
further study is recommended for robust arterial input function
calculation. In addition, despite previous studies suggesting the
reliability of the multiple flip-angle method, further validation of
the method compared with the inversion-recovery method
should be needed. Finally, we did not compare the diagnostic
power of our values with other MR imaging modalities that are
reported to be able to differentiate true progression from pseudo-
progression, such as ADC or dynamic susceptibility contrast-en-
hanced MR imaging.>”

CONCLUSIONS

The semiquantitative DCE-derived parameter K., based on the
fixed T1 value is a preferable marker to differentiate true progres-
sion from pseudoprogression versus other parameters derived
from tissue T1 measurement.
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ORIGINAL RESEARCH
ADULT BRAIN

Initial Investigation into Microbleeds and White Matter Signal
Changes following Radiotherapy for Low-Grade and Benign
Brain Tumors Using Ultra-High-Field MRI Techniques

D. Ho, and “*'R.S. Menon
Sl — |

).-G. Belliveau, ““’G.S. Bauman, ““K.Y. Tay,

ABSTRACT

BACKGROUND AND PURPOSE: External beam radiation therapy is a common treatment for many brain neoplasms. While external beam
radiation therapy adheres to dose limits to protect the uninvolved brain, areas of high dose to normal tissue still occur. Patients treated
with chemoradiotherapy can have adverse effects such as microbleeds and radiation necrosis, but few studies exist of patients treated
without chemotherapy.

MATERIALS AND METHODS: Ten patients were treated for low-grade or benign neoplasms with external beam radiation therapy only
and scanned within 12-36 months following treatment with a 7T MR imaging scanner. A multiecho gradient-echo sequence was acquired
and postprocessed into SWI, quantitative susceptibility mapping, and apparent transverse relaxation maps. Six patients returned for
follow-up imaging approximately 18 months following their first research scan and were imaged with the same techniques.

RESULTS: At the first visit, 7/10 patients had microbleeds evident on SWI, quantitative susceptibility mapping, and apparent transverse
relaxation. All microbleeds were within a dose region of >45 Gy. Additionally, 4/10 patients had asymptomatic WM signal changes evident
on standard imaging. Further analysis with our technique revealed that these lesions were venocentric, suggestive of a neuroinflammatory
process.

CONCLUSIONS: There exists a potential for microbleeds in patients treated with external beam radiation therapy without chemother-
apy. This finding is of clinical relevance because it could be a precursor of future neurovascular disease and indicates that additional care
should be taken when using therapies such as anticoagulants. Additionally, the appearance of venocentric WM lesions could be suggestive
of a neuroinflammatory mechanism that has been suggested in diseases such as MS. Both findings merit further investigation in a larger
population set.

ABBREVIATIONS: QSM = quantitative susceptibility mapping; R,” = apparent transverse relaxation; RN = radiation necrosis; XRT = external beam radiation
therapy

External beam radiation therapy (XRT) is commonly used in
the treatment of many brain neoplasms. In benign and low-
grade neoplasms (meningiomas, neuromas, low-grade gliomas),
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safe maximal surgical resection combined with XRT is usually the
standard of care. The prescribed dose is typically a course of
54-60 Gy in 30 fractions using conformal delivery with tech-
niques such as intensity-modulated radiation therapy. These dose
plans attempt to follow specific guidelines such as Quantitative
Analysis of Normal Tissue Effects in the Clinic (http://www.aapm.
org/pubs/QUANTEC.asp) to limit the dose to radiosensitive ar-
eas, including the uninvolved brain, brain stem, optic nerve, and
optic chiasm," as well as the hippocampus, which is known for its
role in neurogenesis.>> Due to the infiltrative nature of some neo-
plasms such as low-grade gliomas or the proximity of tumors to
normal brain in other neoplasms, even conformal radiation tech-
niques can result in some volume of healthy tissue receiving radi-
ation. The dose delivered to the normal brain can potentially
cause long-term effects later in the patient’s life.

Following XRT, there are numerous reports of clinical se-
quelae that are classified into acute, early-delayed, or late effects.”
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Acute and early-delayed adverse effects are usually temporary and
resolve spontaneously with minimal treatment or steroids. Late
effects are typically much more severe because they cause perma-
nent changes to the brain parenchyma, including radiation necro-
sis (RN), cavernous angiomas, and microbleeds,” resulting in on-
going neurologic deficits.

RN is an adverse effect that may present a few years following
XRT; however, it can occur as early as 6 months and as late as 10
years following XRT. In some patients, regions of RN may be
small and do not produce symptoms. In others, progressive RN
can be seen with detrimental effects on the patient’s quality of
life.” Symptoms ranging from headaches and drowsiness to mem-
ory loss, seizures, and focal deficits have been documented. Treat-
ments of RN vary from observation to steroids or antiangiogenic
agents.® In some patients, surgical resection is required to debulk
necrotic areas to alleviate symptoms.

The exact cause of RN is not entirely understood, but the 2
main hypotheses developed in the past 50 years are related to
vascular and glial damage.* The vascular hypothesis suggests
that radiation necrosis is secondary to an ischemic event due to
small-vessel injury, while the glial hypothesis suggests that
damage to the white matter precursor cells occurs during
XRT. Recently, the potential role of the immune response fol-
lowing XRT has been documented,””® implicating neuroin-
flammation as another mechanism contributing to the develop-
ment of RN.

In addition to frank RN, microbleeds detected on imaging
following XRT are a recent discovery.”'® Generally, microbleeds
are thought to be either small deposits of hemosiderin, which can
be attributed to damage to the small vessels,'!; or, following radi-
ation, microbleeds have been shown pathologically to be areas of
telangiectasia.'> Microbleeds may be indicative of future vascular
disease such as stroke.'> Microbleeds indicate not only that more
serious disease could occur in the future but also that the patient
could be put at risk of serious intracranial bleeding if started on
anticoagulants.™

Techniques such as SWI are becoming more prominent with
higher magnetic field strengths available clinically (3T) or for re-
search (=7T). These techniques make locating microbleeds in-
creasingly easier due to the increased SNR, which makes increased
resolution possible at higher magnetic fields, and the linear-with-
field-enhancement of the paramagnetic effect of the hemosiderin
deposits. However, the increased resolution can also lead to false-
positives in microbleed detection because small venous vascula-
ture that runs parallel to the magnetic field can be misinterpreted
asamicrobleed. SWI, quantitative susceptibility mapping (QSM),
and apparent transverse relaxation (R,") have been previously
shown to be extremely sensitive to the vasculature and hemo-
siderin-rich microbleeds.'*>'® These techniques are also sensitive
to white matter lesions, as shown in various multiple sclerosis
studies.'”*° Previous work from Reichenbach et al*' estimated
that these techniques are sensitive to venous vasculature of ap-
proximately 100—200 wm in diameter.

Among patients with brain tumors, most studies to date have
investigated microbleeds and radiation necrosis among patients
who have high-grade neoplasms®>?>*; however, long-term RN
studies in this patient population may be less feasible due to the
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shortened life expectancy of most patients with malignant glio-
mas and the difficulty in distinguishing treatment effects and tu-
mor progression. Additionally, these studies involve patients
treated with chemotherapy, which has been shown potentially to

10,24 and

influence the number of microbleeds present in the brain
may confound the estimates of microbleeds due to radiation
alone.

This initial feasibility study presents results that focus on im-
aging microbleeds and white matter imaging changes using SWI,
QSM, and R, on patients treated for benign or low-grade neo-
plasms with radiation alone. These patients have a longer overall
survival following successful treatment and thus are at higher risk
of eventually experiencing delayed adverse XRT effects. It was
hypothesized that SWI, QSM, and R,” may be useful imaging
techniques to detect late radiation changes among this patient
population. The ability to detect such changes would then war-
rantalarger scale investigation for patients who might be at risk of
longer term sequelae of their treatment (cognitive effects or focal
brain injury).

MATERIALS AND METHODS

Patient Recruitment

The study was approved by the human subjects’ research ethics
board of the University of Western Ontario. Ten patients (2
men, 8 women) were recruited from our affiliated cancer pro-
gram at the London Regional Cancer Program and were
screened for eligibility by the treating radiation oncologist
(G.S.B.). Eligibility requirements included patients who were
older than 18 years of age with a Karnofsky Performance Scale
score of >60 and were treated for benign or World Health
Organization grade I or II brain neoplasms within 12-36
months of their recruitment for the study. Treatments for their
neoplasms could have included surgical resection followed by
radiation therapy or primary radiation therapy alone. As per
protocol, patients underwent an initial imaging session at the
time of enrollment and a second session 12-24 months later to
detect any evolution in imaging changes.

MR Imaging

Patients were scanned on a 7T MR imaging machine. This scanner
underwent an upgrade between visits for some of the patients.
Preupgrade, an Agilent/Siemens 7T MR imaging scanner (Agi-
lent, Santa Clara, California) with a 15-channel transmit/31-re-
ceive channel coil was used. Postupgrade, a Siemens 7T Magne-
tom Step 2.3 MR imaging scanner (Siemens, Erlangen, Germany)
with an 8-channel transmit/32-receive channel coil was used. All
patients had their initial scan performed on the preupgrade scan-
ner. Three patients had their second visit on the preupgrade scan-
ner, while 3 had their second visit on the postupgrade scanner. An
anatomic TIWI was obtained (preupgrade: MPRAGE, 1-mm iso-
tropic voxel, scan time of 5 minutes 45 seconds; postupgrade:
MP2RAGE, 0.8-mm isotropic voxel, scan time of 8 minutes 26
seconds); and a CSF-attenuated magnetization-prepared FLAIR
sequence (preupgrade: 1-mm isotropic resolution, scan time of 12
minutes 42 seconds; postupgrade: not acquired) was acquired for
registration to clinical scans. A multiecho gradient-echo (pre-
upgrade: multiecho gradient-echo, 1 mm in-plane resolution,



1.5-mm sections, TR = 40 ms, TE = 2.4 ms, echo spacing = 3.3
ms, echoes = 6, flip angle = 13°, generalized autocalibrating par-
tially parallel acquisition = 2.1; postupgrade: multiecho gradient-
echo, 1-mm in-plane resolution, 1.5-mm sections, TR = 40 ms,
TE = 4.9 ms, echo spacing = 4.5 ms, echoes = 6, flip angle = 13°,
generalized autocalibrating partially parallel acquisition = 2) se-
quence was acquired. A less sensitive form of imaging had to be
used postupgrade due to vendor constraints on the number of
transmit coils.

Postprocessing
The multiecho gradient-echo data set was acquired and postpro-
cessed into SWI, R,” and QSM maps using in-house software.

Qsm

The implementation of QSM used a preconjugate gradient
method?® and was compared with QSM using the MEDI toolbox
in Matlab (MathWorks, Natick, Massachusetts)'”; however, the
data from the preupgrade scanner was not optimized for MEDI
processing. The algorithm uses the phase information that is tem-
porally unwrapped over each echo with the background field con-
tributions being removed with a Gaussian high-pass filter of 11
mm to produce the local frequency shift. The QSM image was
calculated by performing the regularized inversion demonstrated
in Reichenbach et al.”' Postupgrade data were run through both
the preconjugate gradient and MEDI toolbox; however, only data
from the preconjugate gradient method were analyzed using the
postupgrade data.

R,

R, was computed with a nonlinear least-squares monoexponen-
tial fit with a voxel spread function for correction.?

swi

An 11-mm Gaussian high-pass filter was used to filter the
phase and was fit with respect to TEs using a weighted nonlin-
ear least-squares function to calculate the local frequency-shift
map. A frequency mask of 15 Hz was then applied to an average
magnitude image from all echoes to create an SWI using in-
house software. Finally, Matlab (MathWorks) was used to cre-
ate a minimume-intensity-projection image through 7 mm (7
sections) of the SWI.

Dose Plan Overlay

Treatment dose plan and planning CT and MRIs were retrieved
and were registered to the research MR imaging with the FMRIB
Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.
ac.uk).?” It was found beneficial to crop the CT simulator session
to include only the head including just a few sections below the
cerebellum from the CT and a TIWI without the use of skull-
stripping. The matching was determined to be within the error of
the 3-mm dose grid. CERR (http://cerr.info/about.php)®® was
used to export the dose plan.

Radiographic Assessment

Images (SWI, MPRAGE, and FLAIR) were reviewed by 2 board-
certified neuroradiologists (K.Y.T., D.H.) blinded to the history
of the patient. Both radiologists reviewing the images indepen-

Microbleeds at visit 1and visit 2

Visit 1 Visit 2 New Resolved
Patient Microbleeds Microbleeds  Microbleeds Microbleeds
1 7 4 2 5
2 5 X Did not return  Did not return
3 4 X Did not return  Did not return
4 0 0 0 0
5 2 2 0 0
6 2 0 0 2
7 0 0 0 0
8 0 0 0 0
9 1 X Did not return  Did not return
10 5 X Did not return  Did not return

Note:—X indicates patient did not return.
@ All microbleeds occurred in areas of radiation of >45 Gy.

dently and in a group setting established what constituted a mi-
crobleed. The microbleeds on all images were counted, and im-
ages were further assessed for vasculature and white matter
abnormalities.

Once identified, the microbleeds were manually segmented on
the SWI with ITK-SNAP 1.6 (www.itksnap.org)*® for further
analysis with R,” and QSM.

RESULTS

Clinical Findings

Ten patients consented to imaging and were enrolled in the study.
The On-line Table provides a full description of their cases, treat-
ment, and current clinical status. A Mini-Mental State Examina-
tion was performed at the first visit, and a mean score of 29/30 =
0.9 indicated that patients were cognitively intact at assessment.
Patients were imaged at a mean of 26.7 = 7.5 months following
their treatment, and 6 of 10 patients returned for a second MR
imaging between 12 and 24 months (17.3 % 7.3 months) follow-
ing their first MR imaging. Four patients did not return for this
second scan. Two patients became ill for unrelated health reasons,
1 patient opted not to return for a second research scan, and 1
patient’s low-grade glioma evolved into a malignant glioma, pre-
cluding investigational re-imaging.

Radiologic Findings

No gross abnormalities or venous vessel density discrepancies
were observed on the SWI. One patient (patient 8) had a cavern-
ous angioma that had been previously detected on conventional
MR imaging before enrollment in this study.

Microbleeds

Six of 10 patients had microbleeds on the postradiation imaging.
In all except 1 patient (patient 6), microbleeds occurred in areas of
high dose (>45 Gy). Some microbleeds resolved between the ini-
tial and follow-up scans. The Table reports the full list of
microbleeds. In all patients, microbleeds had an R," of >80 sec-
onds™ ' and QSM values lower than —0.25 ppm. Most microb-
leeds had halo artifacts on QSM as shown in Fig 1, which aided in
their detection.

White Matter Lesions
Three patients had periventricular or lobar lesions on their TIWI
and FLAIR images in the mid- (>30 Gy) to high-dose (>45 Gy)
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regions, consistent with white matter changes reported after radi-
ation therapy”®>! as shown in Figs 2—4.

Current Clinical Status

As shown in the On-line Table, most patients who enrolled in this
study are clinically stable following treatment for their neoplasms.
Aside from patient 10, who developed a glioblastoma, their symp-
toms are not directly related to their diagnosis or treatment.

QsM (ppm)

e
{ \

-

FIG 1. Patient 1 with microbleeds illustrated by the white arrow on
SWI and QSM. Haloing artifacts can be seen on QSM. Venous vascu-
lature is apparent in the high-dose region on SWI.

FIG 2. Patient 2 showing white matter abnormalities within the high-dose region as evidenced on

FLAIR, R,", and SWI.
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DISCUSSION

Searches of prior literature led us to believe that this is the first
study that investigated vasculature and white matter changes with
7T MR imaging in patients treated for low-grade or benign neo-
plasms with radiation and an operation only. The potentially long
survival of this patient population posttreatment increases the
chance that they may experience late radiation adverse effects
compared with patients with higher grade lesions. Imaging bio-
markers that could identify patients at risk of delayed radiation
sequelae could be useful in this patient population to refine radi-
ation-delivery techniques and to explore mitigating strategies
such as pharmacologic interventions.*?

The focus of this study was to determine the feasibility of this
technique being susceptible to late effects of XRT on the normal
parenchyma (1-5 years after therapy). Gross abnormalities were
not expected because these patients were clinically stable and
monitored by conventional imaging, but it was hypothesized that
it could be possible to detect subclinical lesions in the brain re-
ceiving high doses of radiation therapy. It is known that microb-
leeds have appeared in patients treated with chemotherapy or
radiation therapy for high-grade neoplasms.'® Additionally, Liu
1'” demonstrated the ability to distinguish microbleeds from

venous vasculature using quantitative

eta

methods. Therefore, an investigation
into the occurrence of microbleeds and
white matter signal changes as a poten-
tial imaging biomarker of late radiation
effects in patients treated for low-grade
brain neoplasms was performed. While
some of the imaging indicated poten-
tially demyelinating lesions based on the
white matter signal changes, a clinical
diagnosis was not possible.

In this cohort, 6 of 10 patients
showed microbleeds within the high-
dose regions; and in 5 of 6 patients, no
microbleeds were observed outside
the high-dose region. Long-term fol-
low-up is required to correlate with
clinical end points such as future vas-
cular incidents or cognitive adverse ef-
fects to determine whether microbleed
monitoring could be important in
these patients.

Although these patients do not
have the frequency of microbleeds as
shown in other studies of high-grade
neoplasms, the appearance of microb-
leeds is indicative of endothelial damage
within the high-dose region. This sug-
gests the importance of long-term mon-
itoring in this low-grade cohort because
these patients could be at a higher po-
tential for symptomatic vascular or cog-
nitive changes later in life.>** The ap-
pearance of microbleeds could also
indicate that further studies are required



FIG 3. Patient 3 showing microbleeds on SWIand R,” (white arrow) and the white matter lesion

(red arrow). Isodose lines are same as in Fig 1.

FIG 4. Zoomed-in view of Fig 3 (within the white box in Fig 3). Venous
vasculature is seen through the suspected white matter lesion.

to look at the effect of anticoagulants. Certain studies have already
shown that the appearance of microbleeds in other disease states
could be a contraindication for the use of an‘[icoagulants,35 and
these findings suggest strategies attempting to limit radiation injury
using antiplatelet agents or anticoagulants in this patient population
should be evaluated cautiously. The disappearance of microbleeds
between visits could not be considered imaging artifacts or due to
true resolution as discussed by Yates et al.>®

In addition to venous vasculature being present in high-dose
regions, veins within the white matter lesions with high doses can
be observed as shown in Fig 4. This is a common finding in MS
and acute disseminated encephalomyelitis.”” The white matter

303138 with reports of cog-

lesions have been reported previously,
nitive decline. A recent communication has shown that a 43-year-
old patient developed similar MS-type lesions following XRT.?®
In MS, these lesions have been shown to have an immune re-
sponse that could be indicative of neuroinflammation. The ability
to show that these lesions have venules running through them
suggests that further studies are warranted to test this hypothesis
of neuroinflammation as a mediator of late radiation effects. Sup-
porting this finding was the detection of FLAIR hyperintensities
coupled with the low R, values, which could indicate demyelina-
tion, though the white matter signal changes could not be patho-
logically confirmed as demyelinating. Neuroinflammation as a
mediator of late radiation cerebral effects and as a potential ther-
apeutic target is an area of active investigation,’* and these find-
ings suggest imaging biomarkers such as SWI and R, might be
useful tools for noninvasive monitoring of neuroinflammatory
processes.

Additionally, the high R, can help
distinguish microbleeds and small
venules that have much lower R, values
(20-40 seconds ™ '). The halo effect and
large susceptibility value of the microb-
leeds on QSM as shown in Fig 1 could
lead to a reduced burden for neuroradi-
ologists when detecting microbleeds us-
ing automated methods.

A limitation of this study is the small
number of participants and an inability
to acquire follow-up imaging for all pa-
tients. This preliminary experience illus-
trates the feasibility of the technique in
this population and suggests that a study
of a larger cohort of patients with this imaging technique may be
warranted.

Another limitation of SWI techniques, in general, is that tita-
nium clips used following surgery result in blooming artifacts on
postprocessed images. The artifacts are due to the magnetic field
perturbation due to these clips causing the signal to decay at a
much higher rate, resulting in more distortions with lengthened
TEs. These artifacts may lead to being unable to identify microb-
leeds in tissue close to the skull. Finally, SWTis limited in its ability
to view the arterioles; however, Bian et al*® have shown that ar-
teries and veins can be imaged in the same acquisition. This
method could also decrease false-positives and improve microb-
leed detection, and it would also be beneficial in observing dam-
age to the arterioles.

CONCLUSIONS

This work is a preliminary study examining the long-term effects
of radiation therapy on patients treated for benign or low-grade
neoplasms using ultra-high-field MR imaging. This study pre-
sented the potential of microbleeds in patients treated with XRT
alone; the increased ability to detect microbleeds with ultra-high-
field MR imaging with the use of SWI, R;, and QSM; and the
potential for white matter lesions in the high-dose area. The re-
sults presented in this study warrant further investigation in a
larger patient cohort because these could have wide-ranging con-
sequences in the long-term management of these patients.
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ORIGINAL RESEARCH
ADULT BRAIN

Photon-Counting CT of the Brain: In Vivo Human Results and
Image-Quality Assessment

D.S. Reich, T.E. Cork, S. Ulzheimer, and ““D.A. Bluemke
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ABSTRACT

BACKGROUND AND PURPOSE: Photon-counting detectors offer the potential for improved image quality for brain CT but have not yet
been evaluated in vivo. The purpose of this study was to compare photon-counting detector CT with conventional energy-integrating
detector CT for human brains.

MATERIALS AND METHODS: Radiation dose—matched energy-integrating detector and photon-counting detector head CT scans were
acquired with standardized protocols (tube voltage/current, 120 kV(peak)/370 mAs) in both an anthropomorphic head phantom and 21
human asymptomatic volunteers (mean age, 58.9 = 8.5 years). Photon-counting detector thresholds were 22 and 52 keV (low-energy bin,
22-52 keV; high-energy bin, 52-120 keV). Image noise, gray matter, and white matter signal-to-noise ratios and GM—WM contrast and
contrast-to-noise ratios were measured. Image quality was scored by 2 neuroradiologists blinded to the CT detector type. Reproducibility
was assessed with the intraclass correlation coefficient. Energy-integrating detector and photon-counting detector CT images were
compared using a paired t test and the Wilcoxon signed rank test.

RESULTS: Photon-counting detector CT images received higher reader scores for GM—WM differentiation with lower image noise (all P <
.001). Intrareader and interreader reproducibility was excellent (intraclass correlation coefficient, =0.86 and 0.79, respectively). Quantita-
tive analysis showed 12.8%-20.6% less image noise for photon-counting detector CT. The SNR of photon-counting detector CT was
19.0%—-20.0% higher than of energy-integrating detector CT for GM and WM. The contrast-to-noise ratio of photon-counting detector CT
was 15.7% higher for GM—WM contrast and 33.3% higher for GM—WM contrast-to-noise ratio.

CONCLUSIONS: Photon-counting detector brain CT scans demonstrated greater gray—white matter contrast compared with conven-
tional CT. This was due to both higher soft-tissue contrast and lower image noise for photon-counting CT.

ABBREVIATIONS: CNR = contrast-to-noise ratio; EID = energy-integrating detector; ICC = intraclass correlation coefficient; PCD = photon-counting detector

B rain CT remains the first-line technique of choice for the eval-
uation of traumatic and nontraumatic brain injury and is the
most-often-performed CT examination in many emergency
departments.”> However, there is limited gray matter-white
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matter differentiation with brain CT, decreasing the ability to
assess the hypoattenuation and loss of GM—WM differentia-
tion seen in early ischemic brain changes.”* In addition, beam-
hardening artifacts due to attenuation by the skull of lower
energy photons degrade brain CT diagnostic image quality,
potentially mimicking intracranial hemorrhage and reducing
GM-WM differentiation.’

The energy spectrum of x-ray tubes for CT is usually charac-
terized by the peak kilovoltage, but the applied x-ray spectrum
consists of a wide distribution of lower energy photons. Conven-
tional CT uses energy-integrating detectors (EIDs) to combine
the effects of x-ray photon number and photon energy into an
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intensity value through conversion of x-rays to light photons to
electrical pulses. Consequently, with EID CT, low-energy photons
(eg, 40-70 keV) have less contribution to the CT intensity value
than high-energy photons (eg, 110—140 keV). For brain imaging
however, it is these low-energy photons that have better soft-
tissue discrimination for identification of gray—white matter
contrast.

Photon-counting detectors (PCDs) are a new technology for
CT imaging that directly converts x-ray photons into electrical
pulses. PCDs measure the number of detected x-ray photons (ie,
photon count) and their photon energy.®'' These characteristics
allow equal weighting of low- and high-energy photons and may
therefore be useful for improving soft-tissue contrast in the
brain.? In addition, the direct conversion and counting of indi-
vidual photons provide a better estimate of the underlying photon
statistics, which, in turn, may improve image quality by reducing
image noise.>'*"'* We hypothesized that the combined effects of
better contrast and reduced noise may lead to better overall
GM-WM differentiation in brain PCD CT.

To date, PCD CT scanning of a cadaver head'” has suggested
the feasibility of PCD for brain CT, but in vivo results have not
been previously studied, to our knowledge. Thus, the purpose of
the current study was to compare the image quality of PCD with
that of conventional EID for human brain CT.

MATERIALS AND METHODS

Ex Vivo Human Head Phantom Studies

We used a custom-made anthropomorphic head phantom made
of a human skull embedded in plastic (Phantom Laboratory, Sa-
lem, New York) to assess image quality (Hounsfield unit accuracy
and image noise) and calculate sample size. The phantom was
filled with gel made from a mixture of agar and sucrose with
attenuation values close to those of WM.

In Vivo Human Studies

This Health Insurance Portability and Accountability Act—com-
pliant, institutional review board—approved study with informed
consent prospectively enrolled 21 asymptomatic volunteers
(42.9% men) older than 45 years of age at the National Institutes
of Health Clinical Center. All study subjects were included in the
analysis. Exclusion criteria were age younger than or equal to 45
years, prior CT scan within 12 months, pregnancy, and genetic
predisposition to radiation-induced cancer.

Photon-Counting CT System

The whole-body prototype PCD CT system has been previously
described.'® In brief, this hybrid scanner is based on a dual-source
CT system (Somatom Definition Flash; Siemens, Erlangen, Ger-
many) with 2 x-ray sources at 95° separation; one of the conven-
tional EIDs was replaced with a cadmium-telluride PCD. The 2
subsystems cannot be operated simultaneously; however, it is
possible to perform back-to-back EID and PCD scans with delays
as short as 1 second. With identical x-ray sources and spectra and
similar scanner geometries, this setup provides a convenient plat-
form for EID versus PCD comparative studies. The EID and PCD
have FOVs of 500 and 275 mm, and a collimation X pixel of 64 X
0.6 mm and 32 X 0.5 mm at the isocenter, respectively. Each PCD
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pixel consists of 4 X 4 subpixels, coupled to fast application—
specific integrated circuits that count the number of electrical
pulses created by incident photons and measure their energies
above 2 set thresholds. The thresholds can be defined at 1-keV
increments: low-energy threshold between 20 and 50 keV and
high-energy threshold between 50 and 90 keV.

CT Scan Protocol

Spiral noncontrast EID brain CT scans were acquired at clinical
routine settings according to the American Association of Physi-
cists in Medicine guidelines (tube voltage/reference tube current-
time product, 120 kVp/370 mAs; pitch, 0.55; rotation time, 1 sec-
ond; volume CT dose index, 56.7 mGy).'” After a 5-second delay
due to table movements, the EID scan was followed by a PCD scan
with identical tube voltage, current-time, rotation time, and pitch
values. The PCD energy thresholds were defined at 22 and 52 keV,
resulting in 2 energy bins (low-energy bin, 22-52 keV; high-en-
ergy bin, 52-120 keV). The low threshold was set at 22 keV to
capture all detected photons, whereas the high threshold was set at
52 keV to avoid low-energy scatter photons while still maintain-
ing relatively high photon counts. We used the term “PCD im-
ages” to refer to images reconstructed from all detected photons
with energies of >22 keV; the quality of these PCD images was
compared with that of the EID images.

In addition, we investigated the quality of images recon-
structed from low- and high-energy photons detected by the
PCD. With the same tube voltage and tube current—time product
settings, the volume CT dose index estimates for the PCD were
approximately 10% higher than those for the EID. This is not a
limitation of the PCD technology and can be attributed to the
difference in z-axis collimation of the 2 detector systems in the
prototype. Identical collimations would result in similar volume
CT dose index values for both systems."® Therefore, we matched
the tube voltage and tube current—time product values to obtain a
similar energy spectrum and the number of x-ray photons inci-
dent on both detector systems, allowing a fair comparison.'? The
effective dose was calculated by multiplying the dose-length prod-
uct by 0.0021 mSv/mGy as the constant k-value for brain imaging.

CT Image Reconstruction

Phantom scans were reconstructed using the sinogram-affirmed
iterative reconstruction (strength 3 with J40f [medium] kernel)
(ReconCT, Version 13.8.6.0; Siemens). Human scans were recon-
structed with 2 different kernels: J40f to assess soft tissue and 170f
(very sharp) to assess bone. The FOV was 250 mm with section
thickness/increment of 2/2 mm and a 512 X 512 matrix size.

Qualitative Image Analysis

Two neuroradiologists (M.B. and D.S.R., with 23 and 14 years of
experience, respectively) independently evaluated the image qual-
ity of the EID and PCD images on a conventional PACS system.
Readers were blinded to CT detector type and study-subject de-
mographics. Images were presented side by side in random order
with initial standard window center/width values for brain (45/80
HU) and bone (490/2500 HU). This presentation resulted in 84
blinded image reads (21 subjects X 2 readers X 2 detectors). Im-
age-quality scores were based on the European Guidelines on



Quality Criteria for Computed Tomography.'® Readers evaluated
GM-WM differentiation, the posterior cranial fossa, ventricles,
bone, and subjective image noise on a 5-point scale. The images
were re-evaluated by 1 reader (M.B.) after 4 weeks to assess in-
trareader reproducibility.

Quantitative Image Analysis

ROIs were carefully positioned in the center of the head phantom
to assess attenuation values and image noise. Image noise was
calculated from corrected SDs of the difference of 2 repeated ac-
quisitions for each detector system; the radial noise-power spec-
trum was estimated for a set of 3.2 X 3.2 cm ROIs centered 5.5 cm
away from the isocenter, as explained in detail in Friedman et al.>®
For human datasets, ROIs were placed in the basal ganglia GM, the
internal capsule WM, and the lateral ventricle CSF. The average ROI
size was 24.7 = 4.2 mm?. Image noise was calculated as the SD of each
ROL. The signal-to-noise ratio for GM and WM ROIs was calculated
as mean attenuation divided by the SD. GM-—WM contrast was cal-
culated as the difference of their mean attenuation values. GM-WM
contrast-to-noise ratio (CNR) was calculated as the GM-WM con-
trast divided by the square root of the sum of the variances.

Statistical Analysis

R statistical and computing software, Version 3.3.1 (http://
www.r-project.org) was used for statistical analysis. The Shapiro-
Wilk test was used for normality testing. Continuous data were
expressed as mean = SD. The Wilcoxon signed rank test (paired)
with continuity correction was used to compare reader quality
scores. The paired ¢ test was used to compare continuous vari-

ables. Interreader and intrareader reproducibility was scored with
the intraclass correlation coefficient (ICC) as excellent (ICC,
>0.75), good (ICC, 0.40—0.75), or poor (ICC, <0.40). Signifi-
cance was defined as P < .05. The improvement ratio of PCD
compared with EID was calculated as the difference between EID
and PCD quality indices (image noise, SNR, contrast, and CNR)
divided by the value for the EID as described by Pomerantz et al.*'
A priori sample size calculation was based on the interstudy SD of
image noise difference between EID and PCD in the head phan-
tom as described by Machin et al** and Altman®® with the follow-
ing formula: n = fla, P) X o X 2/8, where « is the significance
level, P is the study power, fis a function of @ and P, with o as the
interstudy SD, & as the desired percentage difference to be de-
tected; and # is the sample size needed. An image noise & of 10%
would correspond to approximately 20% radiation dose reduc-
tion without compromising diagnostic image quality.** To com-
pensate for increased variability in human subjects compared
with phantom experiments, we doubled the o value of our phan-
tom measurements (9.6%). Under these circumstances, a paired
comparison of 21 subjects would be sufficient to reliably detect a
10% image noise difference with P = 90% and o = .05.

RESULTS

Ex Vivo Human Head Phantom Studies

Attenuation values in the center of the head phantom were similar
for EID and PCD scans (25.2 = 0.3 versus 24.5 = 1.5 HU, P =
.170). PCD images showed 8.5% = 4.8% less image noise than
EID images (4.1 = 0.3 versus 3.8 = 0.2 HU, P < .001). The radial
noise-power spectrum at 5.5-cm off-center was estimated for
both detectors. The PCD images showed lower noise power in

8000 T T T i . . .
weers EID most of the detectable spatial frequencies (Fig 1).
‘-?'.. — =PCD
s e000r F° NG ] . .
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% 2000} -
T, Table 1: Interreader and intrareader reproducibility of subjective
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FIG 1. Radial noise-power spectrum (NPS) measured in an anthropo- GM-WM differentiation 079 0.65-0.88 0.86 075-0.92
morphic head phantom for energy-integrating detector and photon- Pesiaier fess 087 077-093 086 076-092
counting detector scans at 120 kVp and 370 mAs. The PCD curve was Bone 090 082-094 090 0.82-0.94
lower than the EID curve. The difference is more prominent at mid- e Te 093 087-096 095 0.91-097

to-high spatial frequencies.

Energy-integrating detector

Photon-counting detector

GM-WM differentiation - I Excellent
Posterior fossa I /]
. Moderate
Bone
. .Poor

0%
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FIG 2. Blinded reader evaluation of image quality for energy-integrating detector and photon-counting detector head images. PCD scores are
better for gray matter-versus-white matter differentiation and image noise, whereas EID scores are better for posterior fossa image quality (all
P <.001, paired Wilcoxon signed rank test). Image quality scores are based on the European Guidelines for Image Quality Criteria for Computed

Tomography."”
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FIG 3. Example energy-integrating detector and photon-counting detector images of a 59-year-old

45-79 years), respectively. No clinically
relevant incidental findings were de-
tected in our study population. The vol-
ume CT dose index was approximately
10% higher for the PCD system (63.6
versus 56.7 mGy for PCD and EID, respec-
tively) (see “Materials and Methods”).
This resulted in a dose-length product/ef-
fective dose of 860.7 + 43.1 mGy X cm/
1.8 = 0.1 mSv for EID and 957.8 * 45.2
mGy X cm/2.0 = 0.1 mSv for PCD.

Qualitative Image Analysis

Each reader scored 21 pairs (42 acquisi-
tions) of EID and PCD CT images in a
blinded fashion. PCD image-quality
scores were significantly better for GM—
WM differentiation and image noise
(both P <.001) (Fig2). EID scores were
better for the evaluation of the posterior
fossa (3.5 * 0.7 versus 3.3 = 0.5, P =
.003). Bone image-quality scores were

woman (section thickness, 2 mm; increment, 2 mm; window center, 45 HU; window width, 80 HU). A, similar for both detectors. Reader repro-
Axial EID reconstruction at the level of the basal ganglia. B, Axial PCD reconstruction at the samelevel  ducibility was excellent for all scores
as A. Lower image noise is shown for the PCD image. Zoomed-in EID (C) and PCD (D) images at the same - - e
level as A and B. C indicates caudate; |, internal capsule; L, lentiform nucleus; Th, thalamus. (ICC, =0.86, and ICC, =0.79, for intra

FIG 4. Sample energy-integrating detector and photon-counting detector images of a 67-year-
old man (section thickness, 2 mm; increment, 2 mm; window center, 45 HU; window width, 80 HU).

and interreader reproducibility, respec-
tively) (Table 1). Sample EID and PCD
images are shown in Figs 3 and 4.

Quantitative Image Analysis

Attenuation measurements for basal
ganglia GM, internal capsule WM, and
lateral ventricle CSF were similar for the
EID and PCD CT systems (Table 2). Im-
age noise in GM, WM, and CSF was
12.8%-20.6% lower for PCD than for
EID images (GM noise, 3.2 = 0.5 HU for
PCD versus 3.9 = 1.0 HU for EID; WM,
2.7 = 0.7 HU for PCD versus 3.4 = 0.8
HU for EID; lateral ventricle CSF, 3.4 =
0.7 for PCD versus 3.9 = 0.8, for EID; all,
P < .01). GM and WM SNR improve-
ment of PCD CT versus EID CT was
19.0% and 20.0%, respectively. GM-
WM contrast was 15.7% higher for PCD
CT versus EID CT (10.3 = 1.9 versus
8.9 * 1.8 HU, respectively, P = .02) and
GM-WM CNR was 33.3% higher (2.4 =

A, Coronal EID image at the level of the basal ganglia. B, Coronal PCD image at the same levelas 0.8 versus 1.8 £ 0.5, respectively, P <
A shows lower image noise for the PCD image. Zoomed-in EID (C) and PCD (D) images at the same  001). Quantitative quality indices are

level. C indicates caudate; I, internal capsule; L, lentiform nucleus.

Table 2: Mean attenuation value and SD of ROIs in energy-
integrating detector and photon-counting detector CT images in
human subjects

Attenuation Values (HU) EID PCD P Value
Gray matter 39.0*+16 39.5*16 40
White matter 302 =14 292 %17 .06
Lateral ventricle (CSF) 58 *14 52+18 27
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summarized in Table 3.

Spectral Analysis

We compared attenuation values and image-quality metrics be-
tween low- and high-energy bin images in the same ROIs (Table
4). The image noise for the low- and high-energy PCD bins for
WM was 5.0 = 1.6 and 3.9 * 0.7 HU, respectively. Because each
bin contained only a portion of the detected photons, the noise for



each bin was higher than that of the PCD image (2.7 = 0.7 HU)
containing all detected photons. However, GM—WM contrast was
significantly better for the low-energy bin images versus high-
energy bin images (10.6 * 2.3 versus 8.8 = 2.5 HU, respectively,

Table 3: Image-quality comparison between energy-integrating
detector and photon-counting detector CT for gray matter,
white matter, and CSF

Image-Quality P Improvement
Index EID® PCD*  Value  Ratio® (%)
GM noise (HU) 39+10 32+05 <001 17.9
WM noise (HU) 34+08 27*x07 .002 20.6
CSF noise (HU) 3908 34+07 <.001 12.8
GM SNR 10525 126=*22 <001 19.0
WM SNR 95*x23 MN4=x27 .01 20.0
GM-WM 89*+18 103=*19 .02 15.7
contrast (HU)
GM-WM CNR 1.8+05 24*+08 <.001 333

?Values are means * SD.
© Improvement ratio was defined as the difference between EID and PCD quality indices
(image noise, SNR, GM—WM contrast, and CNR) divided by the EID quality index.

Table 4: Attenuation values and imafe-quality comé)arison
between photon-counting detector low-energy and high-energy
bin images for gray matter, white matter, and CSF

Low-Energy  High-Energy

Bin (22-52 Bin (52-120 P
kev)? kev)® Value
Attenuation values (HU)
Basal nuclei GM 415 £ 21 383+ 21 <.001
Internal capsule WM 309 +27 29.5*20 .03
Lateral ventricle (CSF) 72+%21 47 *19 <.001
Image-quality metrics
GM noise (HU) 54 +12 45+09 .004
WM noise (HU) 5016 39+07 .01
CSF noise (HU) 49*+09 47 +12 36
GM SNR 8221 89*+18 Al
WM SNR 67 *19 7716 .05
GM-WM contrast (HU) 10.6 =23 88+25 .02
GM-WM CNR 15+ 0.5 15*0.5 .96

Values are means =+ SD.

AN

P = .02). GM and WM SNR and GM-WM CNR between the
low- and high-energy bin images were not significantly differ-
ent (Fig 5).

DISCUSSION

Photon-counting CT is a new development in CT scanning in
which fully digital detectors replace crystals that emit light and
photodetectors. In this study, objective measures of image quality
showed that improvement ratios of PCD CT compared with EID
were 12.8%-20.6% for image noise, 19.0%-20.0% for SNR,
15.7% for GM-WM contrast, and 33.3% for GM-WM CNR.
These improvements in image quality were detected by experi-
enced neuroradiologists blinded to the type of CT scan (conven-
tional versus photon-counting CT). Neuroradiologists identified
better GM—-WM differentiation and less image noise on PCD im-
ages. These initial, in vivo human results for a prototype pho-
ton-counting CT suggest a high potential for PCD CT to im-
prove image quality for brain CT compared with conventional
detector CT. Alternatively, the lower image noise of the PCD
CT system could translate to reduced radiation dose (approx-
imately 40%) at similar quality levels of current brain CT.**
Our results show that better GM-WM differentiation (CNR)
with PCD versus EID CT is due to both higher GM-WM con-
trast and lower image noise. The improved contrast can be
attributed to the better weighting of low-energy photons,
which produce more contrast among soft tissues. The lower
image noise in PCD was more visible in the mid-to-high fre-
quencies of the noise-power spectrum.

Improved image quality and better gray—white matter contrast
with PCD CT may be very relevant to interpretation of brain CT
examinations. For example, early CT recognition of acute (1-3
hours) stroke relies on detection of subtle GM hypoattenuation
changes such as obscuration of the lentiform nucleus or the insu-
lar ribbon sign due to cytotoxic edema.?® Detection of subtle at-
tenuation differences also plays an important role in the diagnosis

v

FIG 5. Sample photon-counting detector images of low- and high-energy bins of a 70-year-old woman (section thickness, 2 mm; increment, 2
mm; window center, 45 HU; window width, 80 HU). A, Axial PCD image reconstructed from all detected photons (22120 keV) at the level of the
basal ganglia. B, Axial PCD image reconstructed from a low-energy bin image (22-52 keV) at the same level as A. C, Axial PCD image reconstructed
from the high-energy bin image (52-120 keV) at the same level as A. The image noise for both the low- and high-energy bins is higher than that
of the PCD image reconstructed from all detected photons because each bin contains only a subset of all detected photons. The low-energy
bins provide good gray matter—white matter differentiation but are susceptible to beam-hardening, best seen as an artifactual increase in
attenuation of the cortical GM and the subarachnoid space (arrows in B). The high-energy photons are less susceptible to beam-hardening but
have poorer GM-WM differentiation. The image reconstructed from all photons is a trade-off between the good GM-WM differentiation of
the low-energy image and the lower beam-hardening artifacts of the high-energy images.
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of other intracranial conditions such as hemorrhage, demyelinat-
ing diseases, and masses.?®2® However, dedicated future studies
are warranted to assess the potential impact of PCD technology
on the diagnostic accuracy of brain CT.

Besides improved overall image quality for photon-counting
CT of the brain, spectral imaging is inherent with this new type of
CT detector. Similar to dual-energy CT, PCDs can use the atten-
uation measurements acquired with different energy spectra to
differentiate materials.>® Material classification has mostly been
examined in contrast-enhanced CT but may also play an impor-
tant role in noncontrast brain CT (eg, differentiation between
hemorrhage and calcification).”® Image analysis of the energy bins
confirmed better GM—WM contrast for the low-energy images
compared with the high-energy images; however, the low-energy
images were more susceptible to beam-hardening artifacts. The
PCD images reconstructed from all detected photons combined
the good GM-WM differentiation of the low-energy image with
the lower beam-hardening artifacts of the high-energy images.
Further studies in patients with intracranial pathology are be
needed to determine whether PCD CT may result in improved
perception of brain abnormalities.

Although PCDs are already being used in nuclear medicine
and mammography, the high x-ray photon flux required for body
CT imaging has been a major challenge for photon-counting
technology until recently. When incident x-ray photons are too
close in time to be counted separately by the PCDs at high x-ray
photon flux, multiple photons are counted as 1 photon. This phe-
nomenon is known as “pulse pileup” and negatively affects image
quality, Hounsfield unit accuracy, and material decomposition.®
However, recent advances in PCD technology with high-speed
application-specific integrated circuits and small pixel sizes have
led to the development of PCDs resistant to pulse pileup at clini-
cally routine CT tube currents.'”> Another PCD artifact is charge
sharing, which occurs when the energy of an x-ray photon is dis-
tributed across multiple adjacent detector pixels, reducing the
accuracy of the detected photon energy.® Multiple anti-charge-
sharing techniques are currently being developed to limit this
artifact.>"?

There are several limitations of this study. Unlike the EID sys-
tem, the current implementation of the PCD prototype does not
support z-flying focal spot technology. This feature resulted in
increased PCD streaking artifacts, especially in the infratentorial
region (eg, the posterior fossa). However, these are not a limita-
tion of photon-counting technology but rather of the proto-
type implementation. Second, radiation dose—saving technol-
ogies such as tube-current modulation and model-based
iterative reconstruction were not available for the PCD system;
therefore, the performance of PCD could not be assessed
under these conditions. Finally, experienced neuroradiologists
blinded to detector type preferred the PCD image quality to
that of EID CT. However, further studies are needed to deter-
mine whether this preference would translate to clinically
meaningful differences for brain lesion detection. On the other
hand, it appears likely that the lower image noise for PCD
could be used to reduce the radiation dose while providing
“always on” spectral x-ray information.
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CONCLUSIONS

Qualitative and quantitative analyses of human brain PCD CT
scans demonstrated better GM—WM differentiation than conven-
tional EID CT, due to higher soft-tissue contrast and lower image
noise of photon-counting detectors.
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Redefining the Pulvinar Sign in Fabry Disease

S. Cocozza, ““'C. Russo, ““A. Pisani, ““’G. Olivo, ““’E. Riccio, ““’A. Cervo, ““G. Pontillo, “*'S. Feriozzi, ““'M. Veroux, ““'Y. Battaglia,
D. Concolino, ““'F. Pieruzzi, ““’R. Mignani, ““'P. Borrelli, ““’"M. Imbriaco, “*’A. Brunetti, ““'E. Tedeschi, and “'G. Palma
=

ABSTRACT

BACKGROUND AND PURPOSE: The pulvinar sign refers to exclusive TIWI hyperintensity of the lateral pulvinar. Long considered a
common sign of Fabry disease, the pulvinar sign has been reported in many pathologic conditions. The exact incidence of the pulvinar sign
has never been tested in representative cohorts of patients with Fabry disease. The aim of this study was to assess the prevalence of the
pulvinar sign in Fabry disease by analyzing TIWI in a large Fabry disease cohort, determining whether relaxometry changes could be
detected in this region independent of the pulvinar sign positivity.

MATERIALS AND METHODS: We retrospectively analyzed brain MR imaging of 133 patients with Fabry disease recruited through spe-
cialized care clinics. A subgroup of 26 patients underwent a scan including 2 FLASH sequences for relaxometry that were compared with
MRI scans of 34 healthy controls.

RESULTS: The pulvinar sign was detected in 4 of 133 patients with Fabry disease (3.0%). These 4 subjects were all adult men (4 of 53,7.5%
of the entire male population) with renal failure and under enzyme replacement therapy. When we tested for discrepancies between Fabry
disease and healthy controls in quantitative susceptibility mapping and relaxometry maps, no significant difference emerged for any of the
tested variables.

CONCLUSIONS: The pulvinar sign has a significantly lower incidence in Fabry disease than previously described. This finding, coupled with
a lack of significant differences in quantitative MR imaging, allows hypothesizing that selective involvement of the pulvinar is a rare
neuroradiologic sign of Fabry disease.

ABBREVIATIONS: ERT = enzyme replacement therapy; FD = Fabry disease; HC = healthy controls; PS = pulvinar sign; qMRI = quantitative MRl; QSM =

quantitative susceptibility mapping; Rl = longitudinal relaxation rate; R2 = pure transverse relaxation rate

abry disease (FD) is a rare X-linked metabolic disorder caused
by insufficient/absent lysosomal a-galactosidase A activity.
This enzymatic defect leads to pathologic storage of glycosphin-
golipids, especially globotriaosylceramide, occurring in all tissues
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and causing multiorgan progressive dysfunction, in the kidney,
heart, and central nervous system.l’2

Neurologic involvement is common in FD.? Most prominent
manifestations include cerebrovascular events, such as transient
ischemic attacks and strokes, chronic cerebral vasculopathy, and
vessel ectasia, especially in the posterior circulation.*”” Such clin-
ical manifestations translate, on brain MR imaging, in the pres-
ence of white matter hyperintensities® and increased basilar artery
diameter,®® both nonspecific for FD.'*!*

The pulvinar sign (PS), defined as the exclusive involvement of
the lateral pulvinar with symmetric hyperintensity on unen-
hanced T1-weighted brain MR imaging, has long been considered
a common neuroradiologic sign of FD.*'*"'® Originally thought
to be pathognomonic of FD,'>'? the PS has actually been reported
in other conditions, such as metabolic disorders (eg, Krabbe or
Tay-Sachs disease),'”'® CNS infections,'® or after chemoradia-

E Indicates article with supplemental on-line table.
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tion therapy'®; therefore, its pathognomonic role has been
largely rediscussed.”>" In fact, the pulvinar nuclei are sensi-
tive to metabolic disturbances, and their MR imaging appear-
ance can be altered in a variety of conditions, especially in
patients in whom an abnormal renal function can be a relevant
confounding comorbidity.

Moreover, the prevalence of the PS among the FD population
has been reconsidered across the years.'*"'>>* To date, the exact
incidence of the PS has never been tested in a large and represen-
tative cohort of patients with FD, because all studies conducted so
far were limited to small samples'? or performed only on affected
males."?

In this respect, quantitative MR imaging (qMRI) and, in par-
ticular, relaxometry are likely to provide unique insight into the
pathogenetic mechanisms of the PS. Indeed, a variety of micro-
structural conditions leading to a shorter longitudinal relaxation
rate (R1) (thus, to TIWT hyperintensity) are associated with a
faster free induction decay (ie, increase in R2*) and a rise of the
pure transverse relaxation rate (R2). As a result, competitive roles
of the longitudinal and transverse relaxation rates in MR signal
generation suggest that standard evaluations of signal intensity
are not the best choice for studying the incidence of PS-associated
changes. A thorough relaxometry study would disentangle the
contributions of several physical quantities to signal equation of
conventional sequences, therefore providing a more accurate in-
dication of the actual PS incidence.

This study has dual aims: 1) to assess the prevalence of PS in a
large cohort of subjects with FD by retrospectively analyzing
T1WT of 133 patients, and 2) to determine, for the first time,
whether relaxometry modifications could be detected in the pulv-
inar, independent of the PS.

MATERIALS AND METHODS

Subjects

For the retrospective analysis, in this multicenter study, we
analyzed a group of 133 patients with FD (80 women, 60.1%;
mean age, 41 = 13.8 years; age range, 13—73 years) recruited in
the previous 5 years through the FD specialized care clinics of 6
different hospitals. Diagnosis of FD was based on reduced
plasma levels of « galactosidase A activity of less than average
normal values, then confirmed by genotyping tests. Clinical
and radiologic data were obtained in different centers as part of
the clinical work-up deemed necessary for each patient, and
authorization for transfer of data was formerly obtained from
the local ethics committee of the coordinating center. Activity
of the a galactosidase A enzyme was absent in 42 patients
(31.6%), while it showed a residual activity in 91 patients
(68.4%); distinct GLA gene mutations were represented, and
the clinical manifestations were different, with multiple organ
involvement. Finally, 85 patients were treated with enzyme
replacement therapy (ERT) (63.9%, with a mean duration of
39.9 = 61.6 months). Demographic and clinical information of
all patients with FD in the retrospective analysis are listed in
the On-line Table. For the gMRI analysis, a subgroup of 26
patients with FD (17 women, 65.4%; mean age, 43 * 12.4
years; age range, 20—68 years) underwent MR imaging at the
coordinating center, along with a group of healthy controls

(HC) of comparable age and sex, without a history of neuro-
logic, metabolic, or psychiatric disorders. Activity of the « ga-
lactosidase A enzyme was absent in 7 patients (26.9%), while it
had residual activity in 19 patients (73.1%), with 25 patients
treated with ERT (96.2%; mean therapy duration, 43.8 * 51.2
months). Demographic and clinical information of the gMRI
subgroup of patients with FD are also listed in the On-line
Table.

This study was performed in accordance with the ethical stan-
dards of the Declaration of Helsinki, and written informed con-
sent for the gqMRI analysis was preliminarily obtained from the 26
patients with FD and the HC.

Inclusion criteria for patients with FD were the following: ge-
netically proved FD; availability of documentation of brain MR
images, including at least 1 spin-echo TIWI sequence indepen-
dent of the orientations with a section thickness <4 mm; and
signed informed consent for participation in the study for subjects
undergoing the qMRI analysis. Both adult male and female
subjects were approached to participate, without age limita-
tions. Diagnosis of FD was confirmed by biochemical or ge-
netic testing. Indications for brain MR imaging varied between
and within centers, including, but not limited to, routine MR
imaging, headache, transient neurologic symptoms, and eval-
uation of an acute cerebrovascular accident. Exclusion criteria
for all subjects were evidence of hypo- or hypercalcemia or the
presence of any other comorbidity that could have biased the
neuroradiologic examination.

From each specialized care center participating in this study,
demographic and clinical variables were extracted by a clinician
experienced in FD from the medical records or obtained in direct
interviews and recorded. These included age recorded at the time
of the brain MR imaging, sex, hypertension, diabetes mellitus,
cardiac arrhythmia, left ventricular hypertrophy, renal failure
(considered present when the estimated glomerular filtration rate
of the patient was <90 mL/min), proteinuria (considered present
when the patient scored a value >150 mg/24 hours), the presence
of neurologic symptoms (including stroke, cephalalgia, acropar-
esthesia, and so forth), gastrointestinal involvement, renal or car-
diac transplant, current use of tobacco or alcohol, as well as treat-
ment with ERT. About 63% of patients with renal failure showed
metabolic alterations of parathyroid hormone serum levels attrib-
utable to secondary hyperparathyroidism, with no significant
derangements of serum calcium levels. Renal function was ex-
pressed as the estimated glomerular filtration rate, calculated
with the Chronic Kidney Disease Epidemiology Collaboration
equation.?? Other laboratory values were measured using stan-
dard hospital laboratory techniques. Activity of the « galacto-
sidase A enzyme was reported as “absent” (when showing <1%
of normal values) or “residual” (for enzyme activity ranging
from 1% to 5% of normal values) because of the different
measurement methods used in the recruiting centers (plasma,
leukocytes, and so forth).

Each center received a dedicated case report form in which
demographic and clinical information were recorded, and then
forms were entered into a central data base at the coordinating
center according to Good Clinical Practice guidelines.
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it can be shown that assuming a T1 > 3
ms, the actual settings of the acquisition
parameters (TR = 16 ms, 6, = 2°, 6, =
20°) allow R1 computation as

1 R+ R+ 4C(r — k)

R, = ?R log °C S
where
S
FIG 1. R1(A), R2* (B), and QSM (C) maps showing the 2 hand-drawn irregular bilateral ROIs placed r=,
in consensus by 2 experienced neuroradiologists on the axial section of the gradient recalled- S,
echo images with the best representation of the pulvinar nuclei. Isin 6]
sin 6,
"~ |sin 6,

FIG 2. Unenhanced TIWI axial (A) and sagittal (B) images showing bilateral, symmetric, and well-
circumscribed hyperintensity of the pulvinar nuclei in a 47-year-old male patient with FD (A). Axial
T2* gradient echo image (C) shows bilateral and symmetric hypointensity corresponding exactly
to the T1 hyperintensity, supporting the current hypothesis of focal calcium deposition in both

pulvinar nuclei.

gMRI Data Acquisition
All studies for the qMRI analysis were performed on the same 3T MR
imaging scanner (Magnetom Trio; Siemens, Erlangen, Germany).
The acquisition protocol included a dual-echo spoiled gradient-echo
(FLASH) sequence (TR = 32 ms, TE, = 7.38 ms, TE, = 22.14 ms,
flip angle = 20°) and a single-echo FLASH sequence (TR = 16 ms,
TE = 7.38 ms, flip angle = 2°). Both sequences were acquired on an
FOV of 230 X 194 X 160 mm?, with a voxel size of 0.5 X 0.5 X 1.0
mm? and a receiver bandwidth of 100 Hz/pixel.

The acquired data were saved as complex datasets recon-
structed in magnitude and phase representation for further
analyses.

MR Imaging Data Analysis
For the retrospective analysis, MR imaging brain scans were
visually assessed by 2 neuroradiologists in consensus, who
rated the presence of a clear unilateral or bilateral TIWI hy-
perintensity at the level of the posterior thalami.

For the gMRI analysis, all magnitude datasets underwent
a preliminary multispectral denoising as described in Borrelli
et al,”* using a multi-graphics processing unit implementation of
the non-local means algorithm previously introduced.?® Quanti-
tative susceptibility mapping (QSM) and R2* maps were derived
from the dual-echo FLASH.?® Conversely, given the signal equa-
tion of FLASH with FA = 6

S = Klsin 6] _7151[”1?'
1—E, cos0 ?
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R=1r(1—cos9,),
and
C=rcos b — kcos0,.

For each study, 2 irregular bilateral ROIs
were hand-drawn in consensus by 2 ex-
perienced neuroradiologists on axial
sections of the gradient recalled-echo
images with the best representation of
pulvinar nuclei (Fig 1), according to a
human anatomy atlas.>” Mean R1, R2*,
and QSM values were automatically ob-
tained from the corresponding maps.

Statistical Analysis

Statistical analyses were performed with the Statistical Package
for the Social Sciences (Version 17.0; IBM, Armonk, New
York). An independent 2-sample ¢ test was used for comparing
ages and mean values obtained from qMRI analysis, while a x*
test was used to determine differences in terms of sex. AP = .05
indicated a statistically significant difference. Finally, no Co-
hen coefficient was needed to evaluate the performance of the
evaluation because the 2 neuroradiologists performed the
analysis in consensus.

RESULTS

For the retrospective analysis, a clear TIWI hyperintensity of the
pulvinar was detected in 4 of 133 patients with FD (3.0%). All 4
patients with positive PSs underwent MR imaging examinations
in 2 of the 6 hospitals involved; they all were adult male subjects
with an age ranging from 38 to 59 years (mean, 46.5 * 9.4 years)
under ERT and showing signs of renal failure. An example of the
PS is shown in Fig 2.

For the gMRI analysis, the FD and HC groups were compara-
ble for age and sex. No subject with a positive PS was found in the
qMRI subgroup. When we tested for possible differences between
these 2 clusters in relaxometry and QSM maps in the FD and HC
groups, no significant differences emerged. A complete list of the
results obtained by relaxometry and susceptibility analysis, along
with the comparison of P values, is shown in the Table.



Results of the relaxometry analysis®

HC FD P Value
Right pulvinar area 49 *7 46 + 6 14
Left pulvinar area 53+7 5110 Al
Right pulvinar R1 131 £ 0.1 133 £0.09 45
Left pulvinar Rl 141+ 0.14 144 = 0.12 32
Right pulvinar R2* 19.9 £17 20.6 £34 35
Left pulvinar R2* 199 £19 203*+28 .55
Right pulvinar QSM 40 £19 41219 75
Left pulvinar QSM 3817 35+18 .56

Note:—Rlindicates the longitudinal relaxation rate (1/T1), expressed in second ~'; R2*,
transverse relaxation rate (I/T2*), expressed as second .

2QSM is expressed in parts per billion. Areas are expressed in square millimeters. P
values refer to an independent 2-sample t test, with a significance level of P = .05.

DISCUSSION

Our findings support the hypothesis that the true incidence of the
PS is considerably lower than previously reported. No significant
gMRI differences emerged when testing for possible alterations in
subjects without positive PSs, allowing us to speculate that this
sign is poorly sensitive for FD.

Exclusive involvement of the lateral pulvinar was first ob-
served by 2 separate groups.'>'? Since then, this sign has been
considered as distinctive of FD. Independent from its diagnostic
value, the exact incidence of the PS has changed across time,'*1°
with a clear downward trend going from 70%> of earlier studies
(though reported in a very small group of patients without any
ascertainment data) to complete absence in recent works.** How-
ever, the real incidence of the PS has never been tested in an
ample-sized group of patients with FD. Here we expand this
knowledge by performing a retrospective analysis of a large and
representative population of patients with FD. We observed a
prevalence of the PS in FD of 3.0%, significantly lower than pre-
viously reported.®>'*'¢ A possible explanation for this discrep-
ancy could reflect the relatively small sample size of some of the
previous studies.”

Nevertheless, when considering the study by Moore et al,'?
which included a number of subjects comparable with ours, a
higher incidence of the PS was observed. However, the above-
mentioned study included only male patients with FD,'? in whom
the PS is known to be more frequent,21 and this could have some-
how biased the real prevalence of the PS in the global FD popula-
tion. Supporting this speculation, we were able to replicate such
findings when we selected only males with renal function impair-
ment,*® showing a PS prevalence similar to the one reported in
Moore et al (4/25, 16.0%).

Another explanation of the previously reported high incidence
of a positive PS in patients with FD may be related to possible
gadolinium deposition in this structure. Indeed, recent evidence
suggests that in subjects with normal renal function receiving
multiple contrast administrations, the dentate nuclei and other
deep gray matter structures, including the globus pallidus and the
pulvinar, could accumulate gadolinium, leading to changes de-
tectable on both conventional and quantitative imaging.**" It
may, therefore, be hypothesized that the reduced glomerular fil-
tration rate in patients with FD could have influenced the gado-
linium clearance, leading to its accumulation in the pulvinar nu-
clei with subsequent T1WI shortening. However, in patients with
FD, TIWI hyperintensity was not observed in the dentate nuclei,

which is the preferred site of gadolinium accumulation, and con-
trast media are rarely administered in these patients, due to their
usually impaired renal function. Even though this evidence miti-
gates the hypothesis of gadolinium accumulation in patients with
FD, further properly designed studies may better address the pos-
sible relationships between impaired renal function and metal
buildup in the pulvinar.

In line with literature data,?! no affected females with the PS
were found, considered a rare event'® due to partial/residual en-
zyme activity. The mean age of our PS-positive patients was 46.5
years, confirming the current hypothesis that the PS could be the
neuroradiologic epiphenomenon of a long-term accumulation,
whose manifestations only appear progressively.'>

Other literature data indicate the poor prognostic value of the
PS. Indeed, it has been demonstrated that the PS is somehow
independent of major cerebrovascular events, which may occur at
any stage of disease.”! Furthermore, no changes in the pulvinar
nuclei occurred after long-term ERT, and no association between
the PS and a specific genotype has been demonstrated. '

Aside from the incidence of the PS, we aimed to evaluate
whether possible changes in susceptibility maps could occur in the
pulvinar of patients with FD.

It is widely accepted that the pulvinar is a sensitive region
where alterations could develop, independent from the cause. Se-
lective modifications of pulvinar nuclei have been described in
other pathologic conditions, such as Wernicke encephalopa-
thy’>*? and Creutzfeldt-Jakob **?° and Tay-Sachs diseases.'” In
particular, TIWI hyperintensity in the pulvinar has also been de-
scribed in patients who received chemotherapy/radiation ther-
apy, in patients with neurofibromatosis type 1, and in subjects
with Fahr disease or disturbances of the calcium-phosphorus me-
tabolism or even laminar necrosis.>**

To date, the real pathogenesis of the PS in FD is still unclear.
The most reliable hypothesis is the development of subtle dystro-
phic calcification, confirmed by CT brain scans, probably related
to chronic hypoperfusion secondary to microvascular altera-
tions.>'*??*! These alterations have been reported not only in
the pulvinar but also in other deep gray nuclei such as the globus
pallidus, even if in a lower percentage of cases.'>™'*

Quantitative MR imaging can allow early detection of changes
not appreciable on conventional MR images,** possibly providing
additional information in understanding PS physiopathology.
However, we found no differences in the pulvinar in any of the
examined qMRI maps of patients with FD compared with HC.
This absence of significant differences, however, should not lead
to the superficial deduction that the PS is not linked to abnormal
mineral deposition. Unfortunately, in our gMRI FD subgroup, no
subjects with clear PSs were present because of the low incidence
of this sign. On the other hand, in patients positive for the PS, a
clinical T2*WT FLASH sequence was available and showed clear
hypointensity corresponding to TIWTI hyperintensity, corrobo-
rating the current hypothesis of calcium deposition in the poste-
rior thalami when the PS is present. A possible explanation for the
absence of sensitive mineralization in the PS-negative group
might be related to the ongoing therapy, since the FD subgroup
with available qMRI sequences almost entirely consisted of sub-
jects under ERT (25/26 patients). Indeed, due to the current
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pathogenetic assumption that microvascular changes are respon-
sible for PS development, it can be hypothesized that early diag-
nosis of FD, coupled with the availability of effective treatment
options, could have directly or indirectly improved local micro-
vascular homeostasis. Nonetheless, this speculation should be
corroborated by further longitudinal evaluations of gMRI, to
clarify the relationship between these measures and ERT.

CONCLUSIONS

We showed a significantly lower incidence (only 3%) of the PS in
FD compared with what has been previously described, coupled
with no significant qMRI differences in these regions between
those with FD and HC. Our results, taken together, allow hypoth-
esizing that selective pulvinar involvement with well-circum-
scribed T1-hyperintensity, though easy to identify, is a rare neu-
roradiologic sign whose presence is detectable in only a few
exceptional cases of FD. Moreover, because this finding has also
been reported in other conditions of metabolic dysfunction, it
should not be considered specifically related to globotriaosylcer-
amide accumulation and its role as a sensitive sign of this disease
should be reconsidered.
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ORIGINAL RESEARCH
INTERVENTIONAL

Correlation between Clinical Outcomes and Baseline CT and
CT Angiographic Findings in the SWIFT PRIME Trial

A.P.Jadhav, ““H.-C. Diener, ‘“’A. Bonafe, ““’'V.M. Pereira, "“E.I. Levy, ““B.W. Baxter, ““T.G. Jovin, “’R.G. Nogueira, ““D.R. Yavagal,
C. Cognard, ““’'D.D. Purcell, “'B.K. Menon, ““R. Jahan, ““].L. Saver, and ““’M. Goyal, on behalf of the SWIFT PRIME investigators
ABSTRACT

BACKGROUND AND PURPOSE: Patient selection for endovascular therapy remains a great challenge in clinic practice. We sought to
determine the effect of baseline CT and angiography on outcomes in the Solitaire With the Intention for Thrombectomy as Primary
Endovascular Treatment for Acute Ischemic Stroke (SWIFT PRIME) trial and to identify patients who would benefit from endovascular
stroke therapy.

MATERIALS AND METHODS: The primary end point was a 90-day modified Rankin Scale score of 0—2. Subgroup and classification and
regression tree analysis was performed on baseline ASPECTS, site of occlusion, clot length, collateral status, and onset-to-treatment time.

RESULTS: Smaller baseline infarct (n = 145) (ASPECTS 8-10) was associated with better outcomes in patients treated with thrombectomy
versus IV tPA alone (66% versus 41%; rate ratio, 1.62) compared with patients with larger baseline infarcts (n = 44) (ASPECTS 6 —7) (42% versus
21%; rate ratio, 1.98). The benefit of thrombectomy over IV tPA alone did not differ significantly by ASPECTS. Stratification by occlusion
location also showed benefit with thrombectomy across all groups. Improved outcomes after thrombectomy occurred in patients with
clot lengths of =8 mm (71% versus 43%; rate ratio, 1.67). Outcomes stratified by collateral status had a benefit with thrombectomy across
all groups: none—fair collaterals (33% versus 0%), good collaterals (58% versus 44%), and excellent collaterals (82% versus 28%). Using a
3-level classification and regression tree analysis, we observed optimal outcomes in patients with favorable baseline ASPECTS, complete/
near-complete recanalization (TICI 2b/3), and early treatment (mean mRS, 1.35 versus 3.73), while univariate and multivariate logistic
regression showed significantly better results in patients with higher ASPECTS.

CONCLUSIONS: While benefit was seen with endovascular therapy across multiple subgroups, the greatest response was observed in
patients with a small baseline core infarct, excellent collaterals, and early treatment.

Patient selection for mechanical thrombectomy in acute isch-
emic strokes presents a major challenge in achieving good
outcomes. First-generation randomized controlled trials investi-
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gating the benefit of intra-arterial therapy failed to demonstrate
improved rates of independence in the treatment group. A limi-
tation of these trials was the large baseline core infarcts at the time
of enrollment. In the Interventional Management of Stroke III
(IMS III) trial, 40% of patients had lower Alberta Stroke Program
Early CT Scores on presentation (ASPECTS 0-7)." In patients
with lower ASPECTS, there was a 2-fold less likelihood of benefit
with IV or intra-arterial therapy compared with patients with
higher ASPECTS. In the Mechanical Retrieval and Recanalization
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of Stroke Clots Using Embolectomy (MR RESCUE) trial, the core
baseline infarct was 36 mL at enrollment with only 21% of pa-
tients achieving functional independence at 90 days (modified
Rankin Scale score, 0-2).> To overcome these constraints, the
Solitaire With the Intention for Thrombectomy as Primary Endo-
vascular Treatment for Acute Ischemic Stroke (SWIFT PRIME)
trial limited enrollment to patients with small-moderate core in-
farcts as defined by head CT, CT angiography, and/or CT perfu-
sion. We have previously reported on the primary outcomes of
the SWIFT PRIME trial® and the secondary prespecified analysis
of baseline CT perfusion imaging and follow-up infarct volume
and outcomes.*® In this study, we describe the effect of the base-
line CT and CTA findings on clinical outcome.

MATERIALS AND METHODS

The study design of the SWIFT PRIME trial has been previously
described.™® Primary outcomes for all 196 patients have been pre-
viously reported,” while a subset of 151 patients has been evalu-
ated and presented for outcomes based specifically on perfusion
imaging.4 In this article, we report, for the first time, the effects of
imaging parameters (including ASPECTS and collateral status),
substantial reperfusion, and time to treatment on clinical out-
comes. An independent core imaging lab evaluated all imaging.
Baseline head CT was available for review in 185 patients. CT
angiography was available for review in 88% of patients. The
ASPECTS is a 10-point semiquantitative topographic score for
assessing stroke burden in the middle cerebral artery distribution
on CT.” Enrollment (after the first 71 patients) was restricted to
patients with ASPECTS scores of >5. For the first 71 patients, the
inclusion criteria were based on a CT perfusion study as follows:
ischemic core lesion volume, =50 mL; time-to-maximum, >10
seconds; lesion volume, =100 mL; mismatch volume, =15 mL;
and mismatch ratio, >1.8. Ischemic core was defined as an area
with >70% reduction in CBF (relative CBF < 0.3) in comparison
with the mean CBF of normally perfused brain parenchyma. An
ischemic core lesion defined by CT perfusion corresponds to an
ASPECTS of >5.

For subgroup analysis according to ASPECTS, we made 2
comparisons of higher-versus-lower ASPECTS: ASPECTS 8-10
versus ASPECTS 6—7 and ASPECTS 9-10 versus ASPECTS 6-8.
The site of occlusion was defined by baseline head CTA: ICA
occlusion, proximal M1 occlusion, middle M1 occlusion, and dis-
tal M1/M2 occlusion. Clot length was measured on CTA or MRA
as the length of a vessel that was nonopacified/nonvisualized us-
ing 5-mm multiplanar MIP reformations. Contrast-enhanced
MRA was used whenever possible. In a subset of cases in which the
distal end of the clot could not be identified, CT perfusion source
images allowed visualization and measurement of the clot. The
earlier phases of CTP were used to determine the proximal end of
the clot, while the later phases were used to determine the distal
end of the clot. Prior studies have identified a thrombus length of
=8 mm in the middle cerebral artery as being refractory to recan-
alization from intravenous thrombolysis,® which can potentially
impact clinical outcomes. To understand the impact of clot length
on responsiveness to endovascular therapy, clinical outcomes
were compared in patients with =8 mm of thrombus.

Collateral Scoring on CTA

Collateral assessment was defined on CTA as excellent, good,
fair, poor, minimal, or none.” Definitions were as follows: ex-
cellent, increased or normal prominence and extent of pial
vessels beyond the occluded artery within the symptomatic
hemisphere; good, slightly reduced prominence and extent of
pial vessels beyond the occluded artery within the symptomatic
hemisphere; fair, moderately reduced prominence and extent
of pial vessels beyond the occluded artery within the symptom-
atic hemisphere; poor, decreased prominence and extent and
regions with no vessels in some part of the occluded territory;
minimal, compared with the asymptomatic contralateral
hemisphere, just a few vessels visible in the occluded vascular
territory; and none, no vessels visible within the occluded vas-
cular territory.’

Statistical Analysis

All available data were used for analyses. Statistical tests for binary
variables were performed with the Fisher exact test, and for con-
tinuous variables, they were performed with the Student ¢ test.
Univariate and multivariate logistic regressions were used to test
relationships between potential predictor variables and outcomes
defined by the modified Rankin Scale score of 0-2 at 90 days.
Classification and regression tree analysis were used to further
investigate relationships among study variables. All statistical tests
were 2-sided. with P values < .05 considered statistically signifi-
cant. All analyses were performed in R, Version 3.0 or above
(R Foundation for Statistical Computing; Vienna, Austria; http://
www.R-project.org).

RESULTS

Baseline CT ASPECTS

A higher baseline ASPECTS of 8 —10 was noted in 145 patients (74
in the IV tPA arm; 71 in the endovascular and IV tPA arm), of
whom 142 had mRS available at 90 days. Good outcomes (mRS
0-2) at 90 days were observed in 66% of patients in the treatment
arm compared with 41% of patients in the controlarm (P = .004).
Lower baseline ASPECTS of 6—7 was noted in 44 patients (24 in
the IV tPA arm; 20 in the endovascular and IV tPA arm). Good
outcomes were observed in 42% of patients in the treatment arm
compared with 21% of patients in the control arm (P = .2; Fig 1).
In univariate and multivariate logistic regression analyses, a
higher baseline ASPECTS was associated with better outcomes,
particularly when dichotomized for ASPECTS of 9-10 versus =8
(Tables 1 and 2).

Site of Occlusion

Distribution of the site of occlusion was as follows: ICA (20 pa-
tients), proximal M1 (39 patients), middle M1 (55 patients), and
distal M1/M2 (49 patients). Treatment effect with endovascular
therapy was noted across all sites of occlusion (Fig 2), with the
greatest treatment effect in patients with a proximal M1 occlusion
(88% versus 14%, P < .0001). The site of occlusion was not sig-
nificantly associated with good outcome in the univariate analysis
(Table 1).
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FIG1. Influence of baseline CT ASPECTS on outcome (90-day mRS), indicating better outcomes with higher ASPECTS and better outcome with

endovascular therapy irrespective of ASPECTS.

Table 1: Univariate predictors of functional independence (mRS 0-2) at 90 days, endovascular arm only®

Predictor No. Total No. Category Odds Ratio Lower CI Upper CI P Value
ASPECTS (per unit) 95 NA 153 1.09 2.15 .015
ASPECTS 8-10 (vs 6-7) 95 71/24 274 1.06 7.08 .037
ASPECTS 9-10 (vs 6-8) 95 52/43 343 145 8.09 .005
M occlusion (vs non-M) 95 60/35 212 0.90 4.97 .085
Onset-to-groin puncture (per 60 min) 94 NA 0.68 0.48 0.98 .040
TICI 3 postprocedure (vs =TICI 2b) 80 56/24 21 0.79 5.61 13
TICI 2b/3 postprocedure (vs =<TICI 2a) 80 70/10 1.80 0.47 6.82 .39
Collateral grade (per unit) 56 NA 2.77 113 6.82 .026
Clot length (per mm) 50 NA 112 0.96 1.30 14
Clot length of =8 mm (vs <8 mm) 50 44/6 238 0.42 13.40 32
Clot length of =13 mm (vs <13 mm) 50 23/27 248 071 8.66 16

Note:—No. reflects the number of data points available for each variable; NA, not applicable.
2 Univariate logistic regression analysis of patients undergoing endovascular therapy was performed with the following variables: ASPECTS (as scored on preprocedural head CT,
67 vs 8—10 and 6—8 vs 9-10), site of occlusion (M1 versus non-Mi), onset to groin puncture, quality of recanalization (TICl scale), collateral grade, and clot length (>8 mm versus

<8 mm).

Table 2: Multivariate predictors of functional independence (mRS 0-2) at 90 days,
endovascular arm only®

good outcome in the subgroup of pa-
tients treated with endovascular therapy

No. No. Odds Lower Upper P
Predictor Total Category Ratio Cl Cl Value (Table 1).
SETTRecy | Tw o mmn W T0 00 quyorcalaeat
nset-to-groin puncture (per min . K K K .
TICI 2b/3 postprocedure (vs <TICl 2a) 48  43/5 103 012 846 .98 Collateral status on baseline head CTA
Collateral grade (per unit) 48 NA 285 090 908 076  was available for review in 113 pa-

Note:—No. reflects the number of data points available for each variable; NA, not applicable.
# Multivariate logistic regression analysis of patients undergoing endovascular therapy was performed with the follow-
ing variables: ASPECTS (as scored on preprocedural head CT), onset to groin puncture, quality of recanalization (TICI

tients. Poor collaterals (none-to-fair)
were noted in 19% of patients with a

scale), and collaterals.

Length of Clot

Clot length was available in 111 patients, of whom 89% had
=8-mm clot length. In this subgroup, 71% of patients having
undergone thrombectomy versus 43% of patients receiving IV
tPA alone had good outcomes (P = .005, Fig 3). Median clot
length was 13 mm. In 59 patients with a clot length greater than
the median, 79% of patients having undergone thrombectomy
versus 34% of patients with IV tPA alone had good outcomes (P =
.001). In univariate analysis, clot length was not associated with
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median baseline ASPECTS of 8 and a
mean core infarct volume of 18.9 mL.
High-quality collaterals (good-to-ex-
cellent) were associated with a median
baseline ASPECTS of 9 and a mean core infarct volume of 7.4
mL. A beneficial effect of endovascular therapy was observed
over IV tPA alone across all levels of collateral flow, with the
greatest effect in patients with excellent collaterals (82% versus
28%, P = .008; Fig 4). In univariate and multivariate analysis,
a good collateral grade was associated with good outcome (sta-
tistically significant in univariate analysis and a trend toward
significance in multivariate analysis) (Tables 1 and 2).
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FIG 2. Influence of the site of occlusion on outcome (90-day mRS), indicating better outcome with endovascular therapy irrespective of site

and the greatest treatment effect in proximal M1 occlusions.
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FIG 3. Outcomes (90-day mRS) in patients with a clot length of =8 mm, indicating statistically superior outcomes with endovascular therapy in

these clots.

Classification and Regression Tree Analysis

Univariate analysis revealed that favorable ASPECTS, earlier
treatment, good collaterals, and complete recanalization are asso-
ciated with better outcomes (Table 1). With the classification and
regression tree algorithm, binary cut points affecting outcome
were identified as dichotomized ASPECTS (ASPECTS 9-10 ver-
sus ASPECTS 6-38), onset-to-puncture time (within 4 hours ver-
sus beyond 4 hours), and quality of recanalization (TICI 3 versus
TICI 2b or less). Of 98 patients undergoing thrombectomy, better
outcomes were observed in patients with favorable ASPECTS,
early treatment, and complete recanalization (Fig 5). In the pa-
tients undergoing thrombectomy, the average time from symp-

tom onset to recanalization was 260 minutes and the rate of TICI
2b/3 recanalization was 88% (70/80).

DISCUSSION

While the primary results of the SWIFT PRIME study revealed a
benefit of endovascular therapy over intravenous thrombolysis
alone in patients with acute ischemic stroke, several questions
remain about understanding subsets of patients most likely to
benefit from intra-arterial therapy. In this report, we found that
the benefit of endovascular therapy persisted across multiple sub-
groups, with the highest likelihood of benefit noted in patients
with higher ASPECTS, early treatment, and favorable collaterals.
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FIG 5. Mean mRS in dichotomized subgroups identified by classification and regression tree
analysis indicating time to recanalization, initial ASPECTS, and TICl scores posttreatment as sub-
stantial predictors of outcome with the displayed cut-points for dichotomization.

Previous studies of endovascular therapy (Intra-arterial Prou-
rokinase for Acute Ischemic Stroke [PROACT II] and IMSI) demon-
strated a strong interaction between favorable ASPECTS (8-10)'>"!
and outcome; however, a similar analysis of IMS III did not confirm
this relationship." Failure to appreciate this relationship in IMS III
has been attributed to long onset-to-treatment times as well as the
low reperfusion rates in the treatment arm. In contrast, the SWIFT
PRIME trial had fast treatment times and high rates of reperfusion.
Furthermore, the baseline ASPECTSs in SWIFT PRIME were much
higher, with 72% of patients having an ASPECTS of 8—10 compared
with 58% of patients in IMS IIL."' We found that patients with higher
ASPECTS had better clinical outcomes, particularly with endovascu-
lar therapy. This finding is in keeping with numerous other studies
demonstrating that baseline ASPECTS is an important predictor of
final outcome.
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m Onset to puncture 4+ hrs

In the SWIFT PRIME trial, patients
were selected for enrollment on the basis
of small core infarcts on presentation.
Accordingly, the current analysis is lim-
ited to patients with overall favorable
ASPECTS. The benefit of complete or
near-complete recanalization of patients
with poor ASPECTS (<(5) remains un-
clear and may warrant further investiga-
tion,'* particularly in younger patients
in whom recanalization may limit fur-
ther infarct growth. Such a clinical result
may not be well-captured in a dichoto-
mized mRS outcome of 0—2 versus 3—6,

ASPECTSs8 & TiCIs2b but it may spare a young patient hemi-
craniectomy, respiratory compromise,
or other stroke-related complications.
Furthermore, a population with a poor
ASPECTS may be well-suited for bridg-
ing neuroprotection therapies in which
recanalization along with adjunctive ther-
apy may result in acceptable outcomes."?

ASPECTS alone is a single freeze-frame in the evolution of
necrosing brain tissue. Additional information about the speed
and extent of infarct burden can be inferred by clinical examina-
tion (a large deficit suggests large tissue at risk), perfusion imag-
ing, and collateral status. The presence of robust collateral blood
circulation indicates brain tissue that is more likely to be reper-
fused and, when reperfused, more likely to have a favorable re-
sponse.'* Additionally, patients with robust collaterals are likely
to have smaller core infarcts on presentation. Furthermore, pre-
vious studies have indicated that reperfusion therapies in patients
with poor baseline collateral circulation do not typically have a
favorable response, and this feature eventually results in a higher
likelihood of infarct growth.'> Most interesting, we found trends
toward benefit in patients with poor baseline collateral status after



endovascular therapy, though the overall numbers are small and
not statistically significant. This population will require further
examination because the natural history tends to be quite poor
and treatment options are limited. A caveat with collateral as-
sessment is that single-phase CTAs may mislabel patients with
moderate-to-good collaterals as poor in CTAs that are mis-
timed (acquired in the early arterial phase). Collateral assess-
ment with multiphase CTA is a potential solution.'® Arguably,
patients with poor collateral circulation presenting at early
time windows may continue to benefit from thrombectomy if
achieved in ultrarapid fashion. Given the quickly growing core
infarct in this population, there may be a role for additional
therapies designed to arrest stroke progression, such as neuro-
protective therapy'” or hypothermia.

The site of occlusion and thrombus burden is associated with
failure of IV tPA to recanalize large-vessel occlusion. Distal occlu-
sions such as M2 or distal M1 are particularly responsive to IV
tPA, whereas proximal occlusions such as ICA or proximal M1 are
more refractory to IV tPA."® While benefit was observed with
endovascular therapy across groups, the highest benefit was noted
in proximal M1 occlusions compared with distal M1 occlusions.
Similarly, IV tPA is less effective as thrombus burden increases. In
1 study of patients undergoing intravenous thrombolysis for
acute stroke, hardly any patients (<1%) with clot measuring =8
mm had successful recanalization.® One limitation of measuring
clotlength on CTA is that it does not accurately define the throm-
bus extent because the lack of distal contrast opacification may be
related to delayed distal filling rather than a true filling defect. In
univariate analysis, the site of occlusion and clot length did not
predict 90-day mRS 0-2 after endovascular therapy. It is possible
that the effectiveness of endovascular therapy to recanalize such
clots may mitigate the role of clot length in predicting good clin-
ical outcomes. A priori identification of IV tPA nonresponders
may ultimately guide future management strategies in which IV
thrombolysis may be bypassed in favor of a direct intra-arterial
therapy.'®

Limitations

There are important limitations to our study. First, the sample size
is relatively small, so further validation of our findings will require
analysis in a larger cohort of patients. Second, given the nature of
the study design and focus on patients re-presenting with small
core infarcts, very few patients in our analysis had large core in-
farcts on initial presentation. The extent of benefit in this larger
core population remains unanswered. Additionally, the partici-
pating clinical sites in the SWIFT PRIME trial were specifically
selected on the basis of clinical volume and expertise. The gener-
alizability of these results across additional centers remains un-
tested. Finally, this study included post hoc analysis, so additional
confirmation will require prospective studies of specific sub-
groups and patient features.

CONCLUSIONS

Opverall, this report supports the selection of patients for intra-
arterial therapy on the basis of favorable patient characteristics
(small core, good collateral circulation) and low likelihood of re-
canalization with intravenous thrombolysis (large and proximal

clot burden). Additional studies will be needed to further under-
stand the continued benefit of intra-arterial treatment for patients
with larger infarct burden or distal occlusions.
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Necessary Catheter Diameters for Mechanical Thrombectomy
with ADAPT

O. Nikoubashman, ““’A. Nikoubashman, ““’M. Buisen, and ““’"M. Wiesmann

ABSTRACT

BACKGROUND AND PURPOSE: Large-bore catheters allow mechanical thrombectomy in ischemic stroke by engaging and retrieving
clots without additional devices (direct aspiration first-pass technique [ADAPT]). The purpose of this study was to establish a model for
minimal catheter diameters needed for ADAPT.

MATERIALS AND METHODS: We established a theoretic model for the calculation of minimal catheter diameters needed for ADAPT. We
then verified its validity in 28 ADAPT maneuvers in a porcine in vivo model. To account for different mechanical thrombectomy tech-
niques, we factored in ADAPT with/without a hypothetic 0.021-inch microcatheter or 0.014-inch microwire inside the lumen of the
aspiration catheter and aspiration with a 60-mL syringe versus an aspiration pump.

RESULTS: According to our calculations, catheters with an inner diameter of >0.040 inch and >0.064 inch, respectively, are needed to be
effective in the middle cerebral artery (2.5-mm diameter) or in the internal carotid artery (4 mm) in an average patient. There was a
significant correlation between predicted and actual thrombectomy results (P = .010). Our theoretic model had a positive and negative
predictive value of 78% and 79%, respectively. Sensitivity and specificity were 88% and 64%, respectively.

CONCLUSIONS: Our theoretic model allows estimating the minimal catheter diameters needed for successful mechanical thrombec-
tomy with ADAPT, as demonstrated by the good agreement with our animal experiments. Our model will be helpful to interventionalists
in avoiding selecting catheters that are likely too small to be effective.

ABBREVIATIONS: ADAPT = direct aspiration first-pass technique; MT = mechanical thrombectomy

ndovascular mechanical thrombectomy (MT) with stent re-
Etrievers is the most effective treatment option for acute isch-
emic stroke caused by large-vessel occlusion.' Newly developed
large-bore catheters, which can be placed in close proximity to the
intracranial occlusion site, allow engagement and retrieval of a
clot without additional devices (so-called direct aspiration first-
pass technique [ADAPT]).? The concept of ADAPT is to engage a
clot, clog the catheter tip, and retrieve the catheter and clot to-
gether. This simple technique is promising for establishing MT in
a wider range of hospitals and may reduce the risk of procedure-
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related subarachnoid hemorrhage.>* However, the effectiveness
of ADAPT is an issue that needs to be resolved; failure rates for
ADAPT and the need to change the MT strategy have been re-
ported in 22%-44% of cases.*””

The size and composition of the clot on the one hand and suction
force at the catheter tip on the other are supposedly the most crucial
factors for successful MT with ADAPT.® While the size and compo-
sition of a clot cannot be influenced, the force at the catheter tip is the
product of applied pressure and cross-sectional area of the catheter.
Consequently, the catheter with the largest tip diameter will apply the
greatest force. Instinctively, one would think it would be best to fol-
low the principle of “the bigger the better” and use the largest avail-
able catheter, but smaller catheters leave more spare lumen in the
access catheter for proximal aspiration and have the advantage of
better maneuverability and therefore allow easier and less traumatic
access to the occlusion site. Hence, the ideal catheter is as small as
possible and as large as necessary. However, the force needed to en-
gage a given clot is unknown. The purpose of this study was to de-
velop a theoretic model for calculating the minimal catheter diame-
ters necessary for MT with ADAPT and to validate thismodel in an in
vivo porcine experiment.
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FIG 1. Schematic depicting forces affecting the clot. The suction force at the tip of the catheter
(white arrow) must exceed the force of the blood pressure (black arrows) and the adhesion force that
hold the clot in its position (gray arrows). Arrows represent the direction and idealized amount of

force.

MATERIALS AND METHODS

Theoretic Model

For clot retrieval, the force at the catheter tip must exceed
the force that keeps the clot in position. In a minimal model, the
total force effectively acting on a clot can be expressed as F,
Fspiration T Fa
we used a simplified model, in which the clot is a fully occlusive

otal —

dhesion (Fig 1). To estimate these forces (see below),
impervious rigid body, the vessel is a rigid tube with a constant
diameter, and there is no flow in the aspiration catheter and con-
sequent head loss. Furthermore, our model neglects possible con-
tributing factors such as the thickness of the catheter wall and
pulsatile blood flow around the clot.

F

‘aspiration 18 the suction force at the tip of the aspiration cath-

eter and is defined as F, = AcatheterAPcatheterr With
Ac

in the tubing system (white arrow in Fig 1). The respective surface

spiration
atheter DEING the area at the tip and AP, .., Deing the pressure
is subtracted from the area of the catheter tip to account for vari-
ations of the ADAPT technique with a microcatheter or a mi-
crowire introduced into the catheter.

Fp essure 18 determined by the pressure difference before and
behind the clot and the surface of the clot exposed to this pressure.
Hence Fpeqsure = ActotDPyesser With Ay, being the area of the

clot minus the area of the catheter tip and APy, being the in-
travascular pressure difference before and behind the clot (black
arrows in Fig 1). The effective pressure difference depends on the
presence of collaterals that maintain blood pressure behind the
clot.” In our model, we use a gradient of 60 mm Hg, which Sori-
machi et al'® have assessed on average in occlusions of the internal
carotid artery and the M1 segment of the MCA in 36 patients with
stroke.

The adhesion force (F, ) between the clot and the

vessel wall is unknown and may be small when it is determined

dhesion

by mechanical friction alone or very large if the clot is wedged
or if there is protein binding between the clot and the vessel
wall (gray arrows in Fig 1)."" Because a clot does not constantly
migrate in a vessel, the minimal adhesion force that keeps the
=F , which
equals Fugpesion = C Fpressure» With C being a constant that is

clot in position can be estimated as F,,

dhesion Pressure

=1.Romero etal'! estimated the adhesion forces between clots
and the vessel wall in the MCA with a bond graph model for the
aspiration device and found that typical adhesion forces
ranged between 0.01 and 0.1 N. Chueh et al'? experimentally
determined adhesion forces in a rabbit model and indicated
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adhesion forces of 0.7 N after 5 hours
of clot/vessel interaction. These values
lie in the range of our model, which
provides for C = 1 adhesion forces be-
tween 0.014 and 0.16 N for clotted ves-
sels with diameters between 1.5 and 5

2

mm, respectively.
Hence, Catheter

) F Total W(R

R%nnerCatheter)APCathetSr + W(RVess.el -
RCatheter)AP Vessel + WRVesselAP Vessel? withR
representing the respective radii. The
minimal catheter radius needed to move
the clot, Fr. = 0, can be calculated as

follows:

: AP — 2R, AP
R - /RlnnerCathe(er Catheter Vessel Vessel
Catheter — .
\/ APCatheter - APVessel

We calculated the catheter diameters needed for ADAPT in
vessels with diameters from 1.5 to 5 mm, which are typical for
cerebral arteries. To take into account different MT techniques,
we compared ADAPT techniques with/without a hypothetic
0.021-inch microcatheter (outer diameter, 0.8 mm) or a 0.014-
inch microwire (outer diameter, 0.46 mm) inside the lumen of the
aspiration catheter and factored in vacuum pressure generated
with a 60-mL syringe (experimentally determined maximal vac-
uum pressure of —0.89 bar) or generated with an aspiration pump
([Pump MAX; Penumbra, Alameda, California], vacuum pres-
sure of —0.86 bar, which corresponds to the manufacturer’s rec-
ommended pressure).

Animal Model

To verify our theoretic model, we performed ADAPT maneuvers
in an in vivo porcine animal model and compared the predictions
with the actual results. All experiments were performed in 2 fe-
male Landrace swine (average weight, 58 kg) with peri- and in-
trainterventional management as reported previously.'” The ex-
periments were performed in accordance with the German
legislation governing animal studies following the Guide for the
Care and Use of Laboratory Animals (National Research Council,
8th ed, 2011) and the “Directive 2010/63/EU on the Protection of
Animals Used for Scientific Purposes” (Official Journal of the Eu-
ropean Union, 2010). Official permission was granted from the
governmental animal care and use office (Landesamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen, Reckling-
hausen, Germany).

One week before the procedures, we produced whole-blood
clots in a Chandler loop to have radiopaque and solid clots that
can be engaged with the aspiration catheter without being aspi-
rated into it."*'> We then injected the clots into various branches
of the subclavian artery with diameters ranging from 1.5 to 6 mm.
Before the ADAPT maneuvers, we measured the diameters of the
occluded vessels as well as the pressure before and behind the clot
with a Trevo Pro 18 microcatheter (Stryker, Kalamazoo, Michi-
gan) using a PowerLab 16/35 workstation (AdInstruments, Dun-
edin, New Zealand) and LabChart 8 Software (AdInstruments).
Before the ADAPT maneuvers, there was a pause of at least 10



FIG 2. Fluoroscopic angiography of an ADAPT maneuver. Angiogra-
phy shows a clot (A, white arrow) in a branch of the axillary artery with
a diameter of 1.9 mm. The pressure gradient before and behind the
clot is 38 mm Hg, necessitating an aspiration catheter with an inner
diameter of at least 1.9F for clot removal, according to our calcula-
tions. The clot (A-D: white arrow), which is partially radiopaque, is
engaged with a Sofia 5F catheter (B, black arrow). When the catheter
is pulled back (Cand D, black arrow), the larger portion of the clot can
be removed (C and D, white arrow). However, there is fragmentation
of the clot, with a small portion of the clot remaining in the vessel (C
and D, arrowhead)).

minutes to allow reocclusion of the channel produced by the mi-
crocatheter. ADAPT maneuvers were conducted approximately
20-60 minutes after injection of the clots. We performed ADAPT
maneuvers with Sofia 5F and 6F aspiration catheters (Micro-
Vention, Tustin, California), which were introduced through an
8F long sheath (Flexor Shuttle Guiding Sheath; Cook, Blooming-
ton, Indiana). Aspiration was applied with a an aspiration pump
(Penumbra Pump MAX), which was connected to the aspiration
catheter via a standard 3-way valve (Discofix C; Braun, Melsun-
gen, Germany) and a hemostatic Gateway Adapter (Boston Sci-
entific, Fremont, California) with the standard tubing, on the rec-
ommended setting of 25.5 inHg (=~0.86 bar). Because our aim was
to verify our ADAPT model, ADAPT was only considered suc-
cessful if the clot could be engaged (indicated by clogging of the
aspiration catheter) and removed with 1 pass (Fig 2), whereas
complete ingestion of the clot was not regarded as successful. To
prevent ingestion of a clot, the thrombectomy maneuver was per-
formed 5-10 seconds after presumed contact between the catheter
and the clot.

Statistical Analysis

Continuous parametric variables are presented as means * SD;
ordinal and nonparametric variables, as medians; and categoric
variables, as frequencies. Fisher exact, x?, Student ¢, and Mann-
Whitney U tests were used whenever applicable after testing our
data for normal distribution with a Shapiro-Wilk test. P values of
an « level = .05 were significant. All statistical analyses were per-
formed with SPSS 23 software (IBM, Armonk, New York).

—— ADAFT
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25 3.0 35 ] 3 5.0
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FIG 3. Correlations between minimal catheter size and vessel diameter
in an average patient. Graphs represent the minimal inner catheter diam-
eter (y-axis) needed to overcome the force that keeps a clot in its posi-
tion in a vessel with a given diameter (x-axis), using ADAPT with manual
aspiration in an average patient (ie, a pressure gradient of 60 mm Hg
before and behind the clot). The continuous line represents the ADAPT
technique without microcatheters or microwires in the aspiration cath-
eter. Dotted lines represent the ADAPT technique with an additional
microcatheter (MC) or microwire (MW) in the aspiration catheter. Gray
areas under the curves correspond to catheter diameters that are not
large enough for ADAPT. Given the lower pressure provided by a pump,
catheters need to be approximately 1% larger than indicated in the figure
when a pump instead of a syringe is used for aspiration. Black horizontal
lines represent the inner diameters of various commercially available
catheters: Sofia (MicroVention); AXS Catalyst 6 (CAT6; Stryker); and
5MAX, 5SMAX ACE, and ACE64 (Penumbra).

RESULTS

Theoretic Model

Figure 3 depicts the minimum inner diameters needed to over-
come the force that keeps a clot in its position in a vessel with a
given diameter using ADAPT with manual aspiration in an aver-
age patient with stroke. Using an additional microcatheter neces-
sitates a significantly larger aspiration catheter (P = .024), but
introducing a microwire does not (P = .368). When a pump in-
stead of a syringe is used for aspiration, catheters need to be ap-
proximately 1% larger than indicated in Fig 3. However, the use of
a pump instead of a syringe has no significant impact on the re-
quired catheter diameters (P = .839).

Animal Model
We performed 28 ADAPT maneuvers, 19 of which were with the
Sofia 5F catheter and 9 with the Sofia 6F catheter. The mean vessel
diameter was 3.8 £ 1.1 mm, ranging from 1.9 to 5.9 mm. The median
pressure gradient before and behind the clot was 39.5 mm Hg (inter-
quartile range, 34 mm Hg), ranging from 2 to 116 mm Hg. According
to our model predictions, our catheters were oversized by 0.11 =
0.020 inch on average, ranging from largely undersized cases (—0.030
inch) to largely oversized cases (+0.043 inch).

Nine maneuvers were performed with catheters that were sup-
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FIG 4. Plot of all 28 ADAPT experiments. The shaded plane indicates the
minimal inner catheter diameter (z-axis) needed to engage a clot in a
vessel with a given diameter (x-axis) when a specific pressure gradient
(y-axis) is applied. Filled and open symbols indicate experiments, in which
the removal of the clot was successful or failed, respectively. In case of
perfect agreement between theory and experiment, all filled symbols lie
above the dividing plane, whereas all open symbols lie below it. Note that
most deviating points (open symbols above the shaded plane and filled
symbols below the shaded plane) are located so close to the dividing
surface that small variations in the measurement of the vessel diameter
and/or pressure gradient could lead to a substantially better agreement
between theory and experiments.

posedly too small for successful thrombectomy according to our
calculations (Sofia 5F, n = 6, and Sofia 6F, n = 3). In fact, 7 of
these 9 maneuvers failed, and 2 were successful (1 case each with a
Sofia 5F and 6F). Conversely, 4 of 19 maneuvers that were pre-
dicted to be successful failed (2 cases each with a Sofia 5F and 6F).
There was a significant correlation between predicted and actual
thrombectomy results (P = .010). Our theoretic model had a
positive and negative predictive value of 78% and 79%, respec-
tively. Sensitivity and specificity were 88% and 64%, respectively.

Figure 4 depicts the correlation among vessel diameter, pres-
sure gradient, catheter diameter, and predicted-versus-actual
outcome of all 28 ADAPT maneuvers. Successful ADAPT maneu-
vers were performed in significantly smaller vessels (3.1 = 0.8 mm
versus 4.7 = 0.9 mm; P < .001) and with significantly oversized
catheters (+0.21 = 0.016 inch versus —0.006 = 0.013 inch; P <
.001). Pressure gradients were comparable in successful and un-
successful cases (median, 38.0 mm Hg, versus 41.0 mm Hg; P =
.378). The 4 cases in which the ADAPT failed unexpectedly were
performed in significantly larger vessels compared with cases with
correct predictions (4.9 * 1.3 mm versus 3.5 = 1.1 mm; P =
.025). Catheters in both groups had a comparable marginal over-
size (+0.008 = 0.006 inch versus +0.012 = 0.022 inch; P = .437),
and pressure gradients did not differ significantly (median, 29.5
mm Hg, versus 39.0 mm Hg; P = .607).

DISCUSSION

The rationale of the ADAPT technique is to engage a clot with a
large-bore catheter and establish constant adherence between the
clot and the catheter with suction force. This force can be calcu-
lated easily, given that it is the product of the cross-sectional area
at the catheter tip and the pressure. Because the cross-sectional
area increases by the square of the radius, small changes of diam-
eter result in a large change of force. For instance, a 27% increase
of the inner diameter of the Sofia 6F catheter compared with the
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Sofia 5F catheter (0.07 versus 0.055 inch) results in a 62% increase
of force. Recently, Nikoubashman et al'® and Hu and Stiefel® have
characterized various commercially available catheters and calcu-
lated the flow through them and the force at the tip of these cath-
eters. However, knowledge of this force is of little use if the force
needed to engage a clot is unknown. We approached this problem
with a simplified theoretic model and calculated the minimal
catheter diameter necessary for clot retrieval with ADAPT. A sig-
nificant correlation between our experimental and theoretic
models validates the latter and provides a justification for the
approximations used (Fig 4).

We estimated a minimal catheter diameter below which MT is
unlikely to be successful in an average patient with stroke (Fig 3).
The negative predictive value of 78% and the positive predictive
value of 79% derived from our in vivo experiment support the
hypothesis that there is a minimal catheter size required for
ADAPT but that larger catheters do not necessarily result in suc-
cessful recanalization. We calculated that in an average patient,
catheters with an inner diameter of >0.040 and >0.064 inch,
respectively, are needed to be effective in an MCA with a diameter
of 2.5 mm or in the terminal segment of the internal carotid artery
with a diameter of 4 mm (Fig 3). If collaterals are better than in the
average patient and there is a pressure gradient of 40 mm Hg
instead of 60 mm Hg, catheters with an inner diameter of >0.033
and >0.053 inch, respectively, would be sufficient to be effective
in the MCA and terminal segment of the internal carotid artery.
Hence, our calculations imply that in most cases, the available
aspiration catheters should be sufficient for ADAPT in the MCA
and that the aspiration catheters of the newest generation are suf-
ficient to extract most occlusions in the average patient (Fig 3).
This finding is in accordance with results by Turk et al,> who
reported that recanalization (TICI 2b/3a) was achieved often with
the 5SMAX catheter (Penumbra) (75%) but significantly more of-
ten with the larger SMAX ACE catheter (Penumbra) (82%). Con-
versely, this result is also in line with our clinical experience that
ADAPT with smaller catheters (ie, 5F) is more frequently (but not
always) successful in the MCA than in the internal carotid artery.
However, conclusive data to support this hypothesis are lacking
because no study has specifically addressed the correlation be-
tween target vessel and recanalization, to our knowledge.

Turk et al” published a series of 100 ADAPT cases with 15%
ICA occlusions, which were predominantly treated with SMAX
and 5SMAX ACE catheters and reported successful recanalization
(TICI 2b/3) in 78% of all cases. Supporting the hypothesis that
ADAPT recanalization in the ICA is less likely to be successful,
Kowoll et al” had a higher proportion of ICA occlusions (26%)
and a lower recanalization rate of 56% in their series of 54 patients
while exclusively using the larger SMAX ACE catheter. However,
Delgado Almandoz et al,* who treated 45 patients with an even
higher proportion of ICA occlusions (42%), reported a compara-
bly high recanalization rate of 71%, using the SMAX ACE in most
cases (89%). Also on the contrary, Méhlenbruch et al,® who had a
comparably low proportion of ICA occlusions (17%) in their se-
ries of 85 patients, used the largest available catheter (Sofia 6F)
and reported a relatively low recanalization rate of 65%. This
lower rate may be partly due to varying study designs, because
Mohlenbruch et al performed 1.5 passes on average before chang-



ing the MT strategy, whereas Delgado Almandoz et al performed
2.5 passes. Also, various nonmanipulable factors such as collateral
situation (ie, pressure gradient along the clot) and clot composi-
tion may have had an impact on recanalization results.

In summary, our theoretic model is a helpful tool to select the
most efficient catheters, also for techniques in which a combina-
tion of stent-retriever thrombectomy and ADAPT is used.'”'®
The strength of our ADAPT model is that it considers all relevant
forces in the system that play a role when the clot is engaged with
the catheter. Flows, however, which are altered by resistors such as
3-way valves, hemostatic valves, and additional tubing for the
aspiration system, play no considerable role in ADAPT when con-
tact between the catheter and the clot is established and the force
at its tip becomes constant. Hence, our model requires only knowl-
edge of the applied vacuum pressure and the diameter of the vessel to
estimate the necessary catheter diameter. Thus, our model lends itself
to clinical situations in which time is of the essence.

However, even though we made great effort to validate our
model, it has several limitations that might affect its accuracy:
First, the nature of our experiments did not allow a systematic
analysis of all possible settings because we were restricted by the
porcine anatomy. Also, our theoretic model does not consider
actual collateral status and adhesion force and clot burden; this
feature is likely the reason why our model did not correctly predict
the failure of clot removal in very large vessels. In addition, our
model does not account for wedging of clots, which may occur in
bifurcations and make thrombectomy more difficult. Our model
also neglects clot composition, which possibly has an impact on clot
fragmentation (Fig 2) and thrombectomy by clot aspiration. This is a
potentially important mechanism in the context of soft clots and
large-bore catheters and may have occurred unnoticed in some of
our experiments. Last, vessel access (ie, balloon catheter versus large
sheath), which may have an impact on thrombectomy results, was an
unstudied factor in our model. Despite these limitations, the good
agreement between our theoretic model and our experimental re-
sults implies that our theoretic model captures the essential physics of
the problem, and our study provides a useful step toward better un-
derstanding and controlling clot removal with ADAPT.

CONCLUSIONS

Our theoretic model allows estimating the minimal catheter di-
ameters needed for successful MT with ADAPT, as demonstrated
by the good agreement with our animal experiments. Our model
may be helpful to interventionalists in avoiding selecting catheters
that are too small to be effective.
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ORIGINAL RESEARCH
INTERVENTIONAL

WEB Treatment of Ruptured Intracranial Aneurysms:
A Single-Center Cohort of 100 Patients

S.B.T. van Rooij, ““WJ. van Rooij,

ABSTRACT

J.P. Peluso,

M. Sluzewski, ““R.S. Bechan, ““’'H.G. Kortman, ““’G.N. Beute,

B. van der Pol, and ““'C.B. Majoie

BACKGROUND AND PURPOSE: The Woven EndoBridge device was recently introduced for the intrasaccular treatment of wide-neck
aneurysms without the need for adjunctive devices. We present our results of the primary treatment of ruptured aneurysms with the
Woven EndoBridge regardless of location or neck size.

MATERIALS AND METHODS: Between February 2015 and April 2017, 100 ruptured aneurysms were selectively treated with the Woven
EndoBridge. No supporting stents or balloons were used. There were 71 women treated (mean patient age, 59 years; median age, 60 years;
range, 23—82 years).

RESULTS: The mean aneurysm size was 5.6 mm (range, 313 mm), and 42 aneurysms were =4 mm. Sixty-six aneurysms (66%) had a wide
neck, defined as =4 mm or a dome-neck ratio <1.5. There was 1 procedural rupture without sequelae. In 9 patients (9%), thromboembolic
complications occurred. One poor grade patient died; neurologic deficits remained in 3. Overall treatment-related morbidity-mortality
was 4% (4 of 100; 95% Cl, 1.2%-10.2%).

Two of 100 aneurysms were initially incompletely occluded and were additionally treated early after initial intervention. Of 80
eligible patients, 74 (93%) had 3-month angiographic follow-up. Fifty-four aneurysms (73%) were completely occluded, 17 (23%) had
a small neck remnant, and 3 (4%) were incompletely occluded. One patient was additionally treated with a second Woven
EndoBridge, and in 2 patients, additional treatment is scheduled. The overall reopening/retreatment rate was 6.8% (5 of 74; 95% Cl,
2.6%-15.2%). There were no rebleeds during follow-up.

CONCLUSIONS: Treatment of small ruptured aneurysms with the Woven EndoBridge was safe and effective. The Woven EndoBridge

proved to be a valuable alternative to coils without the need for stents or balloons.

ABBREVIATION: WEB = Woven EndoBridge

ndovascular treatment of wide-neck intracranial aneurysms

with coils mostly requires the use of a temporary protection
balloon or a stent. However, this makes the procedure more com-
plicated with a higher chance of complications.'™* With stents,
periprocedural dual antiplatelet therapy is required and has to be
prolonged for 3—6 months. With this antiaggregation regimen,
stent-assisted coiling in ruptured aneurysms has a higher inherent
risk for early rebleed or hemorrhage in the postoperative period.
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Despite antiaggregation, thromboembolic complications still
occur.”

Recently, the intrasaccular flow disruptor Woven EndoBridge
(WEB; Sequent Medical, Aliso Viejo, California) device has been
developed, primarily for the treatment of (bifurcation) wide-neck
aneurysms without the need for adjunctive devices. The first clin-
ical results of the WEB device show good safety and efficacy pro-
files. Most of the published series comprised wide-neck, unrup-
tured aneurysms.®>*

In a previous publication, we presented our first results of the
use of the WEB for all ruptured aneurysms suitable for the device,
regardless of location or neck size.>> Our intention was to avoid
stents in the treatment of ruptured aneurysms. Our strategy was
to treat ruptured wide-neck aneurysms with the WEB or, when
WEB placement was not possible, with coiling or surgery. In this
study, we present the results of this treatment strategy with an
extended cohort of 100 patients with ruptured aneurysms treated
with the WEB.
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MATERIALS AND METHODS

This observational study with prospectively collected data was
compliant with our institutional privacy policy. The institutional
review board gave exempt status for approval and informed
consent. The study was performed in the Elisabeth Tweesteden
Ziekenhuis in Tilburg, the Netherlands.

The WEB

The Woven EndoBridge system is a self-expanding, spherical or
pumpkin-shaped, braided mesh of platinum-cored nitinol wires
that can be deployed in the aneurysm sac. The design of the WEB
device has evolved from a dual-layer configuration (WEB-DL) to
a single-layer version (WEB-SL) with a higher number of nitinol
wires. The WEB-SL device is available in diameters ranging from
4-11 mm and heights ranging from 3—9 mm. The WEB-SLS (Sin-
gle-Layer Sphere) has a spherical shape and is available in diame-
ters ranging from 4-11 mm, each with a fixed height ranging
between 2.6 and 9.6 mm. The WEBs with diameters of 4-7 mm
can be delivered through a 0.021-inch internal diameter micro-
catheter, the WEBs with diameters of 8—9 mm through a 0.027-
inch microcatheter, and the WEBs with diameters of 10—11 mm
through a 0.033-inch microcatheter (VIA 21, 27, and 33; Sequent
Medical). Recently, alower-profile range of WEBs compliant with
a0.017-inch microcatheter (VIA 17) has become available in clin-
ical practice.

Placed in the aneurysm, the WEB modifies the blood flow at
the level of the neck and induces aneurysmal thrombosis. The
WEB can be fully retrieved until final detachment by an electro-
thermal detachment system contained in a hand-held controller.

General Indications in This Study
In our institution, the treatment of patients with ruptured aneu-

rysms is primarily endovascular within 24 hours after admission.
Because of previous poor results with stent-assisted coiling in rup-
tured aneurysms,S from January 2015 onwards, we decided not to
use stents with inherent antiplatelet medication anymore. Wide-
neck aneurysms were treated either with the WEB, with coiling, or
by surgery. Surgery was always an option in good grade patients
with wide-neck anterior circulation aneurysms. In poor grade pa-
tients with wide-neck aneurysms not suitable for endovascular
treatment, surgery was generally postponed several days.

The WEB device was initially developed for the treatment of
wide-neck intracranial aneurysms as an alternative to balloon- or
stent-assisted treatment. After our first encouraging experiences
in unruptured wide-neck aneurysms, during the study period, we
gradually expanded the indication to all aneurysms suitable for
the WEB regardless of neck size, location, or rupture status. Ex-
amples of WEB treatment of ruptured aneurysms are provided in
Figs 1-3.

Under general anesthesia, a microcatheter was advanced into
the aneurysm via a coaxial or triaxial approach. Hence, the aneu-
rysm was occluded with coils or with a WEB. The WEB was
slightly oversized according to recommendations of the manufac-
turer. WEB sizes and shapes were recorded. Apart from heparin in
the pressure bags for flushing (1000 IU/L), no anticoagulation was
used.

Patient demographics and treatment and aneurysm character-

FIG 1. Ruptured anterior communicating artery aneurysm in a 52-
year-old man treated with the WEB. A, 3-mm aneurysm with a rela-
tively small neck treated with a WEB Single-Layer Sphere (4 mm). B,
3-month follow-up angiogram shows complete occlusion.

istics were collected. Clinical grading during admission was ac-
cording to the Hunt and Hess scale, and clinical follow-up was
classified in mRS. For surviving patients, angiographic follow-up
was scheduled at 3 months and 3T MRA follow-up at 6 months.

Quantitative variables were expressed with descriptive statis-
tics, and categoric variables were expressed as frequencies or per-
centages with 95% Cls.

RESULTS

Patients

Between February 2015 and April 2017, 242 patients with a rup-
tured aneurysm were treated in our institution (Fig 4). Of 242
aneurysms, 189 (78%) were treated with endovascular tech-
niques, and 104 of those were treated with the WEB device. Four
patients with vertebral dissection aneurysms were treated with
parent vessel occlusion by using the WEB, and these were ex-
cluded from further analysis. The remaining 100 patients with
ruptured aneurysms selectively treated with the WEB form the
subject of this study.

There were 29 men and 71 women, with a mean age of 59 years
(median, 60 years; range, 23—82 years). The clinical condition at
the time of treatment was Hunt and Hess 1-2 in 53 patients, 3 in
24 patients, and 4-5 in 23 patients. The timing of treatment after
SAH was 0—1 day in 77 patients, 2—4 days in 16 patients, and >4
days in 7 patients. The aneurysm location was the anterior com-
municating artery in 46 patients, the posterior communicating
artery in 22 patients, the MCA in 16 patients, the pericallosal
artery in 7 patients, the basilar tip in 5 patients, the superior cer-
ebellar artery in 2 patients, the carotid tip in 1 patient, and the
vertebral artery in 1 patient. The mean aneurysm size was 5.6 mm
(median, 5 mm; range, 3—-13 mm), and 42 aneurysms were =4
mm. Of 100 aneurysms, 66 (66%) had a wide neck, defined as =4
mm or a dome-neck ratio =1.5. Four patients had 1 additional
unruptured aneurysm treated in the same session, 1 with WEB
and 3 with coils. One patient had 3 additional unruptured aneu-
rysms treated with the WEB in the same session.

Initial Results and Complications
After WEB placement with sealing of the aneurysm neck, the po-
sition of the WEB inside the aneurysm was judged as good in 98 of
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FIG 2. Ruptured wide-neck posterior communicating artery aneurysm in a 62-year-old woman. A, 3D and B, 2D angiograms of a small wide-neck
aneurysm on a fetal posterior cerebral artery. Note 2 blebs on the aneurysm. C and D, The WEB fills the aneurysm with bridging of the neck. E

and F, Contrast stasis in the aneurysm after WEB placement.

100 aneurysms, without filling of aneurysm remnants. In 1 patient
with a 13-mm ruptured pericallosal artery aneurysm, a WEB was
placed to protect the dome only. This aneurysm was later addition-
ally clipped. In 1 patient, the WEB was undersized, but this was only
noticed after detachment. Follow-up angiography after 1 week
showed an aneurysm remnant that was then occluded with coils.

In 2 patients, coils were placed in the aneurysm dome through
a jailed second microcatheter before detachment of the WEB.

WEB sizes and shapes used are displayed in Fig 5. Most WEBs
used (91 of 100) were in the smaller ranges suitable for the VIA 21
microcatheter, and the most frequently used size was 4 mm (43 of
100).

There was 1 procedural rupture by puncture of the dome of a
posterior communicating artery aneurysm with the undeployed
WEB. The bleeding stopped after WEB deployment; the patient
remained unchanged in good grade. In 9 patients, thromboem-
bolic complications occurred. In 7 of those 9 patients, thrombus
was present before WEB placement. Five patients were treated
with thrombosuction (followed by tirofiban in 2) and 4 with tiro-
fiban only. One poor grade patient with incomplete result after
thrombosuction developed a partial MCA infarction and died

2284 van Rooij Dec 2017  www.ajnr.org

(mortality, 1 of 100 [1%]). Neurologic deficits remained in 3 pa-
tients with outcomes of mRS 3 in 2 patients and mRS 2 in 1 patient
(morbidity, 3 of 100 [3%]). In 1 patient, catheterization caused a
dissection of the internal carotid artery, which was successfully
treated with a stent. Overall treatment-related permanent mor-
bidity-mortality was 4% (4 of 100; 95% CI, 1.2%-10.2%).

Clinical Follow-Up

Of 100 patients, 17 died during hospital admission of the sequelae of
SAH. Ofthese 17 patients, 15 were admitted in poor grade (Huntand
Hess 4-5) and 2 in Hunt and Hess 3. One other poor grade patient
died after a thromboembolic complication in an M2 branch during
treatment led to partial right frontal brain infarction. Clinical fol-
low-up in the 82 patients who survived the hospital admission period
was mRS 0-2 in 75 patients and mRS 3-5 in 7 patients. There were
no rebleeds from the ruptured aneurysm during follow-up.

Angiographic Follow-Up

Two patients had early additional treatment of the WEB-treated
ruptured aneurysm. Of the remaining surviving 80 patients, 74
(93%) had 3-month angiographic follow-up. Three patients re-



FIG 3. Small ruptured MCA aneurysm in a 58-year-old woman. A, 3D and B, 2D angiograms show downward-pointing small MCA aneurysm. A,
Native and B, subtracted angiogram after WEB placement. E and F, 3D angiogram at 3 months shows persistent complete occlusion.
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FIG 4. Flow chart of 242 ruptured aneurysms treated between February 2015 and April 2017,
including main reasons to proceed to surgery. PVO indicates parent vessel occlusion; V4, verte-

bral artery segment 4.

fused follow-up angiography. In 3 patients, imaging follow-up is
pending. Of the 74 patients with angiographic follow-up, 54 an-
eurysms (73%) were completely occluded, 6 of those with some
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proximal WEB recess filling.***® Seven-
teen aneurysms (23%) had a small neck
remnant. In 3 patients (4%), the aneu-
rysm was incompletely occluded. In 1 of
those 3 patients, the aneurysm remnant
was additionally treated with a second
WEB, and in 2 patients, additional treat-
ment is scheduled. The reopening/re-
treatment rate was 6.8% (5 of 74; 95%
CI, 2.6%-15.2%).

DISCUSSION

Our results show that we succeeded in
our primary aim to avoid the use of
stents in the treatment of acutely rup-
tured aneurysms by introducing the
WEB. No stents were used in the endo-
vascularly treated ruptured aneurysms,
and in coiled ruptured aneurysms, even
balloon assistance was not used. One

might argue that a larger proportion of wide-neck aneurysms
were allocated to surgery. However, fewer than 1 in 10 ruptured
aneurysms (23 of 242) were referred to surgery for anatomic rea-
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WEB sizes in 100 ruptured aneurysms
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FIG 5. WEB sizes and shapes used in 100 ruptured aneurysms. VIA
indicates the microcatheter used.

sons, mostly because of branches coming from the aneurysm sac
or aneurysms with limited height (over wide or under tall).>* In
our practice, 78% of ruptured aneurysms were treated endovas-
cularly. This proportion is higher than the 66% from a recent
survey in Germany.’° This indicates that the avoidance of the use
of stents by introduction of the WEB was probably not counter-
weighted by increased referral to surgery.

With the use of stents in ruptured aneurysms, complication
rates tend to be higher than with selective coiling because of the
thrombogenicity of the devices and the need for dual antiplatelet
medication with inherent risk in the postoperative period. Most
operators are reluctant to use antiplatelet therapy in the setting of
SAH because of the potential need for a ventriculostomy, the po-
tential for infarction secondary to vasospasm, and the high likeli-
hood of future invasive interventions. Therefore, stent placement
is better avoided in acutely ruptured aneurysms in favor of endo-
vascular techniques that do not mandate dual antiplatelet therapy
or clipping.

With our patient selection for endovascular treatment with the
WEB, the complication rate with this device was low, and the
anatomic results were good. Complications consisted mainly of
thromboembolic events. This may be related to the need for a
more distal access with use of the WEB compared with coiling.
With use of the WEB, a distal access—guiding catheter is indis-
pensable to achieve a stable position of the microcatheter, and
manipulations for distal access may promote thromboembolic
events. In addition, the more frequent need of a triaxial approach
with long sheets may have attributed as well. Of 9 patients with
thromboembolic complications, 6 remained without clinical se-
quelae. In 5 patients with thrombi in the MCA or posterior com-
municating artery, thrombosuction was successful. This recent
therapeutic achievement thus limited the clinical consequences of
thromboembolic complications in our cohort. Procedural rup-
ture with the WEB occurred only once, even though many aneu-
rysms were small or very small. After deployment of the WEB, the
bleeding stopped within a minute. Rupture with the WEB can
only occur at a point when the undeployed WEB begins to exit the
microcatheter. Once the WEB is partially deployed inside the an-
eurysm, the WEB is soft, and rupture can hardly occur.

An essential aspect of the WEB treatment was the sizing. Over-
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sizing the WEB seems crucial to obtain stable results. With over-
sizing, the WEB anchors itself against the aneurysm wall while
bridging the neck completely. Oversizing causes compression
of the WEB width, which in turn results in increased height,
and one has to be sure that the aneurysm can accommodate
this augmented height. Oversizing protects against displace-
ment and overturning and possibly against compression of the
WEB during follow-up. In small aneurysms, oversizing of ap-
proximately 1 mm will usually be sufficient, whereas in larger
aneurysms, 2-mm oversizing is reccommended for stable secur-
ing in the neck.

Anatomic and clinical results with the WEB were good; ade-
quate occlusion (defined as complete occlusion or neck remnant)
at 3-month angiographic follow-up was obtained in 96% (71 of 74
patients with angiographic follow-up). Only 3 aneurysms had re-
opened at 3-month follow-up. Most important, during follow-
up, no rebleeds occurred.

Our anatomic and clinical results in ruptured aneurysms
treated with the WEB are better than in previous WEB series and
also better than general results of coiling.'®***! The technique of
WEB treatment has improved from the first WEB series by the
introduction of lower profile microcatheters and imperative over-
sizing. Our aneurysm population includes small-neck aneurysms,
and most aneurysms were small, with only a few larger than 10
mm. Because reopening over time after coiling occurs more fre-
quently in larger aneurysms, long-term results tend to be better in
a population of small aneurysms.

Limitations of this study include self-reporting of angio-
graphic results and the limited number of patients, keeping con-
fidence intervals rather wide. A strong point of the study is the
almost complete imaging follow-up with use of angiography.

CONCLUSIONS

WEB treatment of ruptured intracranial aneurysms is in our
opinion feasible, effective, and safe. The WEB proved a valuable
alternative to coils in many ruptured aneurysms regardless of lo-
cation or neck size. Introduction of the WEB allowed us to refrain
from the use of adjunctive stents and supporting balloons. Anti-
coagulation in the periprocedural period was not necessary. This
was a great advantage in view of surgical procedures that were
needed in patients with acutely ruptured aneurysms.

In view of our encouraging experiences with the WEB for rup-
tured aneurysms, this treatment has become first choice in our
practice for ruptured aneurysms in sizes between 2 and 10 mm. In
larger aneurysms, coiling is the first option, and in exceptional
cases, surgery is performed.
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COMMENTARY

WEB Device: Ready for Ruptured Aneurysms?

e read with great interest the article by van Rooij et al enti-

tled “WEB Treatment of Ruptured Intracranial Aneu-
rysms: A Single-Center Cohort of 100 Patients.”" Following our
first report on the use of Woven EndoBridge devices (WEB; Se-
quent Medical, Aliso Viejo, California) for ruptured aneurysms,’
this is the fourth publication to emphasize the great interest in
using WEB devices to treat intracranial aneurysms in the acute
phase of a subarachnoid hemorrhage.>* Indeed, the WEB enables
fast procedures and broadens the range of aneurysms suitable for
endovascular treatment without the use of material inside the
parent artery: 2 points that are essential for optimal management
of ruptured cases.

However, although results from these retrospective and un-
controlled cases series are promising, some points still require
further investigation. Because thromboembolic complication
rates appear high in ruptured WEB cases, standard procedural
management of anticoagulation and aggregation should still be
defined here. van Rooij et al reported a 9% thrombotic complica-
tion rate. In a recent meta-analysis,” thrombotic complication
rates were 21% in ruptured cases versus 5% in nonruptured
cases (when patients are usually premedicated with antiplatelet
therapy).

In addition, the major point requiring evaluation before the
expansion of this technique is the protection against bleeding of-
fered by the device compared with standard coiling. Some cases of
early rebleeding previously have been described following WEB
treatment.® We believe that rebleeding is very unlikely in cases in
which WEB sizing and positioning are properly performed be-
cause intra-aneurysmal occlusion is usually very fast in ruptured
cases (especially because no antiplatelet medications are used).
When coils are used, a complete and compact filling of the aneu-
rysm is required to prevent rebleeding. When one uses the WEB
device, we believe that it is essential to ensure complete neck seal-
ing to secure the aneurysm. The best way to do so is to systemat-
ically use a C-arm VasoCT (Philips Healthcare, Best, the Nether-
lands)” before device detachment in ruptured cases.

To address these issues, we have initiated a prospective
multicenter study that follows good clinical practice guidelines:
CLinical Assessment of WEB Device in Ruptured aneurYSms.®

2288 Commentary Dec 2017  www.ajnr.org

The primary outcome measure is the rebleed rate at 1 month. The
enrollment is almost complete, and the results are expected to be
available within 1 year.
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Treatment of Middle Cerebral Artery Aneurysms with Flow-
Diverter Stents: A Systematic Review and Meta-Analysis

D. Mantilla, ““'P.-H. Lefevre, G. Gascou, and “*'V. Costalat

F. Cagnazzo, C. Dargazanli,

ABSTRACT

BACKGROUND: The safety and efficacy of flow-diversion treatment of MCA aneurysms have not been well-established.

PURPOSE: Our aim was to evaluate angiographic and clinical outcomes after flow diversions for MCA aneurysms.

DATA SOURCES: A systematic search of PubMed, MEDLINE, and Embase was performed for studies published from 2008 to May 2017.

STUDY SELECTION: According to Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, we selected studies
with >5 patients describing angiographic and clinical outcomes after flow-diversion treatment of MCA aneurysms.

DATA ANALYSIS: Random-effects meta-analysis was used to pool the following outcomes: aneurysm occlusion rate, procedure-related
complications, rupture rate of treated aneurysms, and occlusion of the jailed branches.

DATA SYNTHESIS: Twelve studies evaluating 244 MCA aneurysms were included in this meta-analysis. Complete/near-complete occlu-
sion was obtained in 78.7% (95% Cl, 67.8%—89.7%) of aneurysms. The rupture rate of treated aneurysms during follow-up was 0.4% per
aneurysm-year. The rate of treatment-related complications was 20.7% (95% Cl, 14%-27.5%), and approximately 10% of complications were
permanent. The mortality rate was close to 2%. Nearly 10% (95% Cl, 4.7%-15.5%) of jailed arteries were occluded during follow-up, whereas
26% (95% Cl, 14.4%—37.6%) had slow flow. Rates of symptoms related to occlusion and slow flow were close to 5%.

LIMITATIONS: Small and retrospective series could affect the strength of the reported results.

CONCLUSIONS: Given the not negligible rate of treatment-related complications, flow diversion for MCA aneurysms should be consid-
ered an alternative treatment when traditional treatment methods are not feasible. However, when performed in this select treatment
group, high rates of aneurysm occlusion and protection against re-rupture can be achieved.

ABBREVIATION: PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses

low-diverter stents have become a feasible and effective treat-

ment for most intracranial aneurysms, and their indications
are constantly extended, including distal aneurysm locations.'™
Commonly, middle cerebral artery aneurysms present with a par-
ticularly complex anatomy because of the frequency of wide-neck
configurations with incorporating MCA branches. Endovascular
treatment of MCA aneurysms can be technically more challeng-
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ing, and in many institutions, surgical treatment is considered the
first option because of the high rate of long-term occlusion with
low surgical morbidity.* However, with the improvement of an-
giographic images, increased operator experience, and the use of
more complex techniques, an increasing number of MCA aneu-
rysms are treated with endovascular techniques.' Recently, flow
diversion has been used as an alternative technique for complex
wide-neck MCA aneurysms, incorporating =1 side branch or in
cases of previous endovascular or surgical failure.”'* However,
the role of flow diversion in this location is controversial, and the
efficacy and safety of this technique remain unclear. We per-
formed a systematic review and meta-analysis of all published
series examining flow diversions for the treatment of MCA aneu-
rysms with the aim of clarifying the following: 1) aneurysm occlu-
sion rate, 2) treatment-related complications and clinical out-
come, and 3) the fate of the MCA side branch covered with the
device.
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MATERIALS AND METHODS

Literature Search

A comprehensive literature search of PubMed, Ovid MEDLINE,
and Ovid Embase was conducted for studies published from 2008
to May 2017. The Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines were followed."
The key words “middle cerebral artery,” “flow-diverter,” “flow
diversion,” “anterior circulation,” “aneurysms,” “pipeline,” and
“endovascular” were used in both “AND” and “OR” combina-
tions. The detailed search strategy is reported in On-line Table 1.
The inclusion criteria were the following: 1) studies reporting
series of patients with MCA aneurysms treated with flow divert-
ers. Exclusion criteria were the following: 1) studies with <5 pa-
tients, 2) review articles, 3) studies published in languages other
than English, 4) in vitro studies, and 5) animal studies. In cases of
overlapping patient populations, only the series with the largest
number of patients or the most detailed data were included. Two
reviewers independently selected the included studies, and a third
author solved discrepancies.

Data Collection

From each study, we extracted the following information: 1)
characteristics and number of MCA aneurysms, 2) aneurysm
occlusion rate and related factors, 3) incidence of aneurysm
rupture after treatment, 4) treatment-related complications,
and 5) angiographic outcome of covered arteries. The rate of
aneurysm occlusion was dichotomized into 2 groups: com-
plete/near-complete occlusion and incomplete occlusion. Ac-
cordingly, the influence of 6 parameters (age, mean aneurysm
size, type of stent used, first treatment versus retreatment, type
of first treatment, and anatomic location of MCA aneurysms)
on the occlusion rates was analyzed. MCA aneurysms were
divided into 3 categories: saccular, fusiform, and blister. Pa-
tients with blister aneurysms (n = 3) were considered for only
the incidence of arterial occlusion after flow-diverter deploy-
ment. On the basis of the location, MCA aneurysms were di-
chotomized into “prebifurcation” (M1 and early cortical
branches) and bifurcation aneurysms (M1-M2 bifurcation
and M2 bifurcation branches).'® Complications related to the
treatment were summarized in 4 categories: ischemic/throm-
boembolic, hemorrhagic, iatrogenic (dissection or perfora-
tion), and perianeurysmal inflammation. The rate of occlusion
and diminished flow of covered branches was analyzed from
only studies that specifically reported the angiographic out-
come of covered arteries. Finally, good outcome was defined as
a modified Rankin Scale score of 0-2 or a Glasgow Outcome
Score of 4-5. In cases in which the mRS and Glasgow Outcome
Score were not reported, good neurologic outcome was deter-
good

» <«

mined if the study used terms such as “no morbidity,
recovery,” or “no symptoms.”

Outcomes
The primary objectives were to define the following: 1) the rate
of MCA aneurysm occlusion, 2) the incidence of treatment-
related complications, and 3) the rate of MCA branch occlu-
sion covered with flow diverters and the incidence of related
symptoms.
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Quality Scoring

The Newecastle-Ottawa Scale'” was used to assess the quality of the
included studies (On-line Table 2) evaluating the following: pa-
tient selection criteria, comparability of the study groups, and
exposure assessment. “High-quality” studies were defined on the
basis of the following: 1) the presence of a predefined study pro-
tocol, 2) defined inclusion and exclusion criteria, 3) adequate
clinical and radiologic follow-up, and 4) detailed information
about treatment-related outcomes. Accordingly, a star rating
of 0-9 was allocated to each study. The quality assessment was
performed by 2 authors independently, and a third author
solved discrepancies. Studies receiving =6 stars were consid-
ered high-quality.

Statistical Analysis

We estimated, from each cohort, the cumulative prevalence and
95% confidence interval for each outcome. Rates of each outcome
were pooled in meta-analyses across studies by using the random-

effects model.'®

We chose this model a priori because it incorpo-
rates both within-study and between-studies variances. This is
recommended when data are heterogeneous. Heterogeneity of the
treatment effect across studies was evaluated with the I” statistic,
in which an I? value of >50% suggests substantial heterogene-
ity.'” We also extracted a 2 X 2 table for each studied outcome for
interaction testing and calculated P values for the comparisons
between the previously mentioned clinical and anatomic charac-
teristics. Meta-regression was not used in this study. Statistical
analysis was performed by using the software program Open-
Meta[Analyst] (http://www.cebm.brown.edu/openmeta/).

RESULTS
Literature Review
The search strategy is summarized in On-line Table 1, and studies
included in our meta-analysis are summarized in Table. The
search flow diagram is shown in On-line Fig 1.

Twelve studies and 244 MCA aneurysms treated with flow-

diverter stents were included in our review.

Quality of Studies

Overall, 8 studies were rated high quality. Seven of the high-qual-
ity studies specifically analyzed flow-diversion treatment of MCA
aneurysms (On-line Table 2). All the high-quality articles re-
ported detailed information about aneurysm occlusion rates,
treatment-related complications, flow modifications of covered
arteries, and adequate length of follow-up.

Patient Population and Aneurysm Characteristics

The mean age of patients was 54.5 years (range, 3—76 years), and
the male/female ratio was 0.6 (On-line Table 3). Overall, 88.1%
(95% CI, 83.4%-91.6%) of treated MCA aneurysms were unrup-
tured, whereas 11.9% (95% CI, 8.3%—16.5%) (median, 1%; IQR,
0.4%-2.5%) were previously ruptured and were treated with coils
or clipping in the acute phase. The median time of flow-diversion
treatment after rupture was 8.5 months (IQR, 3.2-36 months).
Saccular and fusiform aneurysms were 81.1% (95% CI, 75.7%-—
85.5%) and 17.6% (95% CI, 13.3%—-22.9%), respectively. Blister
aneurysms represented 1.3% (95% CI, 0.2%-3.7%) of the lesions.


http://www.cebm.brown.edu/openmeta/

Angiographic outcomes and treatment-related complications

Variables Raw Numbers®  No. of Articles 95% Cl 12 P Value

MCA aneurysm occlusion after flow diversion
Overall rate of complete/near-complete occlusion 137/171 = 78.7% 10 67.8-89.7 76.24 <.001

Factors related to aneurysm occlusion
Mean age (yr) 262

Complete/near-complete occlusion 53.6 yr 4 47.3-59.8 75%
Incomplete occlusion 613 yr 48.9-73.5 95%

Mean size 614
Complete/near-complete occlusion 7 mm 6 3.6-10.3 83.6%
Incomplete occlusion 5.5 mm 0.8-10.1 99%

Complete/near-complete occlusion 38
Retreatment 64% 5 33.9-934 75.2%

Vs Vs
First treatment 73% 63-83.5 0%

Complete/near-complete occlusion 307

Prebifurcation (Ml—early cortical branches) 88.1% 1 79.6-96.7 0%
Vs vs
Bifurcation aneurysms 77.7% 645-895  74.92%

Complications related to treatment and outcome
Overall rate of treatment-related complications 46/213 = 20.7% 1 14-27.5 34.03% 126
Transient or asymptomatic 1.3% 7.6-16.2

Vs Vs 1l 6.8-15.2
Permanent 10.3%
Type of complications
Ischemic/thromboembolic 16.3% 1 10.1-22.6 36.65% 106
Hemorrhagic 2% 0.2-3.9 0% .958
latrogenic (dissection/perforation) 1.8% 0%-135% 0% 973
Perianeurysmal inflammation 2.6% 0.5-47 0% 997
Complications related to discontinuation of antiplatelet therapy ~ 4/46 = 87% 1 2.9-20.8
Aneurysm rupture after treatment 1/214 = 0.47% 12 01-2.8
Overall rate of good outcome 125/135 = 92.7% 7 86.4-99.1 42.08% n
Mortality rate 4/213 = 2% 1 0.2-3.9% 0% 929

Note:— vs indicates versus.
2 Results of meta-analysis.

Overall, 76.3% (95% CI, 70.5%—81.1%) of aneurysms were lo-
cated at the main bifurcation point (M1-M2) or distally (M2),
whereas prebifurcation aneurysms (M1-early cortical branches)
were 23.7% (95% CI, 18.8%—29.5%). Mean aneurysm size was 8.2
mm (range, 2-20 mm).

Treatment Characteristics

The most common device used was the Pipeline Embolization
Device (PED; Covidien, Irvine, California) (71%; 95% CI,
64.1%-75.3%), followed by the Silk flow diverter (Balt Extrusion,
Montmorency, France) device (11.4%; 95% CI, 80.3%—15.9%)
(On-line Table 3). Most of the aneurysms were treated with 1
device (number of stents/aneurysm = 1.14). The flow-diversion
technique was used as a first treatment technique in 75.5% of
patients (95% CI, 69.4%—80.6%).

Digital subtraction angiography was the principal diagnostic
technique. In about 90% of the reported patients, DSA was per-
formed during the early and long-term radiologic follow-up. In
approximately 10% of patients, MRA or CTA was performed dur-
ing the long-term radiologic follow-up.

Angiographic Outcomes and Treatment-Related
Complications

The overall rate of complete/near-complete occlusion during fol-
low-up was 78.7% (95% CI, 67.8%—89.7%) with a 12-month me-
dian duration (IQR, 8.1-16 months) of angiographic follow-up
(Table and On-line Fig 2A). Differences in occlusion rates were

not statistically significant among groups of age, mean aneurysm
size, first treatment versus retreatment, type of first treatment
(endovascular versus surgical), type of device used (PED versus
other stents), and MCA aneurysm location (“prebifurcation” ver-
sus bifurcation aneurysms) (P > .05).

The rate of treatment-related complications was 20.7% (95%
CI, 14%-27.5%) (On-line Fig 2B), and approximately 10% of
complications were permanent. Ischemic/thromboembolic
events were the most common type of complications (16.3%),
followed by perianeurysmal inflammation (2.6%), hemorrhage
(2%), and dissection/perforation (1.8%). The mortality rate after
treatment was 2% (95% CI, 0.2%-3.9%). The rate of complica-
tions related to premature discontinuation of the antiplatelet
therapy was 8.7% (95% CI, 2.9%-20.8%). During follow-up, the
incidence of aneurysm rupture after treatment was 0.47% (95%
CL, 0.1%-2.8%), with a rupture rate of 0.4% per aneurysm-year.
The overall rate of good neurologic outcome after treatment was
92.7% (95% CI, 86.4%-99.1%) with a 12-month median dura-
tion (IQR, 7.5-10.5 months) of clinical follow-up. Considering
the group of patients with a history of aneurysm rupture, the rate
of good neurologic outcome was close to 87% (95% CI,
60.7%-98%).

Outcome of Covered MCA Side Branches
Overall, 174 MCA side branches jailed with flow diverters were
available for the analysis (On-line Table 4). The global rate of
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occlusion of covered arteries was 10.1% (95% CI, 4.7%—15.5%),
whereas 26% (95% CI, 14.4%-37.6%) of cases showed dimin-
ished flow (On-line Fig 3). The mean number of devices across the
ostium of the arteries was similar between arteries with occlusion
and those with normal flow (1.07 versus 1). The incidence of
symptoms (ischemic stroke in the MCA territory) related to MCA
branch occlusion and diminished flow was 2.7% (95% CI, 0.4%—
5%) and 2.6% (95% CI, 0.1%—5.1%), respectively (On-line Fig 4).

Study Heterogeneity

Significant heterogeneity was noted in the analysis of aneurysm
occlusion rates after treatment. In addition, significant heteroge-
neity was reported in the analysis of diminished flow of covered
branches.

DISCUSSION

Our meta-analysis stressed several important findings related to
the flow-diversion treatment of MCA aneurysms. The overall rate
of complete/near-complete occlusion was approximately 80%.
The rupture rate after treatment was low (0.4% per aneurysm-
year), demonstrating that the aneurysms were successfully se-
cured after flow diversion. Most of the lesions were small and
located at the main bifurcation point (M1-M2). The overall com-
plication rate of 20% is not negligible, resulting in permanent
neurologic deficits in approximately 10% of patients and treat-
ment-related mortality in about 2%. Most interesting, most of the
unfavorable outcomes were related to ischemic or thromboem-
bolic complications. Our study also found a remarkable incidence
of occlusion (10%) and diminished flow (25%) of covered MCA
branches, resulting in neurologic symptoms in about 5% of pa-
tients. These findings are important and showed that though flow
diversion is an effective treatment, MCA aneurysms amenable to
flow diversion should be carefully selected, due to the not negli-
gible rates of treatment-related morbidity.

Angiographic Outcomes of MCA Aneurysms after Flow
Diversion

Flow-diverter stents have become a suitable tool for complex,
wide-neck, and anatomically challenging intracranial aneurysms.
However, while large and prospective studies demonstrated the
safety and effectiveness of flow diversion for ICA aneurysms, the
literature is contradictory about the treatment of distal locations,
such as MCA aneurysms. Although surgery still represents an ef-
fective treatment for MCA aneurysms, difficult-to-treat lesions
with conventional endovascular or surgical approaches have in-
creased the use of flow diversion in this location. Overall, previous
series have reported a rate of complete/near-complete occlusion
between 60% and 90% after flow-diversion treatment of MCA
aneurysms.’>'?""*2% The paucity of large and prospective stud-
ies, the heterogeneity of the reported populations, and the rela-
tively short follow-up periods can explain this variation. Our
study, the largest to date, demonstrated that the overall rate of
complete/near-complete occlusion is roughly 80% during a mean
follow-up of 14 months. This result is comparable with the angio-
graphic occlusion rates of ICA aneurysms after flow diversion. In
a recent prospective study of nearly 200 aneurysms, Kallmes et al®
reported 75% complete occlusion after Pipeline treatment. Simi-
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larly, in a large meta-analysis of nearly 1700 aneurysms, the com-
plete occlusion rate was close to 76%.>"

Aneurysms of the MCA often arose from the main division
point (bifurcation aneurysms), whereas in nearly 20% of cases,
they originated from an early cortical branch (temporal or fron-
tal).'® Early cortical branch aneurysms have a close relation with
perforators, whereas bifurcation aneurysms are close to or incor-
porate M2 branches, influencing the outcomes after surgical or
endovascular treatment.'> Very few articles analyzed differences
in endovascular treatments for different MCA aneurysm loca-
tions, and it is possible that in the literature, most of the early
cortical branch aneurysms are referred to as bifurcation aneu-
rysms. Topcuoglu et al,'? in a series of 29 MCA aneurysms treated
with flow diversion, reported better angiographic results among
lesions located at the prebifurcation point (M1 or early bifurca-
tions), compared with MCA bifurcation aneurysms (85% versus
60% of complete/near-complete occlusion). In addition, unsatis-
factory aneurysm occlusion was significantly related to the pa-
tency of the arterial branches originating from it. Our study
demonstrated that the prevalence of complete/near-complete oc-
clusion was slightly higher for aneurysms located at the prebifur-
cation point, compared with bifurcation (M1-M2) or more distal
aneurysms (M2), though the result did not reach statistical signif-
icance (88% versus 77%, P = .3). In addition, there were no dif-
ferences in occlusion rates between aneurysms treated with the
PED and other types of stents. Similarly, we found that occlusion
rates among younger patients and the first-treatment group ver-
sus the retreatment group appeared slightly higher, but without
statistical relevance. However, among retreatment groups, com-
plete/near-complete occlusion after flow diversion was slightly
higher for aneurysms previously treated with coiling or stent-
assisted coiling (89%), compared with aneurysms previously
treated with clipping (63%), though the results were not statisti-
cally significant. Finally, the rupture rate after treatment of 0.4%
per aneurysm-year showed that flow diversion gives an effective

protection against aneurysm rupture.*>

Treatment-Related Complications

In general, treatment-related morbidity after flow diversion is re-
ported to be between 4% and 10%.”**~> Our meta-analysis pro-
vides more representative data on complication rates after flow-
diverter treatment of MCA aneurysms. This location should be
considered separately in terms of technical complexity and treat-
ment-related outcomes. The overall incidence of complications
close to 20% is not negligible. Most important, permanent com-
plications were approximately 10%, whereas the mortality rate
after treatment was 2%. However, the literature is still contradic-
tory about flow diversion among MCA aneurysms, and despite
some authors concluding that it seems a reasonable treatment,”"?
others reported that it is not a suitable solution for aneurysms in
this location.® Our study showed that most of the reported com-
plications were related to ischemic or thromboembolic events
(16%). Compared with the general rate of ischemic complications
related to flow diversion, MCA location appears associated with a
higher risk of ischemic injury. In the IntrePED** study, as well as

21,26

in other large studies, the rate of acute ischemic stroke was



close to 5%, with most of the reported events occurring in the
early postoperative period.

A number of important mechanisms can explain the incidence
of postoperative infarction after flow-diversion treatment of
MCA aneurysms, such as perioperative catheter-related throm-
boemboli, acute/subacute in-stent thrombosis, or particle emboli
from the devices.””"** In our study, nearly 9% of ischemic com-
plications were associated with discontinuation of the antiplatelet
therapy, which showed the close relationship between ischemic
injury and antiplatelet function.’® Another important factor is the
risk of perforating injury due to coverage of lenticulostriate arter-
ies. Multiple overlapping devices*® or undersized stents with
more condensed pores and higher mesh density”' can increase the
risk of perforator occlusion. In a series of 17 anterior circulation
aneurysms, 12 of them arising from the MCA, Gawlitza et al*°
reported 40% ischemic events after coverage of perforator arteries
with flow-diverter stents, though most were asymptomatic. De-
spite the high rate of complications, most of the MCA aneurysms
treated with flow diverters were anatomically complex, increasing
the risk of procedure-related complications. Accordingly, when
more complex endovascular techniques are required, such as X-
and Y-stent placement or stent-assisted coiling, a large series and
meta-analysis reported permanent complications between 4%
and 10%.7>*

Angiographic Outcome of Covered Side Branches
Placement of flow-diverter stents at the bifurcation points behind
the circle of Willis has a potential risk of arterial occlusion. Due to
the mechanical properties of the stent, the pressure gradient
across the jailed branch is reduced, and if the “flow competition”
from the collateral supply is well-represented, the artery can be
occluded.” MCA bifurcation presents an anatomic configuration
without direct collateral arterial connection, and the anastomotic
circulation is only with corticopial branches. Our study found
10% occlusion of covered MCA branches. In addition, remodel-
ling of jailed arteries, such as slow flow or arterial narrowing, was
present in about 25% of cases. Among large series of flow diverters
covering ICA branches, the rates of side branch occlusion are
close to 18% for the posterior communicating artery”>>” and 5%
for the ophthalmic and anterior choroidal arteries, with rates of
related symptoms close to 1%.>>**** In our study, approximately
5% of patients with occluded or narrowed MCA branches were
symptomatic due to transient ischemic events.

Strengths and Limitations

Our study has several limitations. First, I? results were above 50%
for many of the estimates, suggesting substantial heterogeneity
among the analyzed outcomes. The articles were often small, ret-
rospective, and single-institution series, affecting the strength of
the reported results. Factors related to procedural complications
were not assessed, due to the scant data available. Details of the
management of antiplatelet therapy were variable and infre-
quently specified. Finally, the small number of cases in some sub-
groups may not provide sufficient power to demonstrate a statis-
tically significant difference in the rates of occlusion among age
groups, different aneurysm sizes, prebifurcation-versus-bifurca-
tion aneurysms, type of stent used, first treatment versus retreat-

ment, and type of first treatment. However, although retrospec-
tive data are low in quality, our meta-analysis is the best available
evidence to guide neurointerventionalists during flow-diversion
treatment of MCA aneurysms.

CONCLUSIONS

Flow diversion for MCA aneurysms should only be considered as
salvage therapy when traditional treatment methods are unfeasi-
ble, given the 10% rate of permanent neurologic morbidity. How-
ever, when performed in this select treatment group, high rates of
aneurysm occlusion and protection against re-rupture can be
achieved.
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Predictors of Incomplete Occlusion following Pipeline
Embolization of Intracranial Aneurysms:
Is It Less Effective in Older Patients?

N. Adeeb, ““'J.M. Moore, ““’M. Wirtz, “*'C. Griessenauer, “*'P.M. Foreman, ““'H. Shallwani, ““R. Gupta, ““’A.A. Dmytriw,
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ABSTRACT

BACKGROUND AND PURPOSE: Flow diversion with the Pipeline Embolization Device (PED) for the treatment of intracranial aneurysms
is associated with a high rate of aneurysm occlusion. However, clinical and radiographic predictors of incomplete aneurysm occlusion are
poorly defined. In this study, predictors of incomplete occlusion at last angiographic follow-up after PED treatment were assessed.

MATERIALS AND METHODS: A retrospective analysis of consecutive aneurysms treated with the PED between 2009 and 2016, at 3
academic institutions in the United States, was performed. Cases with angiographic follow-up were selected to evaluate factors predictive
of incomplete aneurysm occlusion at last follow-up.

RESULTS: We identified 465 aneurysms treated with the PED; 380 (81.7%) aneurysms (329 procedures; median age, 58 years; female/male
ratio, 4.8:1) had angiographic follow-up, and were included. Complete occlusion (100%) was achieved in 78.2% of aneurysms. Near-complete
(90%-99%) and partial (<90%) occlusion were collectively achieved in 21.8% of aneurysms and defined as incomplete occlusion. Of
aneurysms followed for at least 12 months (211 of 380), complete occlusion was achieved in 83.9%. Older age (older than 70 years),
nonsmoking status, aneurysm location within the posterior communicating artery or posterior circulation, greater aneurysm maximal
diameter (=21 mm), and shorter follow-up time (<12 months) were significantly associated with incomplete aneurysm occlusion at last
angiographic follow-up on univariable analysis. However, on multivariable logistic regression, only age, smoking status, and duration of
follow-up were independently associated with occlusion status.

CONCLUSIONS: Complete occlusion following PED treatment of intracranial aneurysms can be influenced by several factors related to
the patient, aneurysm, and treatment. Of these factors, older age (older than 70 years) and nonsmoking status were independent
predictors of incomplete occlusion. While the physiologic explanation for these findings remains unknown, identification of factors
predictive of incomplete aneurysm occlusion following PED placement can assist in patient selection and counseling and might provide
insight into the biologic factors affecting endothelialization.

ABBREVIATION: PED = Pipeline Embolization Device

he flow-diverting Pipeline Embolization Device (PED; Covi-
dien, Irvine, California) has become a mainstay for the treat-
ment of intracranial aneurysms.' The device was approved by the
US Food and Drug Administration in 2011 for the treatment of
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large or giant, wide-neck brain aneurysms along the internal ca-
rotid artery in adults.> Numerous studies have since demon-
strated the safety and efficacy of the PED in treating aneurysms
with varying morphologies in different anatomic locations.”® As
the clinical indications for PED placement expand, predictors of
radiographic outcomes have become a topic of ongoing investi-
gation. Although I study found that fusiform aneurysm morphol-
ogy and shorter follow-up length were independent predictors of
incomplete occlusion, this study was limited by a small sample
size and a mean follow-up of 6.1 months.” The expanding use of
PEDs for treating intracranial aneurysms necessitates an evalua-
tion of predictors of incomplete occlusion.

MATERIALS AND METHODS
A retrospective analysis of consecutive aneurysms treated with
PED placement between 2009 and 2016 at 3 academic institutions
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(Beth Israel Deaconess Medical Center; Department of Neurosur-
gery, University of Alabama at Birmingham; and State University
of New York at Buffalo) in United States was performed. Inclu-
sion criteria consisted of all adult patients with intracranial aneu-
rysms treated with the PED who had undergone angiographic fol-
low-up. Both ruptured and unruptured aneurysms were included; all
aneurysm morphologies (ie, saccular, blister, fusiform, dissecting)
and intracranial locations were included. Institutional review board
approval was obtained at all 3 centers before the commencement of
the study. We collected the following information: patient demo-
graphics, aneurysm and PED characteristics, procedural complica-
tions, and angiographic and functional outcomes.

Procedural Details

Patients received aspirin, 325 mg, and clopidogrel, 75 mg daily,
for 3-14 days before the intervention. Platelet function testing was
routinely performed with a whole-blood Lumi-Aggregometer
(Chrono-Log, Havertown, Pennsylvania), light transmission ag-
gregometry, or the VerifyNow P2Y12 assay (Accumetrics, San Di-
ego, California). Clopidogrel nonresponders were identified on
the basis of established cutoff values at the individual institutions,
and manufacturers’ recommendations were used for guidance. If
a patient was identified as a clopidogrel responder, the clopidogrel
was continued. If a patient was identified as a clopidogrel nonre-
sponder, the choice to continue the same dose of clopidogrel,
administer a 1-time 600-mg clopidogrel boost within the 24 hours
before the procedure, or switch to ticagrelor was at the discretion
of the interventionalist performing the procedure. Patients un-
dergoing treatment of a ruptured aneurysm received a loading
dose of aspirin, 650 mg, and clopidogrel, 600 mg, before the
intervention.

Patients underwent local anesthesia with sedation or general
anesthesia at the discretion of the individual institutions, and all
patients were anticoagulated with heparin throughout the proce-
dure. The type of guide catheter and microcatheter used for PED
deployment was at the discretion of the individual institutions.
The deployment and apposition of the PED to the ICA wall was
documented by fluoroscopy. Dual-antiplatelet therapy was con-
tinued for at least 3 months after the procedure, and aspirin was
continued indefinitely thereafter.

Angiographic Outcome
Angiographic outcome was assessed with digital subtracted an-
10,11

giography or MR angiography on the basis of the follow-up
protocols at the discretion of each individual institution. In 1
institution, patients were imaged and reviewed at 6 months post-
procedure with DSA, then at 2 and 5 years with DSA or MRA. In
the second institution, patients were reviewed at 6 and 12 months
postprocedure with MRA, then annually until 5 years with MRA.
In the third institution, patients were followed at 3 and 6 months
postprocedure with MRA, at 12 months with DSA, and then an-
nually until 5 years with MRA. Aneurysm occlusion on follow-up
DSA was assessed by the treating interventionalist. Follow-up
MRAs were assessed by a radiologist blinded to the clinical
history and an interventionalist. Occlusion was categorized as
complete occlusion (100%), near-complete occlusion (90%-—
100%), and partial occlusion (<90%). Both near-complete
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and partial occlusion were collectively defined as incomplete
occlusion.

Outcome
Functional outcome was assessed with the modified Rankin Scale
at last follow-up by the interventionalist at each institution.

Statistical Analysis

Statistical analysis was performed with SPSS 21.0 (IBM, Armonk,
New York). In univariable analysis, variables were compared
among groups with the nonparametric test for continuous vari-
ables and the ” test for categoric variables, to identify predictors
of incomplete occlusion. Statistical significance was defined as
P < .05. Multivariable logistic regression was performed on can-
didate predictor variables to identify variables independently as-
sociated with incomplete occlusion at last angiographic follow-up
after controlling for potential confounders.

RESULTS

Baseline and Aneurysm Characteristics

A total of 465 aneurysms treated with PED placement at the 3
institutions were identified. Of these, 380 (81.7%) aneurysms
treated by 329 PED procedures (median age, 58 years; female/
male ratio, 4.8:1) had angiographic follow-up and were included
in this study. Current smoking and multiple aneurysms were
present in 25.8% and 45% of procedures, respectively. The pre-
treatment mRS was 02 in 95.4% of procedures and 3-5 in 4.6%.
Treatment in the setting of immediate aneurysmal subarachnoid
hemorrhage occurred in 3% of procedures. Aneurysms were
mostly located along the ICA (83.2%), followed by the posterior
circulation (13.4%). Most aneurysms were saccular (67.6%) or
fusiform (26.9%). The median maximal diameter and neck size
were 7.7 and 4 mm, respectively. A daughter sac was present in
24.7% of aneurysms (Table 1).

Treatment Outcome

Assingle PED was used in the treatment of 77.5% of procedures, while
=2 PEDs were placed in 22.5%. The median length of angiographic
follow-up was 13.5 months (mean, 19.2 months). At last follow-up,
complete occlusion (100%) was achieved in 78.2% of aneurysms,
while near-complete occlusion (90%-99%) was achieved in 7.6%,
and partial occlusion (< 90%), in 14.2%. Of aneurysms followed for
at least 12 months (211 of 380), complete occlusion was achieved in
83.9%. Retreatment was performed in 6.3% of aneurysms and was
exclusively endovascular. Atlast follow-up, the mRS scores improved
in 33.4% and worsened in 8.8%; this percentage included patients
presenting with aneurysmal SAH. Symptomatic thromboembolic
complications were encountered in 5.2% of procedures, and
symptomatic hemorrhagic complications, in 1.8%. The mor-
tality rate was 1.2% (4 cases); this was due to either ischemic
stroke (2 cases), early postprocedure hemorrhage (1 case), or
pretreatment aneurysmal SAH (1 case) (Table 2).

Predictors of Incomplete Occlusion

On univariable analysis, older age (older than 70 years, P = .002),
nonsmoking status (P = .005), aneurysm location within the pos-
terior communicating artery or posterior circulation (P = .01),



Table 1: Baseline characteristics

Table 2: Outcome measures

Parameter No. Parameter No.
No. of procedures 329 No. of Pipelines
No. of aneurysms 380 1 255 (77.5%)
Sex 2 52 (15.8%)
Female 272 (82.7%) =3 22(6.7%)
Male 57 (17.3%) Platelet function test
Median age (range) (yr) 58 (18-82) Yes 316 (96%)
Smoking 85(25.8%) No 13 (4%)
Multiple aneurysms 148 (45%) Clopidogrel responder
Pretreatment mRS Yes 228 (72.2%)
0-2 314 (95.4%) No 88 (27.8%)
3-5 15 (4.6%) Nonresponders’ treatment
Aneurysm location Switch to ticagrelor 27 (30.7%)
ICA Clopidogrel boost 39 (44.3%)
Petrous 7 (1.8%) Same dose of clopidogrel 22 (25%)
Cavernous 63 (16.6%) Last angiographic follow-up (median) 13.5 (1-83)
Paraophthalmic 212 (55.8%) (range) (mo)
PcomA 34 (9%) Follow-up occlusion rate
ACA/AcomA 5(1.3%) Complete (100%) 297 (78.2%)
MCA 8(2.1%) Near-complete (90%—99%) 29 (7.6%)
Posterior circulation 51(13.4%) Partial (<90%) 54 (14.2%)
Aneurysm shape Retreatment
Saccular 257 (67.6%) Endovascular 24 (6.3%)
Blister 11(2.9%) Posttreatment mRS
Fusiform 102 (26.9%) 0-2 314 (95.6%)
Dissecting 10 (2.6%) 3-5 1(3.3%)
Aneurysm measurements (median) (range) (mm) 6 (Death) 4(1.2%)
Maximal diameter® 7.7 (1-44.5) Follow-up mRS
Neck size (for saccular aneurysms)® 4 (1-15.6) Improved 110 (33.4%)
Dome-to-neck ratio (for saccular aneurysms)® 1.3(0.4-3.5) No change 190 (57.8%)
Daughter sac 94 (24.7%) Worsened 29(8.8%)
Subarachnoid hemorrhage Neurologic complications
Acute (<2 wk) 10 (3%) Thromboembolic 31(9.4%)
Remote (>2 wk) 32(9.7%) Symptomatic 17 (52%)
Prior treatment Hemorrhagic 1(3.3%)
Endovascular 33(8.7%) Symptomatic 6(1.8%)
Operation 6 (1.6%)
Both 4(11%)

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

“Data are missing for 11 aneurysms.

® Data are missing for 41 aneurysms.

larger aneurysm maximal diameter (=21 mm, P = .03), and
shorter follow-up time (<12 months, P = .001) were associated
with significantly higher rates of incomplete occlusion at last fol-
low-up (On-line Table).

Significant predictors of incomplete occlusion at last fol-
low-up in univariable analysis were further analyzed in multivari-
able logistic regression. Older age (older than 70 years; OR, 2; 95%
CI, 1.1-3.8; P = .03; Figure), nonsmoking status (OR, 2; 95% CI,
1.1-3.9, P = .03), and shorter follow-up time (<12 months; OR,
2;95% CI, 1.2-3.5; P = .007) were independently associated with
a higher rate of incomplete occlusion at last follow-up (Table 3).

DISCUSSION

In this study, we report a multicenter experience with PED place-
ment for the treatment of intracranial aneurysms, with a focus on
identifying predictors of incomplete occlusion at last angio-
graphic follow-up. Complete occlusion was achieved in 79.7% of
cases. Although several patient- and aneurysm-related factors
were significantly associated with a higher rate of incomplete an-
eurysm occlusion on univariable analysis, only age, smoking sta-

tus, and length of follow-up were independently associated with
occlusion status.

Predictors of Aneurysm Occlusion

Predictors of complete occlusion and recanalization following en-
dovascular treatment of intracranial aneurysms have been re-
cently studied.'** Ruptured aneurysms, smaller maximal diam-
eter, smaller neck size, and regular shape were independently
associated with complete occlusion.'? Ogilvy et al'> developed a
scoring system to predict aneurysm recanalization following coil
embolization. Larger maximal diameter (>10 mm), ruptured an-
eurysm status, the presence of an intra-aneurysmal thrombus,
and incomplete obliteration immediately after aneurysm treat-
ment were each associated with a higher risk of recurrence. The
presence of assist devices (stents or flow diverters), meanwhile,
was associated with a lower risk of recanalization.'>"*

Jabbour et al® reported predictors of incomplete aneurysm
occlusion at last follow-up after treatment with PED placement.
In their study, fusiform shape (P = .05) and, unsurprisingly,
shorter follow-up time (P = .03) were independent predictors of
incomplete occlusion. However, only 73 aneurysms had angio-
graphic follow-up, with a mean length of 6.1 months. In our
study, with a mean follow-up of 19.2 months, the morphology of
the aneurysm had no significant effect on occlusion status. How-
ever, shorter follow-up length (<12 months) was significantly
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FIGURE. Age-related variation in the rate of complete occlusion following intracranial aneu-

rysm treatment with PEDs.

Table 3: Multivariable logistic regression for predictors of
incomplete occlusion at last follow-up

Parameter OR  95%ClI P Value
Age (older than 70 yr) 2.0 11-3.8 .03
Nonsmokers 2.0 11-3.9 .03
PcomA/posterior circulation 1.6 0.9-2.9 13
Maximal diameter (=21 mm) 21 0.9-47 .08
Length of follow-up (<12 months) 21 12-3.5 .007

Note:—PcomA indicates posterior communicating artery.

associated with a lower occlusion rate, which is consistent with

: 5
previous reports.g’1 16

Age-Related Variation in Occlusion Rates
A meta-analysis of endovascular coiling of intracranial aneurysms in
elderly patients (older than 65 years) reported a 66% complete or
near-complete occlusion rate immediately after the procedure,
which improved to 74% at 6- to 12-month follow-up and 86% at
>12 months.'” This compares poorly with a 90% complete or near-
complete immediate occlusion rate following coil embolization of
intracranial aneurysms, when all age groups are considered.'®"?

In this study, we found that older age (older than 70 years) was
a significant predictor of incomplete occlusion at last follow-up.
This is the first study to specifically evaluate age and its impact on
aneurysm occlusion rates following flow diversion, to our knowl-
edge. There was a tendency for aneurysms to be located within the
posterior circulation in this age group compared with younger
patients (25% versus 10.9%, P = .001), which may influence this
finding. Nevertheless, the difference in occlusion rates remained
significant after controlling for aneurysm location, which further
supported the independent correlation between older age (older
than 70 years) and incomplete occlusion. There was no significant
difference in the duration of follow-up in older patients compared
with younger patients.

As one might expect, as patients age, the risk of complications
appears to increase. Brinjikji et al,*° in a large multicenter study
on complications associated with PED placement, found that
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cal for endothelial wall remodeling),
inflammatory modulators, and growth
factors.?? In animal models, complete or
near-complete endothelialization, which
can occur as rapidly as within the first 7 days, is necessary to
ensure complete obliteration of the aneurysm.>* In a histologic
study of giant aneurysms that had undergone flow-diversion
treatment and had failed to occlude, lack of endothelialization was
predominantly found in patients in their 60s.>* It may be that the
endothelial cells in the cerebral vasculature have a diminished
capacity for regeneration and migration across the flow-diverter
surface, similar to the reduction in neural stem cell proliferation
and differentiation potential in the aging brain.”>*® While this
hypothesis requires further investigation, it raises the tantalizing
possibility of coating flow diverters with factors that may enhance
endothelialization and may be absent in the cellular milieu of the
elderly.

Length of Follow-Up

As was previously discussed, an important physiologic mecha-
nism for aneurysm occlusion following PED treatment is endo-
thelialization along the length of the device, which results in di-
version of blood flow away from the aneurysm sac.>” This process
is gradual and varies in duration from months to years. Accordingly,
longer angiographic follow-ups for aneurysms treated with the PED
may be necessary to demonstrate aneurysm occlusion. Prior studies
have supported this hypothesis and have found that shorter angio-
graphic follow-up is associated with a decreased aneurysm occlusion

rate, with longer duration having the opposite effect.”'>'¢

Effect of Cigarette Smoking

Smoking is one of the significant modifiable risk factors for aneu-
rysm formation and increased risk of aneurysm rupture.**->° Or-
tiz et al’! have previously reported a correlation between current
smoking status and an increased risk of aneurysm recurrence.
However, in that study, the authors stratified smoking status into
never/nonsmokers and former/current smokers, despite smoking
secession decreasing the risk of vascular inflammation and related
malformations.*> Therefore, with appropriate stratification of



current smoking as a separate category, there was no significant
effect on aneurysm recurrence or retreatment after endovascular
treatment.'>?° Similarly, Rouchaud et al®® found no significant
correlation between smoking status and aneurysm occlusion fol-
lowing PED placement. In our study, smoking was associated
with a higher rate of aneurysm occlusion. Although this finding
can be attributed to the relatively small sample size, it might also
be related to an increased rate of intra-aneurysmal thrombosis.
Smoking is a well-known risk factor for thrombus formation in
other pathologies, including cancer, cardiac stent thrombosis,
and ischemic stroke. It may be that its prothrombotic effects am-
plify those of the PED.***® These findings support an earlier

133

statement by Rouchaud et al”” that smoking status should not be

a factor for excluding patients from PED embolization of intra-
cranial aneurysms.

Limitations

We acknowledge that our study is limited by its retrospective na-
ture with all the inherent biases associated with such a study de-
sign. Although the inclusion of multiple institutions improves the
generalizability of the findings, it introduces variability in patient
management, follow-up protocols, imaging studies used, and
evaluation of aneurysm occlusion. Moreover, some aneurysm
measurements were missing.

CONCLUSIONS

Complete occlusion following PED treatment of intracranial an-
eurysms is influenced by patient characteristics and technical fac-
tors. Older age (older than 70 years) and nonsmoking status were
independent predictors of incomplete occlusion. While the phys-
iologic explanation for these findings remains unknown, the
identification of factors predictive of incomplete aneurysm occlu-
sion following PED placement can help in directing further re-
search on the appropriate clinical use of flow-diversion devices.
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Hemodynamic Characteristics of Ruptured and Unruptured
Multiple Aneurysms at Mirror and Ipsilateral Locations
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ABSTRACT

BACKGROUND AND PURPOSE: Different hemodynamic patterns have been associated with aneurysm rupture. The objective was to test
whether hemodynamic characteristics of the ruptured aneurysm in patients with multiple aneurysms were different from those in
unruptured aneurysms in the same patient.

MATERIALS AND METHODS: Twenty-four mirror and 58 ipsilateral multiple aneurysms with 1 ruptured and the others unruptured were
studied. Computational fluid dynamics models were created from 3D angiographies. Case-control studies of mirror and ipsilateral aneu-
rysms were performed with paired Wilcoxon tests.

RESULTS: In mirror pairs, the ruptured aneurysm had more oscillatory wall shear stress (P = .007) than the unruptured one and tended to
be more elongated (higher aspect ratio), though this trend achieved only marginal significance (P = .03, T-sided test). In ipsilateral
aneurysms, ruptured aneurysms had larger maximum wall shear (P = .05), more concentrated (P < .001) and oscillatory wall shear stress (P <
.001), stronger (P < .001) and more concentrated inflow jets (P < .001), larger maximum velocity (P <.001), and more complex flow patterns
(P <.001) compared with unruptured aneurysms. Additionally, ruptured aneurysms were larger (P << .001) and more elongated (P < .001) and
had wider necks (P < .001) and lower minimum wall shear stress (P < .001) than unruptured aneurysms.

CONCLUSIONS: High wall shear stress oscillations and larger aspect ratios are associated with rupture in mirror aneurysms. Adverse flow
conditions characterized by high and concentrated inflow jets; high, concentrated, and oscillatory wall shear stress; and strong, complex
and unstable flow patterns are associated with rupture in ipsilateral multiple aneurysms. In multiple ipsilateral aneurysms, these unfavor-
able flow conditions are more likely to develop in larger, more elongated, more wide-necked, and more distal aneurysms.

ABBREVIATIONS: CORELEN = vortex core-line length; max = maximum; min = minimum; OSI = oscillatory shear index; PODENT = proper orthogonal decom-
position entropy; WSS = wall shear stress

unruptured cerebral aneurysms are diagnosed with increas-
U ing frequency, but despite the relatively low risk of rupture
(estimated at 0.3%—-3%") and because of high mortality and dis-
ability rates (estimated at 45% mortality in the first year” and 64%
disability of survivors?), patients often undergo preventive inter-
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vention, which is not without risk of complications (estimated at
10%-14% combining perioperative morbidity and mortality*).
Therefore, it is imperative to properly select patients, avoiding
unnecessary and relatively risky procedures. Selection is particu-
larly important in patients with multiple aneurysms (about 15%—
35% of all patients with cerebral aneurysms>®) because in these
cases, clinicians need to decide whether to treat each of the lesions,
which may require multiple interventions, depending on accessi-
bility and treatment technique (surgical or endovascular).”

The process underlying the rupture of a cerebral aneurysm is
highly complex, and the principal factors leading to this event are
largely unknown."*® Numerous features have been investigated as
possible rupture risk factors: location, size, sex, age, family history,
smoking, alcohol, and hypertension.” Size and location have been
identified as the most important aneurysm-specific predictors of
rupture in both single and multiple aneurysms.'® However, it is well-
known that small aneurysms do rupture, including in cases of mul-
tiple aneurysms.® Therefore, it is important to identify additional
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independent characteristics to improve the risk assessment of pa-
tients with multiple aneurysms. Among all the factors involved, the
hemodynamics of the lesion are thought to be one of the fundamen-
tal players,'" interacting with the wall biology, which, in turn, drives
the degradation of the wall structure and its mechanical strength.

Multiple aneurysms, in addition to being clinically very im-
portant and challenging, offer the unique opportunity for com-
paring ruptured (cases) and unruptured (controls) aneurysms
while perfectly controlling for patient-related confounding fac-
tors such as sex, age, family history, previous hemorrhage, smok-
ing, alcohol, drugs, and hypertension. Thus, the objective of this
study was to test whether hemodynamic characteristics of the
ruptured aneurysm in patients with multiple aneurysms were dif-
ferent from those of unruptured aneurysms in the same patient.
This information is important not only to identify hemodynamic
factors that could be used to assess which aneurysms are at higher
risk of progressing toward rupture but also to better understand
the mechanisms that drive the progressive degradation of the wall
and ultimately result in aneurysm rupture.

MATERIALS AND METHODS

Image and Patient Data

We have developed a data base of cerebral aneurysms imaged with
3D rotational angiography, mainly from Inova Fairfax Hospital
(Northern Virginia), Mt. Sinai Medical Center (New York), and the
Mayo Clinic (Rochester, Minnesota). This data base contains 3D
rotational angiography images along with basic information, includ-
ing aneurysm rupture status and location and size of >2000 cerebral
aneurysms. The data have been anonymized; and the study was ap-
proved by the George Mason University institutional review board.
For this study, 2 subsets of multiple aneurysms were considered, as
detailed below.

Mirror Aneurysms

The first subset included mirror aneurysm pairs—that is, 2 aneu-
rysms at the same anatomic location on each side. Furthermore,
only mirror pairs with 1 ruptured and the other unruptured were
considered. Forty-eight mirror aneurysms (24 ruptured and 24
corresponding contralateral unruptured ones) in 24 patients (21
[87.5%] women, 3 [12.5%] men; mean age, 52.9 * 13.3 years; age
range, 23— 81 years) were included in the study. Of the 24 pairs, 7
(29%) were middle cerebral artery bifurcation aneurysms, while
the remainder (17, 71%) were sidewall or lateral aneurysm pairs.

Ipsilateral Multiple Aneurysms

The second subset included multiple ipsilateral aneurysms—that
is, multiple aneurysms along the same arterial tree. Again, only
cases with 1 ruptured and =1 unruptured aneurysm on the same
arterial tree were considered. There were 58 patients (44 [76%]
women, 13 men [22.4%], and 1 unknown; mean age, 58 +14.7
years; age range, 28—88 years). This subset included 144 aneu-
rysms, including 58 ruptured and 86 unruptured ones. There
were 97 bifurcation (67%), and 47 lateral (33%) aneurysms.

Vascular and Blood Flow Modeling
Image-based computational fluid dynamics models of all 192 an-
eurysms (48 mirror and 144 ipsilateral aneurysms) were con-
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structed from the corresponding 3D rotational angiography im-
ages using previously described methods.'>'> For mirror pairs, 2
vascular models were independently constructed for the left and
right sides; while for the ipsilateral cases, a single model, including
all ipsilateral aneurysms, was created. Numeric simulations were
performed under pulsatile flow for 2 cardiac cycles using a solver
developed in-house."* Blood was assumed to have Newtonian
viscosity, and vessel wall compliance was neglected. The inflow
conditions were derived from a phase-contrast MR imaging scan
of a healthy subject that was scaled with the inflow vessel cross-
sectional area.'® Fully developed velocity profiles were prescribed
at the inlets, while outflow boundary conditions were selected to
produce flow divisions consistent with the Murray principle of
minimal work. Results from the second simulated cardiac cycle
were analyzed. Different aspects of the aneurysmal hemodynamic
environment, including the wall shear stress distribution, the in-
flow jet, and the intra-aneurysmal flow pattern, were studied. Dif-
ferent variables or metrics were defined to capture different char-
acteristics of the flow.'®'” A few additional geometric variables
were computed from the reconstructed vascular models. The
variables considered (On-line Appendix) are listed in On-line Ta-
bles 1-4. For ipsilateral aneurysms, an extra variable that assigns
an increasing value for more distal aneurysms (thus called the
“distality coordinate”) was introduced (On-line Table 5).

Data Analysis
Matched case-control studies were performed for both mirror
and ipsilateral aneurysms.

Mirror Aneurysms

The hemodynamic (and geometric) characteristics of ruptured
(cases) and unruptured (controls) aneurysms in mirror pairs
were compared with a 2-sided paired Wilcoxon test. Differences
were considered significant if P < .05. By considering case-con-
trol pairs of the same patient, all patient-specific characteristics
(eg, sex, age, comorbidities, habits, genetics, and so forth) were
matched. Furthermore, in mirror pairs, aneurysm location was
also matched by definition. The flow rate in the parent artery was
not matched because 1 aneurysm is fed from 1 internal carotid
artery, while the other is fed from the contralateral ICA.

Ipsilateral Multiple Aneurysms

Similarly, hemodynamic (and geometric) characteristics of rup-
tured (cases) and unruptured (controls) ipsilateral aneurysms
were compared using a 2-sided paired Wilcoxon test. However,
some patients had 1 ruptured aneurysm and >1 unruptured an-
eurysm (multiple controls). Therefore, in these cases, the rup-
tured aneurysm was paired with a randomly selected unruptured
aneurysm of the same patient, thus making all aneurysm pairs
independent. The process was repeated 100 times, and the mean
and maximum P values were calculated. If the maximum P value
of all 100 tests was <.05, the difference between ruptured and
unruptured groups was considered statistically significant. If the
mean P value was <.05 but the maximum was not, the difference
was considered marginally significant. Repeating the random se-
lections 100 or 200 times did not show noticeable differences.
Therefore, 100 repetitions were deemed sufficient.



Hemodynamic and geometric characteristics of ruptured and unruptured mirror and multiple ipsilateral aneurysms®

Mirror Aneurysms

Ipsilateral Aneurysms

Variable Unruptured Ruptured P Value Unruptured Ruptured Pmean Pmax
WSSmin 0.6=*09 0406 24 1320 04+08 <.001° <.001°
WSSmax 2853 * 21611 269.5 + 1831 1.00 269.6 * 3245 784.9 * 2730.4 .006° .05°
WSSmean 281+2638 223+186 49 293 =355 271+368 28 81
WSSnorm 0.53 = 0.40 044 + 026 30 0.60 = 0.39 0.50 = 0.32 12 43
SCl 548 +10.87 5.54 + 453 2 330 = 3.95 674 +7.20 <.001° <.001°
LSA 516 * 33.0 50.9 *+ 334 81 487 +324 49.6 =32.0 72 1.00
OSImax 0.243 + 0123 0334 + 0115 .008° 0181+ 0.134 0.332 = 0.103 <.001° <.001°
OSImean 0.012 = 0.010 0.014 = 0.010 55 0.009 + 0.0 0.014 = 0.010 .005° 06
Q 0.80 =115 072 = 0.85 79 0.23+0.29 070 * 0.62 <.001° <.001°
ICI 0.72 = 0.89 0.82 * 0.80 66 0.24 + 0.43 0.68 = 0.57 <.001° <.001°
Vmax 823+ 625 80.8 + 44.4 88 619 * 6311 98.2 + 810 <.001° <.001°
VE 1.8 =10.1 101+ 68 77 91+89 109 =94 29 70
SR 259.6 +192.3 2292 +159.8 68 339.6 = 305.0 2461 *+ 236.4 03° 18
VO 3631+ 284.9 319.1+225.8 70 4457 + 4217 3461+ 3456 09 38
CORELEN 1481 = 2.014 2.501 = 3159 17 0.376 % 0.557 2.226 * 2144 <.001° <.001°
PODENT 0167 = 0136 0.175 + 0.074 33 0.137 + 0.121 0192 * 0.127 .009° .08
Asize 0.594 + 0.331 0.713 = 0.361 14 0.365 + 0.185 0.726 + 0.282 <.001° <.001°
Nsize 0.412 * 0.185 0.422 + 0147 75 0.306 = 0.127 0.423 = 0.136 <.001° <.001°
AR 0.956 = 0.755 1176 = 0.551 06 0.669 *+ 0.408 1198 *+ 0.609 <.001° <.001°
Distality - - - 0.444 * 0345 0.612 = 0.321 <.008° 04°

Note:—LSA indicates percentage area under low WSS; SCI, shear concentration index; Vmax, maximum flow velocity; Q, aneurysm flow rate; ICl, inflow concentration index;
norm, normalized; Asize, aneurysm maximum size; Nsize, neck maximum size; AR, aspect ratio (=depth/neck size); VO, mean aneurysm vorticity; SR, shear rates; VE, mean

aneurysm velocity; Distality, coordinate of vessel segment along the arterial tree.

Values are given as mean = SD. P values correspond to univariate paired Wilcoxon rank sum tests. For ipsilateral aneurysms, mean and maximum P values of 100 randomly

selected ruptured—unruptured pairs are given.
® Significant difference (P < .05).

Mirror Aneurysms

The findings for mirror aneurysms

18 are summarized in Fig 1. This figure
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FIG 1. Ratios of mean values of hemodynamic and geometric variables of ruptured over unrup-
tured mirror aneurysmes. Statistically significant differences (P < .05) are indicated with an aster-
isk, and marginally significant differences (P < .05 on 1-sided test), with a dagger. LSA indicates
percentage area under low WSS; SCI, shear concentration index; Vmax, maximum flow velocity;
Q, aneurysm flow rate; ICl, inflow concentration index; norm, normal; Asize, aneurysm maximum
size; Nsize, neck maximum size; AR, aspect ratio (= depth/neck size); VO, mean aneurysm vor-

ticity; SR, shear rates; VE, mean aneurysm velocity.

RESULTS

Comparisons of the mean values of hemodynamic (and geometric)
variables between ruptured and unruptured aneurysms in both mir-
ror pairs and ipsilateral multiple aneurysms are presented in the Ta-
ble. This Table lists the mean value = the SD of each variable over the
corresponding matched ruptured and unruptured groups. In the
mirror cases, the P value corresponds to the paired Wilcoxon test. In
ipsilateral aneurysms, the mean and maximum (Pmax) P values over
100 random pairings are given. Statistically significant differences
(P < .05) are indicated with a superscript b.

test, P = .06 for a 2-sided test). The in-
flow rate imposed as boundary con-
ditions based on the parent artery di-
ameter was not significantly different
between ruptured and unruptured an-
eurysms (P = .12).

The results for ipsilateral aneurysms
are summarized in Fig 2. The error bars
indicate the variability of the ratio of the mean values of ruptured
over unruptured aneurysms for 100 random pairings. In multiple
ipsilateral aneurysms, ruptured aneurysms had larger maximum
WSS (WSSmax, Pmax = .05), more concentrated and oscillatory
WSS distributions (shear concentration index, Pmax < .001;
OSImax, Pmax < .001; OSImean, mean P = .005), stronger and
more concentrated inflow jets (aneurysm flow rate, Pmax < .001;
inflow concentration index, Pmax < .001), a larger maximum
flow velocity (Pmax < .001), and more complex and unstable flow
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Ipsilateral Aneurysms

cult or even almost impossible to con-

5’7 trol for or eliminate.?® Furthermore, the
*
g 6 study was subdivided into the analysis of
§' mirror pairs, in which aneurysm loca-
£S5 tion but not inflow conditions were con-
= L .
-~ trolled; and ipsilateral multiple aneu-
- 4 . S .
@ rysms, in which inflow conditions but
= * o * . .
£ 3 X ] | not location were controlled. The objec-
S . . S
3 * N = 5 tive of these comparisons was to identify
o ? § . * + Bm s aneurysm-specific characteristics that are
s | : . . .
e w1 independent of patient-specific charac-
E * B teristics and can discriminate ruptured
20 and unruptured aneurysms. These
EfEEUEREOQ U0 cEy e = . .
E E E§ 59249 g8 = B = wn 3 9 G2 8<E aneurysm-specific characteristics could
w e EC ; E = 2T a2z e . .
D a0 nw = g 2 o complement patient-specific risk factors
= 2 4 © 3 9 a

FIG 2. Ratios of mean values of hemodynamic and geometric variables of ruptured over unrup-
tured ipsilateral aneurysms. Error bars indicate variability of the mean ratios over 100 random
selections of ruptured—unruptured multiple aneurysm pairs. Statistically significant differences
(Pmax < .05) are indicated with an asterisk, and marginally significant differences (mean P = .05
but Pmax > .05), with a dagger. LSA indicates percentage area under low WSS; SCI, shear con-
centration index; Vmax, maximum flow velocity; Q, aneurysm flow rate; ICI, inflow concentration
index; norm, normal; Asize, aneurysm maximum size; Nsize, neck maximum size; AR, aspect ratio
(=depth/neck size); VO, mean aneurysm vorticity; SR, shear rates; VE, mean aneurysm velocity.

patterns (vortex core-line length [CORELEN], Pmax <.001; proper
orthogonal decomposition entropy [PODENT], mean P =
.009) compared with unruptured aneurysms. Additionally, rup-
tured aneurysms had lower minimum WSS (WSSmin, Pmax <
.001) and shear rates (mean P = .03) than unruptured aneurysms.
Geometrically, ruptured ipsilateral aneurysms were larger (aneu-
rysm maximum size, Pmax < .001), had wider necks (neck max-
imum size, Pmax < .001), were more elongated (aspect ratio,
Pmax < .001), and were located more distally (Pmax = .04) than
unruptured aneurysms.

DISCUSSION
Between 10% and 33% of patients with subarachnoid hemor-
rhage have multiple aneurysms, and the approach to these pa-
tients becomes complex considering that it is difficult to unequiv-
ocally identify the ruptured aneurysm when angiography reveals
multiple aneurysms.'® On the other hand, whether the interven-
tion of patients with multiple aneurysms should be directed to
only the ones that bled or to all the lesions found on angiography
has been long debated.'® If none have ruptured, the one at greatest
risk of rupture should be identified. Localization and size have
traditionally been the 2 variables that have defined the risk of
rupture in multiple cerebral aneurysms; however, some other
geometric and hemodynamic variables have emerged.*°

The current study took advantage of multiple aneurysms (1
ruptured and =1 unruptured in the same patient) offering a
unique opportunity to compare ruptured and unruptured aneu-
rysms while controlling for all patient-specific characteristics,
eliminating confounding factors when each patient functions as
his or her own internal control because all paired aneurysms are in
the same patient. Some authors have argued that otherwise, pa-
tient-related confounding variables such as history of smoking,
history of hypertension, or even genetic predisposition are diffi-
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in identifying aneurysms at higher risk
of rupture. The study focused on aneu-
rysm hemodynamic characteristics be-
cause it is thought that adverse hemo-
dynamic conditions could predispose
aneurysm walls to further degradation
and eventual rupture.>*?

In our study, ruptured aneurysms in
mirror pairs had more oscillatory WSS
distributions (characterized by larger maximum OSI) and were
more elongated (ie, having a marginally larger aspect ratio) than
the corresponding unruptured aneurysms. An example of a mir-
ror pair is presented in Fig 3. In a previous study, Fan et al*
analyzed 16 mirror bifurcation aneurysm pairs and found that
ruptured aneurysms were larger (larger size and size ratio), were
more elongated (larger aspect ratio and height-to-width ratio),
and had lower mean WSS and larger area under low WSS. They
also observed that ruptured aneurysms tended to have more com-
plex and unstable flow patterns, but these results were not statis-
tically significant. They also noted that the OSI might not be dif-
ferent in their sample because they excluded sidewall aneurysms.
Likewise, in our sample, ruptured aneurysms tended to have
lower mean WSS and more complex (larger CORELEN) flow pat-
terns, but these results did not achieve statistical significance.
However, the area under low WSS was not different in our study.

In another study, Huang et al**

analyzed 63 mirror pairs imaged
with CTA and found that ruptured aneurysms were larger (larger
size, size ratio, area ratio), were more elongated (larger aspect
ratio), and had more irregular walls than unruptured aneurysms.
In our study, ruptured aneurysms were also more elongated than
unruptured aneurysms, but they were not larger than the unrup-
tured ones.

Our results indicate that in ipsilateral multiple aneurysms, the
ruptured aneurysm tends to have hostile flow conditions charac-
terized by higher and more concentrated inflow jets (larger aneu-
rysm inflow rate and inflow concentration index); and higher,
more concentrated, and more oscillatory WSS distributions
(larger WSSmax, shear concentration index, and OSImax), with
lower minimum WSS and stronger, more complex and unstable
flow patterns (larger maximum flow velocity, CORELEN, and
PODENT) with a lower shear rate, compared with unruptured
aneurysms of the same patient. Because the aneurysms considered
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FIG 3. Example of ruptured (right posterior communicating artery aneurysm, left column) and unruptured (right posterior communicating artery
aneurysm, right column) mirror aneurysm pairs. The Left panel shows from top to bottom: 3D rotational angiography images, WSS distributions,
and OSI distributions. The right panel shows from top to bottom: inflow jets, flow patterns, and vortex core lines at 4 times during the cardiac

cycle.

here occur on the same arterial tree in the same patient, these
findings are independent of the patient-specific flow conditions.
Additionally, it was found that ruptured aneurysms tended to be
larger, with wider necks, and more elongated than unruptured
ipsilateral aneurysms. Most interesting, in general, the ruptured
aneurysms tended to be more distal than unruptured aneurysms.
Examples of ipsilateral multiple aneurysms illustrating these flow
conditions are presented in Fig 4. In a previous study, Zhang
et al*® analyzed 20 ipsilateral aneurysm pairs and found that rup-
tured aneurysms were more irregular and elongated and had
lower minimum WSS and larger areas under low WSS than un-
ruptured aneurysms. Most interesting, in our study, the mini-
mum WSS was also lower in ruptured than in unruptured aneu-
rysms, but the area under low WSS was not different. Zhang et al
reported no difference in bleeding sites of ipsilateral aneurysms,

while Jou et al*®

speculated that the proximal aneurysm in tandem
serial ipsilateral aneurysms may have a higher rupture risk based
on their analysis of 4 serial pairs. In contrast, our data suggest that
ruptured aneurysms tended to be more distal than the unrup-
tured aneurysms in the same patient.

The adverse flow conditions described above have been previ-
ously shown to be associated with aneurysm wall inflammation,

which itself is associated with aneurysm rupture,®” wall weaken-

2829 and dam-

ing and stiffening characteristic of vulnerable walls,
aged collagen architectures.”® Additionally, these flow conditions
have been associated with aneurysm rupture.®' Our results do not
contradict reports that have associated low normalized WSS and
large area under low WSS with rupture,’” though in our sample,
normalized WSS and area under low WSS were not significantly
different between ruptured and unruptured aneurysms in the
same patients. What may constitute a hostile flow environment
is a heterogeneous, oscillatory WSS distribution with focal el-
evations of WSS and large regions of low WSS produced by
strong concentrated inflow jets that create complex unstable
intrasaccular flow structures. The exact mechanisms that cause
wall inflammation and rupture under high-flow conditions are
still uncertain. However, this study provides valuable informa-
tion to consider in future studies to understand the connection
between the local flow conditions and the structure and
strength of the wall.

Location has been previously identified as a risk factor and has
been proposed, along with size and the presence of blebs, as the
main aneurysm-specific characteristics to score aneurysm rup-
ture risk.” Our study suggests that location may be important
because it may be associated with different local flow condi-
tions—that is, adverse flow conditions may be more likely to de-
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FIG 4. Example of ruptured (anterior communicating artery aneurysm fed from the left Al) and unruptured (left posterior communicating artery
aneurysm) multiple ipsilateral aneurysms. The left panel shows from top to bottom: 3D rotational angiography image, WSS distributions, and OSI
distributions. The right panel shows from top to bottom: inflow jets, flow patterns, and vortex core lines at 4 time instances during the cardiac

cycle.

velop at certain locations (for example more distally) and are less
likely at other locations, independent of the flow rate in the feed-
ing vessel. Furthermore, when we controlled for location as in the
mirror-aneurysm analysis, fewer hemodynamic differences were
observed.

Our study has some limitations. Although the sample size was
large enough to achieve statistically significant results, it did not
allow us to subdivide the sample to study bifurcation and sidewall
aneurysms separately as has been suggested.”” Selection bias re-
lated to patient referral patterns and indications for treatment
may have led to exclusion of important aneurysm subsets. The
study was based on cross-sectional data; thus, it is not possible to
determine whether the unruptured aneurysms had high or low
rupture risk. Furthermore, the relative “ages” of the aneurysms in
a single patient (ie, the time since they were formed) are not
known, so it is not possible to determine their relative speed of
progression. Finally, certain assumptions and approximations
were made when constructing the computational fluid dynamics
models, including assumptions of flow conditions, rigid walls,
and Newtonian viscosity. Thus, the results should be confirmed
with additional data from other populations, as well as with lon-
gitudinal data.
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CONCLUSIONS

High wall shear stress oscillations and larger aspect ratios are as-
sociated with aneurysm rupture in mirror bilateral aneurysms.
Hostile flow conditions characterized by high and concentrated
inflow jets; high, concentrated, and oscillatory wall shear stress
distributions; and strong, complex, and unstable flow patterns are
associated with rupture in ipsilateral multiple aneurysms. These
adverse flow conditions are more likely to develop in aneurysms
thatare more distal and larger and more elongated and have wider
necks in multiple ipsilateral aneurysms.
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Endovascular Treatment of Vein of Galen Malformations:
A Systematic Review and Meta-Analysis

M.H. Murad, ““A. Rouchaud, and ““'D. Meila

W. Brinjikji, ““/T. Krings,

ABSTRACT
BACKGROUND: Outcomes after endovascular embolization of vein of Galen malformations remain relatively poorly described.

PURPOSE: We performed a systematic review of the literature to determine outcomes and predictors of good outcomes following
endovascular treatment of vein of Galen malformations.

DATA SOURCES: We used Ovid MEDLINE, Ovid Embase, and the Web of Science.

STUDY SELECTION: Our study consisted of all case series with =4 patients receiving endovascular treatment of vein of Galen malfor-
mations published through January 2017.

DATA ANALYSIS: We studied the following outcomes: complete/near-complete occlusion rates, technical complications, perioperative
stroke, perioperative hemorrhage, technical mortality, all-cause mortality, poor neurologic outcomes, and good neurologic outcomes.
Outcomes were stratified by age-group (neonate, infant, child). A random-effects meta-analysis was performed.

DATA SYNTHESIS: A total of 27 series with 578 patients were included; 41.9% of patients were neonates, 45.0% of patients were infants,
and13.1% of patients were children. All-cause mortality was 14.0% (95% Cl, 8.0%—22.0%). Overall good neurologic outcome rates were 62.0%
(95% Cl, 57.0%—67.0%). Overall poor neurologic outcome rates were 21.0% (95% Cl,17.0%-26.0%). Neonates were significantly less likely to
have good neurologic outcomes than infants (48.0%; 95% Cl, 35.0%—62.0% versus 77.0%; 95% Cl, 70.0%—84.0%; P < .01). Treatment
indications following the Bicétre neonatal evaluation score resulted in significantly higher rates of good neurologic outcome (P = .04).
Patients with congestive heart failure had significantly lower rates of good neurologic outcome (OR, 0.50; 95% Cl, 0.28-0.88; P = .0I).

LIMITATIONS: Limitations were selection and publication biases.

CONCLUSIONS: Patients receiving endovascular embolization of vein of Galen malformations experienced good long-term clinical
outcomes in >60% of cases. Appropriate patient selection is key as treatment guided by the Bicétre neonatal evaluation score was
associated with improved neurologic outcomes.

ABBREVIATIONS: BNES = Bicétre neonatal evaluation score; CHF = congestive heart failure; PRISMA = Preferred Reporting Items for Systematic Reviews and
Meta-Analyses; VOGM = vein of Galen arteriovenous malformation

Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and
the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.' Current prevalence estimates of VOGM are
quite low, often cited at <1 of 25,000 deliveries.*®> A number of
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studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of

good neurologic outcomes, are still poorly understood.>***”
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Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS

Literature Search

Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein

» « » «

aneurysm,

» <«

of Galen,” “malformation, endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (=4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-

dent reviewers selected studies for this analysis.

Data Extraction and Outcomes

Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicétre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHEF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time (=2 years versus >2 years) was also performed.

Risk of Bias Assessment

Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

350 unique articles identified and
screened

I =»

58 full-text articles retrieved for more

detailed evaluation

292 excluded based on abstract and
title alone

13 excluded for being conference
abstracts or review articles

A

45 potentially relevant articles
identified

3 =»

31 articles with usable information
included in the study.

14 were excluded for overlapping
patient population, failure to
distinguish Vein of Galen
malformations from arteriovenous
malformations draining directly into
the Vein of Galen or failure to
discriminate between endovascular and
surgical outcomes.

FIG 1. PRISMA flow diagram.

the study groups, and 3) ascertainment of the outcome of inter-
est.*® Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
>90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis

We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.*’
Heterogeneity across studies was evaluated with the I” statistic.”®
Analysis of outcomes for children older than 2 years of age could
notbe performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS

Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.
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Baseline Characteristics and Patient Presentation

The median age of patients included in this study was 0.1 month.
Age data were available for 547 patients; 229 patients were neo-
nates (41.9%), 246 patients were infants (45.0%), and 72 patients
were children (13.2%). Sex data were available for 252 patients,
and 173 patients (68.7%) were male. Patient presentation data
were available for 318 patients. The most common presentation
was CHF (201 patients, 63.2%), followed by hydrocephalus (86
patients, 27.0%) and seizure (37 patients, 11.6%). Intracranial
hemorrhage was present in 26 patients (8.2%). An age-related
breakdown of patient presentation is provided in Fig 2. Briefly,
the most common presentation in neonates was CHF (88.2%).
The most common presentation in infants and children was in-
creased head circumference (53.3% and 37.5%, respectively). An-
gioarchitectural characteristics were available for 276 patients,
with 103 being mural (37.3%) and 173 being choroidal (62.7%).

Angiographic Outcomes

Twelve studies primarily used transarterial embolization for
treatment of VOGMs. The median number of treatments ranged
from 1.5 to 4.1, with the overall median of included studies being
2.25; 27.9% of patients received 1 treatment, 29.1% received 2
treatments, and 43.0% received =3 treatments. The overall com-
plete occlusion rate was 56.0% (95% CI, 46.0%—66.0%), with no
difference between neonates and infants.

8
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60
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®Neonate ®|nfant ™ Child

FIG 2. Presentation by age group. HCP indicates hydrocephalus; HC,
head circumference; ICH, intracranial hemorrhage; inc, increase.

Systematic review outcomes

Perioperative Complications

The overall technical complication rate was 19.0% (95% CI,
12.0%-27.0%), with a trend toward a significantly higher rate of
technical complications among neonates (29.0%; 95% CI,
17.0%-41.0%) compared with infants (10.0%; 95% CI, 0.0%—
27.0%; P = .07). Overall perioperative hemorrhage rates were
9.0% (95% CI, 4.0%—15.0%), with no difference between age
groups (P = .25). Overall perioperative ischemia rates were 1.0%
(95% CI, 0.0%—2.0%), with a higher rate among neonates (3.0%;
95% CI, 0.0%-10.0%) compared with infants (0.0%; 95% CI,
0.0%-2.0%; P = .03). Non-neurologic complicate rates were
2.0% (95% CI, 0.0%—4.0%), with no difference among groups
(P = 1.0). The overall technical mortality rate was 1.0% (95% CI,
0.0%-5.0%), with higher rates in neonates (2.0%; 95% CI, 0.0%—
8.0%) than in infants (0.0%; 95% CI, 0.0%—2.0%; P = .03). These
data are summarized in the Table.

Long-Term Outcomes

The overall rate of good neurologic outcome was 62.0% (95% CI,
57.0%-67.0%). Neonates had significantly lower rates of good
neurologic outcomes (48.0%; 95% CI, 35.0%—62.0%) compared
with infants (77.0%; 95% CI, 70.0%—84.0%; P < .0001). Overall
rates of poor neurologic outcome were 21.0% (95% CI, 17.0%—
26.0%), with higher rates among neonates (22.0%; 95% CI,
15.0%-31.0%) compared with infants (16.0%; 95% CI, 10.0%~—
23.0%; P = .01). The all-cause mortality rate was 14.0% (95% CI,
8.0%-20.0%), with significantly higher rates among neonates
(27.0%; 95% CI, 15.0%—41.0%) compared with infants (1.0%;
95% CI, 0.0%—4.0%; P < .0001). These data are summarized in
the Table. The forest plot for good neurologic outcomes is pro-
vided in Fig 3.

Follow-Up Time, Patient Selection, and Baseline
Characteristics and Outcomes

Seven studies reported the use of the BNES in selecting patients
for treatment of VOGMs. Studies that reported the use of the
BNES had significantly higher rates of good neurologic outcome
than those that did not (62%j; 95% CI, 50.0%~72.0% versus 57%;
95% CI, 51.0%—65.0%; P = .04).

Patients with CHF were significantly less likely to experience
good neurologic outcomes than those without CHF (49.4%; 95%
CL, 21.7%-57.1% versus 66.2%; 95% CI, 55.1%-75.8%; P = .01).
Patients with hydrocephalus (61.0%; 95% CI, 45.7%—74.4%) had
similar rates of good neurologic outcome as those without it
(62.0%; 95% CI, 53.4%-70.0%; P = .92). Patients with mural-

P Value,
Overall Rate Neonate Rate Infant Rate Neonate
(95% ClI) P (%) (95% ClI) P (%) (95% ClI) (%)  vslInfant
Technical complications 19.0 (12.0-27.0) 48.9 29.0 (17.0-41.0) 7 10.0 (0.0-27.0) 45 .07
Perioperative hemorrhage 9.0 (4.0-15.0) 52 12.0 (3.0-23.0) 21 4.0 (0.0-16.0) 21 25
Perioperative ischemia 1.0 (0.0-2.0) 0 0(0.0-10.0) 0 0.0(0.0-2.0) 0 .03
Non-neurologic complications 2.0 (0.0-4.0) 0 1.0 (0.0-7.0) 0 1.0 (0.0-8.0) 0 1
Technical mortality 1.0 (0.0-5.0) 37 2.0(0.0-8.0) 0 0.0(0.0-2.0) 10 .03
Complete occlusion 56.0 (46.0-66.0) 49 59.0 (45.0-73.0) 0 56.0 (17.0-91.0) 74 1
All-cause mortality 14.0 (8.0-20.0) 47 27.0 (15.0-41.0) 57 1.0 (0.0-4.0) 0 <.0001
Poor neurologic outcome 21.0 (17.0-26.0) 0 22.0(15.0-31.0) 0 16.0 (10.0-23.0) 0 .01
Good neurologic outcome 62.0 (57.0-67.0) 3 48.0(35.0-62.0) 50 77.0 (70.0-84.0) 0 <.0001
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FIG 3. Forest plot for good neurologic outcome.

type VOGMs had a good neurologic outcome rate of 73.8% (95%
CIL, 59.0%—84.7%) compared with 58.0% (95% CI, 47.2%-—
68.2%) for choroidal VOGMs (P = .11). There was no association
between a prenatal diagnosis and good neurologic outcome
(66.7%; 95% CI, 53.7%—77.5% versus 63.1%; 95% CI, 50.9%—
73.8%; P = .68).

There was a wide range in the follow-up times across studies,
from 6 months to 6.8 years. The median follow-up time was 2
years, and the median age at which follow-up was performed was
2 years. Studies that reported a follow-up of >2 years had a good
neurologic outcome rate of 60.3% (95% CI, 55.1%—65.3%), while
studies reporting a follow-up of =2 years reported a good neuro-
logic outcome rate of 64.6% (95% CI, 54.6%—73.4%) (P = .45).

Study Heterogeneity

When we considered all patients, 2 values were >50%, indicating
substantial heterogeneity for perioperative hemorrhage. I? values
were <50% for all other outcomes, indicating lack of substantial

heterogeneity. When we considered neonates, I> values were
>50%, indicating substantial heterogeneity for all-cause mortal-
ity. I” values were <50% for all other outcomes, indicating a lack
of substantial heterogeneity. When we considered infants, I* val-
ues were >50%, indicating substantial heterogeneity for com-
plete occlusion. I values were <50% for all other outcomes, in-
dicating a lack of substantial heterogeneity. These data are
summarized in the Table.

DISCUSSION

Our study of >500 patients receiving endovascular treatment for
VOGMs demonstrated many interesting findings. First, the most
common presentation varied substantially by age of presentation
as neonates were more likely to present with symptoms related to
CHF, while infants were more likely to present with head circum-
ference increases or hydrocephalus. Given the poor natural his-
tory of VOGMs and the poor functional status of many patients
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who require treatment for these lesions, rates of good long-term
neurologic outcomes were satisfactory at >60%. Patients who
underwent treatment during the neonatal period were less likely
to have a good neurologic outcome than those who were treated
later in life, likely due to poorer cardiologic status at presentation
and increased severity of disease. Perioperative complications
were not negligible and were more frequent in neonates than in
infants. However, procedure-related mortality rates were low. We
found that patients who were treated according to the Bicétre
guidelines were more likely to experience good outcomes than
those who were not; this finding highlights the importance of
patient selection. Overall, our results suggest that endovascular
treatment of VOGMs is generally safe and effective and can result
in good long-term outcomes for patients in experienced centers.
However, an emphasis on patient selection and timing is key.

As demonstrated in our study, the principal clinical manifes-
tations of VOGMs are related to high-output cardiac failure or
neurologic symptoms secondary to venous congestion and ab-
normal CSF flow.*?*?>?¢ CHF is the most common clinical pre-
sentation for neonates and is rarely the presenting symptom in
infants or children because these patients often have fewer severe
cardiac symptoms. In our study, approximately 90% of patients
treated in the neonatal stage had CHF compared with 40% of
patients treated in the infant stage. Many of the treated infants
with CHF had medical stabilization of CHF during neonatal life
with delay of treatment later in the first or second year of life. CHF
can manifest itself on prenatal sonography or soon after birth,
with symptoms ranging from mild overload to multisystem organ
failure secondary to cardiogenic shock. On the contrary, patients
with mild cardiac dysfunction may not have their VOGMs recog-
nized until later in life when cerebral venous hypertension results
in intracranial hypertension and subsequent macrocrania and hy-
drocephalus. As demonstrated in our study, >50% of infants pre-
sented with macrocrania and nearly 40% presented with hydro-
cephalus. Other neurologic presentations, including seizure and
intracranial hemorrhage, are present in roughly 20% and 10% of
patients, respectively, with increased prevalence as age increases.

One of the important findings from our study was that studies
that used a predefined selection criteria, the BNES, demonstrated
higher rates of good neurologic outcome than those that did
not.”? These findings highlight the importance of appropriate pa-
tient selection to ensure good neurologic outcomes. The BNES is
a 21-point score that assesses a combination of cardiac, neuro-
logic, respiratory, hepatic, and renal functions.”" Patients with a
score of =8 are thought to be poor candidates for endovascular
treatment, and typically the recommendation is to withhold ther-
apy from these patients. In the series of Lasjaunias et al, 30% of all
neonates and 17% of all infants had treatment withheld due to
such low scores. A score between 8 and 12 indicates normal neu-
rologic function but cardiac function that is refractory to medical
management and, thus, emergency embolization, regardless of
patient age. In the Lasjaunias series, only 25% of neonates met
these criteria and underwent emergent embolization.”' However,
in these patients, all-cause mortality was high and rates of good
neurologic outcome were relatively low. Patients with a neonatal
score of 13-21 could have embolization delayed until 3-5 months
of age with stabilization of their cardiac function. This population
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comprised about two-thirds of patients in the series of Lasjaunias
etal.”' Our study found that close to 50% of treated patients were
treated in the neonatal stage, while only 5% of treated patients in
the series of Lasjaunias et al*> were neonates.

The high proportion of neonates treated in our study implies
that there may be a reflexive instinct to treat neonates presenting
with VOGM at some centers without allowing a trial of medical
stabilization. Such practice patterns may be detrimental to pa-
tients because treatment of neonates is associated with higher
rates of technical complications and lower rates of good neuro-
logic outcomes; and in select cases in which the neonate can be
stabilized, delaying treatment for a few months may confer a ben-
efit on the patient.”” Ultimately, due to the complex medical
needs of this patient population, an argument can be made for
centralization of medical and endovascular treatment for these
patients.

Due to substantial heterogeneity and lack of specifics in re-
porting technical details of embolization procedures, we were un-
able to perform an extensive evaluation of the safety and efficacy
of various techniques in the treatment of VOGMs.>> However,
there are a few important implications from our study. First, as
mentioned above, technical complications are more common in
neonates than infants, likely due to a combination of smaller size,
vascular fragility, and a more tenuous hemodynamic state. While
most of the included studies predominantly treated patients tran-
sarterially, several series reported the exclusive use of transvenous
or transtorcular techniques.>””** Earlier series were more likely
to report exclusive transvenous treatment or transtorcular embo-
lization than more modern series however. In general, isolated
transvenous treatment is thought to result in higher rates of tech-
nical complications due to higher rates of postoperative venous
infarction, hemorrhage, and consumptive coagulopathy.'®*®
Transtorcular embolization has become less and less common
during the past decade due to extraordinarily high rates of such
complications. Ultimately, treatment should be tailored to the
angioarchitecture of the lesion and available routes for emboliza-
tion.” When we considered all patients, complete occlusion rates
were approximately 60%. Complete occlusion should not neces-
sarily be the goal of VOGM embolization; rather, improvement in
the physiologic and neurologic status of the patient should be the
primary treatment goal.

Limitations

Our study has limitations. Ecologic bias (ie, comparisons are
made across studies and not within studies), the presence of pub-
lication bias, and statistical heterogeneity are limitations that af-
fect all meta-analyses. Our study also had limitations due to the
methodologic limitations of included studies. All included studies
were retrospective case series, which are prone to substantial se-
lection bias. The use of the BNES in selecting patients also intro-
duced selection bias because patients in whom treatment was
thought to be futile were excluded in those studies. Little is known
regarding the outcomes of patients who were untreated. It is also
conceivable that with advancements in techniques and experi-
ence, many of the patients who were excluded on the basis of the
BNES could now be treated. Many of the included studies had a
small sample size and incomplete follow-up data. In some cases,



definitions of outcomes (ie, good neurologic outcome, complete
occlusion, technical versus all-cause mortality, and so forth) were
not well-defined. In addition, many of the series in our analysis
included cases collected during several years. It is possible that
complication rates have improved because of increased operator
experience and skill, improved patient selection, and improved
devices and technology. We do not have enough data to deter-
mine clinical and angiographic outcomes by type of embolic agent
used. Last, it is difficult to sort out short- and long-term morbidity
and mortality related to the pathology of the underlying VOGM
itself and of endovascular treatment.

CONCLUSIONS

Endovascular embolization of VOGMs can be successfully per-
formed; however, complications are not negligible. Patient selec-
tion and timing of treatment are key to achieving good clinical
outcomes. Further work is needed to provide improved outcomes
associated with endovascular treatment of VOGMs. Large multi-
institutional registries may be helpful for collecting data in a stan-
dardized manner on the presentation and outcomes of these pa-
tients. Ultimately, these treatments are extremely challenging and
should probably be reserved for centers with expertise in pediatric
critical care and neurointervention.
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Pial Artery Supply as an Anatomic Risk Factor for Ischemic
Stroke in the Treatment of Intracranial Dural
Arteriovenous Fistulas

S.W. Hetts, ““’A. Yen, ““'D.L. Cooke, ““'). Nelson, “'P. Jolivalt, ‘). Banaga, “’/M.R. Amans, ““’C.F. Dowd, ““'R.T. Higashida,
M.T. Lawton, ““H. Kim, and “*'V.V. Halbach
=
ABSTRACT

BACKGROUND AND PURPOSE: Although intracranial dural arteriovenous fistulas are principally supplied by dural branches of the
external carotid, internal carotid, and vertebral arteries, they can also be fed by pial arteries that supply the brain. We sought to determine
the frequency of neurologic deficits following treatment of intracranial dural arteriovenous fistulas with and without pial artery supply.

MATERIALS AND METHODS: One hundred twenty-two consecutive patients who underwent treatment for intracranial dural arterio-
venous fistulas at our hospital from 2008 to 2015 were retrospectively reviewed. Patient data were examined for posttreatment neurologic
deficits; patients with such deficits were evaluated for imaging evidence of cerebral infarction. Data were analyzed with multivariable
logistic regression.

RESULTS: Of122 treated patients, 29 (23.8%) had dural arteriovenous fistulas with pial artery supply and 93 (76.2%) had dural arteriovenous
fistulas without pial arterial supply. Of patients with pial artery supply, 4 (13.8%) had posttreatment neurologic deficits, compared with 2
patients (2.2%) without pial artery supply (P = .04). Imaging confirmed that 3 patients with pial artery supply (10.3%) had cerebral infarcts,
compared with only 1patient without pial artery supply (1.1%, P = .03). Increasing patient age was also positively associated with pial supply
and treatment-related complications.

CONCLUSIONS: Patients with dural arteriovenous fistulas supplied by the pial arteries were more likely to experience posttreatment
complications, including ischemic strokes, than patients with no pial artery supply. The approach to dural arteriovenous fistula treatment

should be made on a case-by-case basis so that the risk of complications can be minimized.

ABBREVIATION: DAVF = dural arteriovenous fistula

ntracranial dural arteriovenous fistulas (DAVFs) are vascular

malformations that connect meningeal arteries to dural venous
sinuses or cortical veins. DAVFs account for 10%—15% of all in-
tracranial arteriovenous shunting lesions."™* DAVFs are often
thought to be acquired, sometimes in the setting of hypercoagu-
lability."> DAVF venous drainage determines the natural history
risk of spontaneous intracranial hemorrhage. Thus, venous drain-
age is incorporated into the most commonly used grading systems of
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DAVF natural history risk: the Borden-Shucart and Cognard grading
scales.” Drainage to cortical veins is the highest risk category be-
cause pressurization of these thin-walled venous structures fre-
quently leads to rupture. Although venous angioarchitecture is a key
determinant of natural history risk, the risk of endovascular and/or
surgical treatment of DAVFs in the modern era related to underlying
lesion angioarchitecture is not well-known.

Although DAVFs are most commonly fed by dural branches of
the internal carotid, external carotid, and vertebral arteries, they can
also have pial artery supply. Pial arteries lie on the surface of the brain.
They then branch into penetrating arteries and parenchymal arteri-
oles that lie within and supply the brain parenchyma. The mecha-
nism of pial feeder formation is not well-understood but is believed
to be like that of dural feeders, with increased vascular endothelial
growth factor secretion from the venous sinus and abnormal angio-
genesis.'©>* Embolization of pial AVFs has been suggested to lead to
the development of subsequent DAVFs in up to 25% of cases.”>*°
The inflammatory reaction within the DAVF vessel wall after embo-
lization may also lead to angiogenesis.””
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Transarterial embolization of DAVFs with pial artery supply
with agents that can migrate retrograde (ie, from the dural arteries
to the pial arteries) could thus block blood supply to the associ-
ated brain parenchyma and cause ischemia. Surgical or endovas-
cular point occlusion of DAVFs with pial artery supply at the
fistula site might also result in retrograde thrombosis of feeding
pial arteries due to decreased flow. We hypothesized that patients
with DAVFs with pial artery supply have a higher risk of postop-
erative stroke than those who do not have pial supply.

MATERIALS AND METHODS

Patient Population

All patients undergoing neurointerventional procedures at the
University of California, San Francisco hospitals are prospectively
enrolled in an institutional review board—approved research data
base. Patients in this study were treated at the University of Cali-
fornia, San Francisco Medical Center or San Francisco General
Hospital between 2008 and 2015. We compiled a cohort of 122
consecutive patients with intracranial DAVFs.

Data Collection

Retrospective analysis was conducted on 122 patients with DAVFs
examined with digital subtraction angiography and treated with
embolization and/or an operation at the University of California,
San Francisco. Clinical information was extracted from electronic
medical records and radiologic imaging reports. Pretreatment
presentations, neurointerventional treatments, surgical treat-
ments, and posttreatment outcomes were abstracted from the
electronic medical records. Of note, all patients in our series were
anticoagulated with intravenous heparin during our emboliza-
tion procedures. All patients’ initial and posttreatment DSA ex-
aminations were interpreted by an experienced interventional
neuroradiologist and scored according to a structured angio-
graphic case report form originally developed for brain AVMs by
Atkinson et al” and subsequently modified for intracranial
DAVFs, including the Borden-Shucart and Cognard venous
drainage scales.' ™® We have used this form in our prior studies of

826 and have

intracranial dural and pial arteriovenous fistulas
chosen to use it again for consistency and comparability among
studies. Radiologic studies (including MR imaging and CT) at
each phase in the patients’ treatments were assessed for imaging
complications and correlation with clinical complications. Neu-
rologic outcomes were individually tabulated and scored with the
modified Rankin Scale of disability.

Patient data were examined for postembolization and postsur-
gical neurologic complications that resulted in strokelike symp-
toms, including cranial nerve palsies, altered mental status, focal
weakness, decreased sensation, and speech or hearing difficulties.
From this subset of patients with strokelike symptoms, imaging
data were further examined for evidence of cerebral infarction.
For analysis, strokes were considered a subset of neurologic
deficits, which were, in turn, considered a subset of major
complications.

Statistical Analysis
Patient characteristics, DAVF classifications, treatment modali-

ties, and treatment-related outcomes were summarized for all pa-
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tients, patients with DAVF with pial supply, and patients with
DAVF without pial supply. We tested whether patient character-
istics were associated with pial supply using a 2-sample ¢ test for
continuous variables. The Fisher exact test was used for nominal
categoric variables; and logistic regression, for ordinal categoric
variables. We treated the Borden-Shucart (grades I, II, and III)
and Cognard (grades I, IIa, ITb, ITa+b, III, IV, V) venous drainage
natural history scales as ordinal variables, because they increase
numerically as the angioarchitectural complexity of the fistula
increases; Cognard grades Ila, IIb, and Ila+b were grouped to-
gether during analysis. The modified Rankin Scale was also ana-
lyzed as an ordinal variable. We performed multivariable logistic
regression analysis with any major complication as the outcome
and with pial supply, age, and an operation as predictors. Given
the small number of stroke and neurologic deficit events, they
were not analyzed as separate outcomes in multivariable analysis.
We considered P values =< .05 statistically significant. Data anal-
ysis was conducted with STATA 13.1 (StataCorp, College Station,
Texas).

RESULTS

Patient Population

Summary statistics are presented in On-line Table 1. Of 122 pa-
tients, 29 (24%) had DAVFs with pial supply. The average age at
treatment of the study population was 59 years, and about half
were women. Patients with pial-supply DAVFEs were slightly older
(63 versus 58 years of age, P = .049). There was an association of
Borden-Shucart and Cognard grades with the presence of pial
artery supply: the higher the Borden-Shucart score, the more
likely it was that the DAVF had a pial supply (OR = 1.72, P =
.035). For the Cognard grading system, higher grade DAVFs were
more likely to have pial supply, but this finding was not significant
(OR = 1.31, P = .135). Patients with DAVFs with pial supply also
tended to have poorer pretreatment mRS assessment outcomes,
but not significantly so (OR = 1.22, P = .131).

Modes and Outcomes of Treatment

Most patients (70%) were treated with embolization exclusively.
Pial supply was not associated with the type of treatment (embo-
lization versus an operation versus a combination of embolization
and an operation) received (P = .267). When we compared an
operation versus no operation (irrespective of embolization), pa-
tients with DAVFs with pial supply were more likely to have un-
dergone an operation (41%, 12/29 patients) than those without
pial supply (26%, 24/93 patients), but this difference was not sta-
tistically significant (P = .160). However, DAVFs with pial supply
were significantly more likely to receive transarterial emboliza-
tion than those without a pial supply (92% [24/26 patients] versus
59% [51/86 patients], P = .002). DAVFs with pial supply were less
likely to be fully cured on the basis of posttreatment angiography
(55% [16/29 patients] versus 76% [71/93 patients], P = .035).

Major Complications, Neurologic Deficits, and Strokes

As outlined above, strokes were considered a subset of neurologic
deficits, which were, in turn, considered a subset of major com-
plications. Four treatment-related strokes, 6 neurologic deficits,
and 15 major complications were observed. Specific characteris-



FIG 1. Postembolization infarction due to Onyx migration into a pial artery. A middle-aged woman with severe pulsatile tinnitus underwent
endovascular therapy for a right transverse-sigmoid sinus junction Borden-Shucart grade | DAVF supplied principally by the middle meningeal
and occipital arteries (A) and secondarily by the ipsilateral middle temporal artery (B) and tentorial branches from the contralateral middle
meningeal artery (C). The fistula site is designated by a white asterisk. The fusiform gyrus branch of the middle temporal artery is indicated by
a white arrow. Superselective injection of the right middle meningeal artery demonstrates the fistula site before embolization (D). Midembo-
lization x-ray (E) demonstrates Onyx in the middle meningeal artery, fistula site, and refluxed into the pial fusiform gyrus branch of the middle
temporal artery. The extent of reflux had not been evident on real-time intraprocedural blank roadmap imaging. DWI later the same day (F)

demonstrates a fusiform gyrus infarction.

tics of patients who had symptomatic ischemic strokes are de-
tailed in On-line Tables 2 and 3, and details regarding all patients
with major complications are included in On-line Table 4. DAVFs
with pial supply were associated with more strokes (10% versus
1%, P = .041), neurologic deficits (14% versus 2%, P = .028), and
major complications (28% versus 8%, P = .008). Pial supply re-
mained associated with major complications in multivariable
analysis (OR = 3.66, P = .030), when adjusting for age (OR =
1.45 per decade increase, P = .166) and an operation (OR = 3.36,
P = .044).

DISCUSSION

Intracranial DAVFs are rare, and a small subset are supplied by
not only dural arteries but also pial arteries. Because pial arteries
also supply the brain parenchyma, blockage of blood flow
through pial arteries can potentially cause an ischemic stroke.
Indeed, we found that DAVFs supplied by pial arteries are associ-
ated with a higher risk of developing neurologic deficits, stroke,
and major complications after treatment. Furthermore, patients
with pial supply tended to be slightly older than patients without
pial supply, and increasing age was significantly associated with
posttreatment complications. Pial supply to the DAVFs appears
to be a marker for greater complexity and the potential for com-

plications, possibly due to several mechanisms, including retro-
grade reflux of liquid embolics to pial vessels (Fig 1), periproce-
dural hypercoagulability (Fig 2), retrograde thrombosis of pial
arteries (Fig 3), and venous infarction with hemorrhage (Fig 4).
To date, DAVF grading scales (eg, Borden-Shucart and Cognard)
have focused on natural history risk for venous rupture, not on
the risk of treatment. Identifying consistent risk factors for ad-
verse outcomes following treatment is the first step in establishing
a grading scale for treatment risk of DAVFs in the modern endo-
vascular and surgical era, akin to what has been done with great
success for brain AVMs with the Spetzler-Martin and Lawton-
Young supplementary grading scales for surgical treatment
risk.>'¢

The criterion standard for identifying and treating DAVFs is
conventional angiography, followed by embolization of the fistula
when possible and an operation when embolization is not possi-
ble or is incomplete, particularly with lesions with a high natural
history risk for rupture. In the past, DAVFs were treated with a
combination of multiple embolic agents, including detachable
coils, ethanol, n-BCA glue, silk sutures, and polyvinyl alcohol par-
ticles.”'®'"'* The recent emergence of ethylene-vinyl alcohol co-
polymer (Onyx; Covidien, Irvine, California) has allowed the use
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of a single transarterial embolic agent in many cases.'” A large
series of DAVF treatments from the Barrow Neurological Insti-
tute’ recently demonstrated a higher initial occlusion rate via em-
bolization from a single arterial pedicle in the Onyx era compared
with the pre-Onyx era, with a similar permanent neurologic com-
plication rate (2% pre-Onyx versus 3% post-Onyx). If initial em-
bolization is unsuccessful or incomplete, subsequent emboliza-

FIG 2. Arterial emboli following endovascular and surgical treatments of DAVFs in 2 patients.
Two middle-aged male patients undergoing posttreatment angiography were identified as having
middle cerebral artery emboli (A and C, white arrows). Both patients were heparinized, and the
second patient underwent superselective intra-arterial tPA treatment with minimal clot lysis.
Postangiographic DWIs (B and D) demonstrate small cortical infarctions in territories associated
with the MCA emboli. Although the first patient’s MCA thrombus (A and B) is adjacent to the

original DAVF, the second patient’s is not (C and D).

tions or craniotomy with surgical clipping or resection can be
performed. Although rare, some DAVFs have a very aggressive
clinical course and can progress or recur.’

Onyx is aliquid embolic agent that has been used more frequently
for embolization of DAVFs and AVMs in recent years. Its emergence
has allowed the use of a single agent and has caused the use of ethanol,
detachable coils, and #-BCA glue to decline. Because Onyx is a liquid
agent, its path throughout the vasculature
cannot always be perfectly controlled, par-
ticularly if the Onyx is poorly seen against
the bones of the skull base on real-time
road-mapping (Fig 1). We believe that the
mechanism by which at least some of the
strokes reported above occur involves ret-
rograde reflux of Onyx from pial artery
feeders to the DAVF into segments of pial
arteries that do not supply the DAVF but
instead supply the brain parenchyma. This
subsequently blocks blood flow to por-
tions of the brain parenchyma and causes
infarction. A potential technique to pre-
vent dural-to-pial reflux of Onyx is pro-
phylactically sealing the distal pial arteries
supplying a DAVF, for example, by navi-
gating a flow catheter as distal as possible
and using n-BCA glue to seal off the pial
connections into the DAVEF. This tech-
nique has been advocated to lower hemor-
rhage risk in a DAVF operation.'” Such an
approach, however, poses a risk for retro-
grade thrombosis of the pial feeding ar-
tery. Thus, if the pial feeding artery sup-
plies an eloquent region of the brain, this
technique may pose a risk of stroke in and
of itself. Given the long track record of
safe transvenous coil embolization of
intracranial DAVFs, our practice is to
use this technique when possible, par-
ticularly if the pial artery supply to a
fistula is identified.

Reflux of Onyx does not explain in-
farctions that occurred after the opera-
tion. Instead, precise surgical ligation of

FIG 3. Postsurgical seizure and small cortical infarction after surgical ligation of a residual DAVF. A middle-aged woman status 1 year post
temporal lobe hemorrhage underwent endovascular therapy for a Borden-Shucart grade Il DAVF supplied principally by the left middle
meningeal artery (B) and secondarily by pial branches of the left MCA (A), with drainage directly to a cortical vein. Onyx embolization eliminated
the middle meningeal artery dural supply (C), but late-phase angiographic images demonstrated persistent MCA pial supply (D). Three days
following a craniotomy for successful ligation of the residual DAVF, the patient had a seizure. MR imaging at that time demonstrates a small

cortical infarction (E).
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FIG4. Postoperative parenchymal hemorrhage and possible venous infarction following surgical ligation of aresidual DAVF. A middle-aged man
had intermittent speech arrest and multiple headaches for several years. Anteroposterior (A) and lateral (B) angiograms demonstrate a variant-
type right transverse-sigmoid sinus junction Borden-Shucart grade IIl DAVF supplied by dural branches of the external carotid artery and pial
branches of the MCA (C) with retrograde drainage to the vein of Labbé (D), that anastomotically drains to the vein of Trolard. Following Onyx
embolization of the dural external carotid artery branches, only the pial MCA supply to the fistula continued to drain to the cortical vein as
demonstrated on early (E), mid (F), and late (G) images from a lateral ICA angiogram. During surgical ligation of the residual DAVF, extensive
intraoperative bleeding was noted. A CT performed immediately postoperatively (H) demonstrates right temporal intraparenchymal hemor-
rhage. The patient did not have a new neurologic deficit postoperatively.

a fistula site with significant pial supply will interrupt flow in the
distal pial artery just proximal to the fistula site. This flow arrest in
the pial feeder to the DAVF may result in retrograde thrombosis
of the pial artery feeder to the next most proximal arterial branch-
point. In our experience, this has led to a few small cortical infarc-
tions. Underlying patient hypercoagulability (a risk factor for
DAVF formation in the first place) might also play a role in post-
operative retrograde feeding artery thrombosis (Fig 3) as well as
parent artery emboli (Fig 2); thus, pial supply may also be an
indirect marker for a higher risk of thromboembolic complica-
tions separate from those seen intraprocedurally.

Recently, DAVFs with pial artery supply were shown to result
in intraoperative hemorrhage in 33% of patients'’—significantly
more than in patients with DAVFs without pial artery supply.
Although symptomatic intraoperative hemorrhage was not seen
in any of our cases (though an asymptomatic hemorrhage is
shown in Fig 4), it helps support our assertion that DAVFs with
pial artery supply carry a higher operative risk, and treatment
should be approached with appropriate caution.

There were several limitations to this study. It was a retrospec-
tive review conducted at a single institution during an 8-year time
span. Although the patient population consisted of 122 subjects,
the low rate of clinical complications may affect the reliability of
inferring statistical significance. Certain comparisons that are not
statistically significant, given the small sample size, may, in fact,
prove to be clinically significant. If a patient had a radiographic
abnormality (eg, focal reduced diffusion on an MR imaging after
DAVF) but not a neurologic deficit on clinical examination, the
patient would not have been captured in our initial screen for
complications, potentially reducing the number of complications

identified. However, given that clinical complications are the fo-
cus of our analysis, we deemed this approach to be appropriate.
Because our institution receives many outside referrals, our pa-
tient population may consist of higher risk cases, more complex
lesions, and lesions that require staged multimodal treatments
tailored to the natural history risk of each unique fistula. In some
cases, we choose to stop short of lesion cure to avoid potential
complications. Finally, follow-up was highly variable, and subse-
quent delayed complications may not have been available to us.

CONCLUSIONS

A small subset of intracranial DAVFs is supplied not only by dural
arteries but also by pial arteries, raising the potential for increased
risk of stroke or major complications during embolization or an
operation. Special attention must be paid to the treatment of
DAVFs with pial artery supply to minimize the potential for com-
plications. Preprocedural counseling of patients and their families
about the elevated treatment risk of DAVFs found to have a pial
supply (often evident only on DSA) is prudent and may influence
treatment decisions.
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Association between Carotid Plaque Features on CTA and
Cerebrovascular Ischemia: A Systematic Review
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BACKGROUND: CTA is a widely available imaging examination that may allow the evaluation of high-risk carotid plaque features.

PURPOSE: Our aim was to evaluate the association between specific carotid plaque features on CTA and ipsilateral cerebrovascular
ischemia.

DATA SOURCES: We performed a systematic review of Ovid MEDLINE, Ovid Embase, Scopus, and the Cochrane Library from inception
to March 2016 for articles that evaluated the relationship between CTA-detected carotid plaque features and ischemic events, defined as
ipsilateral ischemic stroke or transient ischemic attack.

STUDY SELECTION: Sixteen studies were ultimately included after screening 12,557.

DATA ANALYSIS: Two readers recorded data from each study and assessed the study quality with all disagreements resolved by a third
reader. A random-effects OR was used to evaluate the association between cerebrovascular ischemia and each of the evaluated plaque
features.

DATA SYNTHESIS: We found significant positive relationships with cerebrovascular ischemia for the presence of soft plaque (OR, 2.9;
95% Cl,1.4—6.0), plaque ulceration (OR, 2.2; 95% Cl, 1.4-3.4), and increased common carotid artery wall thickness (OR, 6.2; 95% Cl, 2.5-15.6).
We found a significant negative relationship between calcified plaque and ipsilateral ischemia (OR, 0.5; 95% Cl, 0.4—0.7).

LIMITATIONS: We found heterogeneity in the existing literature secondary to lack of standardized plaque features and clinical
definitions.

CONCLUSIONS: Soft plaque, plaque ulceration, and increased common carotid artery wall thickness on CTA are associated with ipsilat-

eral cerebrovascular ischemia, while calcified plaque is negatively associated with downstream ischemic events.

ABBREVIATION: US = ultrasound

iven recent improvement in medical treatment, patients
G with asymptomatic carotid artery stenosis receiving modern
intensive medical therapy now face an annual risk of stroke of
~1%." Given the limitations of stenosis measurements alone in
identifying patients at highest risk of ischemic stroke, recent in-
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vestigations using vessel wall imaging techniques have attempted
to provide more detailed characterization of vulnerable plaque
features. Specific plaque features, such as intraplaque hemorrhage
on MR imaging and echolucent plaque on ultrasound (US), have
been identified as risk factors for future ischemic stroke, which,
when considered along with stenosis severity and other factors,
may help to identify those patients most likely to benefit from
surgical revascularization procedures.>>

CTA isapotentially attractive tool for plaque imaging because it is
less operator-dependent than US and is more quickly performed and
more widely available than MR imaging.* Easily identifiable plaque
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features on CTA such as the presence of low attenuation, calcifica-
tion, and plaque ulceration have been histopathologically validated
as markers of high-risk plaque features.*® Although CTA has signif-
icant potential to evaluate plaque features, small studies have not
reached a consensus regarding plaque features, and high-resolution
3T MR imaging techniques have been favored. We aimed to perform
a systematic review and meta-analysis to evaluate the association be-
tween multiple specific carotid artery plaque features seen on CTA
and cerebrovascular ischemic events.

MATERIALS AND METHODS

We performed this systematic review and meta-analysis according to
the guidelines from the Meta-Analysis of Observational Studies in
Epidemiology group” and the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) statement.?®

Data Searches

A medical librarian performed a comprehensive literature search
in multiple electronic databases, including Ovid MEDLINE, Ovid
Embase, Scopus, and the Cochrane Library from inception to
March 9, 2016. We searched first in Ovid MEDLINE and then
adapted subject headings and key words for other databases and
identified additional records using the “Cited by” and “View ref-
erences” features in Scopus (see On-line Appendix for search
methodology details).

Study Selection and Eligibility

We included studies evaluating the association between various
plaque features on CTA and symptomatic cerebrovascular isch-
emic events, defined as either prior or future transient ischemic
attack or stroke in the vascular territory supplied by the index
carotid artery. Specific inclusion criteria were the following: 1)
studies that evaluated patients with plaque in the extracranial in-
ternal carotid artery; 2) studies using CTA of the common and
cervical internal carotid arteries to assess specific plaque features;
3) studies that correlated the questioned plaque features with
symptomatic status, defined as either stroke or transient ischemic
attack in the vascular territory supplied by the index carotid ar-
tery; 4) studies that included asymptomatic control carotid arter-
ies, either by comparing with the asymptomatic contralateral ca-
rotid artery (within-subject controls) or asymptomatic subjects
(between-subject controls). If it appeared that authors published
data from a single cohort or medical center more than once, the
article with the largest sample size was included to minimize du-
plicate or overlapping samples. We attempted to contact the cor-
responding authors for additional details when necessary.

Data Extraction

All potentially eligible titles and abstracts were reviewed by a sin-
gle reader. Two independent readers screened articles in their en-
tirety to determine eligibility for inclusion. Data were extracted by
2 independent readers using a prespecified data-collection tem-
plate. A third reader resolved any disagreements about data ex-
traction. The readers extracted the following data: study design;
basic study demographics for included patients, including risk
factors for stroke; definitions of ischemic stroke; specific CTA
imaging techniques; and definitions of plaque features.
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We also answered specific questions to evaluate potential se-
lection, detection, reporting, or confounding bias using a risk-of-
bias assessment like that in previously published meta-analyses.>’
The risk of bias was assessed by consensus among 3 readers.

Data Analysis

Meta-analyses of the individual study odds ratios were conducted
with StatsDirect statistical software (Version 2.7.9; July 9, 2012;
http://www.statsdirect.com). Each pooled OR was calculated with
a random-effects (DerSimonian and Laird) model, and forest
plots were generated to display the individual study odds ratios
and the pooled OR. Random-effects models were used to com-
bine the studies because of the potential of variability in the out-
come of interest among the studies. To assess the combinability of
the OR, we calculated the P value from the Cochrane Q and I
statistical heterogeneity tests. The results of each study were ex-
pressed as an OR with a 95% confidence interval. For each meta-
analysis with >3 studies, the presence of publication bias was
evaluated through a funnel plot. The Begg and Mazumdar rank-
correlation test was used to statistically assess the presence of pub-
lication bias. All P values < .05 were considered significant.

RESULTS

Study Characteristics

After screening 12,557 titles and abstracts, we identified 20 studies
that were ultimately included in the systematic review (On-line
Fig 1).%'%2% Of the 20 articles meeting the inclusion criteria for
systematic review, 13 were retrospective, cross-sectional stud-
ies®!10-1214-18:20.21.2428 304 7 were prospective, cross-sectional
studies.'”'*?*2>2%27 The time interval between the onset of isch-
emic symptoms and CTA ranged from 2 weeks to 6 months for
those studies that provided these data (On-line Table 1).'*2%>%*
We found no studies evaluating the association between CTA
plaque features and future ischemic events. Seven studies were
performed in the United States®'®!!8:20-2428; 3 i Japan'*2>2%;
3,in Italy">"'7; 2, in the Netherlands'®*’; and 1 each, in Canada,*'
France,'” China,?® Germany,”® and Spain.'* The mean age of pa-
tients in the included studies ranged from 62 to 75.1 years. All
studies had a preponderance of male subjects with a percentage
range of men from 53.7% to 92.3%. There was a range of degree of
ICA stenosis, with 6 studies requiring patients to have at least 50%
stenosis,' !> 1%2>2% 2 studies requiring patients to have at least

10,12

60% stenosis, and 2 studies requiring patients to have at least

70% stenosis.’®*° Six studies evaluated all patients with CTA ex-
aminations regardless of their degree of stenosis,'>'®'%2!>*2¢
while 2 studies focused only on patients with mild-to-moderate
(30%—69%) stenosis,”**” and 1 study focused only on patients
with moderate (50%—69%) stenosis.”® An additional study in-
cluded those patients with at least 70% stenosis, symptomatic
patients with at least 50% stenosis, and all symptomatic patients
with evidence of plaque ulceration regardless of the degree of
stenosis (On-line Table 2).!

Twelve studies were performed on at least a 16—detector row

helical CT scanner)l1,14,18720,22—24,26729

while only 7 studies in-
cluded patients who may have been scanned on a 4— or 8—detec-
tor row CT scanner.'®'>'*!517:21 One study did not provide the

relevant number of rows (On-line Table 3).>



Of those 20 studies included for systematic review, 16 studies
were eligible for meta-analysis in which 2624 patients with 3933
unique carotid arteries were analyzed. The 4 studies excluded
from the meta-analysis were not amenable to calculating pooled
standardized mean differences because of methodologic differ-
ences in calculating volumes, variability in plaque-feature defini-
tions, and small sample sizes for each calculation and included
studies that quantitatively evaluated the volume of soft/noncalci-
fied plaque, the volume of calcified plaque, and Hounsfield units
(On-line Table 4).

Although specific definitions varied, patients were symptom-
atic if they had a prior ischemic stroke or TIA in the vascular
territory supplied by the carotid artery in question (On-line Table
1). Strokes were generally defined as the patient having had a
persistent episode of neurologic dysfunction with confirmatory
imaging in the distribution of the carotid artery, while TIAs were
defined as brief episodes (<24 hours) of neurologic dysfunction,
also within the carotid artery distribution.

Definitions of Plaque Features

From the included studies, we were able to collect the actual num-
ber of cerebrovascular events for patients with each plaque feature
to calculate pooled odds ratios expressing the strength of associ-
ation between recent ischemic events and the following 4 plaque
features: 1) the presence of low attenuation or “soft” plaque, 2)
the presence of calcified plaque, 3) plaque ulceration, and 4) com-
mon carotid artery wall thickness (On-line Table 5). Soft plaques
were defined as having low density or lipid-rich cores, with 4
studies using a specific threshold of Hounsfield units of <50 or
60.1%172>2¢ The presence of calcified plaque was defined as ex-
tensively calcified plaque with Hounsfield units of >120 or
130.'%17-2>2¢ Specific definitions for plaque ulceration varied
among studies, but it was generally defined as extension of con-
trast material beyond the vascular lumen into the plaque. Last,
common carotid artery wall thickness was defined as thickening
of the common carotid artery wall and was dichotomized by the
authors of the included studies using various thresholds.

Meta-Analysis Results

We performed 4 separate meta-analyses. For the meta-analyses
evaluating the association between low-attenuation plaque,
plaque ulceration, and increased common carotid artery wall
thickness, we included 1801, 2883, and 307 arteries in each meta-
analysis, respectively (On-line Table 6). We found a significant
positive association between soft or low-attenuation plaque,
plaque ulceration, and increased common carotid artery wall
thickness and the presence of recent ipsilateral stroke or TIA, with
pooled ORs 0f 2.92 (95% CI, 1.41-6.04; P = .004), 2.20 (95% CI,
1.43-3.40; P < .001), and 6.19 (95% CI, 2.47-15.55; P < .001),
respectively (Fig 1). We also analyzed 2004 arteries to determine
the association of the presence of a calcified plaque and down-
stream cerebrovascular ischemic symptoms and found a negative
association with a pooled OR of 0.536 (95% CI, 0.384—-0.749;
P <.001) (Fig 1). Measures of study heterogeneity and publica-
tion bias for the included meta-analyses (Table) demonstrated
moderate heterogeneity. Publication bias (On-line Fig 2) was only
statistically significant for plaque ulceration studies.

Assessment of the Quality and Bias of the

Included Studies

Our quality and bias assessment questionnaire (On-line Table 7)
demonstrated that the inclusion and exclusion criteria were ade-
quately described in all the included studies. All except 1 study
included in the meta-analysis had investigators blinded to the
symptomatic status of the artery in question, with that single
study failing to describe the blinded status of the investigators."’
Thirteen of the included studies had >1 investigator evaluating
the questioned plaque feature, while 3 studies were aided by
computer algorithms to assess plaque features.'®?*** Half of
the studies reported measures of interreader reproducibility
with k values ranging from 0.46 to 1, depending on the specific
plaque feature.'"!'?13717:19:20:27-29 Tyyelve studies evaluated
the degree of stenosis in addition to evaluating specific plaque

features 6,11,13,14,17-22,24,28

DISCUSSION
In this systematic review and meta-analysis, we found that pa-
tients with carotid artery atherosclerotic disease demonstrating
CTA evidence of low-attenuation plaque, increased common ca-
rotid artery wall thickness, or plaque ulceration are highly associ-
ated with the presence of recent ipsilateral ischemic events, while
those patients with calcified plaques are associated with fewer ip-
silateral ischemic events. Our findings are compatible with studies
performed on histopathologic carotid endarterectomy speci-
mens. Low-attenuation or soft plaque on CTA is thought to cor-
respond to the histologically described lipid-rich necrotic core
and intraplaque hemorrhage* and has been shown to be associ-
ated with increased risk of future stroke on both MR imaging and
US.>? Additionally, plaque ulceration on histopathologic samples
and on high-resolution MR imaging has also been associated with
symptomatic plaque.>*>*! Increased common carotid artery wall
thickness, traditionally measured as intima-media thickness on
US, is thought to reflect arterial inflammation and is a predictor of
cerebrovascular events in prospective studies.”> Conversely, his-
topathologic studies evaluating echogenic calcified plaque on US
have found that densely calcified plaques are less frequently asso-
ciated with ischemic events and may be a protective plaque fea-
ture, perhaps by preventing thrombus aggregation or by affording
additional mechanical stability to a plaque surface.>*> Addition-
ally, a previously published systematic review has shown that
symptomatic plaques have less calcification than asymptomatic
plaques.™

Using CTA to evaluate high-risk carotid plaque features has
several strengths: First, CTA can be rapidly performed and is com-
monly available. Unlike high-resolution plaque imaging with MR
imaging, CTA plaque imaging does not require lengthy sequences
or dedicated equipment such as carotid coils to evaluate plaque
features. Additionally, evaluating the presence of soft or calcified
plaque, plaque ulceration, or increased common carotid artery
wall thickness can be easily performed with high reproducibility
without requiring lengthy interpretive time or postprocessing
software.

Our study illustrates some methodologic limitations of the
existing literature on CTA evaluation of carotid plaque. Our anal-
ysis revealed moderate levels of heterogeneity in the meta-analy-
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FIG 1. Four separate forest plots of the association between CT angiography—determined plaque characteristics and recent prior ipsilateral
ischemic events. Each meta-analysis was calculated with a random-effects model with pooled ORs shown for each forest plot. Each square
represents the point estimate of the effect size of the study with the square size being proportional to the inverse of the variance of the
estimate and the horizontal lines representing each the 95% Cl of each study. The diamond represents the pooled estimate with the width of

the diamond representing the pooled 95% ClI.

Heterogeneity and publication bias measures

Measures of Heterogeneity

Publication Bias

I? Cochran Q P Value Kendall T P Value
Soft-plaque studies 76.3% 2113 .001 0.47 27
Calcified-plaque studies 19.8% 7.49 28 0.14 .56
Plaque ulceration studies 611% 20.56 .008 0.389 .018
Carotid artery wall thickness studies 34.6% 1.52 22 NA NA

Note:—NA indicates not applicable.

ses evaluating soft plaque and plaque ulceration, which may have
been secondary to between-study variability in the definitions of
CTA plaque features and differences in how studies adjudicated
and defined stroke or TIA. Using a random-effects rather than a
fixed-effects model, we could statistically account for this hetero-
geneity and still show strong associations between each plaque
feature and cerebrovascular ischemia. We believe that increased
standardization of plaque feature definitions and more consis-
tently applied, uniform definitions of ischemic events are war-
ranted for future studies. Additionally, risk of bias for each article
was determined subjectively by consensus among 3 readers. The
subjectivity involved in assessing the risk of bias is inherent to
systematic reviews and meta-analyses. We also detected the pos-
sibility of publication bias in our meta-analysis of plaque ulcer-
ation, which raises the possibility that negative studies were not
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published. However, the evaluation of publication bias is limited,
given the small number of studies published on the CTA charac-
terization of plaque ulceration, and future studies are warranted
to examine whether such a bias exists.

Our systematic review and meta-analyses also revealed knowl-
edge gaps that future studies should seek to clarify. First, we found
that investigators have, to date, evaluated only the relationship
between specific plaque features and recent prior ischemic symp-
toms, rather than future stroke. Although longitudinal MR imag-
ing studies have shown that high-risk carotid plaque features such
as intraplaque hemorrhage do not change significantly during a
1-year period in symptomatic patients,’® prospective studies eval-
uating future stroke risk are needed if CTA plaque analysis is to
play a greater role in primary stroke prevention. It is possible that
amore directly applicable use of the results of our study may allow



clinicians to improve their confidence in identifying a culprit le-
sion after a stroke of uncertain etiology has occurred so that op-
timal secondary stroke prevention measures can be initiated.>**”
Second, we found that the time interval between the onset of
ischemic symptoms and CTA for the evaluation of plaque features
was relatively inconsistent among included studies. Third, many
studies did not include precise descriptions of how causation of
ischemic stroke was attributed to a given ICA. Prospective studies
with standardized protocols and definitions evaluating the pre-
dictive value of these plaque features for ischemic symptoms are
warranted to improve the clinical usefulness of carotid plaque
CTA.

CONCLUSIONS

Our systematic review and meta-analyses suggest that plaque fea-
tures such as the presence of soft plaque, plaque ulceration, or
increased common carotid artery wall thickness seen on CTA are
strongly positively associated with cerebrovascular ischemic
events and that the presence of calcified plaque is negatively asso-
ciated with prior ischemic events. Routine assessment of these
plaque features on CTA may be complementary to measuring
degree of luminal stenosis and aid in identifying high-risk plaque
features.

Disclosures: Ajay Gupta—RELATED: Grant: National Institutes of Health*. *Money
paid to the institution.
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Preoperative Cerebral Oxygen Extraction Fraction Imaging
Generated from 7T MR Quantitative Susceptibility Mapping
Predicts Development of Cerebral Hyperperfusion following
Carotid Endarterectomy

M. Sasaki, ““K. Kudo, ““F. Yamashita, ““K. Ito, M. Kobayashi, and ““’K. Ogasawara

bk Kol

J.-i. Nomura, ““I. Uwano, S. Fujiwara,

ABSTRACT

BACKGROUND AND PURPOSE: Preoperative hemodynamic impairment in the affected cerebral hemisphere is associated with the
development of cerebral hyperperfusion following carotid endarterectomy. Cerebral oxygen extraction fraction images generated from
7T MR quantitative susceptibility mapping correlate with oxygen extraction fraction images on positron-emission tomography. The
present study aimed to determine whether preoperative oxygen extraction fraction imaging generated from 7T MR quantitative suscep-
tibility mapping could identify patients at risk for cerebral hyperperfusion following carotid endarterectomy.

MATERIALS AND METHODS: Seventy-seven patients with unilateral internal carotid artery stenosis (=70%) underwent preoperative 3D
T2*-weighted imaging using a multiple dipole-inversion algorithm with a 7T MR imager. Quantitative susceptibility mapping images were
then obtained, and oxygen extraction fraction maps were generated. Quantitative brain perfusion single-photon emission CT was also
performed before and immediately after carotid endarterectomy. ROls were automatically placed in the bilateral middle cerebral artery
territories in all images using a 3D stereotactic ROl template, and affected-to-contralateral ratios in the ROIs were calculated on quanti-
tative susceptibility mapping—oxygen extraction fraction images.

RESULTS: Ten patients (13%) showed post-carotid endarterectomy hyperperfusion (cerebral blood flow increases of =100% compared
with preoperative values in the ROIs on brain perfusion SPECT). Multivariate analysis showed that a high quantitative susceptibility
mapping—oxygen extraction fraction ratio was significantly associated with the development of post-carotid endarterectomy hyperper-
fusion (95% confidence interval, 33.5-249.7; P = .002). Sensitivity, specificity, and positive- and negative-predictive values of the quanti-
tative susceptibility mapping—oxygen extraction fraction ratio for the prediction of the development of post-carotid endarterectomy
hyperperfusion were 90%, 84%, 45%, and 98%, respectively.

CONCLUSIONS: Preoperative oxygen extraction fraction imaging generated from 7T MR quantitative susceptibility mapping identifies
patients at risk for cerebral hyperperfusion following carotid endarterectomy.

ABBREVIATIONS: CEA = carotid endarterectomy; OEF = oxygen extraction fraction; QSM = quantitative susceptibility mapping, ROC = receiver operating
characteristic

C erebral hyperperfusion following carotid endarterectomy  intracerebral hemorrhage or cerebral edema.'™* Intracerebral hem-

(CEA) has been defined as a substantial increase in ipsilateral ~ orrhage has a low incidence (1%), but patients with this condition

cerebral blood flow well above the metabolic demands of brain ~ have a poor prognosis.” Moreover, several studies have found that

tissue following surgical repair of carotid stenosis."> Cerebral hyper-
perfusion syndrome after CEA is a complication of cerebral hyper-
perfusion;3 its characteristic features include unilateral headache,
pain in the face or eyes, seizures, and focal symptoms secondary to
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post-CEA hyperperfusion, even when asymptomatic, causes slight
but diffuse damage to the ipsilateral cerebral cortex and white mat-
ter.>>” This damage that occurs after CEA hyperperfusion is a prin-
cipal cause of the postoperative cognitive impairment observed in
10% of patients following CEA.>*”

Cerebrovascular autoregulatory mechanisms operate through
dilation of precapillary resistance vessels that maintain CBF when
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reductions in cerebral perfusion pressure occur, and this is re-
ferred to as stage 1 ischemia.™*'® However, the autoregulatory
mechanism provides insufficient compensation for severe de-
creases in cerebral perfusion pressure, which then leads to de-
creased CBF, referred to as misery perfusion or stage 2 isch-
emia.”®'° Thus, misery perfusion, which is defined as marginally
sufficient cerebral blood supply relative to cerebral metabolic de-
mand, is a situation with severely impaired cerebral hemodynam-
ics.® This condition occurs in patients with chronic steno-occlu-
sive diseases of the internal carotid artery.®

The risk factors for cerebral hyperperfusion include high-
grade stenosis, poor collateral blood flow, contralateral carotid
occlusion, and long-standing hypertension, and they often result
in impaired cerebral hemodynamics.''"** When normal perfu-
sion pressure is rapidly restored after CEA, hyperperfusion may
occur in regions of the brain with impaired autoregulation due to
chronic ischemia. This hypothesis is like the “normal perfusion
pressure breakthrough” theory of Spetzler et al.'*'® Indeed, pre-
operative misery perfusion in the affected cerebral hemisphere is
reportedly associated with the development of cerebral hyperper-
fusion following CEA or carotid stent placement for cervical ICA
stenosis.'®'”

Misery perfusion is principally detected as an increased oxy-
gen extraction fraction (OEF) on positron-emission tomogra-
phy.? Several approaches have been attempted to measure OEF by
using MR imaging techniques.'® In general, these techniques use
blood oxygen level-dependent effects induced by differences in
magnetic susceptibility between oxy- and deoxyhemoglobin to
quantify oxygenation in venous structures and/or brain paren-

chyma.'*?!

Quantitative susceptibility mapping (QSM) is a post-
processing technique for quantifying the magnetic susceptibility
of venous structures and brain parenchyma from T2*-weighted
magnitude/phase images, which can be easily obtained by com-
mercial scanners.*” Indeed, a recent study has introduced an OEF
measurement method based on the QSM technique and has dem-
onstrated that cerebral OEF images generated from QSM at 7T
MR imaging correlate with OEF images on PET and provide high
sensitivity and high specificity for detecting misery perfusion in
the middle cerebral artery territory in patients with unilateral
chronic ICA or MCA steno-occlusive disease.”

The purpose of the present study was to determine whether
preoperative OEF imaging generated from 7T MR QSM could
identify patients at risk for cerebral hyperperfusion following
CEA.

MATERIALS AND METHODS

Study Design

The present study was a prospective observational study. The pro-
tocol of this study was reviewed and approved by the institutional
ethics committee at Iwate Medical University, and written, in-
formed consent was obtained from all patients or their next of kin
before the patient’s participation.

Patient Selection

Patients with the following conditions who underwent CEA of the
carotid bifurcation in our institution were included in the present
study: 1) unilateral ICA stenosis of =70% as per the North Amer-
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ican Symptomatic Carotid Endarterectomy Trial**

on angiogra-
phy/arterial catheterization without occlusion or severe (=70%)
stenosis in the contralateral ICA; 2) useful preoperative residual
function (modified Rankin Scale score, 0-2); and 3) no ipsilateral
carotid territory ischemic symptoms or ipsilateral carotid terri-
tory ischemic symptoms for >6 months before presentation (de-
fined as asymptomatic),” or ipsilateral carotid territory ischemic
symptoms between 2 weeks and 6 months before presentation
(defined as symptomatic).” Patients who did not undergo 7T MR

imaging preoperatively were excluded.

Preoperative OEF Imaging Generated from MR QSM

A 7T MR imaging scanner (Discovery MR950; GE Healthcare,
Milwaukee, Wisconsin) with quadrature transmission and 32-
channel receive head coils was used. Source data of QSM were
obtained with a 3D spoiled gradient-recalled acquisition tech-
nique with the following scanning parameters: TR, 30 ms; TE, 15
ms; flip angle, 20° FOV, 256 mm; acquisition matrix size, 512 X
2565 section thickness, 2 mm; number of sections, 160; recon-
struction voxel size after zero-fill interpolation, 0.5 mm’; and scan
time, 3 minutes 25 seconds.”> Magnitude and real/imaginary
phase images were regenerated from this acquisition.

QSM images were generated from the source images with an
in-house program with a multiple dipole-inversion combination
with k-space segmentation®® and regularization-enabled sophis-
ticated harmonic artifact reduction for phase data methods,*® as
described previously.>® A 2D Gaussian low-pass filter with a ker-
nel size of 60% of the total image power in each section was ap-
plied to extract iron deposition in deep nuclei, hemosiderin de-
position, dural sinuses, and large venous structures; and a 2D
Gaussian high-pass filter of 2% was applied to extract small ve-
nous structures.> Subsequently, small venous structures were de-
termined by multiplying the Gaussian high-pass-filter—processed
binary images and the logical negations of Gaussian low-pass-
filter—processed binary images under the threshold for binariza-
tion of =2 SDs.?

The OEF maps with voxels of interest of 25 mm? were gener-
ated from the processed QSM images according to a previous
study.”>*’ In brief, the susceptibility difference between venous
structures and surrounding brain tissues, Ay, is expressed by the
following equation:

Ax = Axg X Het X (1 = Y,) X pi’
where Ay, is the difference in the susceptibility per unit hemat-
ocrit between fully deoxygenated and fully oxygenated blood
[0.18 ppm (cgs) was used],>” Het is hematocrit (0.45 was used), Y,
is venous oxygen saturation, and Pv is a correction factor for par-
tial volume effects that was defined as approximately 7.0 accord-
ing to the previous study.>> On the other hand, OEF is defined as
(Y, — Y,)/Y,, where Y, is arterial oxygen saturation and can be
estimated as 1 — Y, under usual conditions in which Y, is nearly
100%.%® Hence, the OEF can be calculated with the following
equation:



FIG 1.

bilateral middle cerebral arteries.

Detection of Cerebral Hyperperfusion following CEA

To detect cerebral hyperperfusion following CEA, quantitative
brain perfusion SPECT was performed with iodine 123 N-isopro-
pyl-p-iodoamphetamine ('*’I-IMP) within 14 days before and
immediately after CEA. The '*I-IMP SPECT study was per-
formed as described previously.>® Patients with post-CEA hyper-
perfusion also underwent a third "*’I-IMP SPECT in the same
manner 3 days after CEA. The quantitative CBF images were cal-
culated according to the '*’I-IMP-autoradiography method.*”

Imaging Data Analysis

All QSM-OEF and brain perfusion SPECT images were trans-
formed into the standard brain size and shape by linear and non-
linear transformation using Statistical Parametric Mapping 12
(http://www.fil.ion.ucl.ac.uk/spm/software/spm12) for anatomic
standardization.>>° Thus, all the subjects’ brain images had the
same anatomic format. Then, a 3D stereotactic ROI template was
used to automatically place 318 constant ROIs in both the cerebral
and cerebellar hemispheres.>?" The ROIs were grouped into 10
segments (callosomarginal, pericallosal, precentral, central, pari-
etal, angular, temporal, posterior, hippocampus, and cerebellum)
in each hemisphere by arterial supply. Of these 10 segments, 5
(precentral, central, parietal, angular, and temporal) were com-
bined to define an ROI perfused by the MCA (Fig 1).”

For QSM-OEF images, the mean value of all pixels was calcu-
lated in the bilateral MCA ROIs. For each patient, the asymmetry
ratio in the MCA ROI (QSM-OEEF ratio) was calculated as the
value in the cerebral hemisphere ipsilateral to the side of surgery
divided by the value in the contralateral cerebral hemisphere.

For brain perfusion SPECT images, the mean value of all pixels
in the MCA ROI in the cerebral hemisphere ipsilateral to the CEA
was calculated before and after the operation. For each patient,
post-CEA hyperperfusion was defined as a quantitative CBF in-
crease of =100% (ie, doubling) compared with preoperative val-

3,13

ues in an MCA RO ipsilateral to the side of surgery.

Pre-, Intra-, and Postoperative Management

Antiplatelet therapy was given to all patients until the morning of
the day of CEA, and surgery was performed with the patient under
general anesthesia.” A heparin bolus (5000 TU) was administered
before ICA clamping.” An intraluminal shunt was placed on the

Diagrams showing some ROIs of a 3D stereotactic ROI template on MR quantitative
susceptibility mapping—oxygen extraction fraction images and brain perfusion single-photon
emission CT images. The white ROIs indicate the bilateral cortical territories perfused by the

basis of the findings of intraoperative
electroencephalography with a 12-chan-
nel montage.>*?

In all patients with post-CEA hyper-
perfusion on brain perfusion SPECT
performed immediately after the opera-
tion, arterial blood pressure was inten-
sively controlled between 100 and 140
mm Hg by intravenous antihypertensive
drugs.® If the CBF decreased and the
hyperperfusion had resolved on brain
perfusion SPECT performed on the
third postoperative day, pharmacologic
blood pressure control was stopped.’
However, if the hyperperfusion contin-
ued, the systolic arterial blood pressure
was controlled to <140 mm Hg.” If a
patient developed hyperperfusion syndrome, a propofol coma
was induced.” Hyperperfusion syndrome was diagnosed with the
following criteria: 1) seizure, alteration in consciousness level,
and/or focal neurologic signs such as motor weakness that newly
developed or worsened between 24 hours and 30 days after the
operation; and 2) the presence of hyperperfusion on brain perfu-
sion SPECT.?

Statistical Analysis

Data are expressed as means = SD. The relationship between each
variable including the QSM-OEF ratio and the development of
cerebral hyperperfusion defined by brain perfusion SPECT was
evaluated by univariate analysis with the Mann-Whitney U test or
the x* test. Multivariate statistical analysis of factors related to the
development of cerebral hyperperfusion was also performed with
a logistic regression model. Variables with P < .2 on univariate
analyses were included in the final model. Differences were con-
sidered significant with P < .05. The accuracy of the QSM-OEF
ratio for predicting the development of cerebral hyperperfusion
was evaluated by receiver operating characteristic (ROC) curve
analyses when the relationship between the 2 parameters was sig-
nificant. Exact 95% confidence intervals of sensitivity, specificity,
and positive and negative predictive values were computed with
binomial distributions.

RESULTS
During the 33-month period of the study, 111 patients satisfied the
inclusion criteria and were scheduled to undergo 7T MR imaging
preoperatively. However, 25 patients did not undergo 7T MR imag-
ing because they had implantable electronic devices or implantable
metals such as coronary artery stents, pacemakers, or broken bone
fixtures, which are contraindications for 7T MR imaging. In another
5 patients, 7T MR imaging was canceled half-way through scanning
due to the development of headache, vertigo, or claustrophobia. The
remaining 81 patients successfully underwent 7T MR imaging. How-
ever, data that were sufficient to generate OEF maps were not ob-
tained in 7T MR imaging of 4 patients due to motion artifacts, and
these 4 patients were excluded from the analysis. Seventy-seven pa-
tients were thus enrolled in the present study.

The mean age of the 77 patients (70 men, 7 women) was 70 =
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FIG 2. Relationship between the preoperative QSM-OEF ratio and
the presence or absence of postoperative hyperperfusion. Arrows
indicate patients with cerebral hyperperfusion syndrome. The
dashed horizontal line denotes the cutoff point lying closest to the
left upper corner of the ROC characteristic curve for predicting
the development of postoperative hyperperfusion.

7 years (range, 52— 86 years). There were 73 patients with hyper-
tension, 37 patients with diabetes mellitus, and 64 patients with
dyslipidemia. Fifty-one patients had ipsilateral carotid territory
symptoms, and 26 patients showed asymptomatic ICA stenosis.
The overall average degree of ICA stenosis was 87% * 9% (range,
70%-99%). The mean duration of ICA clamping was 36 minutes
(range, 25-56 minutes). An intraluminal shunt was placed in 3
patients.

Ten patients (13%) fulfilled the CBF criteria for post-CEA
hyperperfusion on the quantitative brain perfusion SPECT im-
ages obtained immediately after surgery; 8 of these patients
showed no hyperperfusion on the SPECT performed on the third
postoperative day, and they all had uneventful postoperative
courses. However, in the remaining 2 patients with cerebral hy-
perperfusion immediately after CEA, a progressive increase in
CBF was seen on the third postoperative day; they developed ce-
rebral hyperperfusion syndrome with hemiparesis on the side
contralateral to the side of surgery or aphasia with onset 5 and 8
days after the operation, respectively. Propofol coma was induced
in these 2 patients, and they eventually showed full neurologic
recovery after termination of the propofol coma.

Fig 2 shows the relationship between the QSM-OEF ratio and
the development of cerebral hyperperfusion defined by brain per-
fusion SPECT. The QSM-OEF ratio was significantly greater in
patients with cerebral hyperperfusion (1.176 = 0.090) than in
those without it (1.027 = 0.102, P = .0001). The Table shows the
results of univariate analyses of other factors related to the devel-
opment of post-CEA hyperperfusion. None of the variables were
significantly associated with the development of post-CEA hyper-
perfusion. After closely related variables were eliminated in uni-
variate analyses, the following variables (P < .2), the QSM-OEF
ratio and the degree of ICA stenosis, were included in the logistic
regression model for multivariate analysis. On multivariate anal-
ysis, a high QSM-OEF ratio was significantly associated with the
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Risk factors for the development of post-CEA hyperperfusion
Post-CEA Hyperperfusion

Risk Factor Yes(n=10) No(n=67) P Value
Age (mean) (yr) 712 £92 703 £ 6.7 3623
Male sex 9(90%) 61(91%) >.9999
Hypertension 10 (100%) 63 (94%) >.9999
Diabetes mellitus 4 (40%) 33(35%) 7256
Dyslipidemia 7 (70%) 57 (85%) .3589
Symptomatic lesion 8(80%) 43 (64%) 4802
Degree of ICA stenosis (mean) (%) 914+70 87.0*96 am2
Duration of ICA clamping (mean) (min) 383 = 4.0 36.4 + 6.1 2048
Use of intraluminal shunt 0(0%) 3(4%) >.9999
100
80+
&
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=
=
=
7] -
@ 40
0
20 AUC, 0.882
(95% Cl, 0.788-0.944)
0 T T T T
0 20 40 60 80 100

100-Specificity (%)

FIG 3. ROC curve used to assess the accuracy of the QSM-OEF ratio
for predicting the development of postoperative hyperperfusion.
AUC indicates area under the ROC curve.

development of post-CEA hyperperfusion (95% CI, 33.5-249.7;
P =.002).

Fig 3 shows the ROC curve of the QSM-OEF ratio, which can
be used to assess its ability to predict the development of post-
CEA hyperperfusion. The area under the ROC curve was 0.882
(95% CI, 0.788—0.944). Sensitivity, specificity, and positive and
negative predictive values for the QSM-OEF ratio at the cutoff
point (1.116) lying closest to the left upper corner of the ROC
curve for the prediction of the development of post-CEA hyper-
perfusion were 90% (95% CI, 71-100), 84% (95% CI, 75-92),
45% (95% CI, 23-67), and 98% (95% CI, 95-100), respectively
(Figs 2 and 3).

Representative images of the preoperative QSM-OEF maps
and the pre- and postoperative quantitative brain perfusion
SPECT from a patient with post-CEA hyperperfusion are shown
in Fig 4.

DISCUSSION

The present study demonstrated that preoperative OEF imaging
generated from 7T MR QSM could identify patients at risk for
cerebral hyperperfusion following CEA.

The benefits and drawbacks of the method used in the present
study for OEF estimation have already been discussed in the lit-
erature.” Briefly, the present QSM-based method has several ad-
vantages, such as use of a conventional sequence; short acquisi-
tion time; no need for any challenge, contrast agent, or other
invasive procedures; sufficient spatial resolution with whole-
brain coverage; and robustness to low perfusion status, suggesting



FIG 4. A 77-year-old man with symptomatic left internal carotid
artery stenosis (85%) who developed cerebral hyperperfusion syn-
drome with right-sided hemiparesis and aphasia with onset 5 days
after the operation. A, Preoperative QSM-OEF images show elevation
of the values in the left cerebral cortex compared with those in the
right cerebral cortex. B, Brain perfusion single-photon emission CT
images before the operation show hypoperfusion in the left cerebral
hemisphere (upper row) where hyperperfusion developed immedi-
ately after the operation (lower row).

high ease of use in clinical practice and clinical studies for patients
with cerebrovascular and other neurologic disorders.>> Zhang et
al'® have recently demonstrated that QSM can be used with per-
fusion measurements of pre- and post-caffeine vasoconstriction
to map the cerebral metabolic rate of oxygen and OEF. However,
this method needs a caffeine challenge and 2 MR images. It also
uses arterial spin-labeling MR perfusion imaging to obtain CBF
data. This perfusion imaging depends on the arterial transit
time.>® With the postlabeling delay of 1.5 seconds used in the
study by Zhang et al, slow flow through collateral vessels in the
cerebral hemisphere with ICA steno-occlusive disease is often un-
derestimated, resulting in overestimation of OEF.*”

On the other hand, as drawbacks, the present method is highly
dependent on the algorithms for generating QSM images and for
estimating OEF values.> Several algorithms for QSM generation
have been proposed, and they vary in terms of preservation of
small venous structures, which appears crucial to obtain accurate
OEF values.” The software for estimating OEF values from QSM
images are in-house programs that need further revisions to dis-
tribute as free software programs.>®> Further optimization of the
algorithm and parameters, as well as publication of the program,
is needed for wide adoption of the QSM-OEF method.*

Various mechanisms to explain the development of post-CEA
hyperperfusion have been proposed.*'> When there is severe ICA
stenosis and deficient collateral circulation, hemispheric perfu-
sion pressure is severely decreased distal to the ICA stenosis,
which may reduce perfusion pressure below the compensatory
capacity of autoregulatory mechanisms, causing maximal dilation
of resistance vessels and misery perfusion. When normal perfu-

sion pressure is restored following CEA, it may take several days
for chronically impaired autoregulatory mechanisms to adjust to
the new steady-state, resulting in temporary ongoing hyperperfu-
sion. In the present study, a high QSM-OEEF ratio was found to be
the only independent predictor of post-CEA hyperperfusion,
which supports the theory that hyperperfusion occurs due to loss
of normal vasoconstriction secondary to chronic cerebral isch-
emia and dysfunctional autoregulatory mechanisms.

In the present study, the optimal cutoff point of the QSM-OEF
ratio on the ROC curve to predict the development of post-CEA
hyperperfusion was 1.116. According to a previous study compar-
ing QSM-OEF with PET-OEF,? this value corresponded to the
mean + 2.9 SD of the QSM-OEF ratio obtained from healthy
subjects. With this cutoff point, the QSM-OEF ratio provided a
sensitivity of 90% and a negative-predictive value of 98% for pre-
dicting the development of post-CEA hyperperfusion. This high
sensitivity and high negative predictive value suggest that the
QSM-OFEF ratio is suitable as a screening test for preoperative
prediction of post-CEA hyperperfusion. On the other hand,
among the present results, there was a patient with false-negative
findings with post-CEA hyperperfusion despite the absence of
preoperatively increased QSM-OEF in the affected hemisphere
(QSM-OEEF ratio of 1.009). These findings in this patient suggest
that loss of normal vasoconstriction and maladaptive autoregula-
tory mechanisms causing post-CEA hyperperfusion rarely de-
velop in cerebral hemodynamic conditions other than with mis-
ery perfusion. A previous study demonstrated that post-CEA
hyperperfusion can occur even in patients with stage 1 ischemia,
in which precapillary resistance vessels are dilated to maintain
CBF in the context of reductions in cerebral perfusion pressure,
though the OEF was not yet elevated.” Because QSM-OEF imag-
ing theoretically does not detect stage 1 ischemia, this imaging can
provide false-negative results.

In this study, the QSM-OEF ratio showed a relatively low pos-
itive predictive value (45%) for the development of post-CEA
hyperperfusion. It has been reported that most patients with pre-
operatively impaired cerebral hemodynamics and significantly
decreased perfusion in the ipsilateral cerebral hemisphere during
ICA clamping in CEA developed post-CEA hyperperfusion; this
finding suggests that in addition to the impaired cerebrovascular
autoregulation due to chronic ischemia, intraoperative acute
global ischemia is involved in the pathogenesis of post-CEA hy-
perperfusion.®® This may explain the low positive predictive value
for the prediction of post-CEA hyperperfusion when only preop-
erative measurements of cerebral hemodynamics, such as the
QSM-OEEF ratio, are used.**

Regarding management for cerebral hyperperfusion after
CEA, several investigators have noted the following: 1) Two-
thirds of patients with cerebral hyperperfusion on brain perfusion
imaging performed immediately after surgery develop intracere-
bral hemorrhage within 15 days after the operation if intensive
blood pressure control is not started immediately afterwards,’
and this intensive blood pressure control prevents the develop-
ment of intracerebral hemorrhage due to cerebral hyperperfu-
sion;>'? 2) carotid artery stenosis and other vascular atheroscle-
rotic diseases, including coronary artery disease or lower
extremity atherosclerotic occlusive disease, often coexist, and the
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intensive blood pressure control (eg, intentional hypotension) for
such patients induces ischemic events involving the other athero-
sclerotic steno-occlusive lesions, suggesting that only patients
who are preoperatively determined to have a high risk of cerebral
hyperperfusion or are identified as having cerebral hyperperfu-
sion on brain perfusion imaging done immediately after surgery
should undergo intensive blood pressure control to minimize
the risk of hypotension-induced ischemic events;'? and 3) an
intraoperative administration of a free radical scavenger,
edaravone, significantly prevents the development of cerebral
hyperperfusion itself,?® thus reducing the incidence of postop-
erative cognitive impairment, as well as postoperative intrace-
rebral hemorrhage.*®

On the basis of these previous findings and the present data,
we propose a practical clinical algorithm to manage cerebral hy-
perperfusion: A patient scheduled to undergo CEA first under-
goes preoperative OEF imaging generated from MR QSM. If the
QSM-OEF ratio is high (>1.116), the patient is determined to
have a high risk for cerebral hyperperfusion and undergoes an
intraoperative administration of edaravone, brain perfusion im-
aging immediately after the operation, and/or postoperative
intensive blood pressure control, because patients without a
high QSM-OEEF ratio rarely experience postoperative cerebral
hyperperfusion.

In the present study, a 7T scanner that yields profound suscep-
tibility effects was used to improve the accuracy for estimating
misery perfusion. Against our expectations, however, a recent
study has demonstrated that QSM-OEF at 7T MR imaging
achieved only a slight improvement in the correlation coefficient,
and the sensitivity/specificity of OEF obtained with ">O-PET in-
cluded substantial systematic biases in terms of the agreements
compared with that at 3T MR imaging.>>*> This issue can be
mainly attributed to the relatively low spatial resolution of the
source images at 7T MR imaging, which was comparable with that
at 3T MR imaging.”>** Although the blood oxygen level-depen-
dent effect is much stronger at 7T MR imaging than at 3T MR
imaging, susceptibility information of minute venous structures
at 7T MR imaging was presumably overlooked due to the low
resolution of the images.>> Thus, whereas the use of a 7T scanner
in the present study is a significant limitation on the availability of
QSM-OEF, the same results as in the present study could probably
be obtained with QSM-OEF at 3T MR.

CONCLUSIONS

The present study demonstrated that preoperative OEF imaging
generated from 7T MR QSM could identify patients at risk for
cerebral hyperperfusion following CEA. Use of 7T MR imaging
for humans is currently limited. However, 7T MR imagers will be
applied to patients in clinical practice soon, as has occurred for 3T
MR imaging. The present results suggest that imaging of cerebral
hemodynamics on 7T MR imaging may be useful for predicting
the development of brain adverse events following surgical
interventions.
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CT Texture Analysis Potentially Predicts Local Failure in
Head and Neck Squamous Cell Carcinoma Treated
with Chemoradiotherapy

H. Kuno, “M.M. Qureshi, “’/M.N. Chapman, ““'B. Li, ““'V.C. Andreu-Arasa, ““K. Onoue, “M.T. Truong, and “~'O. Sakai
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ABSTRACT

BACKGROUND AND PURPOSE: The accurate prediction of prognosis and failure is crucial for optimizing treatment strategies for patients
with cancer. The purpose of this study was to assess the performance of pretreatment CT texture analysis for the prediction of treatment
failure in primary head and neck squamous cell carcinoma treated with chemoradiotherapy.

MATERIALS AND METHODS: This retrospective study included 62 patients diagnosed with primary head and neck squamous cell
carcinoma who underwent contrast-enhanced CT examinations for staging, followed by chemoradiotherapy. CT texture features of the
whole primary tumor were measured using an in-house developed Matlab-based texture analysis program. Histogram, gray-level co-
occurrence matrix, gray-level run-length, gray-level gradient matrix, and Laws features were used for texture feature extraction. Receiver
operating characteristic analysis was used to identify the optimal threshold of any significant texture parameter. We used multivariate Cox
proportional hazards models to examine the association between the CT texture parameter and local failure, adjusting for age, sex,
smoking, primary tumor stage, primary tumor volume, and human papillomavirus status.

RESULTS: Twenty-two patients (35.5%) developed local failure, and the remaining 40 (64.5%) showed local control. Multivariate analysis
revealed that 3 histogram features (geometric mean [hazard ratio = 4.68, P = .026], harmonic mean [hazard ratio = 8.61, P = .004], and
fourth moment [hazard ratio = 4.56, P = .048]) and 4 gray-level run-length features (short-run emphasis [hazard ratio = 3.75, P = .044],
gray-level nonuniformity [hazard ratio = 5.72, P = .004], run-length nonuniformity [hazard ratio = 4.15, P = .043], and short-run low
gray-level emphasis [hazard ratio = 5.94, P = .035]) were significant predictors of outcome after adjusting for clinical variables.

CONCLUSIONS: Independent primary tumor CT texture analysis parameters are associated with local failure in patients with head and
neck squamous cell carcinoma treated with chemoradiotherapy.

ABBREVIATIONS: CRT = chemoradiotherapy; GLCM = gray-level co-occurrence matrix; GLN = gray-level nonuniformity; GLRL = gray-level run-length; HNSCC =
head and neck squamous cell carcinoma; HPV = human papillomavirus; HR = hazard ratio; RLN = run-length nonuniformity; SRE = short-run emphasis; SRLGE =
short-run low gray-level emphasis

hemoradiotherapy (CRT) is the mainstay of treatment for  rently, the American Joint Committee on Cancer staging system,

early and locally advanced head and neck squamous cell car- ~ which uses unidimensional tumor size, local anatomic inva-

cinoma (HNSCC). The accurate prediction of prognosis and fail-
ure is crucial for optimizing treatment strategies for patients with
cancer; however, it remains an area of ongoing controversy. Cur-
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sion, nodal involvement, and the presence of metastatic dis-
ease, is the most widely accepted and applied prognostic sys-
tem in cancer management. Yet this classification is mainly
based on surgical criteria rather than predictors of radiation or
chemotherapy response, and this tumor node metastasis infor-
mation sometimes fails to predict the response to nonsurgical
therapy. Several studies have demonstrated a significant im-
pact of primary tumor volume on treatment outcome in pa-
tients with HNSCC treated with radiation therapy.' More
recent studies have also shown that patients with human pap-
illomavirus (HPV)-positive HNSCCs have a better response to
CRT than patients with HPV-negative tumors.®”® However,
treatment failure still occurs in patients with HNSCC with
small tumor volume and/or HPV-positive status."°
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Image texture is defined as a complex visual pattern within
an image, consisting of simpler subpatterns with characteristic
features, and texture analysis allows the mathematic detection
of the subtle spatial arrangement of the gray level among image
pixels.'"'? Texture analysis is a postprocessing technique and a
new addition to the image-analysis armamentarium that ex-
tracts information native to image data that is not apparent on
visual inspection of images. These techniques ultimately pro-
vide a quantitative means of extracting image features that are
useful for comparative analyses. In the past several years, CT
texture analysis has been investigated in oncology imaging for
its ability to predict treatment outcome in patients with non-
small cell lung cancer, esophageal cancer, and metastatic renal
cell carcinoma.’”'® One study showed that CT texture and
histogram analysis parameters of the primary mass were asso-
ciated with overall survival in patients with HNSCC who were
treated with induction chemotherapy followed by chemother-
apy, radiation, and/or an operation.'” However, it is still un-
clear whether CT texture analysis can predict local failure to
radiation therapy in patients with HNSCC, including with im-
portant clinical factors such as smoking history, tumor vol-
ume, and HPV status. Considering that texture analysis may

2021 we herein

detect subtle pathologic changes in an image,
hypothesized that texture analysis on CT would enable assess-
ment of radiosensitivity in a patient with HNSCC.

The purpose of this study was to assess the utility of texture
analysis for the prediction of treatment failure in primary HNSCC

treated with CRT.

MATERIALS AND METHODS

Patients

The institutional review board at Boston Medical Center ap-
proved this study. The requirement to obtain written informed
consent was waived for this retrospective analysis.

Between February 2008 and February 2015, one hundred
sixty-five consecutive newly diagnosed patients with histologi-
cally proved HNSCCs (oropharynx, larynx, hypopharynx, and
oral cavity) underwent contrast-enhanced CT before treatment.
Eighty-six of the 165 patients (52%) were excluded because they
were treated surgically. We excluded an additional 13 patients: 3
patients due to significant artifacts from motion or dental hard-
ware on CT that may have influenced the texture analysis, 5 pa-
tients with very small primary tumors (tumor volume <0.4 cm®)
that were difficult to contour, and 5 patients due to an inability to
complete treatment. Three patients showing local control were ex-
cluded because follow-up periods were <12 months due to other
causes of death (2 patients) or transfer to hospice care for distant
metastatic disease. One patient who developed metachronous mul-
tiple HNSCC was also excluded due to additional treatment with
CyberKnife stereotactic radiosurgery (Accuray, Sunnyvale, Califor-
nia) in the same region for a secondary squamous cell carcinoma.
The remaining 62 patients (53 men, 9 women; age 31—80 years; me-
dian age, 58 years) diagnosed with primary HNSCC were enrolled in
this study. Of 62 patients, 31 (50%) had oropharyngeal squamous
cell carcinomas, 9 (15%) had hypopharyngeal squamous cell carci-
nomas, 19 (31%) had laryngeal squamous cell carcinomas, and 3
(5%) had oral cavity squamous cell carcinomas.

Treatment and Follow-Up

All patients were treated with definitive intensity-modulated ra-
diation therapy. The primary gross tumor volume was treated to a
median dose of 69.96 Gy (range, 60.0—-69.96 Gy), over a median
of 33 fractions (range, 3033 fractions) and a median of 47 days
(range, 40—102 days). Concurrent chemotherapy was given to 60
(96.8%) patients, but 1 patient was changed to radiation therapy
alone due to stomatitis. Of these 60 patients, 33 also received
induction chemotherapy. The remaining 2 patients underwent
radiation therapy alone.

Patients were followed after the conclusion of treatment to
evaluate local control. All patients were followed clinically for at
least 12 months after completion of radiation therapy. The fol-
low-up evaluation included physical and endoscopic examina-
tions. In addition to the clinical examination, CT, MR imaging,
and ['®F] FDG PET/CT were used to assess the clinical response as
part of standard treatment care. Local failures were confirmed by
biopsy except in cases of significant progressive disease by clinical
examination and imaging assessment with ['®*F] FDG PET/CT or
MR imaging. The follow-up period was designated as the total
time of follow-up, starting at treatment initiation and ending ei-
ther at histologically confirmed local failure or at last patient con-
tact without local failure.

CT Imaging Protocol

Contrast-enhanced CT examinations were performed either in-
dependently or combined with [**F] FDG PET examination, ac-
quired by 64- or 16-detector row CT scanners (LightSpeed VCT
or Discovery STE-16 PET/CT; GE Healthcare, Milwaukee, Wis-
consin). Dedicated neck CT studies were helically acquired (120
kV[peak], gantry rotation time = 0.5 second, automatic tube cur-
rent modulation on with 10% adaptive statistical iterative recon-
struction, helical pitch factor = 0.937:1, scan FOV = 300 mm,
reconstructed section thickness = 1.25 or 3.75 mm, image ma-
trix = 512 X 512) extending from the skull base to the thoracic
inlet following a 60-second delay after intravenous contrast injec-
tion (80-160 mL; ioversol, Optiray 350, Mallinckrodt, St. Louis,
Missouri; or iopamidol, Isovue 370, Bracco, Princeton, New Jer-
sey). The images were reviewed in soft-tissue algorithms.

Image Segmentation

The primary tumor was manually contoured by a neuroradiolo-
gist with 9 years of experience who was blinded to patient history.
Segmentation of the whole primary lesion for each section was
performed with a dedicated AW workstation (GE Healthcare)
with a semiautomated graphic user interface. We used axial im-
ages for the segmentation. If the tumor border was unclear on the
axial images, coronal or sagittal reformatted sections were used to
guide segmentation. We manually excluded obvious necrotic and
cystic areas, regions of ulceration of the tumor, calcification, and
areas of artifacts from the contoured tumor volume (On-line Fig-
ure). The most solid component of the tumor was contoured.
When severe streak artifacts within the tumor were seen, we ex-
cluded the artifact section and used only artifact-free sections for
texture analysis. The full processing time of image segmentation
and texture analysis per subject was approximately 10 minutes.
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Table 1: Demographics and tumor characteristics of patients with head and neck cancer®

Statistical Analysis

Overall Subjects Local Failure Local Control P First, associations of demographic and

Characteristic (n=62) (n=22) (n=40) Value  (linical characteristics with local control

Age (yr) 205 status were tested with the Pearson x*
Median (range) 58 (31-80) 60(31-79) 57(32-80) test or Mann-Whitney U test. Texture
Se)!iAale 53 (85) 21(95) 32(80) 098 parameters were then compared in pa-
Female 9(15) 1(5) 8(20) tients with local control against patients
Primary site 515 who developed local failure using the
Oropharynx 31(50) 11(50) 20 (50) Mann-Whitney U test to select signifi-
::Z ;)Ehary nx 13 gj; :?2?) ]i 835)) cant texture parameters. 'Se.cond, re-
Oral cavity 3(5) 209) 102) ceiver operating characteristic analysis
T-Stage 037° was used to identify the optimal thresh-
T 1(2) 0(0) 1(2) old of any significant texture parameter.
T2 14(23) 2(9) 12(30) The point on the receiver operating
;3‘ 212 g?; ]g ggi ]]3 83 characteristic curve farthest from the 45-
N-stage ol degree reference line with the best com-
NO 9(15) 3(14) 6(15) bination of sensitivity and specificity
N1 10 (16) 3(14) 7(18) was considered the optimum threshold.
N2 39(63) 14 (64) 25(63) The area under the receiver operating
_N3 . 4(6) 2(9) 2(5) characteristic curve was also measured
H|s;;c\;>ep“a:cjfi1fc’>:'log|c grade 9(15) 3 (14) 6(14) 977 for the selected parameters. Third, Cox
Moderately diff. 33(53) 13(59) 20(50) proportional hazards models were used
Poorly diff. 17 (27) 6(27) 1(28) to examine the association between each
Unknown 3(5) 0 3(8) selected CT texture parameter and local
Smokinig (pack-year) 947 failure. The local control time was de-
Tu'r\n/‘zft‘glgranr;g(?m) 20(0-100) 30(0-100) 20(0-60) 007° fined as the time between the start of

Median (range) 6.28 (0.45-69.47) 1507 (0.95-51.89)

HPV (p16)
Positive 24 (39) 8(36)
Negative 23(37) 8(36)
Unknown 15 (24) 6(27)
CT scanner
64—detector row MDCT 12(19) 5(23)
16—detector MDCT 50 (81) 17(77)
Section thickness
125 cm 50 (81) 18 (82)
375cm 12(19) 4(18)
ASIR
On 22 (35) 7(32)
Off 40 (65) 15 (68)

4.56 (0.45-69.47)

treatment and the date on which local

917 recurrence was found or the last follow-
16 (40) up. Furthermore, we used multivariate
15(38) Cox proportional hazards models to ex-
?(23) 618 amine the association between CT tex-
7(18) ture parameters and local failure, adjust-
33(82) ing for age, sex, smoking (pack-year),
689 primary tumor stage, primary tumor
31(78) volume, and HPV status. Because 15 of
222 655 62 subjects had unknown HPV status,
15 (38) we used 47 subjects with HPV data for
25(63) multivariate models.

Note:—MDCT indicates multidetector row CT; ASIR, adaptive statistical iterative reconstruction; diff., differentiated

squamous cell carcinoma.

Data are presented as the number of patients with percentages in parentheses, unless otherwise noted.
®Indicates a significant difference by the Pearson x? or Mann-Whitney U test (P < .05).

Texture Analysis
In this work, we measured 42 features from each segmented
tissue volume using an in-house-developed Matlab (Math-
Works, Natick, Massachusetts) texture analysis software.*
The mean value of the textural features on an ROI basis was
estimated. The volume of each primary tumor was also calcu-
lated. The 42 features included the following:

1) Thirteen histogram features

2) Five gray-level co-occurrence matrix (GLCM) features

3) Eleven gray-level run-length (GLRL) features

4) Four gray-level gradient matrix features

5) Nine Laws features.

We discuss the extraneous math behind each texture feature in

detail in a subsequent On-line Appendix.'!!*20-22-2>
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All statistical analyses were performed
by using STATA (Version 12.1; StataCorp,
College Station, Texas). A P value < .05
was considered statistically significant.

RESULTS

At a median follow-up of 29 months (range, 7-88 months) for in-
cluded subjects, 22 patients (35.5%) developed local failure and the
remaining 40 patients (64.5%) showed local control. The follow-up
time of patients with local failure ranged from 3.7 to 14.4 months
(median, 4.6 months), and the follow-up time of patients with local
control ranged from 16.8 to 88.4 months (median, 35 months).
Among 24 patients positive for HPV, 8 patients (33.3%; 5 orophar-
ynx, 2 larynx, and 1 oral tongue carcinoma) developed local failure.
Complete patient demographics and tumor characteristics are de-
scribed in Table 1. Primary tumor volume of the local control group
was significantly smaller than that in the failure group (median, 4.56
versus 15.07 mL, P = .007). The primary T-stage was also signifi-
cantly different between the local control and failure groups (P =



Table 2: Optimal thresholds obtained from ROC curves and sensitivity/specificity to predict local failure®

Texture Parameter AUC Cutoff Point Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Histogram
Mean 0.67 (0.54-0.81) >102 50.2(28.2-71.7) 82.5(67.2-92.6) 647 733 71.0
SD 0.70 (0.56-0.84) <2529 40.9(20.7-63.7) 92.5(79.6-98.4) 74.0 75.0 74.2
Geometric mean 0.71(0.57-0.85) >920.6 36.4 (17.2-59.3) 92.5(79.6-98.4) 727 727 726
Harmonic mean 0.71(0.58-0.85) >2434 36.4(17.2-59.3) 95.0 (83.1-99.4) 80.0 731 74.2
Fourth moment 0.69 (0.55-0.83) <4.65e10 40.9 (20.7-63.6) 92.5(79.6-98.4) 74.0 75.0 74.2

GLRL
SRE 079 (0.68-0.91) <0.0341 364(17.2-593)  95.0(831-99.4) 80.0 731 742
LRE 0.80(0.69-0.91) <0.0332 63.6 (40.7-82.8) 80.0 (64.4-90.9) 63.6 80.0 74.2
GLN 0.80 (0.69-0.92) <0.0408 682(451-861)  80.0(64.4-90.9) 65.2 821 75.8
RLNP 0.82(0.72-0.92) <0.0329 773(58.8-873)  77.5(54.6-92.2) 654 861 77.4
RP 0.71(0.57-0.84) >4333 72.7 (49.8-89.3) 65.0 (48.3-79.4) 533 81.3 67.7
LGRE 0.73 (0.60-0.85) >440 81.8(59.7-94.8)  62.5(45.8-77.3) 54.6 862 69.4
HGRE 0.74 (0.61-0.87) >4339 54.6 (32.2-75.6) 85.0(70.2-94.3) 66.7 773 74.2
SRLGE 0.72(0.59-0.86) >444) 77.3(54.6-92.2) 37.5(50.9-81.4) 56.7 844 71.0

Note:—LRE indicates long-run emphasis; RP, run percentage; LGRE, low gray-level run emphasis; HGRE, high gray-level run emphasis; PPV, positive predictive value; NPV, negative
predictive value; AUC, area under the receiver operating characteristic curve; ROC, receiver operating characteristic.

#Numbers in parentheses are 95% confidence intervals.

® AUC of the RLN was significantly better than that of mean (P = .022). The differences with other selected texture features were not significant (P > .05).

Table 3: Cox proportional hazards model of selected CT texture parameters for predicting

The results of optimal thresholds for

local failure selected texture features obtained from re-
. - A —
Unlvalilateé,;;\alysm Multlva(rlate4;\)naly sis ceiver operating characteristic curves and
n= n=
sensitivity/specificity with area under the
Texture Parameter HR 95% ClI P Value HR 95% Cl P Value . . -
_ receiver operating characteristic curve to
H'T/‘c;ir:m 279 121-6.46 019 174 0.67-4.88 205 predict local failure are shown in Table 2.
SD 569 239-B53 <00 256 0661000 176 The highest area under the receiver oper-
Geometric mean  4.08 1.50-11.07 002° 468 1211811 026° ating characteristic curve was 0.82, with a
Harmonic mean 3.47 117-10.26 o 8.61 2.00-37.19 .004° sensitivity of 77.3% and a specificity of
Fourthmoment 569 2401353 <00 456  101-2048 048" 7750, in RLN (one of the GLRL features).
GLRL .
SRE 458 2241348 <00 375 1231361 o44p I subgroup analysis based on the HPV
LRE 3.63 155-8.54 003b 268 0.67-10.66 163 status, the area under the receiver operat-
GLN 561 206-1528  <.00°° 572 174-18.82 .004° ing characteristic curve was 0.80, with a
RLN 569  2.22-1459 <.oo1t; 416 1.25-16.48 043° sensitivity of 87.5% and a specificity of
RP 3.39 1.32-8.67 .007 370 0.85-16.21 .082 st
LGRE 5.06 1.71-14.99 <.001° 4.84 0.99-24.34 .055 68.8% for the HPV-POSIUVQ gr(?up and the
HGRE 374 161-8.69 003° 239 0.53-10.83 260 area under the receiver operating charac-
SRLGE 453 167-1232 001 594 114-24.97 035° teristic curve was 0.75 with a sensitivity of

Note:—LRE indicates long-run emphasis; RP, run percentage; LGRE, low gray-level run emphasis; HGRE, high gray-level

run emphasis.

#Models were adjusted for age, sex, smoking, primary tumor stage, primary tumor volume, and HPV status.

® Indicates a significant difference (P < .05).

.037). There was no significant difference in the age (P = .205), sex
(P =.098), primary site (P = .515), N-stage (P = .914), histopatho-
logic grade (P = .927), smoking pack-years (P = .947), and HPV
status (P = .917) between the 2 groups. The distributions of the CT
scanner, section thickness, and the use of adaptive statistical iterative
reconstruction of these study subjects were not different between
local control and failure groups (P = .618 for CT scanner, P = .689
for section thickness, and P = .655 for adaptive statistical iterative
reconstruction).

Results of 42 texture parameters differentiating local control and
local failure are shown in the On-line Table. The Mann-Whitney U
test revealed that 13 parameters, including 5 histogram features
(mean, SD, geometric mean, harmonic mean, fourth moment) and 8
GLRL features (short-run emphasis [SRE], long-run emphasis, gray-
level nonuniformity [GLN], run-length nonuniformity [RLN], run
percentage, low gray-level run emphasis, high gray-level run empha-
sis, and short-run low gray-level emphasis [SRLGE]) showed signif-
icant differences between the local failure and local control groups.

75.0% and a specificity of 73.3% for the
HPV-negative group in RLN.

The results of Cox proportional
hazards model of selected CT texture
parameters and clinical factors for predicting local failure are
shown in Table 3. The multivariate Cox proportional hazards
model revealed that 3 histogram features [geometric mean
(hazard ratio [HR] = 4.68, P = .026), harmonic mean (HR =
8.61, P = .004), fourth moment (HR = 4.56, P = .048)], and 4
GLRL features [SRE (HR = 3.75, P = .044), GLN (HR = 5.72,
P = .004), RLN (HR = 4.15; P = .043), and SRLGE (HR =
5.94, P = .035)] remained significant predictors of outcome
after adjusting for clinical variables. Representative examples
of patients positive for HPV with oropharyngeal squamous cell
carcinomas with local failure and local control are shown in the
Figure.

DISCUSSION

In our study, we measured volumetric texture features of the
whole primary HNSCC tumor using pretreatment contrast-en-
hanced CT. Three histogram features and 4 GLRL features have
been associated with local failure in patients treated with CRT
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FIGURE. Representative axial contrast-enhanced CTimages (A and C)
and corresponding axial section ROI mask-segmented primary tumor
(B and D) for 2 different patients with oropharyngeal squamous cell
carcinoma. Segmented tumor is from a 75-year-old man (B) with right
tonsil squamous cell carcinoma (HPV-positive; smoking, O pack-year;
tumor volume, 16.4 mL; clinical T-stage, T4) who developed local fail-
ure and a 43-year-old woman (D) with squamous cell carcinoma of the
right base of tongue (HPV- positive; smoking, 0 pack-year; tumor vol-
ume, 20.6 mL; clinical T-stage, T4) who showed local control. Repre-
sentative texture features of each patients are as follows; for geo-
metric mean, 973.2 (local failure, B) and 906.6 (local control, D); for
harmonic mean, 285.1 (local failure, B) and 210.3 (local control, D); for
SRE, 0.026 (local failure, B) and 0.043 (local control, D); for GLN, 0.026
(local failure, B) and 0.042 (local control, D); for RLN, 0.019 (local failure,
B) and 0.032 (local control, D); and for SRLGE, 479.1 (local failure, B) and
459.1 (local control, D).

after adjusting for clinical variables, including smoking history,
HPV status, T-stage, and tumor volume. The results suggest that
CT texture analysis may serve as an independent indicator of local
failure regardless of tumor status, including HPV infection.

In recent years, the measurement of spatial heterogeneity by
CT textural analysis has gained acceptance as a means to extract
information from imaging of primary tumors to predict treat-
ment outcome in oncology patients.’>® In the head and neck,

119

Zhang et al” analyzed the predictive value of texture and his-
togram features in 72 patients with HNSCC treated with in-
duction chemotherapy (TPF; docetaxel, cisplatin, and fluoura-
cil) and found that in addition to expected factors such as
tumor volume and N stage, primary mass entropy (HR = 2.10
for each 0.5-unit increase; P = .036) and histogram skewness
(HR = 3.67 for each 1.0-unit increase; P = .009) were inde-
pendent predictors of overall survival in multivariate Cox re-
gression analysis. However, their study included patients
treated with an operation followed by chemotherapy, and HPV
status was not provided in their analysis. In our study, we
focused on the chemoradiosensitivity of the primary tumor
using whole-tumor primary HNSCC volume texture analysis,
and the results demonstrated that CT texture analysis param-
eters such as histogram and GLRL features are associated with
local failure in patients with HNSCC treated with CRT.
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The GLRL features are one of the categories of spatially depen-
dent texture features based on the length and quantity of runs of
adjacent pixels with similar intensity values.'""'>*° The significant
difference in the texture features between local control and local
failure groups suggests a different degree of uniformity within the
tumors along both long and short matrix runs. Increased hetero-
geneity of the primary mass on contrast-enhanced CT images
indicates that the tumor blood supply is heterogeneous, with
some areas having increased vascular supply and others having
hypoxic voids.**** Although there is no direct comparison be-
tween the underlying tumor histopathology and correlation to the
mathematic significance of these features on texture analysis, the
texture features may potentially reflect increased heterogeneity or
hypoxic voids of the primary mass on contrast-enhanced CT
images.'**°

Other pretreatment predictive imaging biomarkers of local
control for HNSCC have been investigated using advanced imag-
ing techniques, albeit with variable results. CT perfusion has been
reported to obtain measures of tumor vascular physiology and
hemodynamics, and some investigators demonstrated that CT-
determined tumor perfusion was an independent predictor of
local control in HNSCC treated by definitive radiation therapy
with or without chemotherapy.>**'** Diffusion-weighted imag-
ing**>” and dynamic contrast-enhanced MR imaging*®*! have
also been used as functional imaging techniques as predictive bio-
markers of radiation therapy. One recently published study
showed preliminary results exploring the value of assessing tex-
ture features with intratreatment dynamic contrast-enhanced MR
imaging for patients with HNSCC.** Functional imaging studies
including perfusion are useful tools for mapping the vascularity of
the tumor environment at baseline. However, these techniques
are not routinely used in the clinical protocol for staging of
HNSCC, and recently, there are increasing concerns for addi-
tional exposure to radiation or gadolinium-based contrast
agents.*>** ['"®F] FDG PET/CT is another imaging technique
widely used in the evaluation of patients with HNSCC, and its
clinical utility for predicting treatment outcome of HNSCC has
been previously investigated.>*>"*” However, ['*F] FDG PET/CT
examinations are used only in advanced-stage HNSCC when
management may be altered due to detection of distant metasta-
ses. Contrast-enhanced CT is widely used to stage HNSCC before
treatment; therefore, CT texture analysis could be potentially use-
ful for predicting local failure without additional exposure to ra-
diation or contrast material.

There are several limitations to this study. First, CT protocols
including the types of CT scanners, section thickness, and adap-
tive statistical iterative reconstruction were not identical in this
population, which may potentially affect the texture analysis.*®
These problems remain to be solved in future validation studies
using identical CT parameters. However, the distribution of sub-
jects between local control and failure groups was almost the same
for both types of CT scanners, different section thicknesses, and
the use of adaptive statistical iterative reconstruction. Addition-
ally, CT texture analysis parameters have been shown to be highly
reproducible in multiple kilovolt peaks and milliampere-second
settings in a water phantom.'® We therefore believe that the dif-
ferences in scanners have little, if any, influence on our presented



results. Second, a single user performed the semiautomated seg-
mentation and workflow for this CT texture analysis. The gener-
alizability of our results to other institutions and users is un-
known, though the semiautomated nature of the software has the
potential to reduce interobserver variation. Third, we contoured
areas of obvious necrotic and cystic changes as well as ulceration
out of the final contours that were imported into the texture anal-
ysis program, because including foci of air would not accurately
reflect the underlying texture features within the solid portion of
the tumors. However, the necrosis or ulceration within the tumor
has a potential impact on hypoxia/radiosensitivity. This issue
needs to be further evaluated in a future study assessing whether
the region of necrosis should be included or excluded for texture
analysis. Finally, the study subjects included heterogeneous
groups of patients with HNSCC of different primary sites. Further
studies with a larger number of patients are needed to validate the
performance of the predictive model for each subsite.

CONCLUSIONS

Independent primary tumor CT texture analysis parameters are
associated with local failure in patients with HNSCC treated with
CRT. CT is noninvasive, widely available, and frequently used to
stage early and locally advanced HNSCC before treatment. There-
fore, CT texture analysis could serve as a widely applicable pretreat-
ment noninvasive biomarker for predicting local failure with the po-
tential to assist in treatment decisions in patients with HNSCC.
Further testing using a larger sample size is needed to validate the
performance of the predictive model.
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COMMENTARY

CT Texture Analysis: Defining and Integrating New Biomarkers
for Advanced Oncologic Imaging in Precision Medicine:

A Comment on “CT Texture Analysis Potentially Predicts
Local Failure in Head and Neck Squamous Cell Carcinoma
Treated with Chemoradiotherapy”

he remarkable article by Kuno et al' in this issue of the Amer-

ican Journal of Neuroradiology raises several questions: Can
texture analysis provide reliable biomarkers to predict treatment
success in head and neck squamous cell carcinoma (HNSCC)? If
so, will the role of the expert clinical radiologist who visually rec-
ognizes and interprets image patterns in combination with the
clinical impression soon be obsolete and replaced by an increas-
ingly ubiquitous and cheap computing infrastructure for math-
ematic image analysis, or will radiologists play an even more im-
portant role in the future by integrating these new biomarkers for
treatment response with their expert knowledge?

In their well-designed study, Kuno et al' evaluated the per-
formance of pretreatment contrast-enhanced CT texture anal-
ysis for the prediction of treatment failure in primary HNSCC
treated with chemoradiotherapy. An experienced neuroradi-
ologist, who was blinded to patient history/outcome, con-
toured the primary tumors manually. An in-house-developed
Matlab-based (MathWorks, Natick, Massachusetts) texture
analysis program was then used to measure 42 features from
each segmented tumor volume. The authors found that 3 histogram
features (geometric mean, harmonic mean, and fourth moment)
and 4 gray-level run-length features (short-run emphasis, gray-level
nonuniformity, run-length nonuniformity, and short-run low gray-
level emphasis) were significant predictors of outcome after adjust-
ing for clinical variables, including smoking history, human papillo-
mavirus (HPV) status, T-stage, and tumor volume.'

The concept of predicting treatment response based on pre-
treatment imaging features of HNSCC emerged about 2 decades
ago and may be seen as one of the first steps in the development of
personalized medicine. During past years, this concept has under-
gone continuous evolution. The first publications focused on the
impact of gross tumor volume on radiation therapy response. In
supraglottic HNSCC, preradiotherapy CT-based tumor volume
obtained by manual contouring allowed stratification of patients
into groups with likely and less likely local control.> Although
volume-based prediction of tumor response may be considered
an important landmark, radiosensitivity may be influenced by not
only volume but also heterogeneity of tumor tissue. Further stud-
ies found that glottic HNSCC was better controlled with radiation

therapy when cartilage showed a normal or high T2 signal than an
intermediate T2 signal.” These observations were later explained
by studies correlating preoperative MR imaging with histology,
which revealed that a high T2 signal intensity corresponded to
inflammation, whereas intermediate T2 signal corresponded to
neoplastic cartilage invasion.*

Additional imaging biomarkers emerged, such as apparent
diffusion coefficient, dynamic contrast-enhanced MR imaging/
CT-derived perfusion parameters, as well as standardized uptake
value (SUV) and metabolic tumor volume based on PET. In par-
allel, researchers evaluated the histologic underpinning of these
markers, demonstrating a direct correlation between increased
ADC values and high stromal content in HNSCC.” Because high
stromal content, low cellularity, and micronecrosis are associated
with radioresistance, we now have a possible explanation for the
observed poor outcome of patients with high pretreatment ADCs.

As a next step, combined multiparametric approaches then
emerged as the new tools for predicting treatment response. In
oropharyngeal/hypopharyngeal HNSCC, the combination of
large tumor volume and high ADC predicted a higher likelihood
of postradiotherapy local recurrence.® Likewise, the combination
of ADC and perfusion maps could separate HNSCC responders
from nonresponders to chemoradiation,” and more recently, in
patients with high maximum SUV, high minimum ADC could
identify the patients with the worst prognosis.® The complemen-
tary information provided by multiparametric imaging is now
increasingly allowing us to reveal the complexity of intra- and
intertumor heterogeneity in vivo, and slowly the pieces of a great
puzzle are beginning to come together.

Although hailed as a revolution, texture analysis to assess tu-
mor heterogeneity is only the next logical step for predicting treat-
ment response. Image texture can be defined as the spatial varia-
tion in pixel intensity levels or patterns, some of which are not
perceived by the human eye. The great advantage of this postpro-
cessing tool is that it can be retrospectively applied to data ac-
quired during routine imaging. Assessment of image texture can
be done with statistical methods, model-based methods, or trans-
form-based models.” Most publications on texture analysis in on-
cology are based on statistical methods, which include first-order
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textural features (histograms of pixel-intensity levels based on
average pixel value), second-order textural features (gray-level
co-occurrence matrices based on the relationship between 2 pix-
els), and higher-order features based on the relationship between
>2 pixels. Higher order textural parameters include neighbor-
hood gray tone difference matrices and run-length matrices.
While first-order statistical methods do not convey spatial infor-
mation, second-order and higher-order statistical methods do.
Nevertheless, histogram analysis is more intuitive and thus more
easily understood by radiologists, whereas second-order and
higher-order textural features are more abstract concepts.

Due to its versatility, texture analysis of CT/MR imaging has
been recently investigated in several oncologic fields, including
assessment of the HPV status in HNSCC'®'! or survival of pa-
tients with advanced HNSCC treated with induction chemother-
apy.'? The article by Kuno et al' fits in this timely area of research
and demonstrates some remarkable findings. CT, which is readily
available in many institutions, can be used to extract meaningful
texture information, allowing prediction of treatment outcome
irrespective of scanner type and section thickness or the use of
iterative reconstruction.

From a general scientific point of view, several methodologic
challenges must still be overcome before texture analysis will be
ready for routine clinical use in head and neck (HN) oncology.
First, the technical platforms for texture analysis are not yet stan-
dardized, and even minor differences in equipment, acquisition
protocols, or the presence of artifacts may significantly affect tex-
ture features, thus questioning whether the obtained results can
be reproduced by another technical platform. Ideally, scientific
studies correlating texture-based biomarkers with treatment out-
come should, therefore, be conducted on the same scanner, with
the same protocol, and in a well-defined homogeneous subgroup
of patients. This problem is generally inherent in quantitative im-
age analysis and is currently being addressed by international re-
search alliances such as the Quantitative Imaging Biomarker Al-
liance and the European Imaging Biomarker Alliance. Second,
segmentation of HN tumors, a key ingredient for any meaningful
texture analysis, remains a time-consuming procedure, which
must be done manually and based on visual assessment by an
experienced radiologist. In view of the complex morphology of
HN tumors, reliable digital automatic segmentation tools based
on artificial intelligence may be difficult to develop for this par-
ticular purpose. Third, we must agree on a standard method for
manual segmentation to make data comparable and reproduc-
ible. Should we contour only the most representative tumor sec-
tion or rather include the entire tumor volume in the analysis?
Should we include or exclude necrotic portions or ulcerated tu-
mor parts from our analysis? Such questions need to be answered
to avoid noise due to inconsistent data analysis and allow a mean-
ingful correlation of texture features with treatment outcome.
Fourth, the scarcity of histopathologic, functional, or metabolic
correlates often implies that statistical power cannot be obtained
unless data can be shared among institutions.

Finally, the question remains about how far we must go to
understand the underlying biologic mechanisms influencing tex-
ture analysis, such as cellularity, hypoxia, or angiogenesis. Some
may argue that it is sufficient to provide biomarkers with proved
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correlation between treatment and outcome, whereas others may
insist that true scientific progress will not be possible without a
real understanding of the biologic correlates of surrogate imaging
biomarkers.

Texture analysis is now entering the area of personalized med-
icine, accompanied by sensationalistic comments in the lay press
and a media hype announcing a new revolution in oncologic re-
search. There is, indeed, little doubt that the possibility of devel-
oping biomarker-based texture analysis is promising for the prog-
ress of oncologic imaging, though many scientific questions still
need to be answered. The work of Kuno et al' is a significant
contribution and takes us a step ahead. From a clinical point of
view, there is still some way to go before texture analysis can be
effectively implemented for the benefit of our patients. Those of
us who are actively taking part in multidisciplinary HN tumor
boards are fully aware that the not-so-well-quantifiable clinical-
radiologic impression will continue to play an important role in
multidisciplinary therapeutic decision-making.

The upcoming challenge will consist of integrating the infor-
mation of biomarkers derived from multiparametric texture anal-
ysis with the more pragmatic image interpretation of the experi-
enced clinical radiologist. The goal of clinical imaging remains to
reliably provide a positive impact on the treatment and outcome
of our patients. I personally believe that this may be done best by
integrating the new exciting biomarkers gradually as soon as they
have been proved to be scientifically reproducible, following
Theodore Roosevelt’s advice, “Keep your eyes on the stars and
keep your feet on the ground.”
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ORIGINAL RESEARCH
HEAD & NECK

Optimization of Quantitative Dynamic Postgadolinium MRI
Technique Using Normalized Ratios for the Evaluation of
Temporomandibular Joint Synovitis in Patients with Juvenile

Idiopathic Arthritis

P. Caruso, ““K. Buch, ‘'S, Rincon, “*R. Hakimelahi, “*'Z.S. Peacock, ““’/C.M. Resnick, “*'C. Foster, ““'L. Guidoboni, ““T. Donahue,
R. Macdonald, “*'H. Rothermel, ““’H.D. Curtin, and “*'L.B. Kaban
=

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging has been shown to be useful in the diagnosis of juvenile idiopathic arthritis of the temporo-
mandibular joint. Prior MR imaging approaches have relied mainly on the subjective interpretation of synovial enhancement as a marker for
synovial inflammation. Although, more recently, several attempts have been made to quantify synovial enhancement, these methods have
not taken into account the dynamic enhancement characteristics of the temporomandibular joint and the effect of sampling time. Our aim
was to develop a clinically feasible, reproducible, dynamic, contrast-enhanced MR imaging technique for the quantitative assessment of
temporomandibular joint synovitis in patients with juvenile idiopathic arthritis and to study the effect of sampling time on the evaluation
of synovitis.

MATERIALS AND METHODS: This was a retrospective study of all patients who had dynamic, contrast-enhanced coronal T1 3T MR
imaging through the temporomandibular joint at our institution between January 1, 2015, and July 8, 2016. Patients in this cohort included
those with a history of juvenile idiopathic arthritis and control patients who underwent MR imaging for other routine, clinical purposes.
Synovial enhancement was calculated for each temporomandibular joint using 3 different types of equations termed normalization ratios.
The enhancement profiles generated by each equation were studied to determine which provided the best discrimination between
affected and unaffected joints, was the least susceptible to sampling errors, and was the most clinically feasible.

RESULTS: A ratio of synovial enhancement (defined as the difference between the postgadolinium and the pregadolinium T1signal of the
synovium) to the postgadolinium signal of the longus capitis provided the best discrimination between affected and unaffected joints, the
least susceptibility to sampling error, and was thought to be the most clinically feasible method of quantification of synovial inflammation.
Additional synovial enhancement ratios studied did not provide the same level rates of discrimination between the affected and
unaffected joints and were thought to be too temporally variable to provide reliable clinical use.

CONCLUSIONS: We provide a robust, reproducible, dynamic gadolinium-enhanced MR imaging technique for the quantitative assess-

ment of temporomandibular joint synovitis in patients with juvenile idiopathic arthritis.

ABBREVIATIONS: JIA = juvenile idiopathic arthritis; LC = longus capitis; NR = normalization ratio; TM) = temporomandibular joint

he International League of Associations for Rheumatology
defines juvenile idiopathic arthritis (JIA) as an arthritis of
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unknown etiology that begins before the sixteenth birthday and
lasts for a minimum of 6 weeks.! The incidence of JIA is estimated
at 10.3/100,000.> The temporomandibular joint (TM]) is fre-
quently involved in JIA; TMJ involvement in patients with JIA
occurs in 17%—87% of patients.’

MR imaging has been shown to be useful in the diagnosis of
JIA of the TMJ.* While many prior MR imaging approaches have
relied on subjective interpretation of synovial enhancement more
recently, attempts have been made to assess the utility of quanti-
tative analysis of TM]J synovial enhancements.>® Peacock et al®
defined a ratio of the TM]J synovial postgadolinium signal inten-

E Indicates article with supplemental on-line tables.
http://dx.doi.org/10.3174/ajnr.A5424


http://orcid.org/0000-0003-3050-0957
http://orcid.org/0000-0001-9579-8921
http://orcid.org/0000-0001-7210-0711
http://orcid.org/0000-0003-1389-7681
http://orcid.org/0000-0001-7683-3111
http://orcid.org/0000-0002-6391-9618
http://orcid.org/0000-0001-7896-8132
http://orcid.org/0000-0002-7214-827X
http://orcid.org/0000-0002-1242-3030
http://orcid.org/0000-0001-6413-8453
http://orcid.org/0000-0001-9514-2957
http://orcid.org/0000-0003-2163-9404
http://orcid.org/0000-0001-7654-6876
mailto:PCARUSO@mgh.harvard.edu

Table 1: Dynamic gadolinium MRI technique for imaging of the TM)

Parameters Details
Sequence Coronal T1 postgadolinium, 70-sec, 10-sec prescan
TR/TE (ms) 400/15
Frequency X phase 300 X 200
NEX 1
Section thickness 3 mm, 0-mm gap
FOV 14-16 cm

Timing of the serial runs

Injection technique

Contrast agent and dosing

Runs: run 0, pregadolinium run, followed by 10 postgadolinium runs with the following timing
intervals: run 1: 0 -1 min 10 sec, run 2: 1 min 20 sec to 2 min 30 sec; run 3: 2 min 40 sec to 3
min 50 sec; run 4: 4 min 00 sec to 5 min 10 sec; run 5: 5 min 20 sec to 6 min 30 sec; run 6: 6
min 40 sec to 7 min 50 sec; run 7: 8 min 00 sec to 9 min 10 sec; run 8: 9 min 20 sec to 10 min
30 sec; run 9:10 min 40 sec to 11 min 50 sec; run 10: 12 min 00 sec to 13 min 10 sec

Standard supine position

22-ga angiocatheter in right antecubital fossa, attached to 20-cm length of standard tubing
connected to a power injector

Gadoterate meglumine (Dotarem)® maintained at room temperature was drawn up at a dose
of 0.2 mL/kg (0.1 mmol/kg) of body weight

Simultaneous with the start of the first coronal T1 dynamic sequence, run 1, gadoterate was

administered by power injector as a single intravenous bolus injection at a flow rate of 2.5
mL/s followed by a 20-mL saline chaser at the same injection rate

@ Guerbet, Aulnay-sous-Bois, France.

sity normalized to the longus capitis muscle in control patients
and found a 95% specificity threshold of 1.55. Resnick et al® found
that the 1.55 threshold had a 91% sensitivity and 96% specificity
for detecting synovitis in symptomatic JIA TMJs. These results,
however, rely on measurements of synovial enhancement at a
single time point that may not reflect the dynamic contrast en-
hancement of the TMJ synovia and do not take into consideration
the effect of sampling time. The purpose of our study was to es-
tablish a reproducible, practical technique for the study of dy-
namic enhancement curves of the TMJ in patients with JIA and in
controls and to determine the effect of sampling time.

MATERIALS AND METHODS

Study Design

This is an institutional review board—approved, retrospective
study in patients who had dynamic contrast-enhanced MR imag-
ing through the TMJ at our institution between January 1, 2015,
and July 8, 2016. The dynamic contrast-enhanced technique used
in this study was performed on all TMJ MRIs for patients with JTA
and for some patients with neuroendocrine MRIs who served as
controls.

Patients 18 years of age or younger who underwent dynamic
contrast-enhanced MR imaging through the TMJ and longus ca-
pitis muscles were included. For controls, only patients in whom
dynamic coronal T1 sequences included both the TMJ and the
longus capitis muscle (and the target sella turcica) were included.

Exclusion criteria included a history of mandibular/facial
trauma, jaw/neck tumor, craniofacial malformation, prior radia-
tion, chemotherapy, or vasculopathy. For controls, additional ex-
clusion criteria included any history of jaw findings: pain, limited
range of motion, clicking, mandibular asymmetry, or retro-
gnathia. Any study with artifact that compromised interpretation
of the images was excluded.

Clinical Data

For patients with JIA, electronic medical records were reviewed
for sex; International League of Associations for Rheumatology
classification; age at the time of JIA diagnosis, at first presentation

with TMJ findings, and at time of MR imaging; TM]J findings
including limitation of jaw opening, pain, mandibular asymme-
try, retrognathia, bilateral/unilateral TMJ involvement, presence
of TMJ symptoms at MR imaging; and medication history, as
described in On-line Tables 1 and 2.

For control patients, electronic medical records were reviewed
for sex, age at MR imaging, indications for MR imaging, and use
of any immunosuppressants within 3 months of MR imaging, as
listed in On-line Table 3.

Imaging Technique

MRIs were performed on 2 platforms, either a Tim Trio 3T (Sie-
mens, Erlangen, Germany) using a 32-channel head coil or a Dis-
covery MR750 3T (GE Healthcare, Milwaukee, Wisconsin) using
an 8-channel head coil. Details of the MR dynamic imaging tech-
nique are shown in Table 1.

Normalized Ratios

Measurements of the TMJ synovial signal were performed as fol-
lows: Ten 0.5-mm? ROIs were measured over each TMJ on the
precontrast sequence, 5 over the superior joint compartment and
5 over the lower joint compartment where the measurements
were distributed in a standard fashion from lateral to medial
across the joint (Fig 1). Ten 0.5-mm? ROIs were then measured
similarly over each TMJ on each of the 10 postgadolinium runs for
a total of 100 postgadolinium measurements per joint (Fig 1).
This technique resulted in 110 measurements per joint (100 post-
gadolinium + 10 pregadolinium) and 220 measurements per pa-
tient (Fig 1).

We then defined 3 distinct quantitative measures of synovial
inflammation that we normalized to an internal structure (the
longus capitis muscles) to allow for comparison across different
patients and time points, ER1, ER2, and R, that we termed collec-
tively “normalized ratios”. ER1 = (postgadolinium T1 signal of
the TMJ synovium — the pregadolinium T1 signal of the TMJ
synovium) divided by the (postgadolinium T1 signal of the longus
capitis — the pregadolinium T1 signal of the longus capitis) where
ER1 thus represents the ratio of the enhancement of the TMJ
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FIG1. A and B, Coronal scanning plane and ROI-based measurements of the TMJ synovia. An oblique coronal plane was prescribed off the
sagittal localizer to include the entire right and left TMJs and the longus capitis in the same coronal FOV. The coronal plane was angled
superoanterior to posteroinferior to include both the TMJs from anterior to posterior and the longus capitis muscle; in controls, the oblique
coronal plane included both TMJs, the longus capitis, and the sella turcica. C, An example of a single ROI at the superomedial synovial edge of
the right TMJ (0.5 mm?) on a precontrast MR imaging and a single ROI placed along the longus capitis muscle (50 mm?), which was used for
normalization. D, Example of the 10 ROIs placed on a postgadolinium MR imaging. These ROIs are placed along the superior and inferior synovial
compartments of the left TMJ with the following designations: SL indicates superior compartment, lateral edge; SML, superior compartment,
midlateral edge; SC, superior compartment, central; SMM, superior compartment, midmedial edge; SM, superior compartment, medial edge; IL,
inferior compartment, lateral edge; IML, inferior compartment, midlateral edge, IC, inferior compartment, central; IMM, inferior compartment,
midmedial edge; IM, inferior compartment, medial edge. Although attempts were made to measure the signal along the area closest to the disk
edge in the expected location of the synovium, these measurements undoubtedly reflect a composite of signal produced by the synovium,
cartilage, and perhaps the periosteum. Thus, the notion of “synovial signal” used in this report reflects this currently unavoidable composite
measurement.

Table 2: Measurements of signal intensity over the synovium and longus capitis muscles and calculation of the normalized ratios ER],
ER2, and R

Calculations

Pre = (SL+SML+SC+SMM+SM+IL+IML+IC+IMM+IM)/10, where, Pre = average precontrast synovial
Tl signal intensity measured at 10 points along the synovia

Post, = (SL+SML+SC+SMM+SM+IL+IML+IC+IMM+IM), /10, where, Post,, = average postgadolinium
synovial signal, for run n (n = 1-10) measured at 10 points along the synovia

Synovial enhancement,, = Post,—Pre, for each run n (n = 1-10)

LCPRE = precontrast Tl signal in the longus capitis

LCPOST,, = postcontrast T1signal in the longus capitis, for run n (n = 1-10)

Longus capitis enhancement,, = LCPOST,—LCPRE, for each run n (n = 1-10)

ER1 = (postgadolinium T1 signal of the TMJ synovium — the pregadolinium T1 signal of the TMJ synovium)
divided by the (postgadolinium T1 signal of the longus capitis — the pregadolinium T1 signal of the longus
capitis) where ERI thus represents the ratio of the synovial enhancement,, to the longus capitis
enhancement,, for each run n

ER2 = (postgadolinium T1 signal of the TMJ synovium — the pregadolinium T signal of the TMJ synovium)
divided by the postgadolinium T1 signal of the longus capitis where ER2 thus represents the ratio of the
synovial enhancement,, to the LCPOST,, for each run n

R = the postgadolinium T1 signal of the TMJ synovium divided by the postgadolinium T1 signal of the longus
capitis and thus represents the ratio of Post,, to LCPOST,,

Synovial signal
intensity

Longus capitis intensity

Normalized ratios

Note:—n indicates each run; SL, superior compartment, lateral edge; SML, superior compartment, midlateral edge; SC, superior compartment, central; SMM, superior
compartment, midmedial edge; SM, superior compartment, medial edge; IL, inferior compartment, lateral edge; IML, inferior compartment, midlateral edge; IC, inferior
compartment, central; IMM, inferior compartment, midmedial edge, IM, inferior compartment medial edge; LCPRE, the measurement of the T1signal in the longus capitis
muscle on the coronal pregadolinium T1sequence; LCPOST,,, the measurement of the T1signal in the longus capitis on the postgadolinium coronal T1 sequence for runs
1-10.

synovium to the enhancement of the longus capitis. ER2 = (post-
gadolinium T1 signal of the TMJ synovium — the pregadolinium
T1 signal of the TMJ synovium) divided by the postgadolinium T1
signal of the longus capitis where ER2 thus represents the ratio
of the enhancement of the TMJ synovium to the post-
gadolinium T1 signal of the longus capitis. R = the postgado-
linium T1 signal of the TM]J synovium divided by the postgado-
linium T1 signal of the longus capitis and thus represents a ratio of
postgadolininium signals. R is not a true “enhancement” ratio as
measures of enhancement require a subtraction of pregadolinium
signal from postgadolinium signal that is incorporated into ER1
and ER2 but not into R (Table 2). Then, the individual and aver-
age values for ER1, ER2, and R were plotted over the entire 13-
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minute 10-second sampling period for each patient, for each
joint, and at each time point, to yield dynamic normalized ratio
profiles.

The joints were then organized into 3 groups: 1) symptomatic
joints in patients with JIA, 2) asymptomatic joints in patients with
JIA, and 3) controls.

Peak, time to peak, and minimums for ERI, ER2, R, were
plotted over the 13-minute 10-second sampling period for each
joint.

The ER1s, ER2s, and Rs for each joint were grouped into 0
minutes 00 seconds to 3 minutes 50 seconds; 4 minutes 00 seconds
to 7 minutes 50 seconds; and 8 minutes 00 seconds to 12 minutes
10 seconds minute intervals and averaged for each joint over these



sampling intervals. The average rate of change of ER1, ER2,and R
for each sampling period was determined for symptomatic JIA,
asymptomatic JIA, and control joints.

R, the ratio of the postgadolinium T1 signal of the synovium to
the postgadolinium T1 signal of the longus capitis, (one of the 3
normalized ratios used in this study), corresponds to the ratio previ-
ously published by Resnick et al® and Peacock et al.® In these publi-
cations, a 1.55 threshold was proposed as a reliable discriminator
between symptomatic JIA and control joints.”® For each temporal
sampling point, the relation of R, above or below, to the threshold
1.55 was recorded.

Similarly, for ER2, the relation of each sampling point, to a
threshold value 0.95, above or below, was recorded.

Longus Capitis T1 Signal Measurements

The raw, non-normalized T1 signal from the longus capitis mus-
cle was recorded on the pregadolinium T1 sequence and at each
postgadolinium time point for the JIA and control patients.

Interrater Agreement

Measurements of synovial T1 signal intensity and the longus ca-
pitis were performed independently by 2 raters (K.B., a second-
year neuroradiology fellow, and P.C., an attending neuroradiolo-
gist with 15 years of head and neck radiology experience).

In 10 joints, each at a different time points, both readers inde-
pendently measured the lateral edge, center, and medial edge of
either the superior or the inferior joint compartment. Thus, 30
ROIs were measured independently by both readers. Interrater
agreement was calculated with a k score.

Statistics

A Mann-Whitney U test was used to compare differences among
symptomatic, asymptomatic, and control joints for the ER1 and
ER2 equations among asymptomatic JIA and control joints,
symptomatic JIA and asymptomatic JIA joints, and symptomatic
JIA and control joints. These comparisons were made at each of
the 10 postgadolinium sampling points.

Calculations were performed using MedCalc statistical soft-
ware, Version 16.8.4 (MedCalc Software, Mariakerke, Belgium).
A 2-tailed t test was used to evaluate differences in raw, non-
normalized, average values of the longus capitis among the 3 clin-
ical groups.

RESULTS

Study Design

Eight patients (1 male, 7 females) with JIA (16 joints) and 4 (1 male,
3 females) control patients (8 joints) were included in this study.

Clinical Data
The clinical data for the patients with JIA and control group are
shown in On-line Tables 1-3.

The average age at MR imaging of the JIA group was 16.1 = 7.9
years (range, 7.1-33.3 years). The average age at MR imaging of
the control group was 15.5 * 3.7 years (range, 10—18 years).
Seven of 8 patients with JIA had been treated with some type of
anti-inflammatory agent, and 5 had undergone intra-articular
steroid injection before MR imaging.

Results of the Dynamic NR TM]J Profiles
ERI, the ratio of the whole joint (superior and inferior synovia)
enhancement normalized to the enhancement of the longus capi-
tis muscle, is shown in Fig 2A-D. ER2, the ratio of the whole joint
(superior and inferior synovia) enhancement normalized to the
postgadolinium T1 value of the longus capitis muscle is shown in Fig
2E-H. R, the ratio of the whole joint (superior and inferior syno-
via) postgadolinium T1 signal value normalized to the postgado-
linium T1 value of the longus capitis muscle is shown in Fig 2I-L.
The individual patient and average group values for peak, time
to peak, minimum, and average values grouped into 0—3:50, 4-7:
50, and 8—12:10 minute intervals, and rates of change over these
intervals for ER1, ER2, and R are reported in On-line Tables 4 and
5. For R, the number of times the NR profile for each joint fell
below or above the 1.55 threshold is reported in On-line Table 4.
For ER2, the number of times the NR profile for each joint fell
below or above the maximum NR for the control joints of 0.94 is
shown in On-line Table 5.

Longus Capitis T1 Signal

The longus capitis T1 signal profiles show a monomodal peak
at 5 minutes 10 seconds for the JIA and control groups and a
relative plateau from 5 minutes 10 seconds to 13 minutes 10
seconds (Fig 3).

Statistics

The results of the statistical analyses are shown in On-line Table 6.
The results of the interrater agreement between the 2 raters,

K.B.and P.C., was 0.73, corresponding to a k rating of good agree-

ment. P values for the average longus capitis T1 signal showed no

statistically significant difference between the JIA and control pa-

tients (P = .99).

Comparison of Synovial Enhancement Using the ER1
Equation

Asymptomatic JIA versus Control Joints. Significant differences
in ER1 were noted between these 2 groups at the third postgado-
linium time point (P = .03); however, ER1 values at the remain-
ing postgadolinium time points did not demonstrate a statistically
significant difference (P = .10—.88).

Symptomatic JIA versus Control Joints. Statistically significant
differences in ER1 were noted between these 2 groups at all post-
gadolinium time points (P = .001-.04).

Asymptomatic JIA versus Symptomatic JIA Joints. A statistically
significant difference in ER1 between these 2 groups for the eighth
postgadolinium time point (P = .009) was noted. Otherwise, no
statistically significant difference between synovial enhancement
ratios at the remaining postgadolinium time points (P = .08 -.36)

was seen.

Comparison of Synovial Enhancement Using the ER2
Equation

Asymptomatic JIA versus Control Joints. No significant differ-
ence was observed for ER2 at all postgadolinium time points be-
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FIG2. A, Mean ERIfor the symptomatic)IA, asymptomaticJIA, and control joints. ERT shows a monopeak profile with an upward slope that
starts at 10 minutes 30 seconds at the end of run 8 and clear separation of the curves between 10 minutes 30 seconds and 13 minutes 10
seconds during runs 9 and 10. B, Individual patient profiles for ER1 for the symptomatic JIA joints. C, Individual patient profiles for ER1 for
the asymptomatic JIA joints. D, Individual patient profiles for ERI for the control TMJ joints. These joints exhibit relatively constant
enhancement ratios between 0.73 and 5 at all time points. E, Mean ER2 for the symptomaticJIA, asymptomaticJIA, and control joints. Note
the clear separation among the 3 groups at all sampling time points with the mean profile for the symptomatic JIA group showing a
monopeak profile. Also, the mean profile of the asymptomatic JIA group is higher at all time points than the mean profile for the control
group. F, Individual patient profiles for ER2 for symptomatic JIA joints. All but one of the symptomatic joints, patient 8 RT TMJ, pass above
the threshold value of normal (0.95) at multiple time points that thus results in correct classification of 10/11 symptomatic joints. G,
Individual patient profiles for ER2 for asymptomatic JIA joints. Most profiles stay below the threshold normal value (0.94) while several
pass above. H, Individual patient profiles for ER2 for control TMJ joints. The initial ER2 at 1 minute 10 seconds ranges from 0.15 to 0.5, and
the end ER2 for this group at 13 minutes 10 seconds ranges from 0.14 to 0.63. The maximum ratio (peak) reached by any single patient at
any time point is 0.94 that serves as a threshold value for normal for ER2. , Mean R for the symptomatic JIA, asymptomaticJIA, and control
joints. Note the clear separation among the 3 groups at all sampling time points. The mean profile for the symptomatic JIA group shows
amonopeak profile.J, Individual patient profiles for R for the symptomaticJIA joints. Two joints, patient 2 L TMJ and patient 8 RTMJ, never
pass above the 1.55 threshold and thus would be misclassified by R as asymptomatic joints. A third joint, patient 8 L TMJ, passes above the
threshold only twice that may result in an indeterminate or borderline classification. K, Individual patient profiles for R for the asymp-
tomatic JIA joints. Two of these joints, patient 5 L TMJ and patient 7 L TMJ pass above the normal threshold. L, Individual patient profiles
for R for the control TMJ joints. While most of these joints stay below the 1.55 threshold, one joint, patient 12 L TMJ passes above the
threshold at 4 time points, that may lead to misclassification of this joint.

tween these 2 groups (P = .06-1.0). Of note, the third postgado-
linium time point trended toward significance with P = .06.

wa Symptomatic JIA versus Control Joints. Significant differences
were seen at all postgadolinium time points except for the first
postgadolinium time point (P = .001-.006).

s R — Asymptomatic JIA versus Symptomatic JIA Joints. Significant

i differences were seen at later postgadolinium time points, be-

et wwascmsncoro: tween 9 minutes 20 seconds and 13 minutes 10 seconds (P = .01,
w0 .03, .01, respectively). There was no statistically significant differ-
e ence at earlier time points (P = .08—-.33).

Time (minutes)

FIG3. Raw T1hyperintensity curves of the longus capitis muscle as
measured on the precontrast image and each of the 10

DISCUSSION

postgadolinium dynamic images. The raw signal of the longus ca-
pitis is similar at all sampling time points in both the JIA and control
groups: no statistically significant difference (P = .99) was seen at
any time point, suggesting that the longus capitis may serve
as a normalization standard for both normal and symptomatic
groups.
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We propose the current study as an illustration of a rigorous tech-
nique for quantification of TMJ synovial inflammation in patients
with JIA. The technique was controlled for hardware, sequences,
injection technique, scan plane, mouth position, and timing of
the postgadolinium images. We used 3T platforms with either 32-



or 8-channel head coils, readily commercially available standard
T1 postgadolinium spin-echo sequences in the coronal plane, and
10 sampling points during a 13-minute postinjection period.
Prior studies using dynamic, contrast-enhancement techniques
of the TMJ in patients with JIA were retrospective and thus have
not been controlled rigorously for hardware, injection technique,
or sampling timing.

Our results show that synovial enhancement curves for pa-
tients with JIA are, on average, notably temporally dependent so
that technical variations in the acquisition of postgadolinium se-
quences can place the interpretation at risk of misclassification of
ajoint, underestimate degree of synovial inflammation, and, over
serial scans, compromise evaluation of the response to treatment.

We used 5 separate ROIs spaced evenly across the TM] in the
coronal plane to sample synovial enhancement. The ROI-based
assessment performed in this study using a small, 0.5-mm?* sam-
pling area minimizes contamination of T1 signal intensity from
the intra-articular disk. We found that 5 separate ROI measure-
ments were associated with a good interrater agreement. We think
that the coronal plane is superior to the axial plane in that it allows
a more precise placement of ROIs along the synovia and allows
inclusion of both TMJ in the same dynamic run.'°

Our results show the longus capitis muscle to be an excellent
candidate for normalization. No significant difference was seen
between enhancement of the longus capitis muscle in JIA and
control patients, and the longus capitis demonstrates a long
postinjection temporal signal plateau. Synovial TMJ postcontrast
T1 signal depends on multiple technical parameters, including
magnet strength, scanner platform, TR/TE parameters and injec-
tion technique, patient hemodynamics, and intrinsic T1 signal
intensity of the TMJ synovium. Because of these variations in both
technical and physiologic parameters, it is important to adopt a
method for normalizing the quantitative measurements of the
synovium to allow comparisons between scans performed on dif-
ferent patients and at different time points. Prior publications
have chosen different normalization ratios, normalizing to the
same joint or normalizing by the signal-to-noise ratio.*'® The
longus capitis muscle was chosen as a candidate for normalization
because it is not known to be affected in JIA; it lies in the center of
the FOV and thus is less susceptible to peripheral scan artifacts or
motion artifacts; and it can be feasibly included in coronal T1
sequences.

ER2 is preferable to ER1 and R in that ER2 provides the most
favorable ratio of average peak values for symptomatic to asymp-
tomaticjointsat 1.73 (1.52/0.88), compared with ER1 1.65 (50.34/
30.30) and R 1.4 (2.27/1.6), shows a more favorable ratio of aver-
age peak values between symptomatic joints and controls 2.27
(1.52/0.67) compared to R 1.67 (2.27/1.36), and exhibits a slightly
more favorable ratio of average peak values between asymptom-
atic joints and controls 1.3 (0.88/0.67) compared to R, 1.2
(1.6/1.36).

ER2 is preferable to ER1 in that ER2 similar to ER1 discrimi-
nates with statistical significance between symptomatic JIA joints
and controls at nearly all postgadolinium time points and ER2,
unlike ERI, also discriminates with statistical significance be-
tween symptomatic and asymptomatic JIA joints beyond 10 min-
utes, a feasible sampling point for clinical use.

ER2 is preferable to ER1 also in that ER2 provides a longer
temporal plateau from 9—-13 minutes post injection, compared to
ERI that undergoes a steep upswing during this period (compare
Fig 2A to Fig 2E). The long temporal plateau of ER2 is preferable
in that it is less susceptible to technical variations in sampling
time.

ER2 is preferable to R in that it classifies the TMJ joints better
than R. We used the peak ER2 value among control patients over
the entire dynamic profile (0.95, patient 9 [right TMJ] at 6 min-
utes 30 seconds) as a threshold for ER2 and the published 1.55 R
threshold.®® Using these thresholds, we found that ER?2 classified
10/11 symptomatic JIA joints correctly compared with 9/11 joints
for R.

ER2 is also conceptually preferable to R in that ER2 is a mea-
sure of true synovial enhancement (postgadolinium T1 signal—
pregadolinium T1 signal) whereas R reflects the ratio of postgado-
linium signal in the synovium to postgadolinium signal in the
longus capitis muscle but does not reflect synovial enhancement
in the strict sense.

We determined the optimal sampling time to be between 7
minutes 50 seconds and 13 minutes 10 seconds. We studied the
average NRs for ER1, ER2, and R over 3 sampling periods, 0—3
minutes 50 seconds; 3 minutes 50 seconds to 7 minutes 50 sec-
onds; and 7 minutes 50 seconds to 13 minutes 10 seconds, reason-
ing that the most favorable sampling period would be when dif-
ferences among the NRs for each group were greatest and the
profiles exhibited a steady-state or temporal plateau. Our results
showed the 7 minute 50 second to 13 minute 10 second periods to
be preferable for such.

Our results raise some interesting considerations regarding
the effect of medication. For ER2, for example, 3/5 asymptomatic
JIA joints (patient 1, left TMJ; patient 2, right TMJ; and patient 6,
right TM]J) fell below the control maximum at all sampling time
points, thus showing an ER2 consistent with control joints. All 3
of these patients were on antitumor necrosis factor medications at
the time of imaging. Two of 5 asymptomatic JIA joints fell above
the control threshold, and one of these joints was above the con-
trol threshold at all time points, producing a profile curve like that
of symptomatic JIA joints. This patient was not on systemic ther-
apy and had no prior exposure to antitumor necrosis factor med-
ications. These preliminary results allow the consideration that
asymptomatic joints in patients with JIA behave differently than
control joints and are suggestive of a possible normalizing effect of
the antitumor necrosis factor medications on NRs that may reflect
a therapeutic effect on clinically silent joints in patients with JIA.

Our study provides a robust technique for the quantitative
evaluation of synovial enhancement as a biomarker for TMJ sy-
novitis in JIA. Although our patient numbers are low, our data
illustrate this method, for which larger numbers of patients would
be required for more definitive characterization of enhancement
profiles. The study is limited by image resolution. It is not cur-
rently feasible to sample the synovia separate from adjacent car-
tilage and periosteum. The study is limited by heterogeneity of
patient treatment regimens. This limitation is nearly unavoidable
because only rarely do patients with JIA present initially with TMJ
symptoms. A future direction would be to develop a standardized
imaging-treatment algorithm to monitor synovial enhancement
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in response to a controlled treatment regimen to understand the
pathophysiology of JIA.

Our study is labor intensive in that each joint requires 110
measurements; however, we consider this limitation as a tempo-
rary step needed to characterize the temporal enhancement pro-
file of the TMJ so that, in practice, once these profiles are fully
characterized, the radiologist may target a particular number of
samples and a particular temporal sampling point, for example,
from 810 minutes post injection.

CONCLUSIONS

We provide a robust, clinically feasible, reproducible, dynamic
gadolinium-enhanced technique for the quantitative assessment
of TMJ synovitis in JIA. We explored 3 NRs, each of which nor-
malizes the postgadolinium synovial signal to an easily measur-
able, internal reference and found that ER2 is the preferred equa-
tion for the quantitative assessment of synovial inflammation.
Our data show the dependency of synovial enhancement on sam-
pling time and the misclassification of joints that may result from
sampling time inconsistencies and suggest that the preferred sam-
pling time for synovial enhancement lies between 7 minutes 50
seconds and 13 minutes 10 seconds. We therefore provide what
we hope will serve as a platform for the quantitative assessment of
TMJ synovitis in JIA and areas for future research.

Disclosures: Zachary S. Peacock—UNRELATED: Grants/Grants Pending: Oral and
Maxillofacial Surgery Foundation, AO Foundation, Comments: for research on dis-
traction osteogenesis*; Payment for Lectures Including Service on Speakers Bu-
reaus: Ethicon/Depuy Synthes, Comments: provided lecture to Ethicon employees
on the use of their products for distraction osteogenesis in June 2016 and received
honorarium. Hugh D. Curtin—UNRELATED: Royalties: Elsevier, Comments: royalties
for a book. *Money paid to the institution.

2350 Caruso  Dec 2017  www.ajnr.org

REFERENCES

1.

Petty RE, Southwood TR, Manners P, et al; International League of As-
sociations for Rheumatology. International League of Associations for
Rheumatology classification of juvenile idiopathic arthritis: second
revision, Edmonton, 2001. ] Rheumatol 2004;31:390-92 Medline

. Krause ML, Crowson CS, Michet CJ, et al. Juvenile idiopathic arthri-

tis in Olmsted County, Minnesota, 1960—2013. Arthritis Rheumatol
2016;68:247-54 CrossRef Medline

. Keller H, Miiller LM, Markic G, et al. Is early TMJ involvement in

children with juvenile idiopathic arthritis clinically detectable?
Clinical examination of the TMJ in comparison with contrast en-
hanced MRI in patients with juvenile idiopathic arthritis. Pediatr
Rheumatol Online ] 2015;13:56 CrossRef Medline

. Kiiseler A, Pedersen TK, Herlin T, et al. Contrast-enhanced magnetic

resonance imaging as a method to diagnose early inflammatory
changes in the temporomandibular joint in children with juvenile
chronic arthritis. | Rheumatol 1998;25:1406—12 Medline

. Ma GM, Amirabadi A, Inarejos E, et al. MRI thresholds for discrim-

ination between normal and mild temporomandibular joint in-
volvement in juvenile idiopathic arthritis. Pediatr Rheumatol Online
J2015;13:53 CrossRef Medline

. Peacock ZS, Vakilian P, Caruso P, et al. Quantifying synovial en-

hancement of the pediatric temporomandibular joint. ] Oral Max-
illofac Surg 2016;74:1937—45 CrossRef Medline

. von Kalle T, Stuber T, Winkler P, et al. Early detection of temporo-

mandibular joint arthritis in children with juvenile idiopathic
arthritis: the role of contrast-enhanced MRI. Pediatr Radiol 2015;45:
402-10 CrossRef Medline

. Resnick CM, Vakilian PM, Kaban LB, et al. Quantifying the effect of

temporomandibular joint intra-articular steroid injection on syno-
vial enhancement in juvenile idiopathic arthritis. ] Oral Maxillofac
Surg 2016;74:2363—69 CrossRef Medline

. Weiss PF, Arabshahi B, Johnson A, et al. High prevalence of tem-

poromandibular joint arthritis at disease onset in children with
juvenile idiopathic arthritis, as detected by magnetic resonance
imaging but not by ultrasound. Arthritis Rhem 2008;58:1189-96
CrossRef Medline


http://www.ncbi.nlm.nih.gov/pubmed/14760812
http://dx.doi.org/10.1002/art.39323
http://www.ncbi.nlm.nih.gov/pubmed/26316119
http://dx.doi.org/10.1186/s12969-015-0056-2
http://www.ncbi.nlm.nih.gov/pubmed/26646650
http://www.ncbi.nlm.nih.gov/pubmed/9676776
http://dx.doi.org/10.1186/s12969-015-0051-7
http://www.ncbi.nlm.nih.gov/pubmed/26626730
http://dx.doi.org/10.1016/j.joms.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27067062
http://dx.doi.org/10.1007/s00247-014-3143-5
http://www.ncbi.nlm.nih.gov/pubmed/25173409
http://dx.doi.org/10.1016/j.joms.2016.06.189
http://www.ncbi.nlm.nih.gov/pubmed/27474460
http://dx.doi.org/10.1002/art.23401
http://www.ncbi.nlm.nih.gov/pubmed/18383394

ORIGINAL RESEARCH
HEAD & NECK

Efficacy and Safety of Ethanol Ablation for Branchial
Cleft Cysts

EJ. Ha, ““/S.M. Baek, ““).H. Baek, “S.Y. Shin, “/M. Han, and “*’C.-H. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Branchial cleft cyst is a common congenital lesion of the neck. This study evaluated the efficacy and
safety of ethanol ablation as an alternative treatment to surgery for branchial cleft cyst.

MATERIALS AND METHODS: Between September 2006 and October 2016, ethanol ablation was performed in 22 patients who
refused an operation for a second branchial cleft cyst. After the exclusion of 2 patients who were lost to follow-up, the data of 20
patients were retrospectively evaluated. All index masses were confirmed as benign before treatment. Sonography-guided aspira-
tion of the cystic fluid was followed by injection of absolute ethanol (99%) into the lesion. The injected volume of ethanol was
50%—80% of the volume of fluid aspirated. Therapeutic outcome, including the volume reduction ratio, therapeutic success rate
(volume reduction ratio of >50% and/or no palpable mass), and complications, was evaluated.

RESULTS: The mean index volume of the cysts was 26.4 * 15.7 mL (range, 3.8—49.9 mL). After ablation, the mean volume of the cysts
decreased to 1.2 = 11 mL (range, 0.0-3.5 mL). The mean volume reduction ratio at last follow-up was 93.9% =+ 7.9% (range, 75.5%-100.0%;
P <.001). Therapeutic success was achieved in all nodules (20/20, 100%), and the symptomatic (P < .001) and cosmetic (P < .001) scores had
improved significantly by the last follow-up. In 1 patient, intracystic hemorrhage developed during the aspiration; however, no major
complications occurred in any patient.

CONCLUSIONS: Ethanol ablation is an effective and safe treatment for patients with branchial cleft cysts who refuse, or are ineligible for,

an operation.

ABBREVIATIONS: BCC = branchial cleft cyst; EA = ethanol ablation; US = ultrasonography

Branchial cleft cyst (BCC) is a congenital epithelial cyst,
which may arise in the lateral neck. The lesions are thought
to represent failed obliteration of one of the brachial clefts
during embryonic development.' Although BCC is benign,
some patients have pain, swelling, neck discomfort, and cos-
metic problems. Surgery is curative in patients with BCC, but
in addition to the need for general anesthesia, its drawbacks
include scarring and postoperative morbidity. Therefore,
minimally invasive treatment such as ultrasonography (US)-
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guided chemical ablation has been suggested as an alternative
treatment for BCC.*>””

Both chemical ablation with picibanil (OK-432) and ethanol
ablation (EA) are widely used to treat cystic lesions of the neck and
oral cavity, such as thyroid cyst, ranula, and lymphatic malforma-
tion,®!? but only a few studies have focused on the use of either
treatment in BCCs. Since Fukumoto et al” initially used EA on 3
BCCs in 1994, several studies have reported success rates of
roughly 60% in patients with BCC treated with OK-432.>” How-
ever, OK-432 is not widely accepted as an alternative to an oper-
ation because of its limited efficacy and adverse effects such as
fever and local pain after the procedure.”” In patients with thy-
roid cysts, EA has been recommended as a first-line treatment
technique, rather than OK-432, due to its higher efficacy and
safety."*'” However, except for a case report by Fukumoto et al,
there have been no studies on the efficacy and safety of EA in BCC,
to our knowledge. Therefore, in this retrospective study, we eval-
uated the efficacy and safety of EA for the treatment of BCC in
patients from 2 hospitals (Ajou Univeristy Medical Center, Shar-
ing and Happiness Hospital).
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22 Patients
Ethanol ablation of BCC in two institutions
from September 2006 and October 2016

2 Patients Excluded:
Lost to follow-up (n = 2)

Final Inclusion

20 Patients

Clinical Follow-up

(n=5)

US and Clinical Follow-up
(n=15)

FIG 1. Flowchart of the patient enrollment process.

MATERIALS AND METHODS

This retrospective study was approved by the institutional review
boards of the 2 participating hospitals. Written informed consent
was obtained from all patients before the EA procedure.

Patients

Between September 2006 and October 2016, EA was performed in
22 patients who presented with a second BCC. After the exclusion
of 2 patients who were lost to follow-up (Fig 1), 20 patients were
included in this study (male/female ratio = 8:12; mean age, 30.9
years; range, 2—72 years). All of the included patients fulfilled the
following criteria: cosmetic problems and/or symptoms, such as
pain, swelling, or neck discomfort; a single clinically palpable neck
mass in the anterolateral aspect of the neck (ie, posterolateral to
the submandibular gland, lateral to the carotid space, anterome-
dial to the sternocleidomastoid muscle) previously diagnosed as a
benign lesion by fine-needle aspiration; a completely cystic lesion;
recurrence after at least 1 simple aspiration procedure; and refusal
of or ineligibility for an operation.

Preprocedural Assessment
Ultrasonography and US-guided fine-needle aspiration were per-
formed in all patients before EA. Two radiologists (S.M.B. and
E.J.H.), with 12 and 17 years of clinical experience, respectively, in
performing and evaluating neck US images, conducted all US ex-
aminations and US-guided fine-needle aspirations. The former
imaging was performed with 1 of 3 US systems: an iU22 ultra-
sound machine (Philips Healthcare, Best, the Netherlands), Acu-
son S2000 (Siemens, Erlangen, Germany), or an EUB-7500 HV
(Hitachi Medical Systems, Tokyo, Japan). All 3 were equipped
with a high-frequency linear probe (5-14 MHz). The index cyst
volume was calculated as V' = mabc / 6, where Vis the volume, a is
the largest diameter, and b and c are the other 2 perpendicular
diameters. Before fine-needle aspiration of the cyst wall, as much
of the internal fluid as possible was aspirated with a 23-ga needle.
A smear for aspirates and a cell block for internal fluid assessment
were prepared for use in cytologic evaluations by an experienced
cytologist.

Before the procedure, patients were asked to rate their symp-
toms on a visual analog scale (0—10). The physicians assigned a
cosmetic grading score (grade 1, no palpable mass; grade 2, invis-
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ible but palpable mass; grade 3, mass visible only to experienced
clinician; grade 4, easily visible mass) to the lesions before the
procedure.'®

Procedure

EA was performed by the same radiologists (S.M.B. and E.J.H.).
The patient was placed in the supine position with mild neck
extension. After sterilization of the neck skin, local anesthesia
consisting of 2% lidocaine was applied to the puncture site. A 16-
or 18-ga needle was then inserted into the cyst under US guidance,
and a 10- or 25-mL syringe, depending on the cyst size, was con-
nected to the needle. After aspiration of as much of the cyst con-
tent as possible, the cyst wall was irrigated with normal saline to
remove the debris coating its inner aspect. Because BCC lumina
contain watery or cheesy secretions with exfoliated cells, multiple
flushes were usually performed to clear the cystic cavity and en-
able direct contact of the sclerosing agent with the inner epithelial
surface. The same needle was used to inject a volume of 99%
sterile ethanol corresponding to 50%—80% of the aspirated fluid
volume. If ethanol leakage through the puncture site was seen on
real-time US, the ethanol injection was stopped immediately. Af-
ter 5-10 minutes with the needle in place, the injected ethanol was
removed completely and the needle was withdrawn. The patient
was observed for 1 hour postoperatively. Complications arising
during or immediately after the procedure were evaluated on the
basis of the clinical signs and symptoms. Cosmetic and/or symp-
tomatic problems that were incompletely resolved during the fol-
low-up period were treated by repeat EA.

Follow-Up

Clinical symptoms, US examination, and complications during
the follow-up after EA were evaluated. The volume reduction ra-
tio, calculated as Volume Reduction Ratio (%) = {[Initial Vol-
ume (mL) — Final Volume (mL)] X 100}/Initial Volume, was
assessed by US and used to determine the efficacy of EA in treating
the nodule. The technical success of EA was defined as a volume
reduction ratio of >50% and/or no palpable mass at the last fol-
low-up. The occurrence of adverse events during the follow-up
period was also investigated to assess EA-related complications.

Statistical Analysis

Statistical analysis was performed with the SPSS for Windows
statistical software package (Version 23.0; IBM, Armonk, New
York). The Wilcoxon signed rank test was used to compare nod-
ule volumes, as well as symptomatic and cosmetic scores, before
and after EA. The Mann-Whitney U test was used to compare
variables between patients treated in single-versus-multiple ses-
sions of EA. A P value < .05 was considered to indicate statistical
significance.

RESULTS

Initial characteristics of the patients and lesions, treatment char-
acteristics, and changes in the volume of the BCCs after-versus-
before EA are summarized in Table 1. All BCCs contained white-
to-yellowish fluid and keratinaceous cellular debris. Of the 20
nodules, 9 (45.0%) were treated in a single session, and 11
(55.0%), in multiple sessions (twice, n = 8; three times, n = 2; six



Table 1: Initial patient, brachial cleft cyst, and treatment characteristics and changes in the cysts (before versus after ethanol ablation)

Fluid Volume (mL) at Follow-Up

Index Ethanol Treatment Final
Age Volume Aspiration ~ Volume  Sessions 1-2 mo 3-6mo  7-12mo  Evaluation VRR Therapeutic

Patient Sex (yr) (mL) Volume (mL) (mL) (No.) (n=17) (n=9) (n=7) (n=15) (%) Success
1 M 17 294 30.0 10 2 57.9% 0.4(14) 98.6 Yes
2 F 13 38 3.0 2 2 11 4.4° 03 0.3(8) 921 Yes
3 M 33 414 40.0 20 2 35.6* 24 NA 24(4) 94.2 Yes
4 M 15 36.6 36.0 10 2 33.77 9.7 12 0.1(25) 99.7 Yes
5 M 30 499 50.0 20 1 NA NA NA NA (12) NA Yes
6 F 60 6.1 5.8 4 1 0.2 0.2 0.0 (18) 100.0 Yes
7 F 38 382 20.0 10 2 6.6 NA NA NA (12) NA Yes
8 F 25 38.0 21.0 10 6 5.7%/2512° 30.4°/9.3% 2.2 0.5(16) 98.7 Yes
9 M 6 124 120 4 1 NA NA NA NA (22) NA Yes
10 M 37 422 31.0 10 2 15.12 12 03 0.3(12) 99.3 Yes
n M 4 7.5 7.0 7 2 7.4% NA NA NA (12) NA Yes
12 F 26 n.8 12.0 5 1 14 0.4 NA 0.4 (6) 96.6 Yes
3 F 49 32.8 30.0 10 1 0.8 NA NA 0.8(2) 97.6 Yes
14 F 34 377 15.0 10 2 30.3* NA NA NA (12) NA Yes
15 F 22 481 33.0 25 3 ne.® 86.4% 25 25(9) 94.8 Yes
16 F 25 13.9 10.0 6 2 13.0° 4.3* 2.2 22(7) 84.2 Yes
17 F 32 55 5.0 4 1 11 NA NA 11(1) 80.0 Yes
18 F 72 251 17.0 20 1 35 NA NA 3.5(1) 86.1 Yes
19 M 2 37.6 36.0 10 1 0.7 NA NA 07(2) 981 Yes
20 F 38 10.6 10.0 6 1 2.6 NA NA 26(2) 755 Yes
Mean 308 *£17.0 264=*157 212*x136 102*x63 18*12 173%£283 155282 95*x214 12=x11 93079

Note:—VRR indicates volume reduction rate; NA, not available.

2 Additional EA treatment during the follow-up period. The clinical follow-up duration for each patient is shown in parentheses.

times, 7 = 1). The mean number of ablation sessions was 1.9 *=
1.2 (range, 1-6). Data from the follow-up US examination were
available for 15 patients. The other 5 patients refused US exami-
nation because they felt well and had no palpable lesion in the
treated area of the neck. These 5 patients were followed-up
clinically.

The mean index volume of the BCCs was 26.4 * 15.7 mL
(range, 3.8—49.9 mL). The mean volume of the aspirated internal
content was 21.1 = 13.6 mL (range, 3.0-55.0 mL), and the mean
amount of ethanol injected was 10.2 £ 6.3 mL (range, 2.0-25
mL), corresponding to 50.3% = 24.4% of the aspirated volume.
The mean follow-up in the 20 patients was 9.9 * 7.0 months
(range, 1-25 months). By the last follow-up examination, the vol-
ume of the treated BCC had decreased significantly to 1.2 * 1.1
mL (P = .001), which corresponded to a mean volume reduction
at the last follow-up examination of 93.0% * 7.9%. Technical
success was achieved in all patients (20/20, 100%). The mean
symptomatic and cosmetic grading scores improved significantly,
from9.2 +1.7t00.6 £ 0.8 (P<.001) and from4.0 + 0.0to 1.3 *
0.4, respectively (P < .001).

Additional EA was performed in 11 patients (11/20, 55.0%)
due to incompletely resolved clinical symptoms and cosmetic
problems (Table 2). Improvement was achieved in 8 of these pa-
tients after the second treatment; the remaining 3 patients still had
incompletely resolved clinical symptoms. However, their clinical
symptoms and cosmetic problems improved after a third session
of EA in 2 patients and a sixth session of EA in 1 patient, respec-
tively (Fig 2). In patients undergoing multiple treatment sessions,
the mean index volume of the cyst was larger, and the initial
symptom score, therefore, higher, than in patients treated in a
single session. After the procedure, the volume of BCCs in pa-
tients in both groups improved significantly, as did the symptom-
atic and cosmetic scores. Intracystic hemorrhage developed dur-
ing the aspiration in 1 patient, which delayed the procedure (Fig
3); however, there were no significant complications such as in-

Table 2: Efficacy of ethanol ablation according to the number of
treatment sessions®

Single Session Multiple Sessions

No. of Sessions (n=9) (n=1) P Value
Initial volume 213 *£15.8 30.6 =153 160
Symptom score 81x22 10.0 = 0.0 .on
Cosmetic score 3.9 (3-4) 4.0(4) 710
Final volume (VRR) 1313 11+ 487

P value .028 .018
Symptomatic score 0.4 (0-1) 0.5(0-2) .809

P value .017 .004
Cosmetic score 12(-2) 12(1-2) 827

P value .009 .003

Note:—VRR indicates volume reduction rate.
2 Data are means unless otherwise indicated. Range is shown in parentheses.

fection, skin necrosis, fever, or nerve palsy. Only mild local pain
related to the procedure occurred.

DISCUSSION

This study evaluated the efficacy and safety of EA for the treat-
ment of BCCs based on the largest number of cases (drawn from
2 hospitals) reported thus far. The results demonstrated a mean
volume reduction in the EA-treated BCCs of 93.0%, as well as
improvementin clinical symptoms and cosmetic problems. There
were no major complications or procedure-related deaths. After a
single session, 55.0% of the patients had incompletely resolved
clinical problems, but they responded well to additional EA,
which was effective and safe and had a therapeutic success rate of
100.0%. These results support the use of EA as a first-line treat-
ment for BCC.

BCC is a congenital neck mass that usually manifests as a pain-
less lateral neck mass in children and young adults." However, it
may also be symptomatic, with fever, tenderness, and erythema
developing in infected cysts, and may cause a cosmetic problem if
it enlarges. Complete surgical resection has been the treatment of
choice for BCC, but surgery carries the risk of complications re-
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FIG 2. A 22-year-old woman with a right-neck mass. A, A CT scan reveals a 6.5-cm second
branchial cleft cyst anteromedial to the sternocleidomastoid muscle and lateral to the carotid
sheath. B, After 3 sessions of ethanol ablation, it is nearly obliterated on follow-up CT (arrow). C
and D, Transverse sonogram also shows a large cystic mass in the right neck (volume, 48.1 mL)

nearly disappeared after the treatment (arrow).

FIG 3. A15-year-old adolescent boy with a right-neck mass. A and B, Transverse US and CT scans
show a 7-cm cystic mass in the right neck (volume, 36.6 mL). C, During the ethanol ablation,
intracystic hemorrhage developed after aspiration of internal contents. D, However, after a
second session of ethanol ablation, the cystic mass had disappeared on follow-up US (arrow).

lated to general anesthesia, postoperative morbidity, and scarring
of the surgical wound. In addition, surgeons may be reluctant to
undertake open surgical treatment, which might seem inappro-
priate, particularly in view of the often relatively mild symptom-
atology.'® Alternative treatment of BCCs, specifically US-guided
chemical ablation with OK-432 or EA, has been suggested to over-
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come the limitations of surgery. The main
advantages of US-guided chemical abla-
tion are the absence of external scarring
and the low morbidity and complication
rates.””

OK-432 is a lyophilized mixture of
group A Streptococcus pyogenes, which has
antineoplastic activity. Despite success
rates of 50.0%—60.8% in BCCs treated
with OK-432 (Table 3), 25.0%—41.7% of
patients required an operation due to ei-
ther partial or no response.”>”'> OK-432
induces a strong inflammatory reaction,
including the activation of macrophages
and production of cytokines so that fever
and local pain develop as adverse effects,
though no major complications have
been reported. The potential for adverse
effects related to the streptococcal prepa-
ration, such as post-rheumatic fever se-
quelae and glomerulonephritis, as well as
penicillin-induced anaphylaxis, has also
been suggested.” Accordingly, in patients
with cystic thyroid nodules, EA may be a
better first-line treatment than OK-
43214121720 Our study demonstrated a
therapeutic success rate with EA higher
than that previously reported for OK-432
on the basis of a mean volume reduction
ratio in our patients with BCC of 93.0%.
Although some patients had mild pain
and discomfort related to needle punc-
ture, none had fever or severe pain either
during or after treatment, and there were
no significant complications.

In terms of the number of treatment
sessions, 55% (11/20) of the patients in
this study required >2 sessions of EA due
to incompletely resolved clinical prob-
lems after the initial EA. This rate is
higher than the reported rate of recur-
rence after an operation.m’23 However,
these extra sessions were effective in all
cases. The number of patients who re-
quired additional EA was higher than the
4.7% reported in previous studies of pa-
tients with thyroid cysts.'® This finding
may be because the BCC lumen contains
watery or cheesy secretions with exfoli-
ated cells, and direct contact of the scle-
rosing agent with the inner epithelial sur-
face may be difficult. Aspiration of as
much of the cystic content as possible and irrigation of the cyst
wall with normal saline may increase the efficacy of EA by remov-
ing the debris or viscous material coating the inner wall of the
cyst.”* Another possible explanation is that the BCC wall may be
thicker than the wall of thyroid cysts; this feature makes complete
penetration by the ethanol difficult. Although BCCs are usually



Table 3: Summary of published data for chemical ablation in patients with brachial cleft cysts®

No. of Sclerosing Mean Treatment Complete Partial (250%) Partial (<50%) No
Study Year Patients Agent Sessions (No.) Response Response Response Response Complications
Fukumoto et al> 1994 3 Ethanol 1.0 100.0% (3/3) - - None
Roh et al® 2006 12 OK-432 23 58.3%(7/12)  25.0% (3/12) 16.7% (2/12) Fever
Kim et al* 2009 23 OK-432 17 60.8% (14/23) 13.0%(3/23) 87%(2/23) 17.4%(4/23) Fever, local pain
Ohta et al® 2010 12 OK-432 2.9 50.0% (6/12)  167%(2/12)  83%(1/12)  25.0%(3/12) Fever
@ Numbers in parentheses are the numbers of patients among all those included in the study.
lined with a stratified squamous epithelium, in some cases, the ~ CONCLUSIONS

lining consists of a thick columnar ciliated epithelium sur-
rounded by dense lymphoid tissue. There may also be marked
inflammatory changes and the epithelium may be attenuated.*®
Thus, a longer ethanol retention time may be needed for BCCs
than for thyroid cysts because slower diffusion of the ethanol
would induce continuous ablation. A previous study of cystic thy-
roid nodules (cystic component of =50%) demonstrated a higher
therapeutic success rate in a group of patients treated with a lon-
ger ethanol retention time, suggesting that this would also be the
case in EA-treated BCCs.>®

Despite the need for additional EA, technical success was
achieved in all patients. This is in contrast to the repeat treatment
of cystic thyroid nodules, as in 5%-25% of patients refractory to
the first round of EA and there was a marked decline in the ther-
apeutic efficacy of subsequent rounds.”” Bennedbaek and
Hegediis*® also reported a decrease in the efficacy of additional EA
in patients with thyroid cysts: 63.6% after the first, 33.3% after the
second, and 25% after the third round of EA. However, in our
patients with BCCs, additional EA was effective; 45% (9/20) of the
patients were treated successfully with 1 round; 81.8% (9/11),
with 2 rounds; and 50% (1/2), with 3 rounds. In BCC, the addi-
tional EA probably destroys the remaining viable epithelial cell
layer that was not in contact with ethanol in the previous ablation,
whereas in thyroid nodules, the solid component is more resistant
to ethanol diffusion and is likely to bleed, as reported in previous
retrospective and prospective studies.?”*’

In our study, all BCCs were cytologically confirmed as benign
at fine-needle aspiration. Nonetheless, CT was performed to ex-
clude the possibility of solitary cystic lymph node metastasis from
head and neck cancers."”?*?" A cystic lymph node metastasis
from an occult tumor can mimic a benign BCC, and their cyto-
logic features may not be distinguishable by fine-needle aspira-
tion. Thus, especially in older patients, careful evaluation of the
imaging features is a prerequisite of EA application. The possibil-
ity of a carcinoma arising from a BCC is extremely low and may
even be zero.””

There were several limitations to this study. First, because the
mean follow-up was relatively short, it did not allow an accurate
evaluation of recurrence. Second, the number of patients in-
cluded was small. However, BCC is relatively uncommon, and EA
is currently not a primary treatment method for these cysts. Only
patients who refused or were ineligible for an operation were in-
cluded in this study. Therefore, the generalizability of these results
may be limited. However, this study of the efficacy of EA for the
treatment of BCC is the largest conducted thus far and serves as a
basis for further, larger scale studies. Third, only patients with
unilocular cystic lesions were included. The effects of EA on other
types of brachial sinuses or fistulas may be different.

Our results demonstrated that EA offers an effective and safe al-
ternative treatment for patients with BCC who refuse or are inel-
igible for an operation. It should, therefore, also be considered as
a first-line treatment in patients with BCC.
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Head and Neck MRI Findings in CHARGE Syndrome

MJ. Hoch, ““'S H. Patel, ““'D. Jethanamest, ““'W. Win, ““’G.M. Fatterpekar, ““').T. Roland Jr, and “*’M. Hagiwara

ABSTRACT

SUMMARY: Coloboma of the eye, Heart defects, Atresia of the choanae, Retardation of growth and/or development, Genital and/or urinary
abnormalities, and Ear abnormalities and deafness (CHARGE) syndrome is a disorder with multiple congenital anomalies seen on imaging. A
retrospective review of 10 patients with CHARGE syndrome who underwent MR imaging of the brain as part of a preoperative evaluation for
cochlear implantation was conducted. Structural abnormalities of the entire MR imaging of the head were evaluated, including the auditory
system, olfactory system, face, skull base, and central nervous system. The most frequent MR imaging findings included dysplasias of the
semicircular canals and hypoplasia of the frontal lobe olfactory sulci. Less frequent findings included cleft lip/palate and coloboma. Our study
uncovered new findings of a J-shaped sella, dorsal angulation of the clivus, and absent/atrophic parotid glands, not previously described in
patients with CHARGE. Our results emphasize the utility of MR imaging in the diagnosis and management of patients with CHARGE syndrome.

ABBREVIATIONS: CHARGE = Coloboma of the eye, Heart defects, Atresia of the choanae, Retardation of growth and/or development, Genital and/or urinary
abnormalities, and Ear abnormalities and deafness; IAC = internal auditory canal; SCC = semicircular canal; SPACE = sampling perfection with application-optimized

contrasts using different flip angle evolutions

oloboma of the eye, Heart defects, Atresia of the choanae, Retar-

dation of growth and/or development, Genital and/or urinary
abnormalities, and Ear abnormalities and deafness (CHARGE) syn-
drome was first described in 1979 by Hall' in 17 children with mul-
tiple congenital anomalies, including choanal atresia, and separately
by Hittner et al® in 10 patients with coloboma. It is an autosomal
dominant disorder with a North American prevalence of 1/10,000
live births.™* Most cases are sporadic with the CHD7 gene mutation
identified as a cause in 2 of 3 patients.® The 6 classic diagnostic
criteria of the acronym described by Pagon et al” in 1981 are ocular
Coloboma, Heart defects, choanal Atresia, Retardation, Genital
anomalies, and Ear anomalies. Additional anomalies have been re-
ported, and revised criteria for the diagnosis have been proposed.
Blake et al’ expanded the original criteria to include brain stem
anomalies and visceral malformations. Verloes® focused on the “3C
triad” of coloboma, choanal atresia, and abnormal semicircular ca-
nals and formally defined partial and atypical CHARGE syndromes.
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Multiple anomalies are seen on imaging involving the ear, or-
bit, nasal cavity, and brain. Most neuroimaging reviews of pa-
tients with CHARGE syndrome focus on the CT findings within
the temporal bone.’”'> While many temporal bone findings are
clinically important for diagnosis and treatment, other findings
such as cochlear nerve abnormalities are better characterized with
MR imaging. However, MR imaging reviews of CHARGE syn-
drome are limited, focusing on only 1 or a few anomalies."*"'> To
date, no single study comprehensively reports all key head and
neck MR imaging findings in CHARGE syndrome, to our knowl-
edge. The purpose of our article was to determine, by retrospec-
tive review, the head and neck structural anomalies in patients
with CHARGE detected on MR imaging. Our findings will be
compared with other works in the literature for concordance
when available. Instructive images of the structural anomalies will
be included for educational purposes.

CASE SERIES

Retrospective review of the radiology data base from 2006 to 2015
yielded 10 patients with CHARGE syndrome who underwent MR
imaging of the brain as part of a preoperative evaluation for co-
chlear implantation. Inclusion criteria used for the clinical diag-
nosis of CHARGE syndrome were based on those set by Verloes.®
Typical CHARGE syndrome requires all 3 of the major criteria or
2 of the major and at least 2 minor criteria. Classification as atyp-
ical CHARGE is used for patients with 2 major and no minor or 1
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Summary of clinical documentation of CHARGE diagnosis for the 10 subjects according to the criteria set by Verloes®

Subject
1 2 3 4 5 6 7 8 9 10

Sex M M F F M M M M F F
Age at MRI (yr) 1 2 18 1 1 7 4 8 mo 1 19
Major criteria

Coloboma + + + + +

Choanal atresia + +

SCC hypoplasia + + + + + + + + + +
Minor criteria

Rhombencephalic dysfunction +12 +12 +! +12 +12 +! +! +2 +12

Hypothalamohypophyseal dysfunction +3 +4 +4 +3 +4 44 44

Malformation of ear +36 +6 +6 456 +6 46 46 +6 46 +6

Malformation of mediastinum +7 +7 +7 +7 +7 +7 478 +7

Mental retardation + + + + +

Typical CHARGE + + + + +

Atypical CHARGE + + + + +

Note:— + indicates present criteria; +', cochlear nerve hypoplastic or absent; +2, brain stem hypoplasia; +°, undescended testes; +*, growth delay; +°, external ear
malformation; +°©, inner ear malformation; +7, cardiac malformation; +°2, tracheoesophageal fistula.

major and at least 3 minor criteria. The clinical diagnostic infor-
mation is summarized in the Table. Five of the 10 patients were
classified as having typical CHARGE syndrome. The other 5 were
classified as having atypical CHARGE syndrome. None of the pa-
tients met the criteria for partial CHARGE syndrome. Three of the
5 patients with typical CHARGE had CHD? genetic testing, and
all 3 had findings positive for the mutation. Patient ages ranged
from 8 months to 19 years of age (average age, 6.4 years). Seven
patients were 2 years of age or younger at the time of imaging. Six
patients were male. All patients were imaged on 1.5T MR imaging
scanners (Aera and Avanto; Siemens, Erlangen, Germany). Nine
of the 10 patients had high-resolution heavily T2-weighted 3D
imaging of the temporal bones, such as CISS (n = 8) or T2 sam-
pling perfection with application-optimized contrasts using dif-
ferent flip angle evolutions (SPACE sequence; Siemens) (n = 1).
Five of the 10 patients had intravenous contrast administered
during their MR imaging examinations.

Each bilateral structure, including the ears and orbits, was
evaluated separately. The 10 cases were reviewed in consensus by
2 Certificate of Added Qualification—certified neuroradiologists
with 8 and 3 years of experience, specializing in head and neck
imaging. Because of the variability in MR imaging sequences, not
all structures were visualized equally. This discrepancy was re-
flected in the final analysis. Structural abnormalities of the entire
MR imaging of the head were evaluated, including the auditory
system, olfactory system, face, skull base, and central nervous
system.

Imaging criteria of most temporal bone findings were based
on previously reported findings.'®'” Readers assessed findings of
vestibular dysplasia, semicircular canal (SCC) dysplasia, cochlear
dysplasia, absence of the cochlear aperture, cochlear nerve defi-
ciency, internal auditory canal (IAC) dysplasia, and an enlarged
vestibular aqueduct.>'*117

The olfactory apparatus and facial structures were evaluated
for abnormalities, some of which were based on other published
works involving CHARGE syndrome,”*'?"'% including olfactory
bulb and sulcal hypoplasia/aplasia, choanal atresia, nasal septal
integrity, cleft lip and palate, and chorioretinal coloboma. The
parotid glands were included in the FOV of all examinations and
were also evaluated for any abnormality.
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The skull base was evaluated for abnormalities, with basioc-
cipital hypoplasia and basilar invagination previously reported in
patients with CHARGE syndrome."® Basilar invagination was re-
corded if the tip of the odontoid process extended >5 mm above
the Chamberlain line. Other observed abnormalities of the skull
base were also recorded.

Readers evaluated variations in venous drainage as previously
described in patients with CHARGE. These included enlarged
transmastoid emissary veins, hypoplastic sigmoid sinus or jugular
foramen, aberrant petrosal sinus, venous lakes, condylar canal
veins, and high-riding jugular bulbs.'®

The brain was evaluated for known reported associated find-
ings of CHARGE syndrome such as Chiari I malformation, Dandy-
Walker spectrum, holoprosencephaly spectrum, brain stem hyp-
oplasia, other cranial nerve dysplasia, cerebellar hypoplasia, and

1929 and for other potential abnormalities.

ventriculomegaly,

MR imaging data for the 10 patients included mild variability
in sequence acquisitions among patients. Therefore, the findings
provided for each of the sections reflect the variability of the data.
When MR imaging did not cover a pertinent area of interest,
relevant data were not recorded. Fig 1 shows the percentage of

structures evaluated when the finding was present.

Temporal Bone

Of the inner ears evaluated, 20 of 20 had both vestibular and SCC
dysplasia (Fig 2). Because 1 patient did not have high-resolution
3D T2-weighted or CISS imaging, the following were scored of 18
total ears: Fifteen had cochlear nerve deficiency (bilateral in 7
subjects) (Fig 3), 8 had an absent cochlear aperture (bilateral in 3),
and 1 had a unilateral enlarged vestibular aqueduct. One patient
with bilateral cochlear nerve deficiency also had unilateral vestib-
ular nerve deficiency. Eighteen of 18 patients also had IAC dys-
plasia (bilateral in 9), of which 4 were enlarged and 14 were ste-
notic. Sixteen of 18 patients had cochlear dysplasia (bilateral in 7)
with most patients (#n = 7) having 1.5 turns.

Olfactory Apparatus and Face
Only 2 patients of 10 had choanal atresia (Fig 4), and 1 of those 2

had a deficient posterior nasal septum. Due to FOV coverage vari-
ability, 16 olfactory structures (8 patients) could be evaluated;
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FIG 1. Bar graph of the percentage of findings present in all 10 patients with CHARGE. A percentage was chosen as the representation because
some findings were bilateral and others were singular, and some of the structures could not be evaluated in all patients due to differences in
imaging technique. Inner ear dysplasia, olfactory structure hypoplasia, and skull base hypoplasia were the most frequent findings.

FIG 2. Axial CISS image at the level in the inner ears shows bilateral
vestibular dysplasia (arrows) and absence of the semicircular canals.
Inner ear malformations are among the most frequent head and neck
findings in CHARGE syndrome.

however, all 16 demonstrated olfactory nerve hypoplasia with as-
sociated absent or hypoplastic olfactory sulci (Fig 5). Twelve of
those 16 showed small bony olfactory grooves. Five of 10 patients
had a cleftlip and cleft palate (Fig 6). Coloboma was seen in 8 of 20
imaged globes (Fig 7).

All temporal bone MRIs covered the entire parotid and
parapharyngeal spaces. Two of 10 patients demonstrated aplastic

bilateral parotid glands (Fig 8). Four additional patients had hy-
poplastic parotid glands bilaterally (2 of which had accessory sal-
ivary tissue along the masseter). The MR imaging scans covered
the submandibular glands in 9 of 10 patients. Those 9 patients had
normal-appearing submandibular glands. No ectopic salivary
glands were identified in any patients.

Skull Base

Only 1 patient had a normally formed skull base. The other 9
patients had basioccipital hypoplasia, none of which had classic
basilar invagination. All 10 patients had a normal relationship of
the superior ossification center of the dens with respect to the
anterior arch of C1. However, 7 of 10 demonstrated a dorsally
angled clivus, with posterior displacement of an ossific density,
which we interpreted to reflect an underdeveloped basioccipital
ossification center and widening of the spheno-occipital synchon-
drosis (Fig 9). Eight of 10 had hypoplasia of the sella with 7 of
those patients having a “J-shaped” appearance, with flattening
and elongation of the tuberculum sella (Fig 9B).*'

Venous Anomalies

In 2 of the 10 patients, the readers reported insufficient imaging
data to accurately assess the venous structures. Of the remaining 8
patients, 6 demonstrated large anomalous transmastoid emissary
veins (Fig 10), with 3 of these patients demonstrating this finding
bilaterally. In 5 of the 6 patients with anomalous transmastoid
emissary veins, the ipsilateral sigmoid sinus was hypoplastic. One
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FIG 3. Oblique sagittal CISS images of the bilateral internal auditory canals show unilateral co-
chlear nerve deficiency. A, The normal right IAC has all 4 nerves. The cochlear nerve is seen in the
anterior inferior quadrant of the IAC (arrow). B, The cochlear nerve is not visualized in the left IAC.
There is also the suggestion of left inferior vestibular nerve hypoplasia (arrow).

FIG 4. Axial CISS image at the level of the nasal cavity shows right
choanal atresia (arrow) with retained secretions in the nasal cavity.

FIG 5. Coronal HASTE image shows bilateral shallow olfactory
grooves with absent olfactory nerves (short arrow) and absent olfac-
tory sulci (long arrow). The findings are labeled unilaterally.

of the patients with bilateral transmastoid emissary veins also
demonstrated bilateral enlarged transoccipital emissary veins.

Central Nervous System

None of the 10 patients had findings of Chiari I malformation or
holoprosencephaly. However, 5 patients showed brain stem hyp-
oplasia, 1 had vermian hypoplasia, and 1 had both vermian and
brain stem hypoplasia. Three of 10 patients had ventriculomegaly.
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DISCUSSION

This is the largest comprehensive review
of the structural head and neck MR im-
aging findings in CHARGE syndrome.
As in other reviews of CHARGE syn-
drome, findings reflecting the acronym
were variable in frequency. Inner ear ab-
normalities were the most frequent find-
ing, whereas coloboma and choanal
atresia were infrequent findings. Most
interesting, skull base dysplasia and ol-
factory complex hypoplasia, which are
not part of the acronym, were 2 of the
most frequent findings.

While complementary, MR imaging
has advantages over CT in the preoperative evaluation of pediatric
deafness.”” MR imaging can identify cochlear nerve aplasia and
can better delineate brain abnormalities that can potentially alter
management in patients with CHARGE, who often require brain
stem or cochlear implantation. While sedation is often needed for
pediatric patients, MR imaging does not use radiation, which is of
particular concern in the pediatric population.

There are 2 recently described and potentially major new di-
agnostic criteria for CHARGE syndrome. The first is olfactory
complex anomalies, which include either absence or hypoplasia of
the olfactory nerve, sulcus, and bony groove. This was described
by Pinto et al in 2005 and later by Blustajn et al in 2008."> Our
findings of 8 of 8 visible cases with olfactory complex anomalies

are in agreement with the prior works. Pinto et al*

proposed that
the olfactory abnormality and hypogonadotropic hypogonadism
in patients with CHARGE syndrome overlap the main features of
Kallmann syndrome. Deficiency of fibroblast growth factor sig-
naling is thought to be responsible for olfactory bulb dysgenesis in
Kallmann syndrome,** and Pinto et al theorized that there may be
potentially a functional connection between CHD7 and fibroblast
growth factor signaling in olfactory bulb differentiation.'>??

The second newly proposed potential major criterion for
CHARGE syndrome is abnormal basiocciput development.'* Ba-
siocciput hypoplasia results in shortening of the clivus and was
previously reported to be closely associated with basilar invagina-
tion.>® The work of Fujita et al'* showed that 7 of 8 patients with
CHARGE syndrome had basioccipital hypoplasia, and of those, 5
had basilar invagination. Our series demonstrated 9 of 10 patients
with basioccipital hypoplasia, similar to the work of Fujita et al.
However, none of our patients were judged to demonstrate basilar
invagination. Instead, 7 of 10 patients demonstrated a dorsally
angulated clivus with posterior displacement of an ossific density
forming the inferior clivus; we interpreted this ossific density to
reflect an underdeveloped basioccipital ossification center, with
associated widening of the spheno-occipital synchondrosis. This
finding has not been previously reported. The spheno-occipital
synchondrosis is often not fused in the teenage years. We suspect
that the posteriorly displaced basioccipital ossification center can
mimic basilar invagination. All our patients demonstrated a nor-
mal relationship of the superior ossification center of the dens
with the anterior arch of Cl.

Our study is the first to describe a J-shaped sella associated



FIG 6. Cleft palate in 2 different patients. Coronal T2 SPACE recon-
struction (A) and 3D Tl-weighted coronal image (B) demonstrate a
bony defect in the hard palate (arrows), allowing communication
between the oral and nasal cavities.

FIG 7. Axial CISS image at the level of the orbits demonstrates focal
outpouching of the posterior globes at the optic disc, consistent with
bilateral colobomas (arrows).

FIG 8. Axial T2-weighted image shows absent bilateral parotid glands.
There is fatty tissue in both parotid spaces (arrows), with no identifi-
able salivary gland tissue. This finding has not been previously re-
ported in CHARGE syndrome, to our knowledge. The normal-appear-
ing masticator muscles argue against denervation atrophy and early
fatty replacement as a cause of the parotid abnormality.

FIG 9. Sagittal images of skull base dysplasia in 2 different patients. A,
Sagittal Tl-weighted image demonstrates skull base hypoplasia with
dorsal angulation and posterior displacement of a hypoplastic basi-
occipital ossification center (arrow) and widening of the spheno-oc-
cipital synchondrosis. B, Sagittal 3D Tl-weighted image shows a J-
shaped sella (short arrows) with flattening and elongation of the
tuberculum sella. There is also evidence of a dorsally angulated clivus
(long arrow), with findings similar to those in A. None of the patients
had basilar invagination.

FIG 10. Axial postcontrast fat-saturated Tl-weighted image (A) and
axial temporal bone CT image (B) of the left temporal bone demon-
strate a prominent left transmastoid emissary vein (arrows).

with CHARGE syndrome. This appearance was described in 1923
as a skull plain film finding suggestive of intracranial extension of
optic nerve glioma.”® This has been reported in patients with
achondroplasia and mucopolysaccharidoses related to skull base
hypoplasia, as well as in patients with intracranial aneurysms due
to bony remodeling.”"*” In our patients with CHARGE syn-
drome, the J-shaped sella is also potentially related to the basioc-
cipital hypoplasia.

Most surprising, 6 of 10 patients had aplastic or hypoplastic
bilateral parotid glands. To our knowledge, this finding has not
been previously described in association with CHARGE syn-
drome. Congenital absence of the salivary glands is infrequent
and often involves multiple major salivary glands.”®*® In the 9
patients in whom the submandibular glands were included in the
FOV, all 9 had normal-appearing submandibular glands. Further-
more, all subjects had normal-appearing masticator muscles and
bilateral cranial nerve V, which would argue against denervation
atrophy and early fatty replacement as a cause of the parotid
abnormalities.

The etiology of parotid gland dysplasia in patients with
CHARGE is unclear. Salivary gland dysplasia can be associated
with Treacher Collins syndrome and other facial anomalies,* as
well as with deafness and ear malformations.®’ Parotid glands
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develop in the sixth-to-eighth week of gestation from oral ecto-
derm. Abnormalities of the inner ear associated with CHARGE
such as vestibular and SCC dysplasias tend to occur with an insult
in the sixth-to-eighth week of gestation.** The similar timeframes
of growth arrest could be explained by an insult to both develop-
ing parotid buds and primitive inner ears. Disruption of the
fibroblast growth factor pathway has been reported in auto-
somal dominant salivary gland aplasia; as theorized with olfac-
tory bulb dysplasia, the CHD7 mutation in a patient with
CHARGE could potentially affect fibroblast growth factor sig-
naling for parotid gland development.*’

Our MR imaging findings of inner ear malformations were
similar to those in prior CT reviews. When the area of interest was
imaged appropriately, 100% of our patients had bilateral vestib-
ular, SCC, and IAC dysplasia. This finding is similar to that in the
studies of Lemmerling et al," in which all 7 patients also had these
3 abnormalities bilaterally, and Morimoto et al, ? in which all 13
patients had bilateral SCC dysplasia.”'" In the work of Morimoto
et al, only 15 of 26 ears studied had vestibular dysplasia. In the

1,'° all cases had bilateral SCC absence on

work of Admiraal et a
CT, but 2 cases had normally formed vestibules. On MR imaging,
SCC abnormalities remain the most frequent temporal bone find-
ing in patients with CHARGE.

In our study, 15 of 18 ears had cochlear nerve deficiency. This
finding is similar to that in the work of Holcomb et al,'2 who also
showed, on MR imaging, that 13 of 14 ears in patients with
CHARGE with sensorineural hearing loss also had deficient or
absent cochlear nerves. There were 14 ears with stenotic IAC dys-
plasia, of which 3 demonstrated the presence of a normal-caliber
cochlear nerve. We conclude that abnormal IAC morphology is
not a reliable indicator of cochlear nerve integrity. This was sim-
ilarly demonstrated by Adunka et al,"* who studied the relation-
ship of the IAC morphology to cochlear nerve abnormalities in 14
children.

Brain stem and cerebellar hypoplasia and ventriculomegaly
have been previously reported in patients with CHARGE syn-

drome™*®

and were demonstrated in our patients. Six of our pa-
tients had brain stem hypoplasia, 2 patients had vermian hypopla-
sia without other findings of Dandy-Walker malformation, and 3
patients had ventriculomegaly. While there is a reported increased
prevalence of Chiari I malformation, Dandy-Walker malforma-
tion, and holoprosencephaly in patients with CHARGE syn-
drome,** none of the patients in our study demonstrated these
findings.

Temporal bone venous anomalies have also been reported in
patients with CHARGE syndrome,'® with large emissary veins
being the most common finding. Six of our patients demon-
strated large transmastoid emissary veins, with half of those pres-
ent bilaterally; most of these patients showed an ipsilateral hyp-
oplastic sigmoid sinus. Other reported anomalies, including a
high-riding jugular bulb and venous lakes, were not found in our
study.

This retrospective study enumerates the head and neck MR
imaging findings in 10 patients with CHARGE syndrome. Be-
cause MR imaging and CT play a complementary role in surgical
treatment of these patients, knowledge of the common and less
frequently associated MR imaging abnormalities is necessary. Fre-
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quent findings such as basioccipital dysplasia and olfactory hyp-
oplasia are not found in the CHARGE acronym; thus, further
discussion into revising the diagnostic criteria of this syndrome is
warranted. Novel findings reported in our study include dorsal
angulation of the clivus, a J-shaped sella, and absent parotid
glands.

Disclosures: J. Thomas Roland Jr—UNRELATED: Board Membership: Cochlear Amer-
icas, Advance Bionics; Comments: on advisory boards; no money paid to individual.
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ORIGINAL RESEARCH
PEDIATRICS

Quantitative Synthetic MRl in Children: Normative Intracranial
Tissue Segmentation Values during Development

A. McAllister,

ABSTRACT

). Leach, ““"H. West, S. Serai

B. Jones, ““'B. Zhang, and

BACKGROUND AND PURPOSE: Synthetic MR imaging is a new technique to create absolute R1 relaxivity (1/T1), R2 relaxivity (1/T2), and
proton-density maps using a single multiple-spin-echo saturation recovery sequence. These relaxivity maps allow rapid automated
intracranial segmentation of tissue types. To assess its utility in children, we created a normative data base of intracranial volume and brain
parenchymal, GM, WM, CSF, and myelin volumes in a pediatric population with normal brain MRI findings using synthetic MR imaging.

MATERIALS AND METHODS: All multiple-spin-echo saturation recovery sequences containing brain MR imaging examinations per-
formed during 34 months were retrospectively reviewed. Abnormal examination findings were excluded following a detailed radiographic
and clinical chart review. The remaining normal examination findings were then quantitatively analyzed with synthetic MR imaging.
Intracranial, brain parenchymal, GM, WM, CSF, and myelin volumes were plotted versus age. Qualitative assessment of segmentation
accuracy was performed. Selected abnormal examination findings were compared with these normative curves.

RESULTS: One hundred twenty-two MRI examinations with normal findings were included of individuals ranging from 0.1 to 21.5 years of
age (median, 11.8 years). Resulting normative data plots compared favorably with previously published data obtained using more onerous
techniques. Differentiation from pathologic states was possible using quantitative values in select cases.

CONCLUSIONS: A pediatric data base of normal intracranial tissue volumes using a single sequence and rapid software analysis has been
compiled and correlates with previously published data. This provides a framework for clinical interpretation of quantitative synthetic MR
images during development. Improved age-based segmentation algorithms in young children are needed.

ABBREVIATIONS: BPF = brain parenchymal fraction; BPV = brain parenchymal volume; ICV = intracranial volume; MY = myelin; MYF = myelin fraction; PD =

proton density; QMAP = quantitative map; Rl = 1/T1;R2 = 1/T2

M any complex subjective assessments are made when radiol-
ogists interpret imaging of the pediatric brain, including
evaluation of brain parenchymal volume (BPV), morphology,
CSF volume, and myelination extent, all in the context of the
patient’s age." There is clinical interest in automated quantitative
methods of segmenting intracranial tissues that allow longitudi-
nal tracking and comparison against normative standards. Many
segmentation methods have been described,? and multiple
software packages are available, including FSL (http://www.
fmrib.ox.ac.uk/fsl),> FreeSurfer (http://surfer.nmr.mgh.harvard.
edu),* NeuroQuant (CorTech Labs, San Diego, California),” and
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NeuroReader (https://brainreader.net/),5 but to date, there has
been relatively limited impact on the clinical interpretation of
pediatric neuroimaging studies.

Synthetic MRI is a quantitative MR imaging method in which
a multiple-spin-echo saturation recovery sequence (QMAP se-
quence) is used with 4 saturation delays and 5 echoes to measure
absolute R1 relaxivity (1/T1), R2 relaxivity (1/T2), and proton-
density (PD) values.” Fully automated synthetic MR imaging
visualization software loads the raw DICOM data, performs re-
laxivity curve fitting to the Bloch equations, and calculates whole-
brain R1, R2, and PD maps used to synthesize MR images with
standard contrast.”” Additionally, the R1, R2, and PD maps are
used as input to calculate an intracranial mask that determines the
intracranial volume (ICV). A look-up table is used to convert R1,
R2, and PD values of each voxel into tissue volume fractions with
no atlas, manual tracing, or a priori assumptions of tissue distri-
bution or anatomy.'® Whole intracranial volumes of CSF, GM,
WM, nonassignable tissues, and myelin (MY) are calculated by
summing the partial volume fraction of each voxel within the
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FIG 1. Examination evaluation path/exclusion diagram.

ICV.'®!! The partial volume method accounts for voxels contain-
ing multiple tissue types and decreases dependence on the ac-
quired resolution of the dataset.'> A key advantage of this segmen-
tation method is that unlike voxel intensity in standard MR
images, R1, R2, and PD values are inherent physical properties of
a given tissue/voxel at a given field strength and are otherwise
independent of the acquisition strategy or hardware.'®

To date, synthetic MR imaging—based segmentation has been
primarily performed in adults.'® There are a few published case
reports demonstrating the value of synthetic MR imaging in pe-
diatric brain imaging,>*'>'* but widespread clinical utility of
volumetrics requires the documentation of normative segmenta-
tion volumes during development. To address this need, we have
created a normative data base of ICV, BPV, brain parenchymal
fraction (BPF), GM, WM, CSF, MY, and myelin fraction (MYF)
in a pediatric population with normal brain MRI findings using
this methodology.

MATERIALS AND METHODS
An institutional review board—approved retrospective review was
performed of all brain MR imaging examinations during a 34-
month period in which the QMAP sequence was performed (619
examinations). The axial QMAP sequence (4-mm section thick-
ness, 1-mm gap, matrix size of 320 X 256, acquisition time of 6
minutes) was included as an optional sequence (when time al-
lowed) and has been described previously.” The algorithm for
subject inclusion is shown in Fig 1. Studies with abnormal find-
ings on clinical radiology reports were excluded. A systematic
medical chart review was performed on the remaining 266 exam-
inations to exclude those with clinical diagnoses or medications
potentially affecting intracranial tissue volumes (Table 1). The
remaining MR imaging examinations were reviewed by 1 of 3
board-certified pediatric neuroradiologists to identify any abnor-
malities not described on the clinical report.

The QMAP sequences on the remaining 144 studies were an-
alyzed with SyMRI, Version 8 (Synthetic MR AB, Linkoping, Swe-

Table 1: Clinical and radiographic exclusion criteria

Exclusion Criteria

Identified pathology in the brain
Prior intracranial operation
Motion or susceptibility artifacts causing image distortion
of SyMRI
Known developmental delay in language or motor domains
requiring therapy
Autism spectrum disorder
Fixed neurologic deficit related to intracranial disease
Spasticity with cerebral cause requiring therapy
Chronic epilepsy
Significant prematurity (younger than 34 weeks’ GA at delivery)
Significant macrocephaly (head circumference >97th percentile)
Significant microcephaly (head circumference <3rd percentile)
Hydrocephalus
Head trauma with extra-axial hemorrhage
Genetic disorder known to involve brain development
Systemic steroid therapy within 1 mo of examination

Note:—GA indicates gestational age.

den) with output of ICV, GM, WM, CSF, and MY. Descriptions of
the segmentation method have been published previously.'®!!
BPV is calculated as the sum of GM, WM, and nonassignable
tissues. BPF is BPV/ICV and MYF is MY/BPV.'*!!

Resultant segmentation maps were assessed for image quality,
artifacts, errors in intracranial volume segmentation, and appro-
priate anatomic coverage. Twenty-two examinations were ex-
cluded from analysis because of image degradation caused by
motion artifacts or insufficient coverage of the intracranial com-
partment. In a small number of cases (16), minor manual adjust-
ments were made to the segmented intracranial contour. In 14
cases, extracranial tissues were included in the ICV (primarily the
diploic space). Following adjustment, the average ICV decreased
by only 6 mL (0.4%). The effect was largest on myelin volume,
which decreased by 0.6%, and CSF, which decreased by 0.9%. In 2
cases, small portions of the occipital lobes were incorrectly ex-
cluded from the ICV. Following adjustment, the ICV increased by
15mL (1%), with corresponding increases in GM and WM of 1%.

The adequacy of segmentation was assessed in all subjects (n =
26) younger than 4 years of age (relative to that expected by visual
assessment of the anatomic images) with the following scoring
system for GM/WM segmentation: 1, all WM was labeled as GM;
2, marked mislabeling of WM as GM though correct in the central
WM tracts; 3, clear extension of GM labeling into the WM; 4,
overall correctly labeled, with mislabeling of subcortical WM in
the frontal and/or temporal lobes; and 5, correctly labeled. The
fractional assignment of brain to the CSF compartment was as-
sessed as follows: 1, large confluent areas of parenchyma incor-
rectly classified as CSF; 2, small noncontiguous areas of paren-
chyma incorrectly classified as CSF; and 3, no parenchyma
incorrectly classified as CSEF.

Of the 122 final examinations, 60 were performed at 3T and 62
were performed at 1.5T. All 3T examinations were performed on
a Discovery MR750w scanner (GE Healthcare, Milwaukee, Wis-
consin). Of those performed at 1.5T, 51 were performed on an
Optima MR450w (GE Healthcare) and 11 were performed on an
Ingenia scanner (Philips Healthcare, Best, the Netherlands). All
examinations on children younger than 6 years of age were per-
formed at 3T. Data plotting, curve fitting, and confidence interval
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calculation was performed with SAS, Version 9.4 (SAS Institute,
Cary, North Caroline) and Matlab 2016b (MathWorks, Natick,
Massachusetts) using the cftool function in Matlab. For each tis-
sue type, data were plotted versus patient age. Curve fits and 95%
confidence intervals were calculated and superimposed on the
respective scatterplots. For BPV, BPFE, ICV, WM, CSF, MY, and
MYF, the data were fit to a double exponential curve y = a X
exp(b X x) + ¢ X exp(d X x). GM data were fit to a double
exponential equation modified with a linear term y = a X
exp(b X x) + ¢ X exp(d X x) + fX x + g. Additional plots for MY
and MYF were made with a subset of data limited to subjects
0-18 months of age, the period of most rapid myelination.
Curve fits were performed to the equation y = m X x + b.

RESULTS

The included 122 subjects ranged in age from 0.1 to 21.5 years
(median, 11.8 years), with 49 males and 73 females. Clinical indi-
cations for the examinations are given in Table 2.

Table 2: Clinical indications for included MRI examinations

Indication for Brain MRI No.
Headaches 69
Seizure (suspected or first-time seizure) 10
Suspected brain lesion 8
Dizziness, vertigo, or vomiting 7
Neurologic findings 7
Concussion 4
Other 17

1 month 5 months 10 months

1.2 years

Representative automated segmentation images for patients
0.1, 0.4, 0.8, 1.2, 2.5, 7, and 15 years of age are shown in Fig 2.
Resultant normative curves for ICV, BPV, GM, WM, CSF, MY,
and MYF are given in Fig 3. MY and MYF for subjects 0—18
months of age are given in Fig 4.

ICV increased rapidly from 0 to 18 months, with progressive
slowing, reaching a plateau in early adolescence with an ICV of
approximately 1400 mL. A similar rapid growth and plateau are
seen with BPV, reaching a plateau of 1300 mL in early adoles-
cence. BPF rises rapidly in infancy and early childhood to a peak of
0.96 at 45 months, followed by a gradual linear decline in late
childhood and adolescence, reaching a value of 0.92 at 18 years of
age.

Values of intracranial CSF volume demonstrated a gradual
increase throughout childhood and adolescence from a value of
approximately 50 mL in neonates and infants to a mean value of
approximately 100 mL, with a range of 50-150 mL in the late
teenage and young adult period.

GM volume increases rapidly during the first 18 months of life,
with subsequent slowing of the growth rate. A maximum GM
volume of 920 mL was reached at 6-7 years of age, followed by a
gradual decline throughout the teenage years to a value of 790 at
18 years of age.

WM demonstrates rapid linear growth during the first 18
months with subsequent slowing of the growth rate through
childhood and adolescence, with continued increases throughout
the age range of the study population. No maximum was reached.

2.5 years 15 years

FIG 2. Representative segmentation images. Age is organized in columns increasing from left to right: 1 month, 5 months, 10 months, 1.2 years,
2.5 years, 7 years, and 15 years of age. Tissue types are arranged in upper-to-lower rows: GM, WM, CSF, and MY. The faint red line denotes the
boundary of the intracranial mask. Note the suboptimal GM/WM segmentation in young children (upper 2 rows). At 0.1 year, there is complete
assignment of WM as GM (upper left image); at 0.4 year, there is mislabeling with correct assignment of the internal capsule and centrum
semiovale (not shown). At 0.8 year, some peripheral WM is assigned as GM. At 1.2 years, there is overall good segmentation with areas of
mislabeling in the frontal and temporal lobes. By 2.5 years and beyond, GM and WM are correctly segmented. Note the assignment of
parenchymal voxels as CSF in the youngest children (first column, third row).
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FIG 3. Segmentation volume plots versus patient age. A, ICV. B, BPV. C, GM. D, WM. E, BPF. F, CSF. G, MY. H, MYF. Solid lines denote curve fit
functions. Dashed lines denote 95% confidence intervals. Data points for the 122 healthy patients are denoted by black dots. Three illustrative
cases with abnormal exams are superimposed on the normal plots. Case 1is a purple triangle, Case 2 is an orange circle, and unhealthy Case 3 is
ared asterisk. (Normal plots without the superimposed cases can be found in the On-line Figs 1and 2).

MY and MYF demonstrate rapid linear growth during the first
18 months of age, with a gradually decreasing rate of growth

throughout childhood and further decreased-but-persistent

growth through adolescence. To better assess the rapid early

growth phase, we plotted a subset of the data limited to subjects

0-18 months of age demonstrating rapid linear growth (Fig4). As
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FIG 4. Segmentation volume plots versus patient age from 0 to 18 months. A, Myelin volume versus age. B, Myelin fraction versus age. Data
points for the 12 healthy patients 0—18 months of age are denoted by black dots. Two illustrative cases with abnormal exams are superimposed
on the normal plots. Case 1is a purple triangle, and Case 2 is an orange circle. (Normal plots without the superimposed cases can be found in the

On-line Figs 1and 2). Solid lines denote curve fit functions. Dashed lines denote 95% confidence intervals.

expected, the limited dataset has narrower confidence intervals
for the 0- to 18-month age range than the full dataset.

Qualitative assessment of the accuracy of segmentation dem-
onstrated improved segmentation of CSF, GM, and WM with
increasing subject age up to 18 months of age (Fig 5).

To provide an initial assessment of the potential clinical appli-
cations of the automated segmentation process and normative
curves, we evaluated selected studies with abnormal findings and
compared segmentation volumes with the normative values (Figs
6-8).

DISCUSSION

To the best of our knowledge, this is the first study to evaluate
normative quantitative segmentation of intracranial tissue types
in children using the SyMRI technique. Understanding the nor-
mal developmental trajectories and limitations of these analyses is
critical for eventual clinical use. Assessment of intracranial tissue
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volumes is a key component of interpretation of brain imaging
studies, but currently, this is almost exclusively subjective and
qualitative in clinical practice. Readily obtained linear measure-
ments of complex volumes like the ventricular system have been
shown to be representative of absolute volumes,'® but the degree
of correlation is limited. Moreover, such subjective analyses do
not lend themselves to accurate assessment of changes with time
or to meaningful population comparisons. The ability to quantify
the volumes of intracranial CSF and parenchyma in a patient dur-
ing multiple time points or in comparison with a healthy popula-
tion will increase the accuracy and value of the imaging analysis
and will likely lead to greater insight into the evolution of multiple
pathologic processes.

Obtaining quantitative data in our subjects with synthetic MR
imaging was rapid and easily translatable to clinical practice. The
QMAP sequence requires <6 minutes to acquire, and the seg-
mentation with synthetic MR imaging is automated and provides
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FIG 5. Adequacy of segmentation. Qualitative segmentation scores versus patient age. GM/WM segmentation (left) and CSF/WM segmenta-
tion (right). In subjects younger than 3 months of age, most anatomic WM was labeled as GM with a qualitative score of 1. In subjects between
3 and 7 months of age, there was moderate mislabeling of WM as GM, but WM tracts in the centrum semiovale and internal capsule were
correctly labeled with a qualitative score of 2. From 8 to 11 months, there was less prominent-but-definite extension of GM labeling into WM
with a score of 3. From 12 to 18 months of age, there was minor mislabeling of subcortical WM in the frontal and/or temporal lobes with
otherwise excellent segmentation, with a qualitative score of 4. The WM was correctly labeled in children older than 18 months of age with a
qualitative score of 5. Subjects younger than 5 months of age had large confluent areas of parenchyma and unmyelinated WM, which were
labeled fractionally as CSF (score of 1). Subjects between 5 and 10 months of age had small noncontiguous areas, primarily in the subcortical white
matter, which were fractionally labeled as CSF (score of 2). No parenchyma was designated as CSF in subjects older than 10 months of age (score
of 3).

FIG 6. Case 1. A, Myelin. B, CSF. C, WM. An 8-year-old girl with a history of trisomy 21 and microcephaly. Volumetric data are superimposed on
the normal plots such as the red asterisk on Fig 3. The ICV (925 mL), BPV (900 mL), GM (634 mL), WM (259 mL), myelin (63 mL), and MYF (0.07) are
abnormal and plot below the 95% Cl. The CSF (25 mL) and BPF (0.97) are normal. Consistent with microcephaly, the ICV and BPV are small. The
BPF is normal; this finding indicates that the brain is proportional to the intracranial compartment. A low myelin volume would be expected with
a small BPV; however, the MYF is also low. This finding indicates abnormal myelination, which has been described in patients with Down
syndrome.*3*

quantitative maps, volumetric segmentation, and anatomic data-
sets with standard MR imaging contrasts (T1, T2, FLAIR, and so
forth) in <1 minute on a standard workstation and a timeframe
and format optimized for clinical use, allowing concurrent anal-
ysis of quantitative and anatomic data.””

Useful as they are, the descriptive terms “gray matter” and
“white matter” can be misleading when used to describe the brain
parenchyma. These descriptions of the various compartments of
the brain, based on gross anatomic observation, imply that there
is little or no contamination of either tissue type by the other, but
we know that axons and myelin exist within gray matter struc-
tures, and neurons are present in white matter. Additionally, in

the immature brain, the absence of myelin on many of the axons
requires recognition of unmyelinated axons and those acquiring
myelin.

The R1, R2, and PD characteristics of WM change consider-
ably as myelination progresses. In young children, the WM has
low R1 and R2 values secondary to the large water content, but as
the tissue myelinates, the water is expressed and myelin is depos-
ited, lengthening R1 and R2. The SyMRI technique segments WM
and myelin and calculates myelin fraction."' WM reflects the total
volume of myelinated axons, myelin represents the total volume
of myelin (excluding axons, extracellular water, and other mate-
rial that is not myelin), and myelin fraction represents the fraction

AJNR Am J Neuroradiol 38:2364—72  Dec 2017 www.ajnr.org 2369



FIG7. Case 2. A14-month-old boy with a history of increased head circumference and developmental delay. A, GM. B, WM. C, CSF. Volumetric
data are superimposed on the normal plots such as the orange circle Fig 3 and on the 0- to 18-month curves in Fig 4. The ICV (1244 mL), BPV (1065
mL), GM (787 mL), WM (257 mL), MY (48 mL), and MYF (0.04) are normal for age; however, the CSF (179 mL) is above the 95% Cl for age. The BPF
(0.86) is below the 95% Cl for age. Despite the enlarged head circumference, the ICV is at the upper range of normal. The normal BPV, GM, WM,
and MY are reassuring. The CSF volume is higher than that of age-matched peers, seen with benign macrocrania, but the developmental delay
is concerning and this patient will be followed.

FIG 8. Case 3. A 9-month-old boy with a known history of Pelizaeus-Merzbacher disease. A, GM. B, WM. C, Myelin. Volumetric data are
superimposed on the normal plots like the purple triangle Fig 3 and on the 0- to 18-month-old curves in Fig 4. The ICV (1109 mL), BPV (1016 mL),
BPF (0.92), and CSF (94 mL) are normal. The brain parenchyma was almost exclusively segmented as GM (971 mL), higher than the 95% Cl, with only
a small component of WM (37 mL) lower than the 95% CI. The myelin volume (7 mL) and MYF (0.007) are both below the 95% Cl for age as

expected for a patient with Pelizaeus-Merzbacher disease, a primary hypomyelination disease.

of the brain that is myelin." The MY and MYF curves are similar
to those produced by Dean et al'® using different techniques, sup-
porting the validity of the SyMRI myelin segmentation in chil-
dren. A relative reduction in myelin or myelin fraction may pro-
vide the earliest indication of disruption of the myelination
process. In cases of parenchymal volume loss, though the volumes
of both WM and myelin will be lower than normal, myelin frac-
tion can inform whether the parenchyma that is present is nor-
mally myelinated.

The present methodology is sensitive to the presence of my-
elinated axons and those in the early stages of acquiring myelina-
tion, but it has difficulty in accurately segregating unmyelinated
axons from GM (Fig 5). In R1-R2 space, the unmyelinated and
myelinated WM flank GM on opposite sides. As unmyelinated
WM myelinates, it passes immediately adjacent to GM with over-
lap, making separation difficult. Similar WM/GM segmentation

2370 McAllister  Dec 2017 www.ajnr.org

difficulties in children using other techniques have been reported
previously.'”'® Therefore, visual review of the segmentation in
subjects younger than 18 months of age shows that the GM com-
partment contains large areas of what we know to be unmyeli-
nated axons (Fig 2). GM is therefore overestimated in subjects
younger than 18 months of age, while WM is underestimated.
This error in estimation results in an artificially shallow growth
rate of GM through the first 18 months of life and an artificially
steep growth rate of WM. An article limited to neonates up to 2
months of age demonstrated substantially lower GM volumes
than in our youngest patients.'® However, despite this overesti-
mation, the curves of GM volume across time parallel those
generated by previously published pediatric studies, even in the
0- to 5-year age range.'”?°>* This similarity suggests that either
these other techniques have a similar error, young subjects
were underrepresented in the samples, or the inclusion of



unmyelinated axons during the first 18 months of development
does not substantially skew the pattern of GM growth. Our data
demonstrated the maximum GM volume occurring at 6 years of
age, which is later than the 4 years reported in prior articles.”**
The GM/WM segmentation error does not render the data clini-
cally useless. If the algorithm is consistent and the clinical case is
compared with healthy cases segmented with the same algorithm,
the patient’s location on the nomogram and growth trajectory can
provide useful clinical information.

The readily available quantification of the CSF compartment
and the ability to generate ratios of CSF to BPV may allow a more
accurate and translatable assessment of hydrocephalus and other
pathologies of CSF homeostasis. Tracking these volumes across
time in individual patients may allow a more sensitive and mean-
ingful understanding of the effectiveness of CSF diversion strate-
gies, as will comparison of values with a healthy population data
base, such as that presently done with head circumference mea-
surements. It is reasonable to think that such ready quantification
may increase the sensitivity and accuracy of the diagnosis of more
pervasive disorders of CSF volume and intracranial pressure. One
could assume that future software iterations will segment intra-
ventricular CSF as a separate compartment, an additional valu-
able data source in these patients.

In our youngest subjects, we identified regions of the paren-
chyma partially assigned to the CSF compartment (Fig 2). This
misclassification is most evident in subjects younger than 5
months of age and is secondary to the fractional volume assign-
ment of each pixel and the relative high water content of the infant
brain. The degree to which this misclassification alters the assess-
ment in an individual case is unclear, given the wide range of
normal CSF volumes, but it does suggest that intracranial CSF is
mildly overestimated in very young children.

Many diseases result in focal parenchymal abnormalities and
would not be detected by whole-brain volumetric analysis. This
technique will be most advantageous in the assessment of diffuse
disease processes. Current tools for clinically assessing brain size
are crude, consisting of head circumference and cranial facial ra-
tios. These do not distinguish a large/thick calvaria and scalp from
a large ICV and a large CSF volume from a large BPV. Compari-
son of tissue volumes using synthetic MR imaging can easily and
rapidly make these distinctions. Furthermore, quantitative longi-
tudinal tracking is also readily accomplished.

During our secondary review, in 16 subjects, the radiologist
thought that the intracranial contour should be adjusted to accu-
rately reflect the ICV. The normative curves were created by using
manually corrected data for these subjects. Correcting the intra-
cranial contour is easy to accomplish, but it is a nuisance when
interpreting examinations clinically. The resulting changes in the
observed volumes were <1%, which we think is clinically insig-
nificant and within the range of variability reported by other seg-
mentation algorithms®® and small in comparison with the width
of the current confidence bands. Therefore, adjustment during
clinical practice will rarely be necessary and only in borderline
cases.

Synthetic MR imaging is a relatively new method of image
acquisition and analysis and will continue to undergo modifica-
tion as the technique matures. Segmentation algorithms and tis-

sue look-up tables may be improved with future releases, with
slightly different volumetric results for a given dataset. Therefore,
the subject being clinically assessed should be analyzed with the
same software version used to create the nomograms.

There are some limitations to the present study. As opposed to
categoric voxel assignment, synthetic MR imaging segmentation
uses a partial volume tissue model, which reduces the partial vol-
ume errors introduced by low-resolution images and accounts for
the complex anatomy and heterogeneity of intracranial tis-
sues.'22%27 As a result, although our resolution is lower than that
in other segmentation techniques, the resultant volumetric no-
mogram curves are very like those that have been published
previously.*

This data base was compiled from a retrospective review of
clinical examinations. The patients in this data base had symp-
toms warranting neuroimaging, and in that context, they were not
completely healthy; however, the exclusion process was extensive.
We understand the advantages of developing nomograms using
clinically healthy subjects; however, there are challenges. Most
notably, the required sedation of healthy pediatric subjects is eth-
ically dubious; subsequently, few articles have data in the 1- to
4-year age group.”® Several articles included patients in the peri-

natal period,lg’29

a time when subjects do not require sedation,
while others have used a mixed subject pool with 3-month to
2-year-old patients and healthy volunteers for the older age
groups.>

Although respectable, our sample size of 122 subjects is small
in comparison with the sample sizes that number in the thousands
used for the development of the CDC growth charts.’® Larger
sample sizes are desirable to define percentiles with appropriate
precision for each age group, most important for the outlying
percentiles.” Larger sample sizes will also allow detailed sex-spe-
cific nomograms.

The use of SyMRI segmentation is promising for routine clin-
ical use; however, there is need for further study. Improved seg-
mentation algorithms are needed for patients younger than 18
months of age. The sensitivity and specificity to identify abnor-
malities using this method need to be determined, and a larger
dataset of healthy patients would be of benefit.

CONCLUSIONS

We present the implementation of rapid segmentation of intra-
cranial content using synthetic MR imaging in children. The com-
piled pediatric data base of normal intracranial tissue volumes
using this technique correlates with previously published data and
may provide a framework for more quantitative clinical interpre-
tation of MR images during development. Improved age-based
segmentation algorithms in young children are needed.

Disclosures: Blaise Jones—RELATED: Support for Travel to Meetings for the Study or
Other Purposes: SyMRI, Comments: They reimbursed me for travel expenses to
Maryland to describe my experience with the software to the FDA.
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Gestational Age at Birth and Brain White Matter Development
in Term-Born Infants and Children
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ABSTRACT

BACKGROUND AND PURPOSE: Studies on infants and children born preterm have shown that adequate gestational length is critical for
brain white matter development. Less is known regarding how variations in gestational age at birth in term infants and children affect white
matter development, which was evaluated in this study.

MATERIALS AND METHODS: Using DTl tract-based spatial statistics methods, we evaluated white matter microstructures in 2 groups of
term-born (=37 weeks of gestation) healthy subjects: 2-week-old infants (n = 44) and 8-year-old children (n = 63). DTI parameters
including fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity were calculated by voxelwise and ROl methods and
were correlated with gestational age at birth, with potential confounding factors such as postnatal age and sex controlled.

RESULTS: Fractional anisotropy values, which are markers for white matter microstructural integrity, positively correlated (P < .05,
corrected) with gestational age at birth in most major white matter tracts/regions for the term infants. Mean diffusivity values, which are
measures of water diffusivities in the brain, and axial and radial diffusivity values, which are markers for axonal growth and myelination,
respectively, negatively correlated (P < .05, corrected) with gestational age at birth in all major white matter tracts/regions excluding the
body and splenium of the corpus callosum for the term infants. No significant correlations with gestational age were observed for any
tracts/regions for the term-born 8-year-old children.

CONCLUSIONS: Our results indicate that longer gestation during the normal term period is associated with significantly greater infant
white matter development (as reflected by higher fractional anisotropy and lower mean diffusivity, axial diffusivity, and radial diffusivity
values); however, similar associations were not observable in later childhood.

ABBREVIATIONS: AD = axial diffusivty; FA = fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity

I t is well known that infants born with low gestational age (pre-
term, <37 completed weeks of gestation) are relatively more
vulnerable to brain white matter injury or abnormal white matter
development. White matter damage in extremely or very preterm
infants (<32 completed weeks of gestation) is common, and in-
creased risk is associated with lower gestational age'; white matter
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microstructural differences in moderate or late preterm infants
(32-36 completed weeks of gestation) compared with term in-
fants have also been reported.” The abnormality of white matter
development associated with low gestational age in preterm in-
fants may extend well beyond infancy, as indicated by observed
differences in adolescents born prematurely compared with
term-born controls.’>”> Furthermore, abnormal white matter
development associated with preterm birth is also linked to
adverse long-term neurodevelopmental outcomes in children
at different ages.®™®

The effects of gestational age on neurologic or neurodevelop-
ment for term-born children (=37 completed weeks of gestation)
have not been investigated until recently. Several new studies
(most of them population-based) reported positive associations
between longer gestational age (excluding postterm, which is =42
weeks of gestation) and better cognitive and/or neurodevelop-
mentin term-born children, such as higher scores on Bayley scales

of mental and motor development during the first year of life™'%;
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more school readiness and cognitive and educational ability at age
3 years''; higher intelligence quotient scores' and less vulnera-
bility to low early developmental index at age 67 years'?; greater
reading, math, and achievement scores in the third grade'*; and
better test scores in elementary and middle school and higher
probability of being gifted.'>

Brain structural and functional development is directly related
with neurodevelopment and cognitive performance in children.
However, very few studies have addressed whether length of ges-
tation at term birth is associated with differences in later brain
development in children as measured by neuroimaging, particu-
larly for white matter development (a recent study reported asso-
ciations between longer gestation and higher brain gray matter
density measured by MR imaging in term-born healthy 6-10-
year-old children'®). In addition, although white matter matura-
tion before and after term has been investigated via imaging stud-
ies,'” there is insufficient quantitative characterization of white
matter maturation during the normal term period beyond the
common perception that white matter is developing rapidly dur-
ing this time. In each week of gestation and/or week of life during
the term period, white matter continues to mature in patterns of
posterior to anterior and central to peripheral.'® A few studies
have evaluated white matter microstructures in relation to term
gestational ages'>*%; nevertheless, studies including white matter
imaging data for term-born infants have mostly focused on the
comparison to preterm,”®*' but not on the trajectory of white
matter development in term-born infants during the normal term
period. Nor is it clear whether gestational lengths at birth of term-
born infants impact this trajectory and longer-term development
into childhood. In this study, DTI measures were used to examine
potential associations between gestational age at birth and brain
white matter microstructural development in 2 well-character-
ized cohorts of healthy term-born subjects (2-week old infants
and 8-year-old children).

MATERIALS AND METHODS

Study Population

All study subjects were from the existing prospective Brain Power
(ClinicalTrials.gov identifier: NCT00735423) or Glowing (Clini-
calTrials.gov identifier: NCT01131117) research cohorts at the
Arkansas Children’s Nutrition Center, and all experimental pro-
cedures were approved by the institutional review board at the
University of Arkansas for Medical Sciences with parental con-
sent. Inclusion and exclusion criteria for these 2 research cohorts
apply to this retrospective secondary analysis study. Briefly, all
infants (n = 44) were born to healthy women with uncomplicated
singleton pregnancy; had term gestation at birth (=37 completed
weeks); were born with size appropriate for gestational age; and
had no birth defects or congenital abnormalities and no medical
issues at or after birth. All 8-year-old children (n = 63) were
term-born (=37 completed weeks) with birth weight and current
body mass index between the 5th and 95th percentile for age; were
healthy with normal neurodevelopment; and had no history of
neurologic impairment or injury, psychologic or psychiatric diag-
noses, or any other serious illnesses or diseases. Reynolds Intellec-
tual Assessment Scales of intelligence quotient were measured,
and all subjects had composite intelligence quotient >80. All in-
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fants included in this study had an MR imaging examination of
the brain during natural sleep at Arkansas Children’s Hospital
around age 2 weeks, which included conventional sequences to
screen for apparent abnormalities and DTI for evaluation of white
matter development, as part of the Glowing study. All 8-year-old
children included in this study were scanned with similar DTI
pulse sequences as part of the Brain Power study.

MR Imaging Data Acquisition

The MR imaging data were acquired by using a 1.5T Achieva
scanner (Philips Healthcare, Best, the Netherlands) with an
8-channel SENSE head coil (Philips Healthcare). Infants were fed
approximately 30 minutes before the scan and wrapped by a
MedVac infant immobilizer (CFI Medical Solutions, Fenton,
MI). Mini muffs were used to block the noise from the scanner, a
pulse oximeter probe was used to monitor oxygen saturation and
heart rate, and an MR imaging—compatible camera was used to
monitor the infants during the scan. Pulse sequences included
diffusion, susceptibility, 3D T1- and/or T2-weighted imaging to
exclude apparent brain abnormalities, and a single-shot spin-
echo EPI sequence with diffusion-weighting gradients in 15
uniformly distributed directions and a maximum b-value of
700 seconds/mm? to acquire DTI data with 2 X 2 X 3 mm’
voxel size. For 8-year-old children, a headset was used to block
scanner noise and to play audio associated with a movie played
during the scan by using an MR imaging—compatible enter-
tainment system. The children were instructed to remain still
inside the scanner, but were given a panic button for emer-
gency use. DTI data were acquired by using a similar EPI se-
quence with 15 diffusion-weighting directions and a maxi-
mum b-value of 800 seconds/mm”.

DTI Data Analysis

All DTI raw data were exported to a workstation with the FMRIB
Software Library (FSL, created by the Oxford Center for Func-
tional MR Imaging of the Brain, United Kingdom [http://www.
fmrib.ox.ac.uk/fsl]) installed on a VMware Linux virtual machine
(VMware, Palo Alto, California) and with Matlab software
(MathWorks, Natick, Massachusetts). First, FSL tools were used
for eddy current and head movement correction in the raw data
and for creating a brain mask for each subject. The preprocessed
DTI data were then fed to the DTIfit tool (http://fsl.fmrib.ox.
ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html) to calculate DTI parameter
maps for each subject, including fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD). The FA maps were then processed by the tract-based spatial
statistics tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) for fur-
ther analysis.”* Specifically, FA maps were preprocessed to re-
move outliers from the DTT fitting and then aligned to each other
to identify a most representative subject with the least total imag-
ing warping. The FA maps for all subjects were then registered to
the FA maps for this representative subject by using nonlinear
transformation and were skeletonized by using the tract-based
spatial statistics tool. A threshold of FA >0.1 was chosen for the
infants’ data and a threshold of FA >0.15 was chosen for the
8-year-old children’s data to delineate the major white matter
tracts (white matter skeletons) on the FA maps for each subject,
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which were used for voxelwise statistical analysis. In addition, the
MD, AD, and RD maps were transformed and skeletonized ac-
cording to the existing template and logistics for FA maps and
were processed for voxelwise statistical analysis as well. Further-
more, major white matter tracts/regions with known anatomy
were sketched on the FA maps, and mean DTI parameter values
for each ROI for each subject were exported to Matlab for addi-
tional ROT analysis.

Statistics

Randomization with 5000 permutations was used for the voxel-
wise correlation analysis in tract-based spatial statistics. The
threshold-free cluster enhancement option®” was used to identify
voxels with significant correlation (P < .05, corrected for multiple
comparisons) between gestational age and DTI parameters. The
analysis was also adjusted for potential confounding factors in-
cluding postnatal age at MR imaging and the subject’s sex, be-
cause the brain continues to develop rapidly after birth and sex
differences in DTI measures in children have been reported.** For

Table 1: Demographic information for the healthy term infants and 8-year-old term-born

children

the ROT analysis, Spearman partial correlation tests were used to
calculate the coefficients and P values for the correlation between
gestational ages and mean DTI parameters in each ROI, control-
ling for postnatal age at MR imaging and sex.

RESULTS

The demographic information for the healthy term infants and
8-year-old healthy children are listed in Table 1. The standard
deviation of age at the time of MR imaging examination was rel-
atively small compared with the mean age at MR imaging for both
groups, indicating well-defined age groups with potentially low
confounding by postnatal age.

For the term infants, DTI tract-based spatial statistics analysis
revealed that FA values, a marker for white matter microstructural
integrity, positively correlated (P < .05, corrected) with gestational
age at birth in most white matter voxels in the brain (Fig 1 and Table
2). These voxels involved the frontal, parietal, temporal, and occipital
lobes and the pons as well as the cerebellum. However, the corpus
callosum (especially the splenium and the body), which develops the
fastest at the first trimester of pregnancy,
did not show significant correlations. On
the other hand, MD, AD, and RD param-

Demographics Infants

Children eters negatively correlated (P < .05, cor-

No. of patients 44

Gestational age at birth, wks 393 +1.0[37.3,40.7]
(mean = SD [min, max])

Age at MRI (mean = SD [min, max])*

Gender (M, F)

RIAS IQ (mean == SD [min, max])

14.3 =16 [11,19]
23,21
N/A

63 rected) with gestational age at birth in

394 £12[37.0, 421] most white matter voxels in the brain

7.90 + 0.25[7.52, 8.51] (Fig 1 and Table 2), again with the excep-

28,35
110.8 + 12.5 [82, 147]

tion of the splenium and body of the cor-
pus callosum. For the 8-year-old children,

Note:—IQ indicates intelligence quotient; max, maximum; min, minimum; RIAS, Reynolds Intellectual Assessment
Scales.
2 Unit for infant ages is weeks; for children, years.

no voxels in the white matter tracts
showed significant correlation (positive or

FIG1. Tract-based spatial statistics analysis of the correlation between gestational age at birth and DTI parameters (FA, MD, AD, and RD) in term
infants. Background images are FA maps; major white matter tracts are green; voxels in the tract with significant positive correlations (P < .05,
corrected) are red; voxels with significant negative correlations (P < .05, corrected) are blue. Widespread positive correlations between FA and
gestational age at birth and negative correlations between MD, AD, and RD and gestational age at birth were observed.
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negative) between gestational age at birth and any of the DTI param-
eters (Table 2). Sex effects on DTI parameter values were observed in
several white matter tracts for the 8-year-old children (data presented
in the On-line Figure), but were not observed for the term infants.
ROI analysis of brain white matter regions/tracts showed re-
sults similar to those observed for the tract-based spatial statistics

Table 2: Percentage of imaging voxels in major white matter
tracts that showed significant correlation (P < .05, corrected)
between DTI parameters (FA, MD, AD, and RD) and gestational
age at birth

Infants® Children?®
FA 80, all positive 0
MD 91, all negative 0
AD 87, all negative 0
RD 91, all negative 0
2 Information presented as percentage of voxels, correlation type.
. GN " 15 GN
08—ty A .
H e _._._J.':..:, -
£ 08| endet— S g
o 06 o Pt -i. s 1 S

0.4

analyses (Fig 2). Correlation coefficients and P values for all ROIs
for the 2 study groups are listed in Table 3. For the term infants, of
the 14 regions/tracts included, mean FA values positively corre-
lated (P < .05) with gestational age at birth in 6 regions, and mean
MD, AD, and RD values negatively correlated (P < .05) with
gestational age at birth in 11 regions. The genu, splenium, and
body of the corpus callosum did not show any significant corre-
lations. For the 8-year-old children, no ROI showed a significant
correlation (P <.05) between gestational age at birth and any DTI
parameter (Fig 2 and Table 3).

DISCUSSION

Our DTT study shows that gestational age at birth is associated
with significant differences in white matter microstructural devel-
opment in term infants, but not in term-born children at age 8
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FIG 2. Scatterplots for correlation analyses between gestational age at birth and DTI parameters in white matter ROIs of term infants and
children. Data for term infants are in red, and data for 8-year-old children are in blue. Least-square fit lines are also shown. Units for DTI
parameters are: FA (no unit); MD, AD, and RD (um?/ms). Positive correlations (P < .05) between gestational age and FA were observed in many
ROIs (marked with an asterisk) for the term infants, but not in any ROI for the 8-year-old children. Likewise, negative correlations (P < .05)
between gestational age and MD, AD, and RD were observed for most ROIls (marked with an asterisk) for the term infants, but none were
observed for any ROI for the 8-year-old children. (Details of correlation statistics are provided in Table 3.)
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FIG 2. Continued.

years. Specifically, for term infants, significant positive correla-
tions between gestational age at birth and FA values and negative
correlations between gestational age at birth and MD, AD, and
RD values were observed in most white matter tracts, indicating
that increased myelination (reflected by lower RD) and axonal
growth (reflected by lower AD) as well as overall higher white
matter integrity (reflected by higher FA and lower MD) are asso-
ciated with longer gestational age during the normal term period
before birth. One major white matter region not displaying these
significant gestation-related associations was the corpus callo-
sum, which typically starts development at the first trimester of
pregnancy with a faster growth rate than at other trimesters. It is
possible that the development of the corpus callosum is less vul-
nerable to gestational influences at the end of the normal term
period, in which case relatively small differences in gestational age
within the normal term period may not result in measurable
changes in its myelination and growth. For the DTT parameters, it
appears that diffusivity measures (MD, AD, and RD) were more
sensitive than anisotropy (FA) to white matter microstructural

gestation (weeks) gestation (weeks)

changes during the normal term period. For example, tract-based
spatial statistics analyses revealed a higher percentage of white
matter voxels with significant correlations related to gestational
age at birth (Table 2) for MD, AD, and RD than for FA, and ROI
analyses showed significant correlations with gestational age at
birth for more regions for MD, AD, and RD than for FA (Table 3).
To our knowledge, there is only 1 other published study focused
on white matter microstructural development in term infants at
young postnatal ages similar to those in our study.*® In that study,
a positive correlation with gestational age was found in several
white matter regions for FA values. Analyses on diffusivities were
not available. Another study investigated white matter micro-
structural development in term infants at a larger postnatal age
range by using DTI tractography methods, but the evaluation was
limited to only a few white matter regions.'® Their results showed
increased FA and decreased MD with gestational age at MR im-
aging (gestational age at birth plus postnatal age at MR imaging)
in corticospinal tracts, but not in the splenium of the corpus cal-
losum, consistent with our findings. Overall, our DTI results for
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Table 3: Correlation coefficients (- values) and correlation statistics (P values) between gestational age at birth and DTI parameters in

white matter ROIs for the term infants and children

FA Correlation MD Correlation AD Correlation RD Correlation
r Value P Value r Value P Value r Value P Value r Value P Value
Infants
GN 0.28 .07 —0.24 13 —0.06 72 —0.29 .06
SP —-0.02 .90 0.06 73 —0.05 78 0.06 .69
BCC —0.06 70 —0.15 34 —0.25 10 —0.08 .60
PLIC 0.29 .06 —0.67 <.001® —0.54 <.001® —0.59 <.001
ALIC 0.18 .25 —0.72 <.0071® —0.59 <.001® —0.61 <.001?
EC 0.45 .003? —0.71 <.001? —0.65 <.001? —0.69 <.001?
CG 0.32 .04 —0.63 <.001® —0.51 <.001® —0.62 <.001
SCR 0.48 .001* —0.63 <.0012 —0.54 <.001* —0.63 <.0071°
SLF 0.59 <.001? —0.65 <.001? —0.63 <.001? —0.66 <.001?
AWM 0.60 <.001? —0.69 <.001® —0.66 <.001® —0.67 <.001*
PWM 0.23 13 —0.59 <.0012 —0.61 <.001* —0.52 <.0071°
OR 0.28 .07 —0.52 <.0m® —0.49 .001? —0.47 .001?
IFO 0.66 <.001? —0.72 <.001® —0.70 <.001® —0.70 <.001*
ILF 0.24 13 —071 <.0012 —0.69 <.001* —0.68 <.0071°
Children

GN —0.25 .05 0.16 21 —0.15 25 0.22 .08
SP —0.05 .68 0.04 78 —0.03 79 0.04 78
BCC —0.13 33 0.03 .81 0.00 .99 0.06 .63
PLIC —0.03 .81 —0.02 .88 —0.04 73 0.01 93
ALIC 0.08 .54 —0.05 .68 0.09 .51 —0.10 46
EC —0.05 .69 —0.00 .95 —0.07 .61 0.01 93
CG —0.08 .53 —0.19 14 —0.02 .10 —0.16 21
SCR —-0.17 18 —0.02 91 —0.24 .06 0.04 77
SLF 0.01 95 —0.01 94 —0.02 .84 —0.02 .89
AWM —0.01 91 —0.10 44 —0.06 .64 —0.09 49
PWM —-019 4 —0.00 97 —-0.18 17 0.08 .52
OR —0.04 76 —0.05 72 —0.00 .99 —0.04 77
IFO —0.21 .10 —0.04 77 —0.22 .09 0.05 71
ILF -0.21 10 0.00 98 —0.24 .06 0.10 43

Note:—ALIC indicates anterior limb of internal capsule; AWM, anterior white matter; BCC, body of corpus callosum; CG, cingulum; EC, external capsule; GN, genu of corpus
callosum; IFO, inferior frontal occipital fasciculus; ILF, inferior longitudinal fasciculus; OR, optic radiation; PLIC, posterior limb of internal capsule; PWM, posterior white matter;
SCR, superior corona radiata; SLF, superior longitudinal fasciculus; SP, splenium of corpus callosum.

? Indicates P values for significant correlations.

term infants agree with the general consensus that the normal
term period (37—41 weeks of gestation) is a critical timeframe for
the developing brain. Furthermore, the results in the current
study can provide additional normative data for DTI parameter
changes in white matter during this period.

For 8-year-old term-born children, significant correlations
between gestational age at birth and DTI parameters at age 8 years
were not observed. This may be a reflection of a “catch-up” effect
(ie, the deficits presumably related to less in utero development
because of shorter gestational length within the normal term pe-
riod were compensated for during 8 years of postnatal develop-
ment, with the white matter microstructures in term-born chil-
dren with all gestational ages eventually reaching the same level).
However, extensive exposure to potential confounding factors
(such as diet, lifestyle, and family environment) during the 8 years
of postnatal brain development could also be a mediating factor
and cannot be ruled out as a contributing factor underlying the
observed absence of gestational age-associated white matter dif-
ferences. Although there was no significant correlation between
gestational age and intelligence quotient for the 8-year-old chil-
dren (r = —0.09, P = .49) in our study, population-based studies
have shown that white matter development is associated with cog-
nitive functioning in 6-10-year-old healthy children,'® and re-
cent large-scale studies have revealed associations between cogni-
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tive development and length of gestation in school-age children
born at term."*"'® Our results indicate that white matter changes are
not likely the driving force for reported relationships between gesta-
tional age and cognitive performance in term-born children. It is
noteworthy that reported white matter changes in older children/
adolescents associated with preterm birth were mostly for those born

very preterm or with very low birth weight,*>*2¢

and a study of
9-year-old children with low risk preterm birth (3034 weeks of ges-
tation) showed more changes in gray matter than white matter com-
pared with term controls.?” In addition, 1 study showed increased
regional gray matter attenuation associated with gestational age at
birth in 6-10-year-old children for both the preterm and term sub-
groups.'® Therefore, the development of gray matter, the other major
structural component of the brain, may need to be the future focus
for exploring potential relationships between gestational age and
brain development in term-born children. This may be achieved by
either global/regional volume or cortical thickness measurements of
gray matter or fMRI measurements of stimulated brain activation or
connectivity at resting state in gray matter.

One limitation for this study is that the gestational age for the
8-year-old children was parent reported. Medical records con-
taining relevant information were not available for some subjects.
Parents were asked to provide the due date (and/or the exact ges-
tational length at birth of their children) as part of the Brain



Power study (those unable to provide this information were ex-
cluded from this study), and gestational age at birth was then
calculated by comparing the due date (assume 40 weeks of gesta-
tion) and the actual date of birth. Although potential inaccuracy
(likely on the order of days, if any) is possible, the distribution and
mean/standard deviation (Table 1) of gestational age at birth were
comparable with that for the infant cohort, and therefore did not
suggest apparent issues. Furthermore, additional analyses were
performed to test the effects of gestational age at term birth on
DTI parameters in these 8-year-old children, such as group com-
parisons of those with reported gestational age 37-38 completed
weeks versus 39—41 or 40—41 completed weeks; 37 or 38 com-
pleted weeks versus 39, 40, or 41 completed weeks; and so forth.
None of those comparisons showed any effect of gestational age at
birth on DTI parameters for the 8-year-old children.

CONCLUSIONS

Our DTI findings indicate that longer gestational length is asso-
ciated with greater white matter microstructural development in
term healthy infants, but not in term-born 8-year-old healthy
children.
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ORIGINAL RESEARCH
PEDIATRICS

Basion—Cartilaginous Dens Interval: An Imaging Parameter for
Craniovertebral Junction Assessment in Children

AK. Singh, ““Z. Fulton, ““'R. Tiwari, “X. Zhang, ““L. Lu, ““W.B. Altmeyer, and “*'B. Tantiwongkosi

O=

ABSTRACT

BACKGROUND AND PURPOSE: Widening of the basion-dens interval is an important sign of cranioverterbral junction injury. The current
literature on basion-dens interval in children is sparse and based on bony measurements with variable values. Our goal was to establish the
normal values of a recently described new imaging parameter, the basion—cartilaginous dens interval in children.

MATERIALS AND METHODS: Three hundred healthy pediatric patients (010 years of age) were selected retrospectively. These patients
were divided into 3 different groups: A (0-3 years), B (3—6 years), and C (610 years). The basion—cartilaginous dens interval was calculated
on the sagittal MPR image of cervical spine CT in a soft-tissue window. The mean, SD, and the upper limit of normal (mean +2 SDs) of the
3 groups were calculated, and statistical tests were used to check for significant differences of the basion—cartilaginous dens interval
among these 3 groups.

RESULTS: The upper limits of the basion—cartilaginous dens interval for the 3 groups were 5.34 mmin group A, 5.64 mm in group B, and 7.24
mm in group C. There were statistically significant differences in the basion—cartilaginous dens interval values among the 3 groups. There
was no statistically significant difference in basion—cartilaginous dens interval values between groups A and B; however, values in group C
were significantly different from those in both A and B. There was no statistically significant difference in the basion—cartilaginous dens
interval values between males and females.

CONCLUSIONS: The basion—cartilaginous dens interval is a novel imaging parameter to assess cranioverterbral junction integrity in
children, which includes the nonossified cartilage in the measurement.

ABBREVIATIONS: BDI = basion-dens interval; BCDI = basion—cartilaginous dens interval; CV) = craniovertebral junction

he incidence of pediatric cervical spine injuries is between 1%

and 2% of all patients with trauma.” Upper cervical spine
injuries are approximately twice as common as lower cervical
spine injuries in children.” Pure ligamentous injuries without
fractures are more common in children younger than 9 years of
age.™® Younger children are more susceptible to craniovertebral
junction (CVJ) injuries due to a disproportionately large head
size, laxity of the ligaments, and increased mobility at the cranio-
vertebral junction.®” The basion-dens interval (BDI) is an impor-
tant imaging marker for CVJ injuries; however, the literature on
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pediatric BDI is limited. Moreover, BDI does not include the car-
tilaginous portion of the dens and is susceptible to variability in
measurements. To address these limitations, a novel pediatric im-
aging parameter, the basion—cartilaginous dens interval (BCDI)
has recently been introduced and described by Birchansky et al.®
As a substitute for BDI, we apply this new BCDI measurement in
order to assess the normal values in children.

MATERIALS AND METHODS

This study was approved by our institutional review board for
research. We retrospectively examined cervical spine CT scans in
300 pediatric patients (0—10 years of age) from 2013 to 2016.
These patients were divided into 3 groups: 03 years of age, 3—6
years of age, and 6—10 years of age. Seven radiologists (3 attending
neuroradiologists and 4 second-year radiology residents) re-
viewed the CT scans in these patients. Each of the 3 attending
neuroradiologists and 2 residents reviewed images in 50 different
patients (n = 250), and each of the 2 other residents reviewed
images in 25 different patients (n = 50). The patients were divided
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FIG 1. Sagittal CT cervical spine image (soft-tissue window) in a
6-month-old boy shows the soft-tissue cartilage around the dens

(arrow).
"

FIG 2. Sagittal CT cervical spine image (soft-tissue window) in a
6-month-old boy shows the technique for measuring BCDI as indi-
cated by the line.

again among radiologists for a second review so that a different
radiologist reviewed images in each patient. All radiologists re-
ceived training on how to measure the BCDI. These measure-
ments were obtained in sagittal reformatted images of the cervical
spine in a soft-tissue window where cartilage can be easily seen
around the dens (Fig 1). The minimum distance between the ba-
sion and tip of the dens was measured. If cartilage was seen, then
the tip of the cartilage was used for measurement (Fig 2). If the
dens was completely formed and the cartilage was not seen, then
the tip of the bony dens was used for measurement. The BCDI
measurement on each patient was obtained by 2 different readers,
and an average of these 2 values was obtained for the data analysis.

Inclusion criteria for this study were normal cervical spine CT
findings without any signs of craniovertebral junction injury
based on imaging and clinical grounds. Exclusion criteria were
any sign of craniovertebral junction injury, congenital anomalies
of the CVJ, motion artifacts, and inadequate sagittal reformatted
images in the soft-tissue window.

These patients were scanned on 2 similar machines (128-sec-
tion Ingenuity; Philips Healthcare, Best, the Netherlands) with

BCDI values in 3 different groups

Upper Limit of
Group Mean SD Normal (Mean +2 SDs)
A(0-3yr) 3.87 073 534
B (3-6 yr) 3.80 0.92 5.64
C (6-10 yr) 5.31 0.96 7.24

the same technical parameters: 128 X 0.625-mm collimation,
0.9-mm section thickness, 0.5-mm interval, with a pitch 0f 0.914,
100 kV(peak), and 70—100 mAs. Axial images were reconstructed
at 1 and 3 mm. Sagittal and coronal MPR images were recon-
structed from axial 1-mm sections. Images were reviewed in the
bone window (window level, 400 HU; window width, 2000 HU)
and soft-tissue window (window level, 50 HU; window width, 450
HU).

Statistical Analysis

All statistical analyses were performed on SAS statistical software,
Version 9.4 (SAS Institute, Cary, North Carolina). All the patients
were divided into 3 groups: group A (0-3 years), group B (3-6
years), and group C (610 years). There were 172 males and 128
females. Descriptive statistical analysis was performed for the
BCDI values in the 3 groups, and the mean, SD, and upper limit of
normal values were obtained (Table). The upper limit of normal
was defined as mean +2 SDs. The 1-way ANOVA test was per-
formed to check the statistically significant difference in BCDI
values among the 3 groups followed by a post hoc statistical test
(Tukey) to check which group differed from the other groups.
The Student ¢ test was performed to check the statistically signif-
icant difference in BCDI values between males and females. Inter-
observer agreement for the BCDI values was checked by using an
intraclass correlation test. Descriptive analysis was also performed
regarding the appearance and fusion of the os terminale, and the
mean and SD were calculated. A P-value of .05 was considered
significant.

RESULTS

The results for the BCDI values are summarized in the Table.
There were statistically significant differences in the BCDI values
among the 3 groups as calculated by 1-way ANOVA (P value <
.001). The post hoc statistical tests were performed to compare
which group differed from another. There was no statistically sig-
nificant difference in BCDI values between groups A and B; how-
ever, values in group C were significantly different from those in
both A and B. There were 172 males and 128 females. There was
no statistically significant difference in the BCDI values between
males and females (t test, P value > .05). The interobserver reli-
ability was measured with the intraclass correlation coefficient,
which was very good, with a coefficient of 0.89 with a 95% confi-
dence interval of 0.84—0.90. The data were also analyzed regard-
ing the appearance and fusion of the os terminale ossification
center. The mean age at which the ossification center of the os
terminale appeared was 47 months, with an SD of 12 months (Fig
3). The mean age at which the os terminale ossification center
showed fusion was 8.6 years, with an SD of 1.1 years (Fig 4).
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FIG 3. Bar chart for the appearance of the os terminale ossification center in children.
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FIG 4. Bar chart for the fusion of the os terminale ossification center in children.

DISCUSSION
The craniovertebral junction comprises the occiput, atlas, and
axis with associated ligaments. These ligaments play an important
role in the stability of the CV]. The anterior atlanto-occipital
membrane is the cranial extension of the anterior longitudinal
ligament and extends superiorly to the clivus. The apical ligament
extends from the dens to the clivus. The transverse band of the
cruciform ligament is the main stabilizing ligament of atlantoaxial
joint and passes behind the dens to attach to the lateral masses of
the atlas. The ascending and descending bands of the cruciform
ligament attach to the clivus and body of C2, respectively. The
tectorial membrane is the cranial extension of the posterior lon-
gitudinal ligament and passes behind the cruciform ligament to
attach to the clivus. The paired alar ligaments extend from the
superolateral margins of the dens to the medial aspect of the oc-
cipital condyles. The posterior atlanto-occipital membrane is the
cranial extension of the ligamentum flavum and extends from the
anterior aspect of the posterior arch of the atlas to the posterior
aspect of the foramen magnum.>'®

It is important to be aware of the embryology of the CVJ to
understand the anatomy. The craniovertebral junction is formed
from the 4 occipital and 2 upper spinal sclerotomes. First, 2 oc-
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15%

i =
[

cipital sclerotomes form the clivus be-
low the spheno-occipital synchondrosis
(basiocciput). The third occipital scle-
85% rotome forms the exoccipital bone,
which forms the jugular tubercle. The
fourth occipital sclerotome (proatlas)
divides into cranial and caudal halves,
with the cranial half forming the tip of
the clivus, occipital condyles, and the

L margin of foramen magnum. The lateral
mass and superior portion of the poste-
rior arch are formed by the caudal divi-
50-59 60-70

sion of the proatlas (fourth occipital
sclerotome), and the posterior and infe-
rior portions of the arch are formed by
the first spinal sclerotome. The anterior
arch is formed by the hypocentrum of
the first spinal sclerotome. The centrum
of the second spinal sclerotome forms
the body of the axis, and the neural arch
forms the facets and posterior arch of
the axis. The centrum of the first spinal
sclerotome forms the odontoid process.

93%

Ina 17-mm embryo (Carnegie stages
18 and 19, 44—46 days after fertiliza-
tion), the odontoid process is a dense
mass of mesenchymal tissue located
close to the future anterior foramen
magnum. The chondrification of the
odontoid starts from the base in stage 21
10 (51 days after fertilization).'™'* The

odontoid ossification begins at the base
from 2 ossification centers that fuse in
the midline by the seventh gestational
month. The terminal portion of odon-
toid arises from the proatlas (the fourth
occipital sclerotome). The most inferior portion of the axis body
is formed by the second spinal sclerotome.'*"'> The body of C2
fuses with the odontoid by 3—6 years of age. A secondary ossifica-
tion center (os terminale) at the apex of the odontoid process
appears between 3 and 6 years of age and usually fuses by 12
years."®'” The cruciate and alar ligaments share the common
mesenchymal origin in the tip of the primitive odontoid pro-
cess.'>'® The apical ligament is a functional vestige of the noto-
chord and arises from either the notochord or its sheath.'*'*2°

Craniovertebral junction injuries are unstable, potentially fa-
tal injuries and should be diagnosed promptly on the initial im-
aging studies. The basion-dens interval is an important imaging
parameter for CV] injuries, described by Wholey et al in 1958.%'
Normal values of the basion-dens interval in the adult population
have been well-described in the literature. In a study by Harris et
al,?? the basion-dens interval was <12 mm in 95% of adult pa-
tients on lateral cervical spine radiographs.

However, BDI values on CT are different from those of radio-
graphs due to better delineation of the anatomy. Gonzalez et al*
reported that a BDI of >9 mm on CT is suggestive of injury to the
craniovertebral junction. In a study by Rojas et al,** BDI values of



FIG 5. Sagittal CT cervical spine images in 3 children of different ages show the variable appear-

ance of the os terminale.

BDI: 6.7 mm BCDI: 2.54 mm

FIG 6. Comparison of BDI versus BCDI in a 6-month-old child. A,
Sagittal CT cervical spine image in a bone window shows the BDl as 6.7
mm. B, Sagittal CT cervical spine image in a soft-tissue window shows
the BCDI as 2.54 mm.

<8.5 mm were seen in 95% of patients (of 200) on CT. Omer-

cikoglu et al*

also reported a BDI of 8.5 mm as the optimal upper
limit of normal on CT in their study of 499 patients.

The literature on the BDI in the pediatric population is very
limited. Bulas et al*® mentioned 12.5 mm as an upper limit of
normal on cervical spine radiographs in a study on 110 patients.

Bertozzi et al*”

studied the basion-dens interval in 117 healthy
children and found that the normal maximum value of the BDI is
9.5 mm if the os terminale is ossified and 11.6 mm if it is not
ossified. Vachhrajani et al*® reported 7.49 mm as the upper toler-
ance limit for the BDI in 42 pediatric patients. The basion-dens
interval is highly variable in children due to the developing dens
and the variable ossification of the os terminale (Fig 5).

Recognizing that an inherent problem with the BDI in the
pediatric population is that it does not include cartilage in the
measurement, Birchansky et al® were the first group to devise a
new imaging parameter utilizing sagittal CT soft tissue window
reformats to measure the distance from the basion to the readily
observed cartilaginous dens tip. In their study, this novel distance
was coined as the “basion-cartilaginous dens interval” (BCDI).
They measured the BCDI in 86 children between 0—24 months of
age and calculated the upper limit of normal to be 4.4 mm.®

Our results show that the BCDI varies with age, with the upper
tolerance limit of 5.6 mm in children up to 6 years of age and 7.2
mm in children 610 years of age. Our results for the BCDI are
smaller than those in prior studies that measured the BDI because
the 2 measurements used different landmarks. The BCDI should
serve as a substitute for the BDI in the pediatric population, espe-
cially in younger children in whom the dens is not completely
formed because BCDI is measured from the clivus to the cartilag-
inous dens where ligaments attach. An example is shown in Fig 6
for comparing the BCDI versus BDIL.

Some limitations of our study are
due to its retrospective nature, such as
selection bias; however, we tried to min-
imize this bias by prospectively selecting
patients in the PACS from 2013 to 2016
after the careful application of exclusion
criteria. The other limitation of this
study is that we only looked at the BCDI
values in the healthy pediatric popula-
tion. We need to compare these data
with data from patients with actual CVJ
injury to validate these measurements.

CONCLUSIONS

The BDI is an important imaging parameter of a craniovertebral
junction injury in adults on cervical spine CT. However, its use in
pediatric patients is limited due to the variable appearance of the
developing os terminale. The BCDI is a recently described novel
imaging parameter to assess the CV] integrity in children that
includes nonossified cartilage in the measurement. We believe
that the BCDI may be a helpful imaging marker of CVJ injury in
children; however, more studies are needed to validate this claim.
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Anterior Mesencephalic Cap Dysplasia: Novel Brain Stem
Malformative Features Associated with Joubert Syndrome

F. Arrigoni, ““R. Romaniello, “*'D. Peruzzo,

ABSTRACT

A. De Luca,

F. Triulzi

o= =

C. Parazzini, “/E.M. Valente, ““R. Borgatti, and

SUMMARY: In Joubert syndrome, the “molar tooth” sign can be associated with several additional supra- and infratentorial malforma-
tions. Here we report on 3 subjects (2 siblings, 814 years of age) with Joubert syndrome, showing an abnormal thick bulging of the anterior
profile of the mesencephalon causing a complete obliteration of the interpeduncular fossa. DTl revealed that the abnormal tissue

consisted of an ectopic white matter tract with a laterolateral transverse orientation. Tractographic reconstructions support the hypoth-

esis of impaired axonal guidance mechanisms responsible for the malformation. The 2 siblings were compound heterozygous for 2
missense variants in the TMEM®67 gene, while no mutations in a panel of 120 ciliary genes were detected in the third patient. The name
“anterior mesencephalic cap dysplasia,” referring to the peculiar aspect of the mesencephalon on sagittal MR imaging, is proposed for this

new malformative feature.

ABBREVIATIONS: AMCD = anterior mesencephalic cap dysplasia; CST = corticospinal tract; IQ = Intelligence Quotient; JS = Joubert syndrome; SCP = superior

cerebellar peduncle

he “molar tooth” sign is the distinctive imaging feature and a

mandatory criterion for the diagnosis of Joubert syndrome
(JS), a rare group of conditions characterized by a complex mal-
formation of the midbrain-hindbrain. The molar tooth sign owes
its name to the appearance of the pons and superior cerebellar
peduncles (SCPs) on axial MR images, resembling a molar tooth.
It is related to a moderate-to-severe vermian hypodysplasia, asso-
ciated with a narrow pontine-mesencephalic junction and a thick-
ened, elongated, horizontal SCP."
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The typical clinical signs of JS (episodic hyperpnea, abnor-
mal eye movements, developmental delay, and ataxia®) may
be associated with heterogeneous neurologic and non-neuro-
logic symptoms and defects in other organs, including the kid-
neys, retina, liver, and skeleton,'>* giving rise to an extremely
large spectrum of phenotypes, from relatively mild to severe
conditions.”

JS is part of an expanding group of disorders called ciliopa-
thies, caused by dysfunction of the primary cilium, a ubiquitous
subcellular organelle that plays a key role in brain development
and in many cellular functions.® To date, >35 genes encoding for
proteins of the primary cilium or its apparatus have been identi-
fied as causing JS™7; however, many patients remain undiag-
nosed; thus, further genetic heterogeneity is suggested.

The variable degree of vermian hypodysplasia and the pres-
ence of associated supratentorial findings (hippocampal mal-
rotation, callosal dysgenesis, migration disorders, hypotha-
lamic hamartomas, cephaloceles, and ventriculomegaly) may
further complicate the spectrum.®’

We report on 3 patients from 2 different families (2 brothers
with genetically defined JS and 1 unrelated girl), presenting an
additional complex malformation of the brain stem characterized
by an abnormal thick bulging of the anterior profile of the mes-
encephalon. DTI revealed that the abnormal tissue consisted of an
ectopic bundle of white matter with a laterolateral transverse ori-
entation, likely resulting from impaired axonal guidance mecha-
nisms during the early stages of brain development.
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FIG 1. Morphologic findings. Images show T1- and T2-weighted sagittal and axial sections of a healthy subject (row A), patient 1 (row B), patient
2 (row C), and patient 3 (row D). In the 3 patients, the mesencephalon shows an anterior bulging (black arrows) that fills the interpeduncular
cistern, visible both on sagittal and axial sections. The signal intensity of the abnormal mass is like that of white matter. Patients also share the
classic features of mesial temporal sclerosis: cerebellar hypodysplasia (black asterisks), a thickened and horizontal SCP (black arrowheads), and
hypoplasia of the medullary pyramids and inferior olivary nuclei (white arrowheads).

MATERIALS AND METHODS

Neuroimaging Data

Patients underwent MR imaging studies on either 3T (patients 1
and 2) or 1.5T (patient 3) scanners at 2 different institutions (Eu-
genio Medea Research Institute and “V. Buzzi” Children’s Hospi-
tal). Axial and coronal T2-weighted (thickness, 3 mm), axial and
coronal FLAIR (thickness, 3 mm), and 3D T1-weighted echo-
spoiled gradient-echo images (voxel size, 1 mm’) were acquired.
Balanced steady-state free precession sequences were acquired at
3T to evaluate the cranial nerves. High-resolution DTI data (voxel
size, 2 mm?>; b-values, 0, 300, 1100 s/mm?; number of directions,
32) were available for the 2 patients examined at 3T, while the
third patient had low-resolution DTT (voxel size, 3 mm?; b-values,
0, 1100 s/mm?; number of directions, 15).

DTT data were preprocessed with the DIFF_PREP module of
TORTOISE  (https://science.nichd.nih.gov/confluence/display/
nihpd/TORTOISE) to remove motion and eddy current artifacts;
then, correction of geometric EPI distortions was performed with
DR-BUDDI using the dual-phase encoding acquisition.'® Fiber
tractography was performed with TrackVis (http://www.trackvis.
org/dtk/)"" in patients 1 and 2. We did not perform tractography
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in patient 3 because of the lower quality (ie, signal-to-noise ratio,
resolution) of the data.

Clinical and Genetic Data
Neurologic, neuropsychological, and instrumental evaluations as
well as genetic analysis were performed in all patients.

The local ethics committee approved the study. Written in-
formed consent was obtained from all participating families.

RESULTS
Neuroimaging
The 3 patients showed a complex brain stem and cerebellar malfor-
mation, with normal findings in the supratentorial brain.

The main features of the common midbrain-hindbrain mal-
formation were the following:

e A severe vermian hypodysplasia with a thickened, horizontal
SCP determining a molar tooth shape of the superior brain
stem on axial images (Fig 1)

o A flattening of the inferior olives and medullary pyramids
(Fig 1)



FIG 2. Color-coded DTI maps. Patients 1(row B), 2 (row C), and 3 (row D) show an altered organization of white matter tracts if compared with
a template of healthy subjects (row A). The anterior bulging of the mesencephalon corresponds to an area of transversely oriented diffusivity
located anteriorly in the interpeduncular fossa (white arrowheads). CSTs in the pons are thinned (black arrow) or not clearly recognizable, and
transverse pontine fibers appear as a unique bundle displaced in the anterior part of the pons. In the medulla, CST and lemnisci are hypoplastic/
atrophic and the olives are reduced in volume. The decussation of SCP (white arrow in the normal template) is absent in patients 1and 2 and
markedly thinned in patient 3 (white arrows in D). Red, green, and blue represent areas of transverse, anteroposterior, and caudocranial
orientation of diffusivity and white matter, respectively.

A narrow isthmus, with a thin pontine-mesencephalic
junction

A thickened tectum on the sagittal plane in patient 1

An abnormal bulging of the anterior profile of the mesenceph-
alon on sagittal planes. On axial images, such bulging resulted
in a complete obliteration of the interpeduncular fossa, giving
to the mesencephalon a more rounded anterior profile. Most
interesting, the ectopic mass had the same signal intensity as
white matter in all MR imaging weightings, and it did not look
like a single, nodular interpeduncular structure (Fig 1).

The third, fifth, sixth, seventh, and eighth cranial nerves could
be recognized. The trochlear nerves were not identified, prob-
ably because of technical limits; extraocular muscles, including
the oblique superior muscles, appeared regular in terms of sig-
nal intensity and volume. The optic nerves were thinned in
patient 3.
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e Cranial nerves IX and X could be detected on balanced steady-

state free precession sequences in patients 1 and 2. Patient 1
showed an agenesis of the left cranial nerve XII. The lower cra-
nial nerves could not be assessed in patient 3.

Color-encoded DTI maps and tractography reconstructions revealed
that the anterior mesencephalic bulging corresponded to a trans-
versely orientated white matter tract in the interpeduncular cistern
(Fig 2). On tractography, an apparent merging of corticospinal tracts
(CSTs) with the abnormal mesencephalic bundle could be suspected.
On color-encoded DTT maps, CSTs could be regularly recog-
nized only until the upper part of the pons (Fig 2). On tractog-
raphy, pontine transverse fibers and middle cerebellar pedun-
cles appeared as a thick unique bundle anteriorly displaced in
the pons (Fig 3). The SCPs were thickened, while the inferior
cerebellar peduncles were atrophic in patient 1. SCP decussation
was absent in patients 1 and 2, and it was thinned in patient 3.
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FIG 3. Tractography. CST (first 2 columns) and cerebellar peduncles (last column) were recon-
structed with DTl data and the FACT algorithm from a template of healthy subjects (row A) and
in patients 1and 2 (rows B and C). The ectopic mass seen on morphologic sections corresponds to
atransvers bundle that seems to be located along the CST (white arrow). No transverse fibers are
seen in the normal CST at the same level (row A). SCPs (light blue tract in the last column) of both
patients are thickened and more horizontal than normal and do not pass through the anterior
mesencephalon. The inferior cerebellar peduncles (green tract) in patient 1are thinned, while in
both patients, the middle cerebellar peduncles (yellow tract) are displaced anteriorly in the pons.

Genetic Findings

Clinical and genetic findings of the 2 siblings were reported in
2009 as part of a molecular genetic screening of the TMEM67
gene in patients with JS. They both were compound heterozy-
gous for TMEM67 missense variants c¢. 1115C>A/p.(T372K) and
€.2345A>G/p.(H782R), which were inherited from the healthy
father and mother, respectively (Family COR32 in Brancati et
al'?). The third patient underwent next-generation sequencing-
based analysis of a panel of 120 ciliopathy-related genes,'* which
failed to identify any pathogenic variant.

Clinical Findings

Patient 1 is now a 14-year-old boy. He had impaired psychomotor
development, with delayed motor acquisitions (able to walk inde-
pendently at 6 years of age) and absence of expressive language.
Currently, he can use sign language and is able to read and write
words in uppercase letters. Good social skills are present. Neuro-
logic examination showed diffuse hypotonia, nystagmus, oculo-
motor apraxia, dysmetria, severe oromotor dyspraxia, and gait
ataxia. Cognitive testing showed moderate intellectual disability

2388 Arrigoni Dec 2017 www.ajnr.org

(Wechsler Intelligence Scale for Chil-
dren-Revised, Third Edition; Intelli-
gence Quotient [IQ] = 46 at perfor-
mance subitems). Visual assessment
detected a reduced visual acuity and
bilateral optical nerve coloboma. The
right kidney was polycystic and atro-
phic, while the left one showed compen-
satory hypertrophy at sonography. Liver
biopsy at 8 years of age documented
congenital hepatic fibrosis associated
with mild portal hypertension, normal
liver functioning, and the absence of
esophageal varices.

Patient 2 is an 8-year-old boy. As
with his older brother, he had delayed
psychomotor development, walking
unaided at 3 years of age and lacking
any expressive language. Currently, he
uses sign language with good social in-
teractions and skills. Diffuse hypoto-
nia, dysmetria, oromotor dyspraxia,
and gait ataxia with moderate intellec-
tual disability (Performance IQ = 41)
were evident at neurologic examina-
tion. A liver biopsy performed at 4
years of age demonstrated congenital
hepatic fibrosis, hepatosplenomegaly,
portal hypertension, and small esoph-
ageal varices. He also had an increase
of transaminase and y glutamyltrans-
peptidase levels and thrombocytope-
nia secondary to hypersplenism.

Patient 3 is an 11-year-old girl, the
only child of consanguineous healthy
parents (second-grade cousins). She
presented early in life with mild motor
delay, severe intellectual impairment,
marked visual deficits, and nystagmus. On the latest neurologic
examination, she presented with severe intellectual disability with
poor expressive language and social skills, diffuse hypotonia, and
clumsiness. She had severe visual impairment (1/50 bilaterally),
nystagmus, and roving ocular movements. Fundus oculi showed
nerve optic hypoplasia and small vessels, and electroretinography
could not elicit any response. Abdominal sonography and audio-
metric evaluation findings were normal.

Clinical findings and instrumental evaluation are summarized
in the On-line Table.

DISCUSSION

The presence of an anterior mesencephalic bulging due to an
ectopic transverse white matter bundle represents a new malfor-
mative pattern of the midbrain for which we propose the name
“anterior mesencephalic cap dysplasia” (AMCD). This definition
is adopted and adapted from a previously described malforma-
tion of the brain stem, pontine tegmental cap dysplasia,'* which
shares some common features with AMCD. In both cases, the



sagittal profile of the brain stem shows an abnormal “cap,” which,
in AMCD, is located anteriorly, at the mesencephalic level, while
in pontine tegmental cap dysplasia, the cap is located posteriorly
at the pontine level. Moreover, in both cases, on axial sections and
DTT, the cap looks like a white matter ectopic bundle with a trans-
verse laterolateral orientation.

Other diagnoses, like tumors, metastasis, or other proliferative
disorders, could be easily excluded, considering their signal inten-
sity and expansive/infiltrative features.

The presence of an interpeduncular mass in patients with JS

was previously reported by Harting et al,'®

who described 3 pa-
tients with a nodular structure within the interpeduncular fossa.
Similar tissue can also be depicted, but not discussed, in several

1'® and Alorainy et al.'” Interpeduncular

articles by Huppke et a
masses in JS probably represent a continuum, but we believe that
according to their appearance on both morphologic sequences
and DTI, a distinction between pedunculated and nonpeduncu-
lated structures can be maintained. Interpeduncolar heterotopia
is a nodular rounded structure, isointense to gray matter, with a
peduncle that connects the mass to the brain stem, while AMCD is
isointense to white matter, has no peduncle, and completely fills
the interpeduncular fossa. Moreover, in AMCD, DTI confirmed
the presence of an ectopic transverse white matter bundle anterior
to the mesencephalon. Most interesting, according to tracto-
graphic reconstructions, the bundle appears to be in continuity
with corticospinal tracts and may represent an ectopic decussa-
tion of the motor tracts. Careful interpretation of these findings is
needed because the algorithm we used for tractography has limi-
tations in resolving crossing or sharply angulated fibers,'® which
are better handled by more sophisticated approaches, such as high
angular resolution diffusion imaging (HARDI). Unfortunately,
because of the characteristics of our protocol (low b-values, few
diffusion directions), spheric deconvolution—based tractography
did not improve the resolution of the tracts.

Anomalies in tract decussations (both CST and SCP) have
been frequently described in neuropathologic reports of patients
with JS.'?72* Moreover, the absence of CST decussation has been
described in other conditions such as occipital encephalocele,
Dandy-Walker malformation, Mébius syndrome, horizontal gaze
palsy and progressive scoliosis, L1 syndrome, Kallmann syn-

drome, and trisomy 18,>%%°

while there is no report of aberrant
ectopic mesencephalic decussation.

More recently, Poretti et al® described a convex protuberance
of the ventral contour of the midbrain due to a nodular structure
in 13 of 110 patients with JS, expanding the findings from Harting
etal.'® No DTI data are shown, and the lesions are interpreted as
gray matter heterotopias; however, the possibility of ectopic white
matter projections is left open.

Only a single case has been previously reported of a fetus with
JS at 22 weeks’ gestation, showing AMCD both at MR imaging
and postmortem histology.>® As in our patients, in utero- and
histology-based tractography confirmed the abnormal projection
of the CSTs into the interpeduncular cistern. Both in the fetus and
in our patients, the motor tracts were atrophic/barely recogniz-
able in the pons and medulla.

The alternative hypothesis that the abnormal mesencephalic
bundle represents an ectopic, aberrant white matter tract con-

necting either the cerebral or cerebellar hemispheres cannot be
completely discarded, even if it is not supported by tractography.
We also hypothesized that the tract could represent the decussa-
tion of the SCP displaced anteriorly, but in patient 3, SCP de-
cussation was present (even if uncommon in JS, the persistence of
SCP decussation is not exceptional because it was already re-
ported in neuropathologic studies®!); in the 2 siblings, we could
not identify a direct connection between SCP and the bundle.
Pathologic confirmation is needed to fully understand the course
of the abnormal tract and its origin.

Mirror movements, often associated with abnormal pyrami-
dal decussation, resulting in bilateral CST projections to the spi-
nal cord were not detected in our patients.?” Functional MR im-
aging during motor tasks would be of help to verify the
decussation of the CST, but it could not be performed due to the
insufficient cooperation of patients.

The 2 siblings had mutations in the TMEM67 gene, a ciliary
gene that is expressed in the brain midline, hindbrain, retina,
kidney, liver, and developing sphenoid bone and plays a funda-
mental role in centriole migration to the apical membrane and
formation of the primary cilium.?® Most interesting, TMEM67
represents the gene for which the strongest gene-phenotype cor-
relates have been drawn.?~>! In fact, nearly all patient with JS and
the TMEM67 mutation have congenital liver fibrosis, variably as-
sociated with optic nerve or chorioretinal coloboma, retinal dys-
trophy, and renal involvement (COACH syndrome).>*~*

Mounting evidence suggests a central role for the primary cilia
in modulating neurogenesis, cell polarity, axonal guidance, and
possibly adult neuronal functions.>® The lack of decussation of
the CST and SCP reported in neuropathologic and DTT tractog-
raphy studies of patients with JS suggested that defective primary
cilia could also impair the process of axonal guidance, and the
presence of an aberrant/ectopic white matter tract in patients with
a proved ciliopathy can further support this theory.

Aberrant or ectopic white matter tracts have been detected in a
wide spectrum of malformations involving the brain stem and

26:3540 a5 a result of defects in axonal guidance or

corpus callosum,
other mechanisms. The advent of high-resolution MR imaging
and DTT along with the advances in genetic technologies helped to
define and expand human disorders of axon guidance and will
probably contribute to the discovery of many additional similar

conditions in the future.

CONCLUSIONS

Through high-resolution MR imaging, DTT, and tractography, we
demonstrated that nonpedunculated interpeduncular tissue in JS
may represent an ectopic transverse white matter tract located in
the mesencephalon, for which the name “AMCD” is proposed.
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Predictive Models in Differentiating Vertebral Lesions Using
Multiparametric MRI

R. Rathore, “A. Parihar, “*'D.K. Dwivedi, ““’A.K. Dwivedi, ““’N. Kohli, ““RK. Garg, and “*’A. Chandra

ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging has high sensitivity but limited specificity in differentiating various vertebral
lesions. We aimed to assess the ability of multiparametric MR imaging in differentiating spinal vertebral lesions and to develop statistical
models for predicting the probability of malignant vertebral lesions.

MATERIALS AND METHODS: One hundred twenty-six consecutive patients underwent multiparametric MRI (conventional MR imaging,
diffusion-weighted MR imaging, and in-phase/opposed-phase imaging) for vertebral lesions. Vertebral lesions were divided into 3 sub-
groups: infectious, noninfectious benign, and malignant. The cutoffs for apparent diffusion coefficient (expressed as 10> mm?/s) and
signal intensity ratio values were calculated, and 3 predictive models were established for differentiating these subgroups.

RESULTS: Of the lesions of the 126 patients, 62 were infectious, 22 were noninfectious benign, and 42 were malignant. The mean ADC was
123 =+ 0.16 for infectious, 1.41 = 0.31 for noninfectious benign, and 1.01 = 0.22 mm?/s for malignant lesions. The mean signal intensity ratio
was 0.80 = 0.13 for infectious, 0.75 = 0.19 for noninfectious benign, and 0.98 = 0.1 for the malignant group. The combination of ADC and
signal intensity ratio showed strong discriminatory ability to differentiate lesion type. We found an area under the curve of 0.92 for the
predictive model in differentiating infectious from malignant lesions and an area under the curve of 0.91 for the predictive model in
differentiating noninfectious benign from malignant lesions. On the basis of the mean ADC and signal intensity ratio, we established
automated statistical models that would be helpful in differentiating vertebral lesions.

CONCLUSIONS: Our study shows that multiparametric MRI differentiates various vertebral lesions, and we established prediction
models for the same.

ABBREVIATIONS: AUC = area under the curve; FNA = fine-needle aspiration; GPI = infectious; GPN = noninfectious benign; GPM = malignant; mpMRI =
multiparametric MRI; SE = sensitivity; SIR = signal intensity ratio; Sp = specificity

R imaging is the preferred technique in the diagnostic

work-up of benign and malignant vertebral lesions. Mor-
phologic criteria alone could not differentiate benign and malig-
nant spinal lesions in 6%-21% of cases.' Due to the limited
specificity of conventional MR imaging,* radiologists often have
trouble differentiating common spinal pathologies such as osteopo-
rotic vertebral collapse, infectious spondylodiscitis, and metastasis.
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Recently, multiparametric MR imaging (mpMRI) has shown the
ability to localize, detect, and stage various diseases.”® The mpMRI
approach combines anatomic sequences (T1- and T2-weighted MR
imaging) with functional imaging sequences. Functional and quan-
titative MR imaging methods, such as DWI, dynamic contrast-en-
hanced MR imaging, and in-phase/opposed-phase imaging, mea-
sure the Brownian motion of water molecules, regional vascular
properties of the tumor, and fat quantification, respectively.®
DWT has been used in the differentiation of benign and malig-
nant spinal lesions.'®"'* Signal characteristics of vertebral lesions
were evaluated on DWTI for qualitative assessment, and the ADC
was calculated for quantitative analysis. In general, malignant le-
sions yield lower ADC compared with noninfectious benign and
infectious lesions due to increased cellularity and decreased extra-
cellular space in malignant lesions.'®'? In-phase/opposed-phase
MR imaging quantifies fat in tissues and has been used in lesions
of the adrenal gland and liver."”"'” It has also been used in diag-
nostic work-up of spinal lesions, and the results demonstrated a
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significant difference in the signal intensity ratio (SIR) between
benign and malignant vertebral lesions.”'®*!

The hypothesis for this study was that the mpMRI approach
would increase the discriminatory ability of different vertebral
lesions. The aim of the present study was to evaluate the ability of
mpMRI in differentiating vertebral lesions and to establish statis-
tical models for predicting the probability of malignant (GPM)
lesions compared with noninfectious benign (GPN) and infec-
tious (GPI) ones. The cutoffs of the ADC and SIR values were
obtained to differentiate GPM lesions from GPIand GPN lesions.
Furthermore, we considered GPI and GPN as all benign com-
pared with the malignant lesions. The cutoff values of the ADC
and SIR for differentiating malignant from all benign lesions were
also obtained.

Although attempts have been made to assess the role of quan-
titative DWT or in-phase/opposed-phase imaging in differentiat-
ing vertebral lesions, to the best of our knowledge, no previous
study has evaluated the ability of mpMRI to differentiate malig-
nant or infectious lesions from noninfectious benign lesions.

MATERIALS AND METHODS

Patients and Inclusion Criteria

The institutional ethics committee of King George’s Medical Uni-
versity approved this prospective cross-sectional study. All pa-
tients gave written informed consent before MR imaging. We in-
cluded all consecutive patients presenting with vertebral lesions
on spine MR imaging between July 2011 and August 2015 who
also had CT-guided fine-needle aspiration cytology/biopsy in the
absence of trauma. We performed CT-guided fine-needle aspira-
tion (FNA)/biopsy on the basis of clinical indications communi-
cated by the referring department and/or mpMRI findings. We used
CT-guided FNA/biopsy (cytohistology/biopsy culture) as a reference
standard test. We excluded 9 patients: 5 with motion artifacts and 4
due to indeterminate results of the biopsy. As a result, a cohort of 126
patients was included in the analysis of this study.

The exclusion criteria in the study were patients showing clas-
sic features of degenerative changes in the spine, vertebral hem-
angioma, or innumerable bony metastases. Although the classic
cases of Modic degenerative endplate changes were excluded, pa-
tients showing signal changes in vertebrae other than the end-
plates, such as in the region of the vertebral body or posterior
elements without any obvious bone destruction, were not ex-
cluded. For example, early cases of infectious vertebral lesion or
marrow infiltration present as isolated signal changes (marrow
edema) without any bone destruction, preparavertebral soft-tis-
sue component, disc involvement, or frank abscess formation
were not excluded. The other exclusion criteria were patients with
metallic implants, cardiac pacemakers, and claustrophobia; fol-
low-up of vertebral lesions; and postoperative patients. More-
over, patients with abnormal coagulation profiles and those not
willing to undergo CT-guided FNA/biopsy were also excluded
from the study.

In the study population, 5 patients had a history of other can-
cers (2 had carcinoma breast, 1 had carcinoma larynx, 1 had car-
cinoma cervix, and 1 had carcinoma penis). The patient’s blood or
previous radiologic investigations available at the time of presen-
tation were not collected or analyzed in this study.
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MR Image Acquisitions

MR imaging was performed on a 1.5T scanner (Signa Excite; GE
Healthcare, Milwaukee, Wisconsin). All patients underwent MR
imaging of the spine (TTWIL, T2WI, STIR, contrast-enhanced MR
imaging, DWI, and in-phase/opposed-phase MR imaging). TIWI
in axial (TR/TE = 500/11.7 ms, section thickness = 4 mm) and
sagittal planes (TR/TE = 600/10.7 ms, section thickness = 4 mm)
was performed. Fast recovery fast spin-echo T2WI (TR/TE =
3400/102 ms, section thickness = 4 mm) in the axial and sagittal
planes was performed. The STIR sequence (TR/TE = 3200/110
ms, section thickness = 5 mm, TT = 150 ms) in the sagittal plane
was acquired. Phase sequences were obtained in the sagittal plane
with the following parameters: in-phase (TR/TE = 118/5 ms; flip
angle = 80°), opposed-phase (TR/TE = 118/2.5 ms; flip angle =
80°), section thickness = 5 mm with an intersection gap of 0.5
mm, matrix size = 256 X 160, NEX = 1, FOV = 32 cm, and
number of sections = 15.

A single-shot DWT echo-planar sequence was used to acquire
data in the sagittal plane: TR/TE = 6200/104.6 ms, b-values of 0
and 600 s/mm?, FOV = 32 cm, section thickness = 5 mm, inter-
section gap = 1 mm, and NEX = 3. The ADC maps were gener-
ated with minimum and maximum b-values.

Contrast-enhanced imaging including non-fat-saturated
T1WI (TR/TE = 400/10.8 ms, section thickness = 4 mm) in
the axial and sagittal planes was performed. The dosage of
gadodiamide (Omniscan; GE Healthcare, Piscataway, New Jersey)
contrast given was 0.1 mmol/kg of body weight.

Image Interpretation and Data Analysis

After MR imaging acquisition, images were interpreted prospec-
tively by 2 independent radiologists. All the imaging features,
ADC, and SIR values of vertebral lesions were calculated and re-
corded before the CT-guided FNA/biopsy for each patient. One
radiologist had 3 years’ experience in neuroradiology and the
other had 10 years’. The radiologists were blinded to the patients’
clinical information, findings from other imaging modalities, and
blood investigations, if any. However, the history of other cancers
was available to the radiologists. Due to increased incidence of
infectious vertebral lesions in our setup,”” various lesions were
classified into 3 subgroups as GPI, GPN, and GPM.

On conventional MR imaging, lesions were primarily verte-
bral in nature, involving the vertebral body, the posterior ele-
ments, or both. We observed associated preparavertebral and/or
intraspinal (epidural) soft-tissue components in many of them,
but none of the patients had intradural extramedullary or in-
tramedullary involvement.

Mean ADC and SIR were calculated with the ADC map and
in-phase/opposed-phase images, respectively. Circular ROIs were
drawn on the ADC and in-phase/opposed-phase images manually
3 times within the lesion, and the averages of these values were
calculated and used. Although ROIs were not drawn on conven-
tional MR images, TIWI, T2WI, and postcontrast TIWI were
used in defining the anatomic landmarks. Also, DWI was used for
placement of ROIs at the region with lowest signal on the ADC
image. We attempted to keep the ROI locations the same for the
ADC and SIR calculations, guided by conventional MR images.
The average size of manually drawn ROIs was 20—30 mm?. The



ROIs were drawn on the solid, preferably enhancing, bony com-
ponents of the lesion, avoiding paravertebral soft tissue/collec-
tion, if present. The areas of hemorrhage, necrosis, and calcifica-
tion were avoided. Hypointense signals on T2-weighted and
hyperintense signals on T1-weighted images were assumed to in-
dicate hemorrhage/calcification. Furthermore, nonenhancing
hypointense areas on T2- and T1-weighted images were consid-
ered calcifications. Nonenhancing hyperintense areas similar to
fluid on T2-weighted and hypointense areas on T1-weighted im-
ages were used for necrosis. Care was taken to exclude endplates,
cortical margins, disc spaces, or adjacent normal marrow while
drawing the ROIs.

The ADC values were expressed in 10> mm?/s. For the calcu-
lation of SIR, the signal intensity was measured on in-phase and
opposed-phase images in the affected vertebrae. The mean SIR
was calculated by dividing the marrow signal intensity recorded
on opposed-phase by the in-phase images.

Reference Standard Test

In this study, lesions were identified on mpMRI examinations
followed by CT-guided FNA/biopsy from the representative le-
sions. However, the decision for biopsy was not based merely on
the results of mpMRI analysis but also included other clinical
parameters for appropriate patient management. The radiologist
who interpreted MR images subsequently performed the CT-
guided FNA/biopsy on the preselected target vertebra.

The vertebral FNA/biopsy specimen was obtained from 1 ver-
tebra/contiguous soft tissue. A patient may have had >1 type of
lesion. However, we recorded 1 type of lesion for each patient
when cytohistology was performed. The mean time interval be-
tween MR imaging and CT-guided FNA/biopsy was 5 days (range,
3-7 days). If the results of the CT-guided FNA were indetermi-
nate, a repeat CT-guided biopsy was performed in another 6 days
(range, 5- 8 days). None of the patients underwent open biopsy.

Statistical Analysis

We used previously published data to estimate the sample size for
this study. In previous studies, the mean ADC values were re-
ported for the benign group as 1.75-1.98 SD 0.30—0.44; for the
infectious group, as 0.91-1.54 SD 0.14—0.38; and for the malig-
nant group, as 0.5-0.77 SD 0.23-0.30.2>** On the basis of these
data, we estimated a sample size of 19 per group to detect signif-
icant differences in mean ADC values between GPN and GPI and
34 per group to detect significant differences in mean ADC values
between GPI and GPM with >80% power at the 5% level of sig-
nificance using a 2-sided unpaired ¢ test. Thus, we proposed to
include at least 20 cases of GPN, 40 cases of GPI, and 40 cases of
GPM. The proposed sample size is more than sufficient to detect
differences in mean SIR values between benign and malignant
cases on the basis of the data previously reported in studies.”*°
The sample size is also sufficient to develop predictive logistic
regression models to differentiate these groups.

Quantitative data were described with mean = SD and range,
while categoric data were presented using frequency and propor-
tion. A weighted k agreement along with the 95% confidence
interval was estimated between 2 independent radiologists. The
average ADC and SIR values were compared among 3 groups by

using 1-way analysis of variance followed by the Bonferroni cor-
rection for multiple comparisons in post hoc analysis. The thresh-
olds of the ADC and SIR in classifying different disease groups
were calculated with receiver operating characteristic analysis.
The cutoff was selected where the maximum Youden index (sen-
sitivity + specifity — 1) and the minimum distance on the receiver
operating characteristic curve from points 0 and 1 were observed.
The performance of the cutoff was summarized using sensitivity
(SE), and specificity (Sp). The area under the curve (AUC) was
summarized to evaluate the overall discriminatory ability of dif-
ferent tests. The likelihood ratios (positive likelihood ratio and
negative likelihood ratio) and correct classification measures were
also reported for the obtained cutoffs. The receiver operating
characteristic curves were constructed for important findings.
The individual and combined predictive models of ADC and SIR
in differentiating disease groups were developed using logistic regres-
sion analysis. Furthermore, the discriminatory performance of the
model was summarized with the area under the receiver operating
characteristic curve along with the 95% CI. The 95% CI for the AUC
was obtained with an asymptotic normal distribution approach. We
also conducted internal validation of the developed models by using
leave-one-out methods. The indices for model performance were
reported for both original and validation analysis. A value of P < .05
was significant. All the statistical analyses were performed with
STATA 12.1 (StataCorp, College Station, Texas).

RESULTS

A total of 126 subjects (73 men [57.9%], 53 women [42.1%];
mean age, 45.3 £ 15.2 years, range, 4—76 years) were analyzed. Of
the total, 49% (62/126) had GPI lesions, 18% (22/126) had GPN
lesions, and 33% (42/126) had GPM lesions using the reference
standard. In malignancy, 85.7% (36/42) of cases were metastatic
(solitary, 25; multiple, 11) and the remaining 14.2% (6/42) were
primary bone tumor. Excellent agreement was obtained on the
data generated by the 2 independent radiologists (k agreement =
0.96; 95% CI, 0.94-0.97).

Most of the patients in the GPI subgroup had tuberculosis,
82% (51/62); the rest of the cases were pyogenic in nature, 18%
(11/62), while in the GPN subgroup, most had osteoporotic ver-
tebral collapse, 63% (14/22). The different types of lesions are
summarized in On-line Table 1. The morphologic and quantita-
tive imaging of GPI, GPN, and GPM lesions is shown in Figs 1-3,
respectively. On-line Fig 1 is a GPN lesion with a histopathologic
diagnosis of inflammatory pseudotumor.

The mean ADC value was 1.23 = 0.16 for GPI, 1.41 * 0.31 for
GPN, and 1.01 =% 0.22 for GPM lesions (On-line Table 2). The SIR
was 0.80 = 0.13 for GPI, 0.75 # 0.19 for GPN, and 0.98 = 0.11 for
GPM lesions (On-line Table 2). Overall, the mean ADC and SIR
values for 3 different categories of vertebral lesions were signifi-
cantly different (P < .000 and P < .000). For the ADC values, a
statistically significant difference was observed between GPI and
GPN lesions (P < .002), GPI and GPM lesions (P < .000), and
GPN and GPM lesions (P < .000). In the post hoc analysis of the
SIR comparison, a statistically significant difference was observed
between GPI and GPM lesions (P < .000) and between GPN and
GPM lesions (P < .000). However, for GPI and GPN lesions, the
difference was not statistically significant (P = .46) (On-line Table 2).

AINR Am J Neuroradiol 38:2391-98  Dec 2017  www.ajnr.org 2393



FIG 1. A 35-year-old man with biopsy-proved vertebral tuberculosis shows diffusely hypointense signal in the L4 and L5 vertebrae on sagittal
TIWI (A) and hyperintense signal on sagittal T2WI (B). The intervening disc space has a small amount of prevertebral and epidural soft tissue.
Heterogeneous enhancement of both the involved vertebrae, intervertebral disc space, and prevertebral and epidural soft tissue is noted on the
contrast study (C). The lesion is mildly hyperintense on DWI (D). ADC measured from the L5 vertebral body is 1.2 X 10~ mm?%/s (E). Sagittal
in-phase (F) and opposed-phase (G) images with the ROI cursor drawn in the lesion are shown. The measured SIR is 0.88.

The diagnostic accuracy of MR imaging quantitative traits for
characterizing different vertebral lesions and the results of re-
ceiver operating characteristic analysis are summarized in On-
line Table 3. The cutoff for ADC to differentiate GPN and GPM
lesions was found to be 1.2 with a sensitivity of 86.4% and a spec-
ificity of 78.6%. The cutoff for ADC was 1.0 (with an SE of 96.8%
and an Sp of 69.1%) in differentiating GPI and GPM lesions,
whereas the cutoff for ADC in differentiating GPI and GPN le-
sions was found to be 1.3 with an SE of 72.7% and an Sp of 59.7%
(On-line Table 3). The AUC for the ADC model in differentiating
GPN and GPM lesions was 0.89 (95% CI, 0.81-0.96) followed by
0.82 (95% CI, 0.73-0.92) for differentiating GPI and GPM le-
sions. The cutoffs for SIR in differentiating various categories are
depicted in On-line Table 3. The cutoff for SIR was 0.91 with an SE
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of 85.7% and an Sp of 85.5% in differentiating GPI and GPM
lesions, and the SIR model provided an AUC of 0.90 (95% CI,
0.84-0.96). Differentiating GPN and GPM lesions with the SIR
cutoff value as 0.90 correctly classified 84.3% cases, and the cal-
culated AUC was 0.86 (95% CI, 0.76—0.97). The ADC cutoff for
differentiating all benign from malignant lesions was estimated to
be 1.0, whereas the SIR cutoff was estimated to be 0.91 for differ-
entiating malignant lesions from all benign lesions. On-line Fig 1
represents a case with an expansile lesion with endplate erosion
and mild homogeneous contrast enhancement. These findings
favored a malignant etiology, while its ADC was 1.3 X 1077
mm?®/s and the SIR was 0.64. These features pointed to a benign
lesion, which proved to be an inflammatory pseudotumor on
histopathology.



FIG 2. A 63-year-old woman with biopsy-proved osteoporotic vertebral collapse of the L1 vertebra shows partial collapse of the vertebra with
retropulsion of the posterosuperior part of the vertebral body, the presence of the fluid sign, and the absence of prevertebral and epidural soft
tissue on TIWI (A) and T2WI (B). The collapsed vertebra shows diffuse heterogeneous enhancement on the contrast study (C). Sagittal DWI
obtained at the same level shows isointense signals (D). ADC measured from the LI vertebral body is 1.3 X 10> mm?/s (E). Sagittal in-phase (F) and
opposed-phase (G) images with the ROI cursor drawn in the lesion are shown. The measured SIR is 0.56.

With estimated cutoffs for the ADC and SIR, 28 lesions
(22.2%) had contradictory ADC and SIR in differentiating malig-
nant from all benign lesions. In these cases, the sensitivity and
specificity of ADC values were found to be 26.7% and 92.3%,
respectively. Whereas, the sensitivity and specificity of SIR were
found to be 73.3% and 7.7%, respectively. Therefore, the joint
evaluation of the ADC and SIR values could improve classifica-
tions. In differentiating all groups, 45 (35.7%) lesions had differ-
ent results between ADC and SIR. Overall, misclassification was
found to be similar with the ADC and SIR values.

Multivariable logistic regression analysis showed that the ADC
and SIR values were significantly associated with GPM compared
with GPN or GPI lesions and all benign lesions (On-line Table 4).
The AUC for the statistical model (model 1) with ADC and SIR to

differentiate GPM from GPI lesions was found to be 0.92 (95% CI,
0.87—-0.97), while the AUC for the statistical model (model 2) with
ADC and SIR to differentiate GPM from GPN lesions was observed
to be 0.91 (On-line Fig 2). The AUC for differentiating malignant
lesions from all benign lesions (model 3) was 0.92 (95% CI, 0.87—
0.97). The probability of malignant lesions in model 1 can be ob-
tained as exp(—10.50 — 5.67 X ADC + 18.35 X SIR) / [1 +
exp(—10.5 — 5.67 X ADC + 18.35 X SIR)]. Moreover, the proba-
bility of malignant lesions in model 2 can be obtained by using the
equation, exp(—5.93 — 4.59 X ADC + 13.33 X SIR) / [1 +
exp(—5.93 — 4.59 X ADC + 13.33 X SIR)]. The probability of ma-
lignant lesions compared with all benign lesions in model 3 can be
estimated by using the following equation: exp(—8.25 — 5.42 X
ADC + 15.27 X SIR) / [1 + exp(—8.25 — 5.42 X ADC + 15.27 X
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FIG 3. A 55-year-old man with biopsy-proved vertebral metastasis from transitional cell carcinoma of the D6 vertebra shows an isointense
lesion at the D6 vertebra on sagittal TIWI (A) and sagittal T2WI (B). The lesion shows diffuse enhancement on the contrast study (C). The lesion
is hyperintense on DWI (D). ADC measured from the lesion is 0.92 X 10~ * mm?/s (E). Sagittal in-phase (F) and opposed-phase (G) images with the

ROI cursor drawn in the lesion are shown. The measured SIR is 0.96.

SIR)]. The model validation on the test data (using the leave-one-out
method) showed an AUC of 0.91 for model 1, an AUC of 0.88 for
model 2, and an AUC of 0.90 for model 3 (On-line Table 4).

Model 1 can differentiate GPI and GPM lesions. A cutoff of
0.39 for model 1 provided the positive likelihood ratio of4.18. The
proposed model 1 achieved a sensitivity of 81% and a specificity of
80.7% at the determined cutoff. This model correctly character-
ized 81% of cases. Model 2 differentiates GPN and GPM lesions. A
cutoff value of 0.68 was determined for the second model; it dif-
ferentiated GPN and GPM lesions with a high sensitivity and
specificity (83.3% and 81.8%, respectively), and it correctly char-
acterized 83% of cases. The positive likelihood ratio for model 2
was 4.58. Model 3 differentiated malignant compared with all
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benign lesions. A cutoff value of 0.32 for this model provided the
positive likelihood ratio of 4.67 with a sensitivity of 83.3% and
specificity of 82.1%, and it correctly characterized 82% lesions.
(On-line Table 5).

DISCUSSION

A vertebral lesion may be diagnosed with x-ray, CT, and other
imaging modalities such as hybrid single-photon emission CT.
Among all imaging techniques available, MR imaging is the
method of choice in spinal pathology because of its excellent tis-
sue contrast.'®>> Overdiagnosis due to the limited specificity of
conventional MR imaging puts patients at risk of unnecessary
investigations and delays proper treatment.>*** Furthermore,



spinal tuberculosis, which mimics a malignant condition, is a fre-
quent diagnosis in our experience.?” It is challenging to distin-
guish atypical variants of spinal tuberculosis from malignancy,
especially in the early stage when the isolated vertebral body does
not involve any soft-tissue component, adjacent disc involve-
ment, or abscess formation.

Quantitative parameters derived from the mpMRI approach
using a combination of DWI and in-phase/opposed-phase imag-
ing could improve patient management. In this study, we have
presented 3 statistical models for predicting the probability of
malignant vertebral lesions for proper patient management using
the mpMRI methods.

DWI has been used previously in various diseases.**>° Initial
studies showed that qualitative DWT offers no advantage over
conventional unenhanced MR imaging in the detection of verte-
bral lesions.'*'*** Quantitative DWTI studies using ADC maps
also showed overlapping results in differentiating various verte-
bral lesions.”"** Balliu et al** reported no significant difference in
ADC values for differentiating infectious and malignant lesions.
In contrast, our study showed a significant difference in ADC
values of malignant and infectious vertebral lesions, which could
help differentiate malignant and benign vertebral lesions. We ob-
served the lowest ADC values for malignant lesions, the highest
ADC values for noninfectious benign lesions, and values in the
intermediate range for infectious lesions. A similar trend of ADC
values for malignant, acute benign, and infectious vertebral le-
sions was observed by Dewan et al.>® However, in contrast to our
study, they observed overlapping mean ADC values between tu-
berculous spondylodiscitis and malignant compression fracture.
Palle et al’! reported considerable overlap of ADC values in met-
astatic and tubercular vertebrae. The cutoff value of the ADC
determined in our study could be helpful in differentiating vari-
ous vertebral lesions. An important aspect of the present study is
the method of ROI placement and the relatively larger patient
population. In contrast to the ADC calculation method used in
previous studies, the circular ROIs were placed at the site of max-
imum restriction observed on the ADC images in this study.”
Furthermore, using the established cutoff in our study, we could
achieve higher sensitivity, specificity, and AUC for various predic-
tive models in differentiating vertebral lesions. We could correctly
classify >80% of various vertebral lesions using the different sta-
tistical models.

In-phase/opposed-phase imaging quantifies fat in tissues be-
cause water and fat protons have different precession frequencies
and are in-phase at a TE of 4.8 ms and are 180° opposed at a TE of
2.4 ms at 1.5T. The presence of both fat and water in normal
marrow results in suppression of signal intensity on the opposed-
phase images. In benign compression fractures, no marrow-re-
placing process occurs, so there is signal loss in opposed-phase
images. In case of malignant lesions, the bone marrow fat is re-
placed by tumor cells, so there is a lack of signal loss on opposed-
phase images. Therefore, a substantial decrease in signal intensity
occurs in normal vertebrae and for benign lesions, but malignant
lesions exhibit either a minimal decrease or an increase in signal
intensity.”*

A similar trend in our study was also observed. The mean SIR
in this study was found to be highest in malignant lesions and

lowest in the noninfectious benign lesions. We found that the SIR
of affected vertebrae was 0.80 in infectious vertebral lesions, 0.75
in noninfectious benign lesions, and 0.98 in malignant lesions. An
optimal cutoff value of SIR was also calculated to differentiate
infectious, noninfectious benign, and malignant vertebral lesions.
We could differentiate noninfectious benign and malignant ver-
tebral lesions as well as infectious and malignant vertebral lesions
with a high sensitivity and specificity using cutoffs for the SIR
value 0of 0.90 and 0.91, respectively. This result coincides with the
results of previous studies performed with in-phase/opposed-
phase imaging in vertebral lesions.”*® Disler et al*® reported a
relative SIR of 1.03 % 0.13 for the neoplastic group and 0.62 *
0.13 for the non-neoplastic group, and a ratio cutoff value of 0.81
resulted in a 95% sensitivity and a 95% specificity for detection of
neoplasms. Erly et al” reported that the mean SIR for benign lesions
was 0.58 compared with a malignant lesion cutoff of 0.98, and if 0.80
was chosen as a cutoff, it correctly identifies malignant and benign
lesions with a sensitivity of 0.95 and a specificity of 0.89.° Our find-
ings are consistent with those in that previous study.’

A major strength of this study was developing statistical mod-
els for malignant vertebral lesions using mpMRI and determining
thresholds for different parameters of mpMRI. Multivariate logis-
tic regression analysis showed ADC and SIR as independent pre-
dictors of malignancy in vertebral lesions. On the basis of the
mean ADC and SIR, we established automated statistical models
that would be helpful in differentiating vertebral lesions. Various
predictive models demonstrated excellent validation with leave-
one-out analysis.

Our study has several limitations. We recruited patients irre-
spective of their duration of symptoms (ie, both acute and chronic
cases of vertebral lesions) because most of the patients in our
institution had poor socioeconomic status and there is a tendency
to avoid the costly investigations until later in the disease progres-
sion. Another limitation was the modest number of noninfectious
benign cases compared with infectious and malignant vertebral
lesions. Spinal tuberculosis is more common and a major public
health hazard in developing nations such as India, and a similar
proportion of the infectious group was reflected in our study.
Osteoporotic compression forms a large proportion of noninfec-
tious benign group and is more likely to be managed conserva-
tively. Such patients are less likely to undergo biopsy and hence
are under-represented in our study population. The ADC and SIR
values were recorded before the CT-guided FNA/biopsy. Because
the same radiologists were involved in biopsy procedures as well,
performance bias cannot be ignored completely. Although all the
models established in this study provided high accuracy in differ-
entiating various vertebral lesions, the output of models needs to
be externally validated in a larger study; therefore, future prospec-
tive studies are warranted.

CONCLUSIONS

Our study shows that mpMRI can differentiate various vertebral
lesions. The prediction model established in this study using
mpMRI can be used to assess the probability of malignancy in
vertebral lesions and may help in accurate diagnosis and proper
patient management. The potential utility of statistical models
using mpMRI requires further prospective validation.
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Advantages of 70-kV CT Angiography for the Visualization of
the Adamkiewicz Artery: Comparison with 120-kV Imaging

S. Shimoyama, ““'T. Nishii, “Y. Watanabe, “’A K. Kono, ““K. Kagawa, ““'S. Takahashi, and ““K. Sugimura

ABSTRACT

BACKGROUND AND PURPOSE: Preprocedural identification of the Adamkiewicz artery is crucial in patients with aortic diseases. This
study aimed to compare 70-kV CTA with conventional 120-kV CTA for the identification of the Adamkiewicz artery, examining differences
in radiation dose and image quality.

MATERIALS AND METHODS: We retrospectively analyzed 2 equal groups of 60 patients who had undergone 70-kV or 120-kV CTA to
detect the Adamkiewicz artery before aortic repair. Size-specific dose estimate, the CT number of the aorta, and the contrast-to-noise
ratio of the anterior spinal artery to the spinal cord were recorded. Furthermore, detectability of the Adamkiewicz artery was evaluated
by using a 4-point continuity score (3, definite to 0, undetectable).

RESULTS: There was significantly lower radiation exposure with 70-kV CTA than 120-kV CTA (median size-specific dose estimate, 23.1
versus 61.3 mGy, respectively; P < .001). CT number and contrast-to-noise ratio were both significantly higher in the 70-kV CTA group than
the 120-kV group (999.1 HU compared with 508.7 HU, and 5.6 compared with 3.4, respectively; P < .001 for both). Detectability of the
Adamkiewicz artery was not impaired in the 70-kV CTA group (90.0% versus 83.3% in the 120-kV group, P = .28). Moreover, the Adamkie-
wicz artery was detected with greater confidence with 70-kV CTA, reflected by a significantly superior continuity score (median, 3)
compared with 120-kV CTA (median, 2; P = .001).

CONCLUSIONS: Seventy-kilovolt CTA has substantial advantages for the identification of the Adamkiewicz artery before aortic repair,
with a significantly lower radiation exposure and superior image quality than 120-kV CTA.

ABBREVIATIONS: AKA = Adamkiewicz artery; ASA = anterior spinal artery; CSA = critical segmental artery; CNR = contrast-to-noise ratio; CTDI, o = volume CT

dose index; IQR = interquartile range; SSDE = size-specific dose estimate

pinal cord ischemia is a serious complication of surgical and

endovascular stent-graft repair of thoracic or thoracoabdomi-
nal aortic aneurysms and aortic dissection." Preservation of spinal
cord blood supply, especially from the Adamkiewicz artery (AKA)
and its tributary the critical segmental artery (CSA) during the
procedure is mandatory to prevent neurologic complications.>’
Thus, accurate preprocedural knowledge of the anatomy of the
AKA and CSA is crucial, particularly in surgical repair.*

Recently, CTA has been used for noninvasive identification of
the AKA>® in place of invasive selective spinal angiography. How-
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ever, the anatomic features of the AKA—a small vessel sur-
rounded by osseous structures—may frequently be obscured in
the contrast-to-noise ratio (CNR) of the spinal vasculature.” A
higher contrast-to-noise ratio in spinal CTA has previously been
achieved with a high tube current—time product with a slow rota-
tion speed and a small helical pitch to reduce image noise,® and
CTA with intra-arterial injection has been used to increase the
contrast of the vessel.”*"1° Consequently, the detection rate of the
AKA has been improved to 85%—100%"%1°"12; however, these
techniques require either high radiation exposure or the insertion
of a pigtail catheter into the pathologic aorta.®

Seventy-kilovolt CT can substantially increase vascular iodine
enhancement compared with conventional 120-kV imaging be-
cause the effective photon energy achieved with a 70-kV scan lies
in the range of maximum absorption close to the K-edge of iodine
(33.2 keV).">' The mean CT number in the aorta with 70-kV
CTA is reported to be approximately 700 HU, even with intrave-
nous injection,"* which approaches the attenuation in the aorta
with intra-arterial injection in 120-kV imaging.” Moreover, radi-
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1) Detecting the Hairpin Vessel

Detectable :score 1

Undetectable : score 0

b 13

3) Checking the Washout
Early arterial phase

Late arterial phase

Detectable

4) Adding the scores (total score 0-5)

FIG 1. The AKA was identified according to the following stepwise approach: 1) detect the
hairpin vessel; 2) assess the continuity of the vessel to the aorta mainly around the pedicle of the
vertebral arch (white arrows) as definite (a), conceivable (b), equivocal (c), or undetectable; 3)
check the washout from the early-to-late arterial phase (white arrowhead), because vessels
that are more prominent in the late arterial phase are likely to be veins (black arrowhead); and
4) sum the scores. We defined positive identification of the AKA as a total score of =3.

ation exposure is significantly reduced with lower voltage scan-
ning."*'® We hypothesized that 70-kV CTA would be associated
with superior AKA visualization, with high vessel attenuation and
lower radiation exposure. The aim of this study was to compare
70-kV CTA with conventional 120-kV imaging for the identifica-
tion of the AKA and the CSA regarding the radiation dose and
qualitative and quantitative image quality.

MATERIALS AND METHODS

Ethics

Our institutional review board of Kobe University Hospital ap-
proved this retrospective study; the requirement for written, in-
formed consent was waived because of its design. All patient re-
cords and information were anonymized before analysis.

Study Population

A total of 185 consecutive subjects who underwent CTA to detect
the AKA between January 2014 and September 2016 were en-
rolled in this study. Subjects who had a history of aortic repair,
spinal arteriovenous fistula, or vertebral or spinal tumor were
excluded. Ultimately, we included 120 patients (median age, 69
years; range, 28 — 85 years; 25.8% women) who underwent CTA to
detect the AKA before aortic repair. Because we changed scan
mode in January 2015 when a new CT scanner was installed, CTA
was performed with a 120-kV scanner in the first 60 subjects and
a 70-kV scanner in next 60 subjects.
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(a) Definite
(b) Conceivable : score 2
(c) Equivocal
’ Undetectable : score 0

 Undetectable : score 0

Data Acquisition
Seventy-kilovolt CTA was performed on a
192-section dual-source CT scanner (So-
matom Force; Siemens, Erlangen, Ger-
many). Dual-power scan mode was ap-
plied with the following parameters:
128 X 0.6 mm detector configuration, 0.5
seconds per rotation, 0.45 pitch, 1170-mA
tube current, and 1300-mAs effective tube
. score 3 current-time product. In dual-power
scan mode, the total radiation is divided
equally between each x-ray tube, and the
data from each detector are summed."”
Thus, the maximum photon flux is ex-
pected to double, and because of the re-
duction in load on the x-ray tube, we
achieved high tube current with a long

: score 1

scan range. One hundred twenty-kilovolt
CTA was performed on a 64- or a 320-
section multidetector CT scanner (Aquil-
ion 64 or Aquilion ONE; Toshiba Medical
Systems, Tokyo, Japan). The scanning pa-

:score 1

rameters used were like those in previous
reports®'>'® and were as follows: 64-sec-
tion helical scan mode, 64 X 0.5 mm de-
tector configuration, 0.5 seconds per ro-
tation, 0.64 pitch, 400-mA tube current,
and 312.5-mAs effective tube current—
time product. The scan range extended
from the thoracic inlet to the lesser tro-

chanter of the hip.

Injection Protocol and Scan Timing

Iopamidol 370 mg I/mL (Topamiron 370; Bayer Yakuhin, Osaka,
Japan) was administered through a 20-ga intravenous catheter
placed in the right antecubital vein at 5 mL/s, followed by a 30-mL
physiologic saline flush at the same rate using a dual-head power
injector (Dual Shot GX 7; Nemoto Kyorindo, Tokyo, Japan). Scan
timing was set as the peak timing in the true lumen of the descend-
ing aorta, which was determined by the timing-bolus method in
70-kV CTA, and by the bolus-tracking method in 120-kV CTA.
This technical limitation meant that the ROI could not be moved
simultaneously during acquisition of the time-intensity curve in
the ROT in the 192-section dual-source CT scanner. For the tim-
ing-bolus method, 10 mL of contrast material followed by a
20-mL physiologic saline flush was injected at 5 mL/s, respec-
tively. Timing-bolus scanning was started 10 seconds after the
start of injection. The peak time of the CT number in the ROI
placed in the true lumen of the descending aorta at the level of the
tenth thoracic vertebra was obtained with console software
(DynEva, syngo VA50A; Siemens). The 70-kV scan was then
started 10 seconds after the peak time. In the bolus-tracking
method, the ROI was placed in the descending aorta at the level of
the sixth thoracic vertebra, and the trigger threshold was set at 200
HU. The 120-kV scan was automatically started 5 seconds after
the trigger. The volume of contrast material used for CTA in the
70- and 120-kV scans was 90 and 100 mL, respectively. The scans



FIG 2. The ROIs placed for measuring CT numbers are shown in a coronal image of the ASA (A),
a sagittal image of the ASA (B), an axial image of the spinal cord (C), and a sagittal image of the
vertebral bone cortex around the vertebral foramen at the AKA (white arrow) running level (D).

were repeated to obtain images in the early and late arterial
phases. The scan of the late arterial phase was obtained approxi-
mately 10 seconds after the end of the first phase, to evaluate the
washout of contrast material in the vessels to distinguish the AKA
from the similar hairpin-shaped radiculomedullary vein,” be-
cause vessels that are more prominent in the late phase are likely
to be veins.

Image Reconstruction

Seventy-kilovolt CTA image data were reconstructed in the axial
plane with 0.6-mm thickness, 0.6-mm interval, 200-mm FOV,
and a vascular convolution kernel (Bv44) with Advanced Mod-
eled Iterative Reconstruction (Siemens) with strength level 3. One
hundred twenty-kilovolt CTA image data were reconstructed in
the axial plane with 0.5-mm thickness, 0.5-mm reconstruction
interval, and 200-mm FOV using a soft-tissue convolution kernel
(FC13) with the filter back-projection method. The assignable
values of both protocols were set as the parameters of reconstruc-
tion. Image data were then transferred to a workstation (Ziosta-
tion 2, Version 2.4.2.3; Ziosoft, Tokyo, Japan) for further pro-
cessing and analysis. Curved coronal multiplanar reformatted
images (1.0-mm thickness at 1.0-mm intervals) fitted to the
curvature of the spinal cord in the early and late arterial phases
were obtained."’

Radiation Dose Metrics
The volume CT dose index (CTDI,_,) and
the dose-length product reported by the

vol

scanner after imaging of a 32-cm phan-
tom were recorded. The size-specific dose
estimate (SSDE) was calculated by multi-
plying the CTDI,, by a conversion factor
based on the effective diameter,*® which
was measured using the lateral diameter
of the upper abdomen on the standard
posterior-anterior CT radiograph.

Qualitative Image Analysis
To assess performance for identifying the
AKA, we initially evaluated the image da-
tasets with the 2 scan modes in a consen-
sus reading by 2 board-certified diagnos-
tic radiologists (T.N. with 10 years of
experience and A.K.K. with 15 years of ex-
perience), who were unaware of the iden-
tity of subjects and CTA protocols. The
AKA was identified with a stepwise ap-
proach and a 6-point scoring system (Fig
1), modified from a previously published
report.® First, we sought the “hairpin ves-
sel” and assessed it as detectable or unde-
tectable (score 1 or 0, respectively). Sec-
ond, we assessed continuity to the aorta as
definite, conceivable, equivocal, or unde-
tectable (score 3, 2, 1, or 0, respectively).
We carefully evaluated the presence of the
collateral pathway from the aorta. Third,
we evaluated the washout of the attenua-
tion of the vessel from the early-to-late arterial phase (score 1 or 0).
Finally, we summed the scores and defined positive identification of
the vessel as the AKA when the total score was =3. Furthermore, the
artery connecting the aorta to the AKA was defined as the CSA. The
origin level and the side of the AKA and the CSA were recorded.
The results of the consensus image interpretation by 2 board-
certified diagnostic radiologists were determined to be the refer-
ence standard for following analyses. To assess the reproducibility
of CSA identification in both imaging protocols, 2 radiologists
who were unaware of the identity of subjects and CTA protocols
evaluated images independently (observer A, T.N., =2 months
after the first consensus reading, which was judged to be accept-
able to minimize the influence of the first review; observer B, S.S.,
with 6 years of experience).

Quantitative Image Analysis

For the quantitative image analyses, a cardiovascular radiologist
(S.S., observer B) unaware of the scan protocols evaluated the
following measurements: Mean CT number and SD of the aorta
were calculated from the measurement with the circular ROIs
placed at the fifth, eighth, and twelfth thoracic vertebrae and the
third lumbar vertebra.'® The ROIs were drawn to include as much
vessel lumina as possible, while avoiding areas of artifacts and
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calcification. Furthermore, for subjects in whom the AKA had
been identified with the previous consensus reading, we per-
formed the following measurement: Because it was difficult to
measure the CT number of the AKA accurately due to its small
diameter and tortuous route, the CT number of the anterior spi-
nal artery (ASA) was used as an indicator.>! The mean CT num-
ber of the ASA was obtained from the mean of the measured CT
number on a sagittal and a coronal multiplanar reformation
adjusted to the ASA course along the length of 1 vertebral body
(Fig 2). Furthermore, the mean CT number and SD of the
spinal cord were calculated from measurements at 3 positions
in the spinal cord in the axial plane (top, middle, and bottom
level of the previously set ROI for the ASA, Fig2). The mean CT
number of the bone cortex of the vertebral body was calculated
from the measurement of the cortex around the right and left
intervertebral foramina at the AKA running level (Fig 2). The
SNR and CNRs were calculated with the following equations:

Mean CT Number of the Aorta

SNRyora = SD of the Aorta ’
Mean CT Number of the ASA
— Mean CT Number of the Spinal Cord
CNRysa-cora =

SD of the Spinal Cord ’

Mean CT Number of the Bone Cortex
— Mean CT Number of the ASA

CNRysa-pone = SD of the Spinal Cord

Statistical Analysis

Continuous variables are expressed as the mean *+ SD or median and
interquartile range (IQR). Categoric variables are expressed as pro-
portions. To evaluate differences between 70- and 120-kV CTA, we
used the Welch £ test for body mass index, mean CT number of the
aorta, SNR, .., mean CT number of the ASA, SD of the spinal cord,
CNRxga coras ad CNRyga pones The Wilcoxon test was used to
SSDE, and dose-length product. The X test
was used to evaluate differences in AKA detection rates, CSA loca-

compare age, CTDI,,
tion, presence of the collateral pathway, aortic disease (aneurysm
versus dissection), and sex. The Cochran-Armitage test was used to
evaluate differences between the scores.

Diagnostic accuracy and the Cohen k for agreement were eval-
uated by comparing the side and level of the CSA interpreted by 2
independent observers against the reference standard. We also
assessed the effect of the presence of the collateral pathway to the
AKA on diagnostic accuracy.

For statistical analysis, commercially available (JMP 13.0; SAS In-
stitute, Cary, North Carolina) and open-source (R statistical and
computing software; http://www.r-project.org/) programs were
used. For all analyses, P < .05 indicated statistical significance.

RESULTS

Subject Characteristics and Radiation Metrics

There was no significant difference in the demographic or clinical
characteristics of subjects undergoing each of the imaging proto-
cols (Table 1). No adverse events during CT were noted in the
medical records. Radiation metrics for 1 phase were significantly
reduced in 70-kV compared with 120-kV CTA (CTDI,, median,
16.2 mGy [IQR, 16.2-16.2 mGy] versus 47.1 mGy [IQR, 42.3—-
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Table 1: Subject demographic and clinical characteristics

120-kV 70-kV P
Variables (n=60) (n=60) Value
Age (yr) .81
Mean 69 69
Range 57.0-76.3  54.8-76.0
Sex .83
Male (No.) 44 45
Female (No.) 16 15
Mean body mass index (kg/m?) 237 =33 232 *36 48
Aortic disorder 46
Aneurysm (No.) 35 31
Dissection (No.) 25 29
100 4500
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FIG 3. Box range shows the first and third quartiles; whisker range,
from the 5th to 95th percentiles. Seventy-kilovolt CTA yields signifi-
cantly lower SSDE (A) and dose-length product (B) than 120-kV CTA
(P < .001 for both).
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FIG 4. Distribution of the side and level of the CSA to the AKA is
shown. Two cases in which the CSA and the AKA were supplied by the
axillary artery were described as “other.”

47.1 mGy]; SSDE median, 23.1 mGy [IQR, 21.1-25.1 mGy] com-
pared with 61.3 mGy [IQR, 57.5-68.3 mGy]; dose-length prod-
uct, 1147 mGy X cm [IQR, 1107-1211 mGy X cm] compared
with 3293 mGy X ¢cm [IQR, 3093-3487 mGy X cm], respectively;
P <001 for all analyses) (Fig 3).

Identification of the AKA/CSA

The AKA was identified in 104 of 120 subjects (86.7%). We iden-
tified 108 AKAs because there were 2 or 3 AKAs in 3 patients. The
CSA originated from a left segmental artery in 66.7% (72/108)
and at the level of the eighth intercostal artery to the first lumbar
artery in 86.1% (93/108) (Fig 4). A collateral pathway was found
in 26 of 120 subjects (21.7%), 13 in each group (Table 2).



Continuity and total scores for 70-kV CTA were significantly
superior to those in 120-kV CTA (P = .001 and 0.009, respec-
tively; Fig 5); however, the detection rate was not significantly

Table 2. Results of consensus interpretation of the critical
segmental artery

Variables 120-kV 70-kv P Value
Detection of collateral 13(21.7) 13(217) 1.00
pathway (No.) (%)
Detection of critical segmental ~ 50(83.3)  54(90.0) 28
artery (No.) (%)
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FIG 5. Seventy-kilovolt CTA yielded significantly higher scores than
120-kV CTA. A, Continuity score, median 3 (interquartile range, 2-3)
compared with 2 (interquartile range, 1-3), respectively. B, Total score,
median 5 (interquartile range, 4-5), compared with 4 (interquartile
range, 3-5), respectively (P < .05 for both).

1 score 3 score4 [ | score5

Table 3: Accuracy of interpretation of the critical segmental
artery

Variables 120-kv 70-kv P Value

Accuracy in all subjects

Observer A 833 95.0 .035°

Observer B 833 933 .084
Accuracy in subjects with

a collateral pathway
Observer A 615 100 .004*
Observer B 30.8 69.2 .0472

2 Statistically significant.

FIG 6. A, Curved multiplanar reformatted image of a 77-year-old woman scanned with a 120-kV
protocol shows definite continuity between the AKA and the segmental artery. B, Curved
multiplanar reformatted image of a 68-year-old man scanned with a 70-kV protocol shows
clearer visualization of the AKA and the segmental artery from the aorta. Window center and
width were set at 200 and 800.

higher (90.0% versus 83.3%, respectively; P = .28) (Table 2). The
difference in detectability between 70- and 120-kV CTA was
+6.6% (90% CI, —3.9% to +16.8%). For accuracy of detection of
the correct CSA, 70-kV CTA was significantly more accurate than
120-kV CTA for observer A (P = .035), but it was not significantly
different for observer B (P = .084, Table 3). For detection of the
presence of a collateral pathway, 70-kV CTA showed significantly
higher accuracy for both observers (P = .004 for observer A and
.047 for observer B). The Cohen « for agreement between observ-
ers A and B and the reference standard was as follows: 0.81 (95%
CI,0.71-0.92) and 0.81 (95% CI, 0.70-0.92) for 120-kV CTA and
0.94 (95% CI, 0.88—-1.00) and 0.92 (95% CI, 0.85-1.00) for 70-kV
CTA, respectively. Representative CTA images with the highest
continuity score in both protocols are presented in Fig 6.

Quantitative Image-Quality Analysis

Seventy-kilovolt CTA achieved a significantly higher mean CT
number in the aorta and SNR, ., than 120-kV CTA (mean CT
number, 999.1 * 187.3 HU compared with 508.7 £ 96.5 HUj
SNR, ;12> 51.0 = 11.0 HU compared with 28.8 = 9.2 HU, respec-
tively; P <.001 for both) (Fig 7). In 70-kV CTA, the CT numbers
of the ASA, spinal cord, and bone cortex were significantly higher;
however, there was no significant difference in the SD of the spinal
cord (Table 4). Consequently, CNRga_corq ad CNRAgA_pone
were both significantly superior with 70-kV CTA than with
120-kV CTA (P < .001 for both, Table 4).

DISCUSSION

We found that 70-kV CTA has substantial advantages over
120-kV CTA for the detection of the AKA. With 70-kV CTA, a
66% reduction of the radiation dose (mean CTDI,;, 16.2 mGy),
while fulfilling the diagnostic reference level for chest or abdom-

vol>

inal CT (21-25 mGy)>* was possible without impairing the detec-
tion rate of the AKA and the CSA. Moreover, 70-kV CTA yielded
significantly higher continuity and total scores and quantitative
image-quality metrics, such as CT number of vessels, SNRs, and
CNRs.

The use of the 70-kV scanning technique for cervical vascular
CT has been reported before**; however,
its utility is thought to be limited by im-
age noise and artifacts. Image noise de-
pends on photon flux, which, in turn, is
dependent on tube current and voltage.**
Because decreasing the tube voltage re-
duces photon flux, image noise would be
expected to be higher in a 70-kV scan, but
this can be addressed with the high tube
current provided by the dual-power scan
mode and an iterative reconstruction al-
gorithm.?® Using 2 state-of-the-art CT
techniques, we were able to control image
noise while significantly reducing the ra-
diation dose compared with 120-kV
CTA, thereby also improving contrast
material enhancement to increase the
SNR,ora @a0d CNRygacorq I 70-kV
CTA. Although the quality of images ob-
tained with 70-kV CT could theoretically
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FIG7. Seventy-kilovolt CTA yielded a significantly higher CT number
(A) and SNR .+, (B) than 120-kV CTA (P < .001 for both analyses).
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Table 4: Results of quantitative image-quality analysis®

Variables 120-kv 70-kv P Value
Spinal cord
CT number (HU) 394+ 71 543+16  <.00°
SD (HU) 125*34 137 3.9 .059
Bone cortex around the
vertebral foramen
CT number (HU) 657.4 = 1340 11061+ 2462 <.001°
Anterior spinal artery
CT number (HU) 787 =133 127.7 = 30.0 <.001°
CNR s a-corg 34+16 5625  <.00°
ASA-Bone 503+17.0  759*305  <.00°

Note:—CNR s corq indicates contrast-to-noise ratio of the anterior spinal artery to
the spinal cord; CNR s a_gones CONtrast-to-noise ratio of the anterior spinal artery to
bone cortex around the vertebral foramen.

2 Data are presented as the mean = SD.

b Statistically significant.

be impaired by the presence of metal foreign bodies or stents or
streak artifacts from extensive contrast attenuation, we did not
observe any substantial diminution in image quality.

To identify the AKA, it is important to establish its continuity
with the aorta, because the anterior radiculomedullary vein is
similar in shape and size to the AKA and may run close to it.'*'®
When aortic disease has occluded the segmental arteries, it is nec-
essary to identify the collateral supply via the CSA at a different
vertebral level from the AKA.>° The proximity between the AKA
(or the collateral supply from the CSA) and the vertebral bone
cortex makes the evaluation of continuity of the AKA or correct
identification of the CSA challenging and time-consuming in spi-
nal CTA.>” However, due to the improvement of CNR g5 pone i
70-kV CTA, the continuity score was significantly higher than with
120-kV CTA. The accuracy of detection of the CSA was also im-
proved in 70-kV CTA, especially when there was a collateral pathway
to the AKA. Use of the continuity and total scores to detect the CSA
allows surgical strategies for spinal protection to be identified with
confidence, potentially informing the choice to undertake segmental
artery reconstruction.®

Despite improvement in the continuity score, the AKA detec-
tion rate with 70-kV CTA was not significantly different from that
of 120-kV CTA. However, 85%-90% is considered the upper
limit of detectability of the AKA with CTA. Even in postmortem
studies, the AKA detection rate (of anterior radiculomedullary
arteries of =0.5-mm diameter) is reported to be 88%.%® Further-
more, the detection rate of selective spinal angiography in a co-
hort of 487 patients with aortic disease has been reported as
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86%,* and the combination of CTA and MR arteriography can
achieve a detection rate of 89%.'> The remaining 10%-15% of
individuals in whom the AKA is undetectable are thought to have
a greater number of smaller-caliber anterior radiculomedullary
arteries (<0.5-mm diameter), according to an inverse association
between the number and caliber of the anterior radiculomedul-
lary arteries contributing to entire spinal blood supply.” Further
advances in spatial resolution with CT might address limitations
in visualization of the AKA; however, future studies should focus
on fine-tuning CTA protocols to reduce radiation exposure and
contrast material volume.

Our study had several limitations because of its single-center
retrospective design. First, differences among CT scanners, espe-
cially reconstruction methods and the detectors, may have af-
fected image quality. Nonetheless, image noise was not signifi-
cantly different between the 2 CTA techniques, and consequently,
we concluded that the higher vessel CT number of 70-kV CTA
made it superior for AKA visualization. Because the scan mode
was changed on installation of the new CT scanner at our institu-
tion, selection bias should also have been minimized. Second, we
used a reference standard for CSA detection of the consensus
interpretation of 2 specialists rather than conventional selective
spinal angiography. Because selective spinal angiography is asso-
ciated with complications in patients with aortic disease, we judge
that using it to identify the AKA for validation purposes would
not have been clinically or ethically acceptable.'*

Finally, because all our subjects were Asian, the contrast material
volume and usability of the low-kilovolt images may not be represen-
tative of those needed by subjects of other ethnicities or body sizes.
However, even in obese patients, the low-kilovolt scanning technique
can reportedly be successfully adapted by automated tube-voltage
selection.”" Further study is required to establish the optimum tube-
voltage setting, radiation dose, and contrast material dose and injec-
tion rate to visualize the AKA according to body size.

CONCLUSIONS

Seventy-kilovolt CTA has substantial advantages over 120-kV
CTA for the identification of the blood supply to the spinal cord,
requiring a lower radiation dose but improving image quality suf-
ficiently to allow confident and correct interpretation of the AKA
and the CSA.
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Aragao et al' reported an interesting finding in “Nonmicroce-
phalic Infants with Congenital Zika Syndrome Suspected
Only after Neuroimaging Evaluation Compared with Those with
Microcephaly at Birth and Postnatally” and raised an interesting
question, “How Large Is the Zika Virus ‘Iceberg’?” In the report by
Aragao et al, the important observations are “Among 77 infants,
24.6% had congenital Zika syndrome (11.7% microcephaly at
birth, 9.1% postnatal microcephaly, 3.9% without microceph-
aly).”! It is interesting that there are many children with congen-
ital Zika virus syndrome with no microcephaly but abnormal
neurologic findings from neuroimaging evaluation. This finding
might imply that there may be many cases of Zika infection that
present no external phenotypic abnormality but have hidden neu-
rologic abnormalities. The cases with Zika virus infections are
usually asymptomatic,” and the tip of iceberg phenomenon is
usually mentioned.?

Regarding the magnitude of underdiagnosed “iceberg” Zika
virus infection, one might assume that 0.96% of infected cases
(3.9% from 24.6%) can be underdiagnosed if there is no neuro-
imaging evaluation. Based on a recent publication of an immuno-

http://dx.doi.org/10.3174/ajnr.A5351

E102 Letters Dec 2017 www.ajnr.org

LETTERS

Zika Virus Iceberg: Very Large

logic study in an endemic area in Southeast Asia, the silent immu-
nologic asymptomatic cases are 63%.* This finding can imply that
the Zika virus iceberg is very large, and it might be necessary to
consider the role and cost-effectiveness of using laboratory tools,
including neuroimaging, for assessment of any suspicious cases.

REFERENCES
1. Aragao MFVV, Holanda AC, Brainer-Lima AM, et al. Nonmicroce-
phalic infants with congenital Zika syndrome suspected only after
neuroimaging evaluation compared with those with microcephaly at
birth and postnatally: how large is the Zika virus “iceberg”? AJNR
Am ] Neuroradiol 2017;38:1427-34 CrossRef Medline
2. Wiwanitkit S, Wiwanitkit V. Afebrile, asymptomatic and non-throm-
bocytopenic Zika virus infection: don’t miss it! Asian Pac | Trop Med
2016;9:513 CrossRef Medline
3. Duarte G, Moron AF, Timerman A, et al. Zika virus infection in preg-
nant women and microcephaly. Rev Bras Ginecol Obstet 2017;39:
235-48 CrossRef Medline
4. San K, Rajadhan V. Seroprevalence of Zika virus in Cambodia: a pre-
liminary report. Adv Lab Med Int 2016;6:37—40
W. Sriwijitalai
RVT Medical Center
Bangkok, Thailand
V. Wiwanitkit
Joseph Ayobabalola University
Lagos, Nigeria


http://dx.doi.org/10.3174/ajnr.A5216
http://www.ncbi.nlm.nih.gov/pubmed/28522665
http://dx.doi.org/10.1016/j.apjtm.2016.03.036
http://www.ncbi.nlm.nih.gov/pubmed/27261865
http://dx.doi.org/10.1055/s-0037-1603450
http://www.ncbi.nlm.nih.gov/pubmed/28575919
http://orcid.org/0000-0002-9542-2008
http://orcid.org/0000-0003-1039-3728

LETTERS

Regarding “Perfusion MR Imaging Using a 3D Pulsed
Continuous Arterial Spin-Labeling Method for Acute Cerebral
Infarction Classified as Branch Atheromatous Disease Involving
the Lenticulostriate Artery Territory”

e read the article on the use of 3D pulsed continuous arte-
Wrial spin-labeling (ASL) MR imaging for acute infarction
associated with presumed branch atheromatous disease (BAD) by
Shinohara et al' with great interest. The authors suggested that the
baseline NIHSS score was significantly correlated with the asym-
metry index of CBF in the contralateral cerebellar hemisphere
(crossed cerebellar diaschisis, Al-p,) (r = 0.515) and DWI lesion
volume (r = 0.664), whereas it was not with the asymmetry index
of CBF in the affected area (DWI lesion). The point of this study
would be that even acute cerebral infarction by presumed BAD
can show crossed cerebellar diaschisis on ASL MR imaging, which
is correlated with the degree of neurologic severity. Their obser-
vations will draw the interest of the American Journal of Neurora-
diology readers. As the authors pointed out, however, the clinical
implication of the so-called BAD-type DWI lesions, which is usu-
ally determined by their location and size, is that they are strongly
associated with early neurologic deterioration (END). A recent
study with 587 patients showed that BAD-type DWI lesions and
relevant artery stenosis can predict END, whereas the baseline
NIHSS score cannot.” Thus, we already know that larger or longer
DWI lesions may be a red flag for END, particularly when they are
associated with relevant artery stenosis. In this circumstance, it
would be better to provide firm evidence for obtaining ASL MR
imaging by assessing its utility for the prediction of END. We also
would like to comment on the methods in this study. First, the
correlation between the Al and the baseline DWI lesion vol-
ume should be tested because it is expected that baseline DWI
lesion volumes correlate well with baseline NIHSS scores, and
larger DWI lesions have CCD more frequently. Thus, Al and
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baseline DWI lesion volume may have collinearity. If that is the
case, the authors should conduct multivariable regression analysis
to determine which one is independently associated with baseline
NIHSS score. Second, it seems that the baseline NIHSS scores of
23 patients are not normally distributed (based on the Shapiro-
Wilk test). Thus, nonparametric linear regression and Spearman
rank correlation are rather appropriate. Third, the prevalence of
END and clinical outcomes (such as discharge NIHSS scores or
mRS at 3 months) should be compared between the patients with
higher Al and those with lower value to confirm the clinical
implication of obtaining ASL MR imaging in these patients. The
authors only showed that the A, detected by ASL MR imaging
is correlated with the baseline NIHSS score in this study. Finally, if
they obtained ASL MR imaging in patients with non-BAD acute
infarction, it would be better to include them for further analysis
to determine whether they are different from those with BAD-
type acute infarction in terms of prediction of END or baseline
neurologic severity.
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REPLY:

We appreciate the comments from Drs Shin and Kim regard-
ing our publication, “Perfusion MR Imaging Using a 3D
Pulsed Continuous Arterial Spin-Labeling Method for Acute Ce-
rebral Infarction Classified as Branch Atheromatous Disease In-
volving the Lenticulostriate Artery Territory.”"

It is well-established that branch atheromatous disease (BAD)
is a risk factor for early neurologic deterioration (END).>” Jeong
et al® reported that the baseline NIHSS score in patients with a
single small subcortical infarction, including BAD, cannot predict
END, whereas another article showed that the baseline NIHSS
score in patients with BAD can predict END.? Therefore, we fo-
cused on the initial MR imaging findings of lenticulostriate artery
(LSA)-type BAD in comparison with the baseline NIHSS score.
To our knowledge, only a few reports thus far have referred to the
association between DWI infarct volume and clinical outcome in
patients having radiologically defined LSA-type BAD.*> Because
the clinical entity, including the radiologic definition of BAD,
remains uncertain, further investigations are needed to prove the
relationship between the imaging characteristics of BAD and
END.?

Regarding the collinearity between asymmetry index of the
contralateral cerebellar hemisphere (crossed cerebellar diaschisis,
Alcp) on 3D-arterial spin-labeling (ASL) and DWT infarct vol-
ume, we also considered that it would be better to perform mul-
tivariable regression analysis to clarify the relationship. However,
our sample size was not large enough to obtain reliable statistical
data. The Pearson correlation coefficient was used to compare the
admission NIHSS score with each Al and infarct volume for
the same reason. These decisions about the methods were based
on statistical consultation with a specialist.

In addition, we previously reported the correlation between
Alcp on 3D-ASL and the initial NTHSS score in patients with
cardioembolic infarction (CE, n = 44) and large-artery athero-
sclerosis (LAA, n = 38) as well as LSA-type BAD at the 46th An-
nual Meeting of the Japanese Society of Neuroradiology, February
17-19, 2017, Tokyo, Japan. Our findings revealed that there was
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no significant correlation between Al and the initial NTHSS
score in CE or LAA (r = 0.147, P = .340; r = 0.086, P = .606,
respectively). Although LSA-type BAD usually affects the pyrami-
dal tract at the corona radiata or internal capsule, easily resulting
in a remote effect along the corticopontocerebellar pathway, the
ischemic lesions of CE and LAA might be more variable depend-
ing on the collateral status or vascular territories compared with
the LSA-type BAD.

Finally, as noted by Drs Shin and Kim, the main message of our
study was that acute LSA-type BAD can show crossed cerebellar
diaschisis on 3D-ASL and there is a significant correlation be-
tween the degree of perfusion asymmetry of crossed cerebellar
diaschisis and initial neurologic severity. Further studies are war-
ranted to validate the relationship between Al -, and neurologic
outcome, including follow-up NIHSS score, and to clarify the
collinearity between Al..p, and baseline lesion volume with a
larger sample size.
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LETTERS

Regarding “Determining the Orientation of Directional Deep
Brain Stimulation Electrodes Using 3D Rotational Fluoroscopy”

e read with great interest the recently published article of
WReinacher et al' on the determination of the precise 3D
orientation of directional leads for deep brain stimulation (DBS)
with rotational fluoroscopy. We agree with the authors that for
targeted directional steering of DBS the “detailed knowledge of
the exact orientation of the electrode array with respect to its
functional environment” is essential. We also like the idea of
using not only the directional marker but also the signal of the
segmented electrode contacts to improve the accuracy of the
measured orientation angle. However, we would like to raise
concerns about the solution presented and the conclusions
drawn.

To describe the position of a directional lead in its functional
environment requires at least 6 parameters, for example, the X, Y,
Z coordinates of the lead tip and the 3 angles of lead orientation
defined in 3D stereotactic space. Coordinates and angles of
leads as they appear in a volumetric image may be transformed
into another coordinate system by applying a transformation
matrix comprising 3 translations along the coordinate axes and
3 rotations with respect to the coordinate axes. Furthermore,
the location and shape of implants, as they appear in a sectional
image, may be calculated from the intersection of the 3D object
describing the implant itself and a plane representing the im-
age geometry. For leads that do not intersect the plane at right
angles, both shape and angles commonly incline; thus, the an-
gles between the lines connecting the gaps among the 3 elec-
trode segments are no longer 60° but vary in the range of
40°-80°.

The method described by the authors determines the direc-
tional angle of the lead as it projects into a plane defined by the
path of the x-ray focus of the 3D-flouroscopy device used. In
order to account for patient orientation during 3D fluoroscopy,
measured angles were referenced to the patient’s sagittal direction
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as it appeared in the plane of the x-ray focus path. The so-deter-
mined angle was then taken as the searched lead orientation angle,
disregarding any inclinations due to oblique orientations of the
lead inside the brain and the further tilt angles of the patient’s
head with respect to the imaging system.

Problems associated with the oblique and tilted courses of the
leads were not addressed by the authors and not investigated in
their experiments. Therefore, and also because the authors did
not compare their results against a ground truth, we believe that
the proposed method is insufficient for detecting “the exact ori-
entation of the electrode array with respect to its functional

. »
environment.
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REPLY:

e thank Treuer et al for their interest in our article “Deter-

mining the Orientation of Directional Deep Brain Stimu-
lation Electrodes Using 3D Rotational Fluoroscopy.”" The coor-
dinates (X, y, z) and 2 angles (pitch and yaw angles) are required to
describe the position of a nondirectional deep brain stimulation
(DBS) lead, and determining these is routine clinically. In direc-
tional leads, a third angle (roll) needs to be considered. We inves-
tigated the “iron sights method” to additionally determine this
angle because there was no known imaging technique allowing us
to do so precisely. We could demonstrate that this method allows
determining a lead orientation angle with high interrater reliabil-
ity." We are aware that this angle is determined in a plane defined
by 3D rotational fluoroscopy. As used in CT scans, the rotational
fluoroscopy should be aligned to the tuberculum sellae—occipital
protuberance line, and head tilt must be excluded by aligning both
external acoustic meatus. This line closely correlates to the ante-
rior/posterior commissure line,” which defines the relevant plane
in clinical DBS practice. In publications, typically the orientation
of directional leads is described and depicted in this plane.’

3D rotational fluoroscopy allows reconstructing a volumetric
dataset that can be fused with the preoperative, stereotactic CT or
MR imaging scan as shown in Fig 1. Thus, after fusion with these
images, the stereotactic coordinates together with the pitch and
yaw angles can be determined in a stereotactic planning system,
allowing the roll angle to be calculated for any desired plane. In
addition, the surrounding anatomic structures can be visualized
(eg, in the preoperative MR imaging).

To address the authors’ comment (additionally using ground
truth and to further investigate the influence of different implan-
tation angles on the iron sights method), we embedded a direc-
tional lead in an acrylic glass cylinder. This model was fixed in a
stereotactic frame (Leksell G frame; Elekta Instruments, Stock-
holm, Sweden) and oriented visually with the marker exactly fac-
ing anteriorly. This orientation was confirmed by a strictly lateral
x-ray in respect to the stereotactic frame. To investigate in which
angles the overlap of the gaps between the electrode segments was
still visible, we performed digital x-ray and 3D fluoroscopy in
different settings of the stereotactic system. We systematically (in
steps of 10°) changed the arc and ring angles, resulting in polar
lead angles of 0°-90° (ring, rotation in the sagittal plane) and
0°-60° (arc, rotation in the coronal plane) (Fig 2).

Fluoroscopically with unchanged rotation of the lead, the
overlap of the gaps between the directional contacts remained
visible up to a polar angle of 50° when tilting the lead toward the
observer (arc angle). It was overlaid by the other contacts at 60°.
The overlap of the gaps remained visible from 0° to 90° on rota-
tion of the electrode in a sagittal plane (ie, the ring angle of the
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stereotactic system). Within these ranges, the iron sights visual-
ization was possible for combinations of lead rotations in both
planes.

As long as the overlap of the gaps was visible, 3D rotational
angiography allowed determining the lead rotation using the iron
sights method as in our previous phantom study.' High polar
angles (in our method, >50° in the coronal plane) require an
oblique 3D fluoroscopy plane.

Sitz et al* have shown in their phantom study, evaluating the
CT artifacts of the directional marker to determine the lead ori-
entation, that “for polar angles >40°, the results became erratic
and the uncertainty increased to * 8.9° (range —23° to 34°).”
They explained this with the marker anatomy, “Distal parts of the
marker with the ring-shaped structures also appear within the
CT-sections, giving rise to an additional nonisotropic artifact.”*

We analyzed the polar angles of all DBS implantations per-
formed in our center in 2016. Regarding 107 DBS electrodes in 54
patients, the mean sagittal polar angle was 15.5° = 29.8° and the
mean coronal polar angle was 23.1° = 9.9°. In 9/214 measured
polar angles (4.2%), the value was >50°. In these cases, a modifi-
cation of our standard 3D fluoroscopy scanning protocol (ie,
alignment to the tuberculum sellae—occipital protuberance line)
with an oblique scan is necessary. However, this can be precisely
predicted from the stereotactic planning of the DBS procedure.
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FIG 1. A, Visualization of 3D directional electrode models in a 3D
reconstruction of rotational fluoroscopy imaging. The blue line (in-
plane) indicates the detected orientation in the axial plane based on
the iron sights method. The orange line originating out of the marker
indicates the lead orientation. B, The same scene from a lateral view.
The in-plane orientation and marker orientation form a rectangular
triangle (red transparent) with the right angle at the marker. C, Fusion
of rotational fluoroscopy 3D reconstruction and the CT scan in Brainlab
Elements (Brainlab, Munich, Germany).
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FIG 2. A, A directional lead embedded in an acrylic glass cylinder (ground truth). This model was fixed in a stereotactic Leksell G frame (Elekta
Instruments) and oriented visually and with stereotactic fluoroscopy with the marker exactly facing anteriorly. B, Fluoroscopy was aligned with
the stereotactic frame. C, The arc angle (lead rotation in the coronal plane) was changed to polar angles of 0°—60° in steps of 10°. D, The ring angle
(lead rotation in the sagittal plane) was changed, resulting in polar angles of 0°~90° in steps of 10°. Digital x-ray and 3D fluoroscopy were
performed for each setting to investigate in which angles the overlap of the gaps between the electrode segments (iron sights) is visible.
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Safety and Efficacy of Aneurysm Treatment with the WEB

e read with interest the article by Pierot et al' regarding the
Wresults of the WEBCAST 2 study. We do, however, take
issue with the statement that it confirms the “high” efficacy of the
device. They reported a complete occlusion rate of 54% and “ad-
equate” occlusion, including neck remnants, in 80% of 50 aneu-
rysms (93% unruptured). The complete occlusion rate from neu-
rosurgical clipping in the largest randomized controlled trials of
coiling versus clipping of ruptured aneurysms was 96%.>> A
meta-analysis of clipping of unruptured aneurysms showed a
complete occlusion rate of 92%.* Although the decision to pro-
ceed with endovascular therapy in WEBCAST was made by a
multidisciplinary team, it may be wise to temper one’s enthusiasm
for novel endovascular devices when open neurosurgical treat-
ment may offer a truly “high” level of efficacy.

http://dx.doi.org/10.3174/ajnr.A5387
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REPLY:

W e have read with great interest the letter of Pelzand Lownie,
and we are grateful for their interesting comments regard-
ing our paper on the WEBCAST-2 study.' We wish to make the
following comments in response.

1) Because Pelz and Lownie are only challenging the “high” effi-
cacy of WEB treatment, it probably implies that they concur with the
high safety profile of the WEB device reported in WEBCAST-2. This
is the primary concern when dealing with aneurysm treatment, and
all published results of good clinical practice studies evaluating WEB
(WEBCAST, French Observatory, and WEB-IT) have indeed con-
firmed similar high safety results: low morbidity (between 0.7% and
3.2%) and no mortality at 1 month.>* For reference, the meta-anal-
ysis cited by Pelz and Lownie reports mortality of 1.7% for surgical
treatment of unruptured aneurysms, with the rate of unfavorable
outcome at 6.7%.”

2) Pelz and Lownie are probably right when they write that
“high” efficacy might not be the appropriate wording to qualify
WEBCAST-2 anatomical results. Still, the rate of adequate occlu-
sion at 1 year is 80.0%, consistent with observations from other
WEB good clinical practice studies.>> Although we know that
neck remnant is rarely associated with rupture or rerupture, ade-
quate occlusion is really what matters once safety is confirmed. It
is also important to point out that patients with wide-neck bifur-
cation aneurysms—the target population of the WEBCAST-2
study—represent a challenging and difficult-to-treat population,
regardless of the treatment technique. We actually agree that
long-term follow-up is needed to properly evaluate the stability of
aneurysm treatment and claim “high” efficacy. Long-term fol-
low-up has been obtained in a small, retrospective European se-

http://dx.doi.org/10.3174/ajnr.A5416
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ries, but the most important data will come from the good clinical
practice studies where 5 years’ follow-up is foreseen.®

3) Interestingly, Pelz and Lownie are comparing the efficacy of
WEB treatment with surgical treatment. Kotowski et al® report 2
interesting facts in their meta-analysis: aneurysm occlusion data
are missing for 82.2% of all clipped aneurysms in the analyzed
series, and there was no long-term follow-up available. With that
in mind, can we scientifically consider surgical treatment “effec-
tive” from a long-term anatomic standpoint?
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