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Blunt cerebrovascular injuries

lodine extravasation quantification to predict thrombectomy
hemorrhagic complications

3T compressed sensing accelerated 3D-FLAIR for MS plaques



A Complete Coil Portfolio

MicroVention's comprehensive portfolio features clinically proven
Hydrogel coils, which can be used exclusively or in combination
with our trusted Platinum colils to treat a wide range of aneurysms
and neurovascular lesions.

Breakthrough Hydrogel Technology
e Less Recurrence

® Less Retreatment

® More Progressive Occlusion

Compared to platinum coils with comparable safety’

REFERENCES:

1. Taschner et al. Second-Generation Hydrogel Coils for the Endovascular Treatment of
Intracranial Aneurysm; A Randomized Controlled Trial. 2018;49:00-00. DOI:10.1161/
STROKEAHA.117.018707

INDICATIONS FOR USE:

The HydroCoil® Embolic System (HES) and MicroPlex® Coil System (MCS) are intended for the endovascular embolization of intracranial aneurysms and other c E
neurovascular abnormalities such as arteriovenous malformations and arteriovenous fistulae. The HES and MCS are also intended for vascular occlusion of
blood vessels within the neurovascular system to permanently obstruct blood flow to an aneurysm or other vascular malformation and for arterial and venous 0297

embolizations in the peripheral vasculature.

The device should only be used by physicians who have undergone pre-clinical training in all aspects of HES/MCS procedures as prescribed by MicroVention.

MicroVention Worldwide

For more information or a product demonstration, Innovation Center PH +1.714.247.8000
contact your local MicroVention representative: 35 Enterprise
Aliso Viejo, CA 92656 USA

MicroVention UK Limited PH +44 (0) 191 258 6777

‘\(C.:) M 1C I’O\/e n’[ 1on° MicroVention Europe, SARL.  PH +33(1)39217746

MicroVention Deutschland GmbH PH +49 211 210798-0
TERUMO microvention.com

MICROVENTION, MicroPlex and HydroCoil 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. ©2018 MicroVention, Inc. Jan. 2018




FLOW-DEPENDENT MICROCATHETER SERIES

Now available through Balt USA

ordermagics@balt-usa.com
@ Halt

MAGIC catheters are designed for general intravascular use.

They may be used for the controlled, selective regional infusion Inspiring in novation
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 949.7881443 F 949.7881444

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



bf use — All sizes of the Neuroform Atlas Stent are
able through Excelsior® SL-10® and Excelsior XT-17™
atheters.

er deployment accuracy — The Neuroform Atlas Stent
jned to have very low foreshortening, which enables
igh 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.

Copyright © 2017 Stryker
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ASNR 56" Annual Meeting &

The Foundation of the ASNR Symposium 2018

June 2-7, 2018 | Vancouver Convention Centre East | Vancouver, B.C., CANADA

ASKR 2018 KEYKOTE PRESENTATION 2y 414y DeLaoO

'The Radiology Renaissance: Shaping the Future of Healthcare
Monday, June 4, 2018 - 8:00am - 9:00am Hall A - Vancouver Convention Centre East

This keynote will highlight the changing world of radiology inside of healthcare. Radiologists at one point
were referred to as the "doctor's doctor." Radiologists were the trusted advisors to help physicians from
primary care to specialists such as surgeons and oncologists make clinical decisions based on imaging. As
technology evolves, the role of the radiologist undergoes transformation. Today we are seeing the emergence
of another technology evolution in healthcare. It presents an opportunity for radiologists to transition once
again, but the choices they face today will determine the future role of radiology.

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! Vancou-
ver 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
ANQ (L%@Ma ASNR 2018 Program Chair/President-Elect
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ASNR 2018 = VANCOUVER
ASFNR ASHNR ASPNR ASSR SNIS

N\
THE FOUNDATION OF THE ASNR *

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
Ari M Blitz, MD | Harold L. Rekate, MD | Bryn A. Martin, PhD

Check out Meeting Registration/Housing!

Please visit 2018.asnr.org for more information

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
2018.asnr.org



ASHNR

American Society of
Head & Neck Radiology

w

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.



We're Inside Every Great Neuroradiologist!

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

800 Enterprise Dr., Suite 205, Oak Brook, IL 60523  (630)574-0220 « membership@asnr.org « www.asnr.org



@ SAVE THE DATE 2018

12" Annual Meeting of the
American Society of

Functional
Neuroradiology

October 15-17, 2018
Hotel del Coronado, San Diego, CA

October 14, 2018
Optional Hands-on BOLD fMRI Workshop

For More Information, Visit www.asfnr.org



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.

.
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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, quidewires, 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.

.
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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.
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REVIEW ARTICLE

Blunt Cerebrovascular Injuries: Advances in Screening, Imaging,

P. Nagpal,

ABSTRACT

B.A. Policeni,

and Management Trends

G. Bathla, “’A. Khandelwal, “’C. Derdeyn, and ““'D. Skeete

el =" |

SUMMARY: Blunt cerebrovascular injury is a relatively uncommon but sometimes life-threatening injury, particularly in patients present-

ing with ischemic symptoms in that vascular territory. The decision to pursue vascular imaging (generally CT angiography) is based on

clinical and imaging findings. Several grading scales or screening criteria have been developed to guide the decision to pursue vascular

imaging, as well as to recommend different treatment options for various injuries. The data supporting many of these guidelines and

options are limited however. The purpose of this article is to review and compare these scales and criteria and the data supporting clinical

efficacy and to make recommendations for future research in this area.

ABBREVIATIONS: ATT = antithrombotic therapy; BCVI = blunt cerebrovascular injury; EAST = Eastern Association for the Surgery of Trauma

lunt injury of the carotid and vertebral arteries (collectively

termed blunt cerebrovascular injury [BCVI]) is an injury in
patients caused by blunt trauma. Early studies (in the absence of
screening) showed an incidence as low as 0.08%," but with the
increased screening and use of CT angiography as the diagnostic
test, the incidence is now estimated to be between 1.2% and 2.99%
of trauma admissions.”* These injuries can have high morbidity
and mortality. Many patients with BCVI ultimately die from
other injuries; nonetheless, earlier studies (in which BCVI diag-
nosis was based on symptoms and not on screening) showed that
isolated BCVI-related death could be as high as 38%,>° with per-
manent neurologic deficits in most patients.” Stroke is one of the
most feared outcomes of BCVI, with a reported overall incidence
of 10%-13% in recent literature.”® Nearly half of the patients
with stroke have symptoms before reaching the hospital.*®
Among asymptomatic patients with BCVI, aggressive screening
and timely treatment have been shown to decrease the incidence
of stroke to <1%.>'°

Initially, digital subtraction angiography was used for diagno-
sis, but with advances in technology, CTA is considered the im-

From the Department of Radiology (P.N., B.A.P., G.B., C.D.) and Trauma Services
(D.S.), Department of Surgery, University of lowa Hospitals and Clinics, lowa City,
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aging technique of choice, with a sensitivity and specificity of
nearly 98% and 100%, respectively.'*'* Various screening criteria
have been proposed for patients with blunt trauma, with the
Modified Denver Criteria being the most accepted'”™'*; however,

'¢ and Boston Crite-

other criteria (such as the Memphis Criteria
ria'”) may make implementation of protocol confusing and chal-
lenging for practitioners. Also, there are no specific guidelines for
screening these injuries in the pediatric population. Studies have
postulated that the relatively low incidence of BCVI in children

with trauma (0.03%-0.9% reported incidence'®*°)

may be due
to poor understanding of risk factors.>"** Although scientific ev-
idence may be lacking, commonly used BCVI screening criteria,
which are based on studies in the adult population, may not be
appropriate for children and may be leading to increased use of
CTA, and hence more radiation to children.??

In addition to the identification of high-risk patients for
screening, BCVI diagnosis may also be impacted by the appropri-
ate use of imaging techniques and the familiarity of the radiologist
with the imaging findings. The need for greater awareness of
BCVI was also highlighted in a recent survey”” of radiologists
based in large academic institutes, which showed that only 14.2%
(5/35) of respondents identified commonly used screening crite-
ria and none of them used injury grading in their reports. This
review describes the injury mechanisms, various screening crite-
ria and associations, imaging protocols, CT appearance and grad-
ing, and management of BCVL.

BCVI Mechanism and Pathophysiology
The major mechanisms of injury causing BCVI are extreme rota-
tion and hyperextension, with contralateral head rotation, direct
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Table 1: Published screening criteria for BCVI

Patients to Be Screened

Name of Screening
Criteria

Signs/Symptoms of BCVI

Risk Factors of BCVI

Modified® Denver Criteria™

Expanding cervical hematoma

Focal neurologic defect: TIA, hemiparesis,
vertebrobasilar symptoms, Horner syndrome

Stroke on CT or MRI

Neurologic deficit inconsistent with head CT

Memphis Criteria'® Cervical spine fracture

Arterial hemorrhage (from neck, nose, or mouth)
Cervical bruit (in younger than 50 yr of age)

High-energy transfer mechanism with the following:

LeFort Il or Il fracture

Basilar skull fracture involving carotid canal

Cervical vertebral body or transverse foramen
fracture, subluxation, or ligamentous injury at any
level; any fracture at C1-C3

Closed head injury consistent with DAl and GCS <6

Near-hanging with anoxia

Clothesline-type injury or seat belt abrasion with
significant swelling, pain, or altered mental status

Neurologic exam not explained by brain imaging

Horner syndrome
LeFort Il or Il facial fractures

Skull base fractures involving the foramen lacerum
Neck soft-tissue injury (eg, seat belt injury or hanging)

Note:—DAI indicates diffuse axonal injury; GCS, Glasgow Coma Scale.

 Suggested expansion: occipital condyle fractures, mandibular fractures, traumatic brain injuries with thoracic injuries, scalp degloving, thoracic vascular injuries, and blunt

cardiac rupture.’

Table 2: Boston Criteria"” for BCVI

First Tier®

Second Tier®

Skull base fractures: petrous and basilar fractures

Any cervical spine fractures

Cervical spine injury (cord, vertebral body, or ligaments)

Soft-tissue injury to anterior neck with swelling/ecchymosis/
hematoma/or bruit

Significant neurologic deficit: lateralizing neurologic deficit,
TIA, Horner syndrome

Evidence of brain infarct on CT

DAI

Complex facial fractures with midface instability
Combined significant head and chest trauma
Near-hanging

Seat belt abrasions on neck

Other unexplained neurologic deficits: vertigo, tinnitus, or GCS <6

Note:—DAl indicates diffuse axonal injury; GCS, Glasgow Coma Scale.
2 First tier criteria: CTA screening on presentation.
© Second tier criteria: CTA screening within 24—48 hours of presentation.

blunt injury to the vessel, injury from the fracture fragment, and
direct intraoral trauma.”*** BCVI may occur anywhere along the
vessel, with the cervical carotid vessel near the skull base and the
vertebral artery segments along the transverse foramina being
the most common locations. The extracranial segments are more
vulnerable to injury because they are more superficial and mobile
and run near bony structures. Carotid artery injuries are most
common at the distal extracranial segment, with injuries relating
to stretching over the lateral masses of the C1-C3 vertebrae from
hyperextension and contralateral head rotation.'>**2%?” The ver-
tebral artery is most commonly injured in the pars transversaria
(V2) or the atlas loop (V3) due to laceration from fracture frag-
ments or stretching.”**® The BCVI typically begins at the intima
or media as an intimal tear or intramural hematoma. Postmortem
series have shown complete arterial transection in approximately
one-third of cases,”® but this is not as common in clinical prac-
tice.?**! If the blood from arterial transection is contained by
periarterial soft tissue or decompresses into the adjacent in-
jured vein, it forms a pseudoaneurysm or arteriovenous fistula,
respectively.®

The eventual neurologic damage is most commonly from
thromboembolism of platelet aggregates that form at the site of
intimal injury. Platelet aggregates or intramural hematoma can
also lead to luminal narrowing or occlusion that can cause
low-flow infarcts.”*>> Typically, these ischemic infarcts occur

Table 3: Utah Score?” for probability of BCVI in the pediatric
population

Variable Score?®
GCS score =8 1
Focal neurologic deficit 2
Carotid canal fracture 2
Petrous temporal bone fracture 3
Cerebral infarct on CT 3

All l

2Score =2 = low risk (7.9% risk per initial study?? and 2.7% per validation study*°).
Score =3 = high risk (score of 3 had a 39.3% risk of BCVI per initial study?* and 18.1%
risk per validation study°).

between 10 and 72 hours after the injury.”** Arterial transec-
tion can cause exsanguination and AVE. Patients with AVFs
can have symptoms related to increased venous pressure or
steal phenomenon.

BCVI Screening

As with any entity, the utility of screening for BCVI is based on
early diagnosis and treatment in a relatively asymptomatic stage,
possibly preventing adverse outcomes. If injuries are not recog-
nized and treated early, patients can have irreversible neurologic
symptoms. Many screening criteria have been proposed to iden-
tify patients at risk of BCVI. Initial studies on BCVI were per-
formed at the Denver Health Medical Center and the University
of Tennessee Health Science Center, and the criteria proposed by
them were named the Denver Criteria®'**> and the Memphis Cri-
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Table 4: Denver grading system, corresponding CTA findings, and grade-based stroke incidence

Grade of Stroke Incidence
Injury Denver Grading System®' CTA Findings (%)°*2 (CAI/VAI)
I Irregularity of vessel wall Nonstenotic luminal irregularity
Dissection or IMH with <25% Intimal flap or wall thickening with <25% stenosis 3/6
narrowing
I Intraluminal thrombus Luminal hypodensity
Dissection or IMH with >25% Intimal flap or wall thickening with >25% stenosis 14/38
narrowing
M Pseudoaneurysm Eccentric contrast-filled outpouching limited by periarterial tissue 26/27
% Occlusion Lack of any intraluminal enhancement 50/28
Carotid occlusions: abrupt or tapered
Vertebral occlusion: usually abrupt
\% Transection Irregular extravascular collection of contrast, not limited by 100/100

periarterial tissue

Increases in density on delayed images, if obtained

Note:—CAl indicates carotid artery injury; VAI, vertebral artery injury; IMH, intramural hematoma.

FIG 1. A diagram showing grade | injury patterns.

FIG 2. A 42-year-old man with a fall from a height. CTA shows a C2
transverse foramina fracture (black arrow in A) and type 3 dens frac-
ture (black arrows in B) with irregularity of the left vertebral artery
(white arrows), grade | injury.

193¢ Among the cervical spine

teria (Tables 1 and 2), respectively.
injuries, the Denver Criteria initially suggested screening in severe

cervical hyperextension/rotation or hyperflexion (particularly if
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associated with a displaced midface or
complex mandibular fracture) or with
cervical body fractures,>®> while the
Memphis Criteria suggested screening
in all cervical spine fractures.'® In 2007,
the Denver group'” suggested a modifi-
cation to include only specific cervical
spine fracture patterns (complex cervi-
cal spine fractures such as subluxation,
extension into the foramen transver-
sarium, or upper C1-C3 fractures) for
prompt screening.

Both the Western Trauma Associa-
tion'* and the Eastern Association for
the Surgery of Trauma'” (EAST) pub-
lished their most recent guidelines in
2009 and 2010, respectively, and sug-
gested that though scientific evidence
may be lacking (level III reccommenda-
tion), it may be most justifiable to
screen asymptomatic patients based
on the Modified Denver Criteria. Later
studies showed that nearly 20% of
cases of BCVI were missed if the pa-

tients were screened on the basis of the Modified Denver Cri-
teria.'®?”?® These “missed” injuries were revisited, and in
2012, the Denver group suggested including mandible frac-
tures, complex skull fractures, traumatic brain injury with tho-
racic injuries, scalp degloving, and thoracic vascular injuries in
addition to previously described screening criteria.” In 2016,
the Denver group” showed that the expanded Denver Criteria
(On-line Figure) are effective in the detection of previously
missed injuries and should now be used for screening. In their
study, they found that the overall incidence of BCVI increased
to 2.99% from 2.36% with expansion of screening criteria. At
the same time, the BCVI-related neurologic event incidence
decreased from 12% (18/150 patients) to 9.3% (22/236 pa-
tients). Adding to the number of screening criteria, additional
Boston Criteria (Tables 1 and 2) have been recently proposed
for detection of BCVI, based on a study at Boston Medical
Center.'” The Modified Denver Criteria are most studied, are
endorsed by the EAST and Western Trauma Association, and



FIG 3. A diagram showing grade Il injury patterns.

FIG 4. Two patients after motor vehicle collisions and grade Il inju-
ries. Sagittal CTA (A) shows locked C5-6 facets (black arrows), with
intramural hematoma of the left vertebral artery causing >50% nar-
rowing (white arrows). Axial CTA (B) shows a right mandibular condyle
fracture (black arrows) with nonocclusive thrombus (white arrow) in
the right internal carotid artery.

are most commonly used. Because the current literature sug-
gests that BCVI may be missed on the Modified Denver Crite-
ria, further expansion as suggested by the Denver group may be
appropriate. However, additional multicenter validation stud-
ies are needed to identify the best screening criteria.

BCVI in the Pediatric Population

The EAST guidelines recommend that the adult screening
guidelines be applied to the pediatric population.'” A study by
Kopelman et al'®in 2011 also supported this recommendation;

1*! showed that more

however, in 2012, a study by Jones et a
than two-thirds of pediatric patients with BCVI and stroke-like
symptoms did not have the adult screening risk indications.
Overall, the incidence of BCVI is less in the pediatric popula-
tion compared with adults, which could, in part, be due to less
screening in children, as highlighted in the multicenter Arizona-

Texas-Oklahoma-Memphis-Arkansas Consortium study.18 Also,

the pattern of intracranial injury in the pe-
diatric population may be different from
that in adults.”” BCVI in pediatric patients
was retrospectively analyzed by Ravindra
et al** from the University of Utah School
of Medicine in 2015, and they suggested
the Utah Score (Table 3) for estimated risk
of BCVI in children. A recent multicenter
validation study of the Utah Score also
showed that compared with the Denver
Criteria, the Utah Score correlated better
with the risk of BCVI in the pediatric pop-
ulation and the Denver Criteria would
have led to overscreening and unnecessary
radiation exposure.*” The initial study
showed that a score of =2 had a 7.9%>*
risk of BCVI, whereas the validation study
showed an even lower number of 2.7%*°
BCVI risk. A score of =3 had a BCVI risk
0f 39.3% per the initial study** and 18.1%
per the validation study.* For high-risk
patients, CTA is the imaging test of choice.
For low-risk (Utah Score =2), the authors
suggested that delayed MR angiography
should be considered if there is clinical
suspicion. This may be an area of further research because currently
no pediatric population studies exist to support MRA in low-risk
patients.

Imaging Modalities for BCVI

Evaluation of the BCVI may be performed with CTA, MR imag-
ing/MRA, or DSA. Despite its portable nature and bedside avail-
ability, duplex sonography assessment of BCVI is not preferred
because about 90% oflesions are in sonographically nonaccessible
segments. Additionally, duplex sonography is operator-depen-
dent, with higher chances of missing dissecting aneurysms** and
lower sensitivity (38.6% for both the carotid and vertebral inju-
ries, 86% for carotid injuries alone).'” The EAST guidelines'” rec-
ommend against the use of duplex sonography for screening.
CTA, on the other hand, is fast, noninvasive, readily available, and
has high spatial resolution, which is preferred for diagnosing in-
juries in smaller vessels. It also evaluates coexisting bony and soft-
tissue injuries. The initial studies on single- and 4-section scan-
ners showed a sensitivity of 45%-70% for BCVI compared with
DSA.'**" However, subsequent studies with 16-section or higher
CT scanners have shown that the sensitivity and specificity of
BCVI diagnosis approaches 100%.>'>'? Hence, CTA is consid-
ered the screening technique of choice for BCVL>'***** The
EAST guidelines'” recommend against the use of =4-section
multidetector array CTA for BCVI screening. With newer gener-
ation CT technology (enabling ultrafast imaging with even higher
spatial resolution, metal artifact reduction, and low contrast
dose), the role of CT continues to expand.*’

DSA is regarded as the criterion standard for the diagnosis of
BCVI but has certain limitations. It is not readily available and
may not be feasible to perform in a critically injured patient.
Transportation of the patient to the angiography suite and the
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FIG 5. A 36-year-old man with a fall from a height and a Cé6 fracture (not shown). Anillustrative diagram (A) shows grade Ill injury. CTA axial (B)
and sagittal (C) images show a focal outpouching of the anterior wall of the distal cervical right ICA (black arrow), suggesting a pseudoaneurysm,
grade Il injury. Case courtesy Sachin S. Saboo, MD, UT Southwestern Medical Center, Dallas, Texas.

FIG 6. A 64-year-old man with blunt trauma to the neck. An illustrative diagram (A) shows grade
IV injury. CTA sagittal image (B) shows a fracture of the C2 transverse foramina (black arrow) with
abrupt occlusion of the right vertebral artery (white arrow), grade IV injury.

procedural time add to the delay in diagnosis. Also, it is invasive
and has a complication rate of 1%-3%, which includes vascular
dissection and thromboembolism. Furthermore, DSA provides
no information about the vessel wall and is therefore limited in
characterizing vessel wall hematomas.>**> With the universal use
of CT for diagnosis, DSA is mostly performed only when an in-
tervention is planned.

MRA also offers comprehensive vessel imaging with the added
benefit of non-nephrotoxic contrast, concurrent assessment of
ligamentous/spinal injuries, and simultaneous detection of in-
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farction. However, the current literature
is limited on the use of MR imaging for
BCVI, with a reported sensitivity of ap-
proximately 50%.'° As per the EAST
guidelines,"” it is not recommended as a
single technique for diagnosis. MR im-
aging has a complementary role, with
improved differentiation of intramural
hematoma, atherosclerotic plaques, and
intraluminal thrombus in carotid or ver-
tebrobasilar dissections.***> The limita-
tions of MR imaging include longer scan-
ning times, lack of widespread availability,
the need for MR imaging—compatible
lines and tubes in an acutely injured pa-
tient, inferior spatial resolution, and low
sensitivity in characterizing acute intra-
mural hematoma (that is isointense in the
acute stage).”**> MRA is mostly used
complementary to CTA in selected cases
and for follow-up (in children or patients
with kidney disease).

CT and MR Imaging Protocol for
BCVI Screening

Almost universally, nearly all patients
with suspected BCVI are screened by
CTA. The trauma imaging protocol pan
scan starts as noncontrast CT of the head and cervical spine,
which are reviewed by the trauma surgery team or the radiologist
at the CT scanner before the administration of IV contrast. If any
injury necessitating BCVI screening is noted, CTA of the head and
neck is also performed along with contrast-enhanced CT of the
chest, abdomen, and pelvis (and reconstructions of the thoraco-
lumbar spine) with a single intravenous contrast injection. If the
injury requiring BCVI screening is noted later, CTA is performed
within 24-36 hours of the injury. MR imaging is rarely used for
screening. If used, it is mostly in pediatric patients or in patients



with absolute contraindications to CT contrast. The CTA and
MRA protocol at our institution is highlighted in On-line Tables 1
and 2, respectively. Multiplanar reconstructions and 3D postpro-
cessing are always done. The images are reconstructed as volume-
rendered images, which are helpful for better detection of stenosis
and the relation of the abnormality to the adjacent bony and soft-
tissue structures.”® Low-grade BCVIs are also better detected on
MPR and volume-rendered images.® The 3D images are always
interpreted in conjunction with the primary dataset and are never
interpreted alone.

Imaging Findings and Grading of BCVI

On the basis of the appearance of these injuries, Biffl et al**

from
the Denver Health Medical Center proposed an injury grading
scale in 1999, with increasing risk of stroke and worse prognosis
with increasing grade. This grading system was based on carotid
injuries visualized with DSA, but it has been adopted for CTA and

FIG7. A36-year-old woman after amotor vehicle collision with facial
fractures. CTA axial (A) and sagittal (B) images show fractures of the
zygomatic arch and maxilla (black arrows) with hemosinus (stars) and
tapered occlusion of the right ICA (white arrows), grade IV injury.

FIG 8. A 28-year-old man after a motor vehicle collision. An illustrative diagram (A) shows a grade
V injury. CTA axial image (B) shows transection of the bilateral vertebral arteries with active
contrast extravasation (white arrows), grade V injury. Also, note the large prevertebral neck
hematoma (stars) displacing the orogastric tube (curved arrow) anteriorly. The patient also sus-

tained Cland C2 fractures (not shown).

MRA with the same grading system for both carotid and vertebral
injuries."*?>?! The Denver grading scale, corresponding CTA
findings, and grade-based stroke risk are highlighted in Table 4. In
2015, a study by Crawford et al*” reported that many of the inju-
ries on CTA could not be initially graded per the Denver grading
scale and were labeled as “indeterminate BCVIL.” Follow-up of
these injuries in 48 hours was suggested to rule in a true BCVIL.
Approximately 25% of these injuries were reclassified as true in-
juries, and 5% of patients with indeterminate BCVI developed
cerebrovascular symptoms. In our experience, BCVI can always
be graded on the Denver scale.

Grade I injury (luminal irregularity with <25% narrowing,
Figs 1 and 2) is often subtle, non-flow-limiting, and better appre-
ciated with multiplanar or volume-rendered images.®** CTA in
patients with grade II injury (intraluminal thrombus, raised inti-
mal flap, or dissection/intramural hematoma with >25% nar-
rowing, Figs 3 and 4) may reveal crescentic wall thickening of
variable length, luminal narrowing, or the presence of a dissection
flap. On MR imaging, the visualization of an intramural hema-
toma depends on the stage of hemoglobin degradation, most ap-
parent in the subacute stage when it has high signal on T1 images.
Because the hematomas may be isointense in the acute (<7 days)
and chronic (>2 months) phase, they may be missed.** Grade III
injury (pseudoaneurysm, Fig 5) is seen as saccular outpouchings
of variable size. The imaging appearance of grade IV injury (oc-
clusion of the vessel) may vary. Occlusion is often abrupt in the
vertebral circulation (Fig 6), whereas they are often long segments
with gradual tapering in the carotid arteries (Fig 7).”** Patients
with grade V injury (vessel transection, Fig 8) may have contrast
extravasation into the surrounding soft tissues or adjacent vein
(giving rise to an arteriovenous fistula). Although the exact site of
the fistula may not be apparent on imaging, the presence of early
draining veins or an increase in the size of the draining veins is

useful for detecting its presence.’

The potential mimics of BCVI on im-
aging include atherosclerosis (seen as wall
thickening and/or stenosis), fibromuscu-
lar dysplasia (seen as wall irregularity), a
hypoplastic vertebral artery (seen as long-
segment narrowing), an acutely looped
cervical internal carotid artery (mimics a
pseudoaneurysm), or early venous en-
hancement (may mimic an AVF).

Management and Follow-Up

of BCVI

There is a dearth of controlled trials to
help guide treatment of BCVI, but cur-
rent guidelines (EAST and Western

Trauma Association)'*'*

suggest obser-
vation, surgical repair, antithrombotic
therapy (ATT), and endovascular ther-
apy as acceptable management strate-
gies, based on injury location and grade
and patient symptoms. If there is no
contraindication (such as active bleed-
ing), ATT is indicated for all patients be-
cause it lowers the chance of stroke to
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Table 5: Grade-based treatment, follow-up, and suggested management of BCVI

Injury Surgical or Endovascular

Grade Initial Treatment Treatment Follow-Up? Long-Term Treatment

I Antithrombotic therapy® Not needed 7-10 days, then 3-6 mo Antiplatelet therapy until

(preferably unfractionated until healed healing
heparin) or observation
(rarely used)

Il Antithrombotic therapy® Needed if neurologic 7-10 days, then 3—6 mo Long-term antiplatelet therapy
symptoms or progression of (until healed or definitive until healing or definitive
dissection management) interventional or surgical

treatment

1 Needed if symptomatic or size ~ 7-10 days and then 3-6 mo  Long-term antiplatelet therapy
>Tcm or based on symptoms until healing or definitive

treatment

v Typically not beneficial Based on symptoms Life-long antiplatelets

\ Direct pressure on actively Emergent intervention/surgery ~ Based on symptoms No data (symptomatic)

bleeding area

? Follow-up for asymptomatic carotid cavernous injury is 3—4 weeks.
® Unless contraindicated.

<1%.*>'%'**¥ The guidelines'”'* recommend the use of weight-
based unfractionated heparin (10 U/Kg/h without a bolus and a
low activated partial thromboplastin time goal of 4050 seconds)
because it is reversible compared with antiplatelets. The antiplate-
let agents (clopidogrel, 75 mg daily, or aspirin, 325 mg daily) are

1949 and can

equally as efficacious as heparin for stroke prevention
be used in the acute setting if the patient has contraindications for
heparin. The use of dual antiplatelets is not indicated and may
increase the chance of bleeding. Earlier studies suggested that hep-
arin could be transitioned to warfarin, but more recent studies
have preferred antiplatelets for the long term due to a better safety
profile, equivalent efficiency, and lower cost.'®'* Nearly one-
third of patients have an initial contraindication to ATT, with
concomitant traumatic brain or solid organ injury being the most
>0 showed that initiation of ATT at a

median hospital day 3 in 119 patients with BCVI did not worsen

common.”” A recent study

traumatic brain or solid organ injury above baseline. A multidis-
ciplinary team is valuable for open communication and discus-
sion on antiplatelet and anticoagulant treatment in these patients,
because these decisions can also be complex due to frequently
associated intracranial and extracranial injuries.

While the ATT may suffice for grade I injuries because there is no
flow-limiting potential, patients with grade IT may need surgical or
endovascular management if there is progression at follow-up
(typically at 7-10 days). Grade ITI-V injuries are preferably repaired
surgically or treated endovascularly (more common because most
injuries are not surgically accessible). In grade V injuries (active

13,14

bleeding), the guidelines' ™' suggest immediate attempts to control
bleeding (direct pressure and emergent intervention/surgery). The
management and follow-up of BCVI, depending on the injury grade,
suggested by the Denver group* is highlighted in Table 5. A recent
multicenter study on the treatment and outcome of BCVI in the
pediatric population showed a benefit of ATT with treatment ap-
proach similar to adults.”" The study, however, highlighted the lack
of consensus for treatment among different institutions.

The Denver group® and the current guidelines'>'*

suggest fol-
low-up of medically managed injuries (grades I, II, and sometimes
III) at 7-10 days. If repeat imaging at this time reveals resolution of
imaging findings, the therapy may be discontinued. If findings per-

sist, the ATT may be further continued for 3—6 months, and the
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patients reimaged to determine a further course of action. In case of
worsening symptomatology or worsening imaging findings at 7-10
days, patients may be treated with an endovascular approach. The
follow-up of patients managed by surgical or endovascular treatment
is symptom-based and is usually decided on a case-by-case basis. The
most recent expanded Denver BCVI screening criteria and manage-
ment guideline® are highlighted in the On-line Figure.

CONCLUSIONS

BCVIsarerare, but the incidence is increasing due to increasing high-
velocity trauma, screening, and universal availability of CT. If undi-
agnosed, these can cause adverse neurologic outcome or death.
Hence, the adoption of institutional screening criteria is suggested.
Multiple screening criteria are available; however, the Modified Den-
ver Criteria are the most well-studied. The Utah Score has been sug-
gested for the pediatric population and was recently validated in a
multicenter study; however, current trauma guidelines (the most re-
cent being the EAST guidelines published in 2010) recommend the
use of adult screening criteria. There is a need for randomized trials
for establishment of screening criteria and treatment for adults and
the pediatric population. Also, a radiologist should be aware of not
only the imaging appearance but also the high-risk injury patterns
because in these cases, the recommendation for evaluation with CTA
should come from the radiologist. Familiarity with the injury grading
scale is also needed for standardized reporting, to help trauma teams
provide uniform definitive treatment based on the current standard
of care.
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ADULT BRAIN

Development of High Signal Intensity within the Globus
Pallidus and Dentate Nucleus following Multiple
Administrations of Gadobenate Dimeglumine

G.M. Bolles, ““’M. Yazdani, ““’S.T. Stalcup, ““'S.G. Creeden, ““’H.R. Collins, ““'P.). Nietert, and “'D.R. Roberts
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ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have evaluated various gadolinium based contrast agents and their association with
gadolinium retention, however, there is a discrepancy in the literature concerning the linear agent gadobenate dimeglumine. Our aim was
to determine whether an association exists between the administration of gadobenate dimeglumine and the development of intrinsic
Tl-weighted signal in the dentate nucleus and globus pallidus.

MATERIALS AND METHODS: In this single-center, retrospective study, the signal intensity of the globus pallidus, dentate nucleus,
thalamus, and middle cerebellar peduncle was measured on unenhanced Tl-weighted images in 29 adult patients who had undergone
multiple contrast MRIs using exclusively gadobenate dimeglumine (mean, 10.1 = 3.23 doses; range, 618 doses). Two neuroradiologists, blinded to
the number of prior gadolinium-based contrast agent administrations, separately placed ROIs within the globi pallidi, thalami, dentate nuclei, and
middle cerebellar peduncles on the last MR imaging examinations. The correlations between the globus pallidus:thalamus and the dentate
nucleus:middle cerebellar peduncle signal intensity ratios with the number of gadolinium-based contrast agent administrations and cumulative
dose were tested with either 1-tailed Pearson or Spearman correlations. A priori, P < .05 was considered statistically significant.

RESULTS: Both the globus pallidus:thalamus and dentate nucleus:middle cerebellar peduncle ratios showed significant correlation with
the number of gadolinium-based contrast agent administrations (r = 0.39, P = .017, and r = 0.58, P = .001, respectively). Additionally, the
globus pallidus:thalamus and dentate nucleus:middle cerebellar peduncle ratios showed significant correlation with the cumulative dose
of gadobenate dimeglumine (r = 0.48, P = .004, and r = 0.43, P = .009, respectively). Dentate nucleus hyperintensity was qualitatively
present on the last MR imaging in 79.3%—86.2% of patients and in all patients who had received >10 doses.

CONCLUSIONS: At high cumulative doses (commonly experienced by patients, for example, with neoplastic disease), gadobenate
dimeglumine is associated with an increase in the globus pallidus:thalamus and dentate nucleus:middle cerebellar peduncles signal
intensity ratios.

ABBREVIATIONS: DN = dentate nucleus; GBCA = gadolinium-based contrast agent; GP = globus pallidus; MCP = middle cerebellar peduncle; TH = thalamus

Gadolinium—based contrast agents (GBCAs) are extensively
used in evaluating both central nervous system and non-
CNS pathologies with MR imaging and provide critical diagnostic
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and treatment-guiding information. All GBCAs are composed of
gadolinium and a chelating agent. Because gadolinium is an ex-
tremely toxic substance, chelating agents are designed to prevent
release of gadolinium in the body before renal excretion.

In 2014, Kanda et al' first reported the development of pro-
gressively increasing signal intensity in the globus pallidus (GP)
and dentate nucleus (DN) on unenhanced T1-weighted imaging
in patients who had undergone multiple contrast MRIs with the
administration of gadopentetate dimeglumine or gadodiamide.
At postmortem examination, the cause of this high T1-weighted
signal intensity in the GP and DN was shown to be retained
gadolinium.”?

Subsequently, several studies evaluated various GBCAs and
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their association with gadolinium retention in both the adult* "'

and pediatric populations.'*'? The general consensus is that lin-
ear, but not macrocyclic, GBCAs are associated with the develop-
ment of hyperintense signal in the GP and DN on unenhanced
T1-weighted images as demonstrated by most of these studies,
though controversial findings remain.?’?° There is, however, dis-
crepancy in the literature concerning the linear agent gadobenate
dimeglumine.***° Ramalho et al** evaluated the signal intensity
of the DN and GP in patients who received either gadodiamide, a
linear nonionic GBCA, or gadobenate dimeglumine, a linear ionic
contrast agent. While the administration of multiple doses of
gadodiamide was associated with a significant increase in DN and
GP T1-weighted signal intensity, the authors found only a signif-
icant trend toward an increase in relative percentage change in
signal intensity for the DN in patients receiving multiple doses of
gadobenate dimeglumine. However, the patients in this study re-
ceived a mean of 4.6 £ 2.2 doses (range, 3—11 doses), whereas
most studies have found the development of high T1-weighted
signal in the DN only after >5 GBCA administrations.””

Likewise, Schneider et al*®

reported no increase in the T1-
weighted signal intensity of the DN in pediatric patients who had
been exposed to a mean of 7.8 injections of gadobenate dimeglu-
mine; however, the agent was administered at half dose (0.05
mmol/kg). On the other hand, a study by Weberling et al,* found
a significant increase in the T1-weighted signal intensity in the
DN after serial injections of gadobenate dimeglumine but not a
significant correlation between the DN-to-pons ratio and the
accumulated dose. The patient population in this study was
predominantly those with melanoma (47/50 patients), and 14
patients had undergone radiation therapy, which may have
confounded the results.

Given the discrepancies in the literature, the purpose of this
study was to provide further evaluation of gadobenate dimeglu-
mine by assessing a group of patients with various pathologies and
no prior radiation exposure to the posterior fossa who had re-
ceived at least 7 cumulative injections of exclusively gadobenate
dimeglumine administered at the full FDA-approved dose of 0.1
mmol/kg.

MATERIALS AND METHODS

This single-center, retrospective, cohort study was performed af-
ter institutional review board approval, with a waiver of informed
consent, in compliance with the Health Insurance Portability and
Accountability Act. The biostatistician’s time was covered by sev-
eral National Institutes of Health grants. Otherwise, the study was
unsponsored.

Patients

All patients at our institution who had undergone MR imaging of
the brain with contrast administration from January 2013 until
July 2016 were screened for inclusion in the study with the follow-
ing criteria: 1) adult patients 18 years of age and older, 2) a min-
imum of 7 gadolinium-enhanced MR imaging scans (which in-
cluded the last MR imaging for reference), and 3) all contrast MR
imaging examinations performed exclusively with gadobenate
dimeglumine. During this time, 11,669 MRIs of the brain with
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and without gadobenate dimeglumine were performed, and 222
patients had received at least 7 doses of gadobenate dimeglumine.

Using both the local PACS and the electronic medical record,
we excluded all patients who had undergone a contrast MR imag-
ing outside our facility at any time to ensure documentation of
all GBCA administrations. Additionally, to avoid possible confound-
ing variables, we excluded patients with the following: 1) posterior
fossa disease obscuring the dentate nucleus or middle cerebellar pe-
duncle, 2) radiation exposure to the posterior fossa, 3) multiple scle-
rosis or other disease processes associated with intracranial intrinsic
T1-shortening, 4) unsatisfactory images due to MR imaging or mo-
tion artifacts affecting the evaluation of the posterior fossa,and 5) any
history of abnormal renal (estimated glomerular filtration rate at the
time of imaging of <30 mL/min per 1.73 m?) or hepatic function as
evaluated by routine laboratory tests.

Imaging Protocols

MR imaging was performed on either a 3T scanner (Skyra and/or
Verio; Siemens, Erlangen, Germany) or a 1.5T scanner (Aera
and/or Avanto; Siemens). The standard 1.5T MR imaging proto-
col included either axial T1-weighted spin-echo (TR, 500-588
ms; TE, 7.7-12 ms; slice thickness, 5-mm; gap 1.0) or 3D
MPRAGE (TR, 1780-2200 ms; TE, 2.91-3.37 ms; slice thickness,
1.0 mm; gap, 0.5; FOV, 250 mm) before and after GBCA ad-
ministration. The standard 3T MR imaging protocol included
either axial T1-weighted spin-echo (TR, 500-550 ms; TE, 6.4—
8.9 ms; slice thickness, 5 mm; gap, 1.0) or 3D MPRAGE (TR,
1690-2300 ms; TE, 2.3-3.2 ms; slice thickness, 1.0 mm; gap,
0.5; FOV, 250 mm) before and after GBCA administration.
Gadobenate dimeglumine was administered as an intravenous
bolus using body weight—adjusted dosing at 0.1 mmol/kg per
departmental protocol.

Image and Data Analysis

Two neuroradiologists (M.Y. and S.T.S.), with 3 and 4 years of
experience respectively, evaluated the images. Each reader was
independently presented with the initial and final MR imaging of
each patient in a randomized, blinded fashion on the PACS
workstation and asked to qualitatively determine whether the DN
demonstrated T1-weighted hyperintensity on the unenhanced
T1-weighted images. The readers were blinded to the number of
prior GBCA administrations.

In addition, each reader was asked to place ROIs by visual
analysis within the GP, thalamus (TH), DN, and middle cerebellar
peduncle (MCP) bilaterally, as described by Kanda et al,' on the
last MR imaging scan. The mean signal intensity of each ROI was
obtained and used to calculate the DN-to-MCP signal intensity
ratio (DN:MCP) and the GP-to-TH signal intensity ratio (GP:
TH) for each subject.

Statistical Analysis

To test the concordance between the 2 readers concerning the GP,

TH, DN, and MCP mean signal intensity measurements, we cal-

culated the Lin concordance correlation coefficient using on-line

software (https://www.niwa.co.nz/node/104318/concordance).
The Shapiro-Wilk test was used to assess the normality of the

data. For the GP:TH ratios, the P value was = .005, indicating that



Patient characteristics®

final MR imaging examination as re-

Characteristic

ported by readers 1 and 2 in 79.3% and

Total No. of patients 29

Age (yr) 52.1 £17.1(18-84)
Sex (male/female) 20:9

No. of enhanced MRI scans® 101+ 3.2(6-18)

Cumulative dose (mL)®

Interval (days) between 1Ist and
final MRI

Diagnoses

unknown lesion (n = 2)

1752 = 59.1(76-316)
658.5 * 250.5 (154-T154)

Intracranial metastases (n = 10), primary brain neoplasm
(n =), meningioma (n = 3), melanomas (n = 3),

86.2% of the patients, respectively (Fig
2). Both readers reported dentate nu-
cleus hyperintensity in all patients who
had received >10 doses of gadobenate
dimeglumine. Concerning agreement
between the 2 readers on the qualitative
presence or absence of TI-weighted
hyperintensity within the dentate nu-

2 Data are mean = SD, with the range in parentheses.
5Does not include the last MRI used for measurement.

the data were not normally distributed; therefore, a Spearman
correlation was used to investigate the relationship between the
GP:TH ratios on the final MR imaging examination and the num-
ber of administered GBCA doses as well as the total cumulative
dose. For the DN:MCP ratios, the P value was 0.786, indicating
a normal distribution; therefore, a Pearson correlation was
used to assess the relationship between the DN:MCP ratios on
the final MR imaging examination and the number of admin-
istered GBCA doses and the total cumulative dose. Statistical
significance was considered at the @ = .05 threshold, and
1-tailed P values are reported (SPSS, Version 23; IBM, Ar-
monk, New York).

Interrater reliability concerning the presence or absence of hy-
perintense T1-weighted signal within the dentate nucleus was as-
sessed using the Cohen k to determine the level of agreement
between the 2 readers with the magnitude interpreted using com-

mon guidelines.”®*?

RESULTS

Twenty-nine patients met the inclusion/exclusion criteria during
the study period, and the patient characteristics are described
in the Table. The mean age of the patients was 52.1 * 17.1 years.
There were 20 men and 9 women. Most patients underwent
imaging for the diagnosis of neoplasm. The mean number of prior
GBCA administrations was 10.1 * 3.23 doses (range, 6—18 doses).
Note that 2 patients received only 7 GBCA administrations;
therefore, at the time of the last enhanced MR imaging used for
measurement, these 2 patients had previously received 6 GBCA
doses. Cumulative doses of gadobenate dimeglumine ranged
from 76 to 316 mL, with a mean of 175.2 = 59.05 mL.

Concerning ROI measurements within the GP, TH, DN, and
MCP, the value of the Lin correlation coefficient between readers
ranged from 0.97 to 0.99, indicating substantial-to-near-perfect
reader concordance. Therefore, the measurements from both
readers were averaged.

The GP:TH and DN:MCP ratios on the last MR imaging both
showed a significant correlation with the number of previous
GBCA administrations: r = 0.39, P = .017,and r = 0.58, P = .001,
respectively (Fig 1). There was also a significant correlation be-
tween the cumulative doses of gadobenate dimeglumine and the
last GP:TH ratios (r = 0.48, P = .004) and the last DN:MCP ratios
(r = 0.43, P = .009).

Higher doses of gadobenate dimeglumine resulted in qual-
itatively visible hyperintensity of the dentate nucleus on the

cleus on the final MR imaging, k = 0.77,
P <.0005 indicated substantial interob-
server agreement.

DISCUSSION

In this study, we demonstrate significant positive correlations be-
tween the GP:TH and the DN:MCP ratios and the number of previ-
ous GBCA administrations and the total cumulative dose. Our find-
ings are in agreement with the study of Weberling et al*> and extend
those results to patients with various intracranial pathologies without
the potential confounding effect of radiation therapy.

In our study, hyperintensity within the GP and DN was dem-
onstrated following the administration of a mean of 10.1 = 3.2
doses. On the other hand, no significant increase in T1 signal on
unenhanced images was seen in the GP or DN in the study of
Ramalho et al,** following the administration of a mean of 4.6 =
2.2 doses of gadobenate dimeglumine, but it was present follow-
ing gadodiamide administered at a mean of 5.0 * 2.4 doses. The
larger mean dose of gadobenate dimeglumine in our study likely
explains this discrepancy. Whether the mean dose required to
produce T1 shortening on MR imaging is reflective of the rate or
the amount of gadolinium deposition associated with a specific
agent is unclear because several confounding factors influence the
appearance of gadolinium on MR imaging, including the specific
molecular species present. Animal and human postmortem stud-
ies will be helpful in comparing the various agents and quantifying
their propensity for gadolinium deposition.

As a GBCA, gadobenate dimeglumine has several unique
properties. Due to weak, transient interactions with serum albu-

s 30,31
]

min gadobenate dimeglumine has high R1 relaxivity in

233 resulting in greater signal intensity enhancement on T1-

vivo,
weighted images. In addition to renal excretion, a small percent-
age of gadobenate dimeglumine is excreted by the hepatobiliary
system.”* While gadobenate dimeglumine is a linear GBCA, it has
not been associated with a high risk for nephrogenic systemic

1°#3% and human serum™® stud-

fibrosis.”>*” However, in animal
ies, gadobenate dimeglumine behaves as would be expected for a
linear agent. Therefore, considering the unique properties of
gadobenate dimeglumine, it is important to determine whether
the agent is associated with T1-hyperintensities within specific
regions of the brain. This knowledge is important for performing
a clinical risk-versus-benefit analysis.

There were several limitations to this study. Patients could
have received GBCA administrations at an outside institution
without reporting this information to their clinicians; however, in
addition to searching the PACS system for imported outside im-
aging, the medical records were thoroughly screened for any doc-
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FIG1. Graphs of the GP:TH and DN:MCP ratios plotted against the number of GBCA enhanced MR imaging scans (A and C) and the cumulative

dose of gadobenate dimeglumine (B and D).

FIG 2. Unenhanced, axial Tl-weighted MR images through the dentate nucleus in a 54-year-old
man with metastatic renal cell carcinoma after the administration of 1(A), 8 (B), and 18 (C) doses of
gadobenate dimeglumine. There is a progressive increase in the Tl signal intensity in the dentate

nucleus (arrows).

umentation of imaging before presentation to our institution.
Varying field strengths and MR imaging parameters were used
and precluded the calculation of relative percentage change. Fi-
nally, as in all studies of this nature, ROI placement is somewhat
subjective and therefore subject to reader bias; however, the read-
ers were blinded to the number of prior GBCA administrations;
thus, this subjectivity is not likely to have confounded our study
findings.

As mentioned in prior articles on the same topic, further stud-
ies, particularly those using tissue analysis, should continue to
evaluate specific GBCAs and their propensity to deposit within

418 Bolles Mar 2018 www.ajnr.org

the human body. Furthermore, research
evaluating any potential clinical se-
quelae from gadolinium deposition,
both within the brain and other body tis-
sues, should be performed. Continued
prudence in selecting patients who
should receive contrast-enhanced MRIs
is recommended.

CONCLUSIONS

Athigher cumulative doses, as can be ex-
perienced by patient groups, such as
those with tumors, gadobenate dime-
glumine is associated with a significant
increase in the GP:TH and DN:MCP ra-
tios on unenhanced T1-weighted im-
ages. These data should be incorporated into a risk-versus-benefit
analysis when determining the need for GBCA administration in
individual patients. While any potential clinical significance is
unknown, the iatrogenic deposition of gadolinium within sensi-
tive tissues such as the brain should be minimized in situations
where alternative agents with similar clinical efficacy are available.

Disclosures: Paul J. Nietert—RELATED: Grant: National Institutes of Health.* Donna
R. Roberts—UNRELATED: Consultancy: Guerbet, Comments: advisory board mem-
ber; Grants/Grants Pending: Guerbet, Comments: investigator-initiated award site
Principal Investigator, clinical trial*; Travel/Accommodations/Meeting Expenses
Unrelated to Activities Listed: Guerbet. *Money paid to the institution.
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High Signal Intensity in the Dentate Nucleus and Globus
Pallidus on Unenhanced T1-Weighted MR Images:
Comparison between Gadobutrol and Linear
Gadolinium-Based Contrast Agents

F.G. Moser, ““/C.T. Watterson, ‘“'S. Weiss, ““’'M. Austin, /). Mirocha, ““R. Prasad, and “*'). Wang

k|

ABSTRACT

BACKGROUND AND PURPOSE: In view of the recent observations that gadolinium deposits in brain tissue after intravenous injection, our
aim of this study was to compare signal changes in the globus pallidus and dentate nucleus on unenhanced TI-weighted MR images in
patients receiving serial doses of gadobutrol, a macrocyclic gadolinium-based contrast agent, with those seen in patients receiving linear
gadolinium-based contrast agents.

MATERIALS AND METHODS: This was a retrospective analysis of on-site patients with brain tumors. Fifty-nine patients received only
gadobutrol, and 60 patients received only linear gadolinium-based contrast agents. Linear gadolinium-based contrast agents included
gadoversetamide, gadobenate dimeglumine, and gadodiamide. T1 signal intensity in the globus pallidus, dentate nucleus, and pons was
measured on the precontrast portions of patients’ first and seventh brain MRIs. Ratios of signal intensity comparing the globus pallidus with
the pons (globus pallidus/pons) and dentate nucleus with the pons (dentate nucleus/pons) were calculated. Changes in the above signal
intensity ratios were compared within the gadobutrol and linear agent groups, as well as between groups.

RESULTS: The dentate nucleus/pons signal ratio increased in the linear gadolinium-based contrast agent group (t = 4.215, P < .001), while
no significant increase was seen in the gadobutrol group (t = —1.422, P = .08). The globus pallidus/pons ratios followed similarly, with an
increase in the linear gadolinium-based contrast agent group (t = 2.931, P < .0001) and no significant change in those receiving gadobutrol
(t = 0.684, P = .25).

CONCLUSIONS: Successive doses of gadobutrol do not result in T1 shortening compared with changes seen in linear gadolinium-based

contrast agents.

ABBREVIATIONS: DN = dentate nucleus; GBCA = gadolinium-based contrast agent; GP = globus pallidus

he use of gadolinium-based contrast agents (GBCAs) has be-

come an important adjunct for MR imaging examinations.
Although GBCAs are considered extremely safe in patients with-
out renal failure, it is known that free gadolinium (Gd>™) is toxic
to humans. The ability of a chelating agent to retain the gadolinium
and therefore maintain its safety profile has been shown to correlate
with the structure and stability of the chelating molecule." As dem-
onstrated by both in vivo and in vitro studies, macrocyclic chelating
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agents are generally more stable than linear ones, bind Gd*>* more
tightly, and have lower dissociation rates.'™

Recent data indicate that patients exposed to multiple admin-
istrations of certain GBCAs may exhibit dose-related T1 shorten-
ing in the globus pallidus (GP) and dentate nucleus (DN).°"*
Moreover, these imaging findings have correlated with gadolin-
ium deposition in the GP and DN on postmortem examinations,
even in patients with relatively normal renal function.'”'* In-
creased signal intensity in the GP and DN on unenhanced T1-
weighted MR images has been positively correlated with prior
exposure to both ionic and nonionic linear GBCAs in patients.®

Results regarding macrocyclic agents have been more varied.
In 2015, Kanda et al'® found that hyperintensity in the DN was
associated with past administration of the linear GBCA gadopen-
tetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuti-
cals, Wayne, New Jersey) but not with the macrocyclic GBCA
gadoteridol (ProHance; Bracco Diagnostics, Princeton, New Jer-
sey). While Radbruch et al” did not find a significant signal inten-
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sity increase in the DN and GP after progressive applications of
the macrocyclic GBCA gadoterate meglumine (Dotarem; Guer-
bet, Aulnay-sous-Bois, France), Stojanov et al'? found a signifi-
cant increase in signal intensity within the DN and GP in patients
with relapsing-remitting multiple sclerosis after multiple doses
of the macrocyclic GBCA gadobutrol (Gadavist; Bayer Scher-
ing Pharma, Berlin, Germany). The study of Stojanov et al
suggests that deposition of gadolinium within the brain may
occur not solely as the result of linear GBCA administration
but also with some types of macrocyclic agents. To confuse
matters, the reports of Stojanov et al were quickly disputed by
multiple contradicting studies showing no T1 signal change
following the administration of the widely used macrocyclic
agent gadobutrol.">'®

Additionally, direct comparison between linear and macrocy-
clic GBCAs still must be explored. For example, while Stojanov
et al'” have demonstrated T1 shortening in the GP and DN fol-
lowing repeat administration of gadobutrol, the relative degree of
these changes compared with those seen in linear-based agents
has not been determined, and the results have been since chal-
lenged by a number of follow-up studies.'®"'® The purpose of this
study was to compare possible gadobutrol-related T1 signal in-
tensity changes with those of linear agents in a similar population.
Prior studies evaluating such T1 changes following the use of gad-
obutrol have resulted in limited power or cumulative dose per

patient,'>'°

MATERIALS AND METHODS

Whole-brain MR imaging was performed using 1.5T (Symphony;
Siemens, Erlangen, Germany) or 3T (Verio; Siemens) MR imag-
ing units. Unenhanced T1-weighted MR images (3D MPRAGE)
were obtained with the following parameters on 1.5T systems:
TR = 1330 ms; TE = 4.8 ms; TT = 800 ms; flip angle = 15° section
thickness = 12.5 mm; matrix size = 256 X 192; echo-train
length = 1. T1-weighting parameters on 3T systems were the
following: TR = 2100 ms; TE = 3.0 ms; TI = 900 ms; flip angle =
9° section thickness = 11 mm; matrix size = 256 X 256; echo-
train length = 1.

Following institutional review board approval, patients were
retrospectively selected from among neuroimaging patients at
Cedars-Sinai Medical Center. Informed consent was waived given
the retrospective nature of the study. The population selected for
study consisted of patients who had undergone at least 7 prior
contrast-enhanced MR imaging examinations. Due to the relative
frequency of contrast-enhanced examinations associated with
standard care, all patients had intra-axial malignancy, most com-
monly anaplastic astrocytoma or glioblastoma multiforme. All
patients receiving gadolinium contrast agents had been screened
for renal failure with serum creatinine levels.

As a result of an institution-wide contrast formulary policy
change, it was simple to determine which contrast agents patients
received. Before 2011, our institution had exclusively used linear,
nonionic contrast agents, gadoversetamide (OptiMARK; Covi-
dien, Irvine, California) and, to a lesser extent, gadodiamide
(Omniscan; GE Healthcare, Piscataway, New Jersey). Between
2011 and February 2012, gadobenate dimeglumine (MultiHance;
Bracco Diagnostics), a linear, ionic GBCA, became the primary

422 Moser Mar 2018 www.ajnr.org

FIG1. Dentate nucleus ROI selection.

contrast agent. After February 2012, we began to exclusively use
gadobutrol (Gadavist), a macrocyclic GBCA, for all neuroimag-
ing. This allowed us to have a population of patients who had
received only the macrocyclic agent gadobutrol to compare
against an earlier population who had received only linear
GBCAs.

We used the following inclusion criteria: 1) Patients must have
undergone at least 7 consecutive studies with gadobutrol or at
least 7 scans with only linear contrast agents (OptiMARK, Multi-
Hance, and Omniscan); 2) initial and final MRIs had both pre-
and postcontrast T1-weighted images; 3) one class of contrast
agent was exclusively used for all 7 examinations, either macrocy-
clic (exclusively gadobutrol) or linear (any combination of those
mentioned above); 4) at least 1 basal ganglion and the posterior
fossa were spared tumor or radiation effects; 5) subjects had nor-
mal renal function, defined as a glomerular filtration rate of >30;
and 6) the seventh examination occurred at least 2 weeks follow-
ing the sixth. Patients were excluded on the basis of the following:
1) tumor- or treatment-related change in the posterior fossa or
bilateral globi pallidi; and 2) abnormal baseline T1 signal intensity
ratio of >1:1 when comparing the DN with the pons.

The study population was divided into 2 groups: Group 1 in-
cluded patients who received only gadobutrol, and group 2 in-
cluded patients who received only linear contrast agents (Opti-
MARK, MultiHance, Omniscan). Following exclusion, group 1
contained 59 patients while group 2 contained 60. Anonymized
data for each group were collected using Excel (Microsoft, Red-
mond, Washington) and were stored on-site in an encrypted
fashion.

Two radiologists conducted a quantitative analysis of unen-
hanced T1-weighted images using ROI measurements. Measure-
ments were made on the baseline scan and the seventh scan. In
keeping with previously described techniques, ROIs were drawn
over the left globus pallidus, dentate nucleus, lateral ventricle, and
pons, and average signal intensity was recorded.'>'? Examples of
ROl selection are presented as Figs 1-3. We compared DN and GP
signal intensities with T1 measurements of the pons and calcu-



FIG 2. Globus pallidus ROI selection.

FIG 3. Pons ROl selection.

lated the ratios of these intensities: dentate nucleus/pons (DN/
pons) and globus pallidus/pons (GP/pons).'* If the left side could
not be evaluated due to artifacts or pathology, the right side was
used.

Statistical Analysis

In keeping with other authors’ methods, it was decided that it
would be best to compare ratios between the GP and pons as well
as the DN and pons. Paired ¢ tests were used to compare changes
within a given group (ie, the gadobutrol group or the linear agent
group) between the first and seventh examinations. Wilcoxon
rank sum tests were used for between-group comparisons of the
percentage change in the signal intensity ratio (either DN/pons or
GP/pons) seen during the patients’ 7 examinations. All statistical
analysis was performed with Statistical Analysis Software, Version
9.2 (SAS Institute, Cary, North Carolina).

Table 1: Paired t test comparing DN/pons and GP/pons at time 1
versus 7 within groups

DN/Pons GP/Pons
Group 2: Group 2:
Group 1: Linear Group 1: Linear

Gadobutrol Agents Gadobutrol Agents
No. 59 60 59 60
Mean change —0.01 0.03 —0.01 0.03
SD <0.005 <0.005 <0.005 0.01
t —1422 4.215 —0.684 2.931
P .08 <.001 .25 .002

FIG 4. Sample images showing obvious signal increase, indicated by
arrows, after 6 injections of linear GBCAs (B) compared with the
baseline scan (A).

RESULTS
Consistent with expectations, a significant signal intensity in-
crease was detected in the DN/pons ratio by the seventh examina-
tion in the linear agent group (¢t = 4.215, P < .001; Table 1). A
sample pair of images showing the signal increase is shown in
Fig 4. No significant change was demonstrated in the group re-
ceiving gadobutrol (t = —1.422, P = .08; Table 1). The difference
between the signal changes seen in these 2 groups was also signif-
icant (+3.10% for those receiving linear GBCA; —0.8% for pa-
tients receiving gadobutrol; P < .0001; Fig 5 and Table 2).
Similarly, a significant increase was seen in the GP/pons ratio
in the linear agent group between the first and seventh examina-
tions (t = 2.931, P = .002; Table 1), while no such increase was
seen in the group receiving gadobutrol (¢ = 0.684, P = .25; Table
1). Again, the difference in the percentage change between these
groups was significant (+2.47% for the linear GBCA group;
—0.30% in the gadobutrol group, P = .033; Fig 6 and Table 2).

DISCUSSION

The demonstration of a stable DN/pons T1 signal intensity ratio
over subsequent administrations of gadobutrol supports the
growing preponderance of evidence suggesting that macrocyclic
GBCAs, as a class, are less likely to deposit gadolinium in the
brain. As with previous examinations, the use of linear GBCAs
was found to result in increased T1 signal in the globus pallidus
and dentate nucleus.

There are several limitations to our study. Patient age was not
controlled for, in favor of improving sample size. While all pa-
tients were seen for malignancy, nearly all with anaplastic astro-
cytoma or glioblastoma multiforme, the distributions of these
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Table 2: Wilcoxon test comparing percentage change in DN/pons and GP/pons ratios from study 1to study 7 between the gadobutrol
and linear groups

Group No. Percentage Change (Mean) SD Median Lower Quartile Upper Quartile
DN/Pons
Gadobutrol (group 1) 59 ~0.80 478 —0.66 —424 221
Linear GBCAs (group 2) 60 3.0 5.56 3.70 —0.52 676
GP/Pons
Gadobutrol (group 1) 59 —0.30 5.44 0.72 —356 226
Linear GBCAs (group 2) 60 247 6.53 2.05 —2.56 6.48

FIG 5. Group histograms for the relative percentage change in the DN/pons ratio from 1to 7.

FIG 6. Group histograms for the relative percentage change in the GP/pons ratio from 1to 7.

malignancies and relative chemotherapy effects were not con-  intracranial malignancy. Both 1.5T and 3T systems were used.
trolled for. The damage to the BBB caused by disease processes, While most examinations were performed at 1.5T, differences in
treatment, or both is also a potential confounding variable be-  equipment may have resulted in slight variations on measure-
cause most patients undergoing repeat brain MRIs have a known  ments. There was also no intra-/interobserver agreement separately
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before this study because the average signal intensity measurement is
normally less sensitive to intra-/interobserver variations.

Our study has only explored the contribution of gadobutrol to
signal intensity change in up to 7 injections, so the possibility of
observing a signal intensity increase cannot be excluded in pa-
tients with even higher cumulative gadobutrol injection doses.
Even though we tried to ensure the completeness of all partici-
pants’ medical records, the possibility of any unknown prior
GBCA usage cannot be excluded for all patients.

Although most studies in the literature on the gadolinium de-
position topic are MR imaging—based, inductively coupled
plasma mass spectrometry—based postmortem tissue sampling
studies, which have much higher sensitivity to the existence of
gadolinium atoms, have also been conducted in both preclinical
and clinical studies. Because of the higher sensitivity of induc-
tively coupled plasma mass spectrometry techniques, deposits
from both linear and macrocyclic agents have been reported,** >
though the amount of deposition from macrocyclic agents was found
to be much lower than from linear counterparts. Presumably, they
are not as easily detected by standard T1-weighted MR imaging be-
cause of the lower deposition rate of macrocyclic agents.

Most interesting, while not statistically significant, patients re-
ceiving gadobutrol showed an unexpected decrease in signal in-
tensity in both the DN and GP between the first and seventh
studies. The decrease in the DN/pons ratio was found to be nearly
significant at P = .08. Because linear GBCA administration before
2012 was not controlled for in the gadobutrol group, it is possible
that this decrease reflects the results of clearance of previously
deposited gadolinium from prior administrations, which may
corroborate developing research on clearance and the efficacy of a
“gadolinium holiday.”** Alternatively, this nonsignificant signal
decrease could also be caused by the bias in patient sampling and
in signal measurement inherent in ROI-based analysis.

CONCLUSIONS

Patients exposed to gadobutrol, a macrocyclic agent, failed to
show a demonstrable change in T1 signal intensity in the regions
of the brain classically susceptible to gadolinium deposition. This
finding corroborates evidence suggesting that macrocyclic agents
are less likely to cause signal increase on nonenhanced TIWI MR
images than linear GBCAs.
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to conduct research.* Christopher T. Watterson—RELATED: Grant: Bayer Healthcare,
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ORIGINAL RESEARCH
ADULT BRAIN

Cerebral Mitochondrial Microangiopathy Leads to
Leukoencephalopathy in Mitochondrial Neurogastrointestinal
Encephalopathy

L.L. Gramegna, ““A. Pisano, ““'C. Testa, ““D.N. Manners, ““'R. D’Angelo, ““E. Boschetti, “'F. Giancola, ““'L. Pironi, ““’L. Caporali,
M. Capristo, ““M.L. Valentino, ““G. Plazzi, ““'C. Casali, ““’M.T. Dotti, ““’G. Cenacchi, ““’M. Hirano, “*C. Giordano, ““'P. Parchi,
R. Rinaldi, ““R. De Giorgio, ““R. Lodi, “*'V. Carelli, and ““’C. Tonon
St =17 |
ABSTRACT

BACKGROUND AND PURPOSE: Mitochondrial neurogastrointestinal encephalopathy is a rare disorder due to recessive mutations in the
thymidine phosphorylase gene, encoding thymidine phosphorylase protein required for mitochondrial DNA replication. Clinical manifes-
tations include gastrointestinal dysmotility and diffuse asymptomatic leukoencephalopathy. This study aimed to elucidate the mecha-
nisms underlying brain leukoencephalopathy in patients with mitochondrial neurogastrointestinal encephalopathy by correlating multi-
modal neuroradiologic features to postmortem pathology.

MATERIALS AND METHODS: Seven patients underwent brain MR imaging, including single-voxel proton MR spectroscopy and diffusion
imaging. Absolute concentrations of metabolites calculated by acquiring unsuppressed water spectra at multiple TEs, along with diffusion
metrics based on the tensor model, were compared with those of healthy controls using unpaired t tests in multiple white matters regions.
Brain postmortem histologic, immunohistochemical, and molecular analyses were performed in 1 patient.

RESULTS: All patients showed bilateral and nearly symmetric cerebral white matter hyperintensities on T2-weighted images, extending to the
cerebellar white matter and brain stem in 4. White matter, N-acetylaspartate, creatine, and choline concentrations were significantly reduced
compared with those in controls, with a prominent increase in the radial water diffusivity component. At postmortem examination, severe
fibrosis of brain vessel smooth muscle was evident, along with mitochondrial DNA replication depletion in brain and vascular smooth-muscle and
endothelial cells, without neuronal loss, myelin damage, or gliosis. Prominent periependymal cytochrome C oxidase deficiency was also observed.

CONCLUSIONS: Vascular functional and histologic alterations account for leukoencephalopathy in mitochondrial neurogastrointestinal
encephalopathy. Thymidine toxicity and mitochondrial DNA replication depletion may induce microangiopathy and blood-brain-barrier
dysfunction, leading to increased water content in the white matter. Periependymal cytochrome C oxidase deficiency could explain
prominent periventricular impairment.

ABBREVIATIONS: AD = axial diffusivity; BW = brain water; FA = fractional anisotropy; MNGIE = mitochondrial neurogastrointestinal encephalopathy; mtDNA =
mitochondrial DNA replication; MD = mean diffusivity; PLIC = posterior limbs of the internal capsule; PO-WM = parieto-occipital white matter; RD = radial diffusivity

Mitochondrial neurogastrointestinal encephalopathy (MNGIE)
is a rare autosomal recessive disorder due to mutations in the
TYMP' gene that result in thymidine phosphorylase deficiency. This
causes toxic systemic elevation of thymidine and deoxyuridine levels,
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deoxynucleotide pool imbalance, and secondary mitochondrial
DNA replication (mtDNA) abnormalities.”

Disease onset, typically in young adulthood, is characterized
by a slowly progressive multisystemic involvement, which in-
cludes ptosis, chronic progressive external ophthalmoplegia with
mitochondrial myopathy, demyelinating neuropathy, hearing
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loss, and, most important, severe gastrointestinal dysmotility,
leading to cachexia and diverticulosis of the small bowel.”®
Severe mtDNA depletion is the most striking molecular defect
affecting several tissues (ie, smooth muscle of the gastrointestinal
wall and vasculature [small vessels]), suggesting that microvascu-
lar dysfunction may play a role in the pathogenesis.”* Although
the skeletal muscle does not express thymidine phosphorylase, the
toxic nucleoside accumulation results in a typical mitochondrial
myopathy due to both depletion and accumulation of multiple
deletions of mtDNA.> Central nervous system involvement in
MNGIE remains undercharacterized and puzzling. The brain
neuroradiologic hallmark is leukoencephalopathy, with bilateral
and symmetrically severe MR imaging signal alterations involving
mostly cerebral hemispheric white matter.”' Remarkably, de-
spite the extensive MR imaging alterations, most patients with
MNGIE remain asymptomatic’; brain proton MR spectroscopy
("H-MR spectroscopy) studies of patients with MNGIE have
shown white matter biochemical alterations suggesting either

'512 or a normal metabolic profile."”

neuronal loss/dysfunction
Furthermore, a previous study reported increased water diffusiv-
ity, evaluated by diffusion-weighted MR imaging, in 4 patients
with MNGIE.'? The neuropathologic study of 2 patients with ge-
netically confirmed MNGIE did not show neuronal loss, demyeli-
nation, or glial proliferation, despite a striking loss of thymidine
phosphorylase expression in capillaries of the white matter and an
increased intracellular albumin staining, consistent with altered
blood-brain barrier permeability.'*

The purpose of this study was to elucidate the mechanisms
underlying brain leukoencephalopathy in patients with MNGIE
using a multimodal neuroradiologic and pathologic approach.

MATERIALS AND METHODS
Patients
Seven unrelated patients with a molecular diagnosis of MNGIE (3
men; age range, 23-38 years) were included in this study.
Patients were scanned on a 1.5T MR imaging system (Signa
Horizon LX; GE Healthcare, Milwaukee, Wisconsin). Quantitative
MR imaging parameters were compared with those obtained from 9
healthy volunteers (4 men; age range, 20—35 years) who underwent
white matter 'H-MR spectroscopy and from 14 healthy volunteers (7
men; age range, 21-43 years) who underwent diffusion tensor imag-
ing. Patients were clinically assessed by neurologic, gastroenterologic,
and nutritional evaluations. Four patients died, and in 1 patient (case
7), a postmortem examination was performed.
The Ethics Committee of S.Orsola-Malpighi Hospital ap-
proved the study, and written informed consent was obtained.

Biochemical and Genetic Characterization
Thymidine phosphorylase activity was assessed and quantified as
previously reported. The TYMP gene was Sanger-sequenced.'”

Brain MR Imaging

Conventional Brain MR Imaging Protocol Acquisition. Brain MR
imaging was performed using a quadrature birdcage head coil.
The conventional MR imaging protocol included an axial and
coronal FLAIR T2 sequence, sagittal FSE T2, and axial FSE T1-
weighted imaging.
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Proton MR Spectroscopy Protocol Acquisition. A volume of in-
terest of 8 cm” was selected in the left parieto-occipital white
matter (PO-WM). Water-suppressed proton MR spectra were ac-
quired using the point-resolved spectroscopy single-voxel local-
ization sequence (PROBE) at TE = 35, 70, 100, 144, and 288 ms
(TR = 4000 ms, number of acquisitions = 64) to estimate the T2
of N-acetylaspartate, creatine plus phosphocreatine, and choline-

containing compounds'®

for the group of healthy controls and for
3 of 7 patients.

For the remaining 4 patients, the left PO-WM spectrum was
acquired only at TE = 35 ms to limit the acquisition time to 4
minutes 16 seconds. In all subjects, unsuppressed water spectra
were also acquired at TE = 25, 30, 40, 50, 60, 80, 100, 300, 600,
900, and 1000 ms; with TR = 15,000 ms, as previously de-

16

scribed,'® to evaluate the water signal and T2 water relaxation

time.

Diffusion Tensor Imaging Protocol Acquisition. DTI was per-
formed by a single-shot echo-planar imaging sequence using 6
noncollinear directions of the diffusion gradients with the follow-
ing parameters: TR = 10,000 ms, TE = 107 ms, slice thickness =
4 mm with a 2-mm gap, voxel size = 1.25 X 1.25 X 6 mm?,
b-value = 900 s/mm”.

Proton MR Spectroscopy Data Analysis. Both suppressed and
unsuppressed water spectra were processed with the fitting pro-
gram LCModel (Version 6.3; http://www.lcmodel.com/).'” The
exclusion criterion for 'H-MR spectroscopy metabolite evalua-
tion was an LCModel estimated fitting error of >20%. The abso-
lute concentrations of NAA and Cho were obtained using the T2
times of the metabolites calculated by fitting the monoexponen-
tial decay of their signal in the water-suppressed PROBE spectra at
different TEs'® and estimating the intracellular water content by
the biexponential fit of water signal amplitude of the unsup-
pressed water spectra as detailed in the On-line Appendix. We
considered a T2 relaxation value reported in the literature for
mlns (150 ms)'? because TE values used for water-suppressed
spectra acquisitions are not sufficiently short to obtain an accu-
rate signal T2-decay of this metabolite.

Diffusion Tensor Imaging Data Analysis. DTI processing was per-
formed by using the FMRIB software library (FSL; http://www.
fmrib.ox.ac.uk/fsl). DTI-EPI images were coregistered and cor-
rected for eddy current and head movement effects using the
FMRIB Linear Image Registration Tool (FLIRT; https:/fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). Parameter maps for mean dif-
fusivity (MD), fractional anisotropy (FA), axial diffusivity (AD,
A1), and radial diffusivity [RD, (A, + A;)/2] were determined
voxelwise using the program DTIFit (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FDT/UserGuide#DTIFIT). The EPI images were regis-
tered to the T1-weighted images using FSL tools.

To correlate the DTI-derived parameters with the biochemical
profile, we defined an ROI on the DTI using the spatial coordi-
nates of the spectroscopy volume of interest localized in the left
PO-WM. Because in this ROI, WM fibers do not have a single
predominant orientation, additional ROIs were defined on MD
map images within white matter regions with high fiber direction-
ality to assess changes in AD and RD with greater accuracy,
namely the optic radiations, the posterior limbs of the internal


http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT

Table 1: Demographic, genetic, and clinical features of patients with MNGIE

Age at
Case Age at MRI Age at Gastroenterologic®
No. (yr)/Sex TYMP Mutation® Mutation Type TP Activity Neurologic Onset Onset
1 23/F €.1249 dupC Frame shift Undetectable 20 yr (ptosis/CPEO) Childhood
2 29/F c1160-2A>G and Splice defect Undetectable Childhood (CPEO) Childhood
€.1382_1383insC Frame shift
3 28/M c.215-1G>A and Splice defect Undetectable 24 yr (ptosis/CPEO) 20yr
c.328C>T p. QIOX
4 27/F c160-1G>A Splice defect Very low 20 yr (ptosis/CPEQ) Childhood
5 38/M c522T>A Splice defect Undetectable 37 yr (ptosis/CPEO) 30yr
6 25/M c1160-1G>A Splice defect Very low 25 yr (peripheral 19yr
neuropathy)
7 36/M c457G>A p. G153S Undetectable Childhood (ptosis) 25yr

Note:—CPEO indicates chronic progressive external ophthalmoplegia; TP, thymidine phosphorylase.

# All homozygote.

®Main gastroenterologic symptoms included irritable bowel and/or functional dyspepsia-like symptoms.

capsule (PLIC), and the splenium of the corpus callosum (On-line
Fig 1). The mean values of MD, FA, AD, and RD were calculated
for each ROL.

Statistical Analysis

We first evaluated differences in demographic data between
patients and controls, using a t test or a Spearman x” test as
appropriate. We performed a ¢ test for unpaired data to evalu-
ate differences between patients and controls in quantitative
MR imaging values, namely metabolite concentrations, water
signals, T,y ain water (3wy and Toosp Water relaxation times and
DTI parameters. Moreover, in the patient group, we per-
formed a Spearman test to evaluate the correlation between
MR spectroscopy metabolite values and DTI parameters. The
threshold for significance for all analyses was set at P < .05.

Postmortem Study

The postmortem study was performed in patient 7, eight months
after the MR imaging. Whole-body postmortem examination was
performed within 24 hours of death. The brain was removed and
fixed in 4% buffered formalin for neuropathologic examination.

Histologic, Histochemical, and Immunohistochemical
Analyses

Tissue specimens including frontal, temporal, parietal, occipital,
insular, and cingulate cortices; basal ganglia; thalamus; hip-
pocampus; amygdala, brain stem (midbrain, pons, medulla ob-
longata); and several blocks of cerebellar hemispheres, including
the dentate nucleus, and vermis, were obtained from formalin-
fixed brain tissue and used for histologic, histochemical, and
immunohistochemical analyses. Six-micrometer-thick sections
were stained with hematoxylin-eosin, periodic acid-Schiff, and
periodic acid—Schiff plus diastase, Luxol fast blue, congo red,
and PicroSirius Red. Immunohistochemical staining was per-
formed using a large panel of antibodies (On-line Appendix).

Molecular Analysis on Postmortem Brain Samples

Paraffin brain sections from patient 7 and 3 age-matched controls
(subjects who underwent postmortem examination for diagnos-
tic purposes without clinical/pathologic evidence of central
nervous system diseases) were subjected to laser capture micro-
dissection with the MMI Nikon UV-CUT System (Molecular Ma-

chines & Industries, Glattbrug, Switzerland), as previously de-
scribed®® (also see the On-line Appendix).

RESULTS
Genetic diagnosis and biochemical features of patients with
MNGIE are reported in Table 1.

MR Imaging: Bilateral Altered White Matter Signal

Brain MR imaging revealed a bilateral and nearly symmetric white
matter involvement characterized by hyperintensity on FLAIR T2
and FSE T2 and hypointensity on T1-weighted sequences in all
patients (Fig 1, On-line Fig 2, and On-line Table). Mild-to-severe
frontal and parieto-occipital white matter involvement was de-
tected in each patient. The temporal lobe white matter and basal
ganglia were affected in 5 patients, and the cerebellar white matter
and brain stem, in 4. Three patients (cases 1, 2, and 3) with milder
brain involvement showed signal intensity changes exclusively lo-
calized in the deep periventricular cerebral white matter with nor-
mal signal intensity of the infratentorial structures.

'H-MR Spectroscopy: Reduced Cerebral White Matter
Metabolite Concentrations

In PO-WM, patients showed a significant decrease of NAA, Cr,
and Cho concentrations. mIns, which had the highest metabolite
variability in patients with MNGIE, showed a trend toward
reduced concentration (Fig 2). Metabolite ratios such as NAA/
Cr, Cho/Cr, and mIns/Cr were similar in patients and controls
(Table 2).

T,pw values, calculated from the fast decay component of
the signal from unsuppressed water acquisitions and attribut-
able to both the intracellular and intramyelin water compart-
ments, were significantly higher in patients compared with
controls (Table 3 and On-line Fig 3).

DTI: Prominent Increase of White Matter Radial
Diffusivity

In the same PO-WM region selected for the MR spectroscopy
acquisition, patients with MNGIE showed significantly higher
MD, RD, and AD as well as significantly lower FA values com-
pared with controls. The RD increase, relative to mean control
values, was more prominent than the AD increase (RD, +52%;
AD, +23%). Similar results were obtained in the optic radiations.
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FIG1. MR imaging. Axial FLAIR T2 images from 2 of the 7 patients with MNGIE at the supra- and infratentorial levels. Case 1 does not show any
infratentorial involvement, while a more diffuse supra- and infratentorial signal intensity increase can be seen in case 5.

FIG 2. Proton MR spectroscopy. A, Axial FLAIR T2-weighted image shows the localization of the 8-cm? 'H-MR spectroscopy volume of interest
in the left parieto-occipital white matter in case 5. Proton MR spectra from the VOI in case 5 (B) and in a healthy control (C). The relative content
of metabolites is similar in the patient and healthy subject. Note the higher level of noise in the patient and smaller metabolite peaks.

In patients with MNGIE, the difference between RD and AD
changes was even more evident in the PLIC and splenium of the
corpus callosum, where a significant increase in RD values was
associated with unchanged AD in both ROIs (Table 3).

Correlation analysis between metabolite concentrations and
DTI metrics from the same PO-WM voxel in patients with
MNGIE disclosed a negative correlation between NAA absolute
concentration and MD (r = —0.82, P = .023), RD (r = —0.82,
P =.02), and AD values (r = —0.89, P = .007).

Neuropathology: Fibrosis of Small-Vessel Walls and
Microbleeding

Gross examination findings of the brain and vessels of the circle of
Willis were unremarkable. Microscopic examination revealed a
moderate pallor of the deep cerebral white matter extending fo-
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cally into the internal capsule and thalamic white matter, while
sparing the arcuate fibers and the corpus callosum. These
changes, however, were not associated with a significant gliosis,
neuronal loss, or axonal degeneration. The gray matter was also
unremarkable.

The most striking feature was observed at the level of small
perforating arterioles, which showed a replacement of smooth-
muscle cells of the tunica media by dense fibrous tissue (Fig 3A—
C). Loss of smooth-muscle cells was more evident in the external
layers of the tunica media (Fig 3B), though a total fibrous replace-
ment was observed in some vessels (Fig 3C). These features were
particularly frequent in the white matter of the frontal lobe, the
basal ganglia, and the midbrain, but absent in pial arteries (not
shown). Fibrosis was occasionally associated with concentric wall
thickening and luminal narrowing (Fig 3D). In addition, hemo-



Table 2: 'TH-MRS white matter parieto-occipital metabolite absolute concentrations, ratios,
f P
T2 values in patients with MNGIE and healthy controls

and water signal intensity, an

DISCUSSION

We documented that leukoencephalop-

Patients with Healthy Controls athy, the hallmark of brain MR imaging
MNGIE (n =7) (n=9) P . . . Lo
(mean = SD) (mean = SD) Value?® in MNGIE, is characterized by dilution
NIetBolelconeentrato ) of all metabolites associated with a
NAA 6.98 + 0.79 9.81+ 0.94 <.001><  prominentincrease of the radial compo-
Cr 415+ 048 5.97 * 0.55 <.001*  nent of water diffusion in multiple white
Cho 153+ 0.23 189 +0.24 o1 matter regions. These results, obtained
M:tirllsolite I 446114 >44 =076 067 in 7 patients, combined with the post-
NAA/Cr 185+ 018 180 + 01 575 mortem findings in the brain of one of
Cho/Cr 0.39 + 0.06 033 + 0.04 04b them, support the hypothesis that neu-
mins/Cr 0.99 +0.27 0.85 = 0.08 16° roradiologic abnormalities in MNGIE
Water signal (a.u) result from microvascular damage. In-
Sew (0) (40* 9.0)><1O]1;’ (08 Z'O)X]OE 370 deed, we found a diffuse replacement of
Seer (0) (4.0 = 7.5)X10 (13 = 0.6)X10 23 .
T2 water the vascular wall by dense fibrous tissue
Topy (Ms) m =+ 24 75+ 8 001>  and multiple perivascular microbleeds
T,csr (M) 520 * 185 776 *+ 344 .098? in the white matter of the frontal lobe, in

Note:—a.u. indicates arbitrary units; Sg,y, (0) and Sc¢ (0), water signals corresponding to brain and cerebrospinal water,
respectively; T,gyw and T,cqp, Water relaxation times corresponding to brain and cerebrospinal water, respectively.

2 Statistical significance was set at P < .0125 after Bonferroni correction for multiple comparisons.

b Statistical significance was set at P < .0167 after Bonferroni correction for multiple comparisons.

< Significant.

Table 3: DTI derivate metrics in patients with MNGIE and healthy controls

the basal ganglia, and in the midbrain.
Pathologic features of vessels are rem-
iniscent of those described in cerebral

21-23

microvessel disease and point to

impaired intracerebral blood flow regu-

lation and blood-brain barrier permea-

ROI MD (Mean = SD) FA (Mean = SD) AD (Mean = SD)  RD (Mean = SD) . . . .
S bility as synergic mechanisms leading to
MNGIE 109 + 016 0.27 + 0.05 140 + 016 0.93 + 016 increased intracellular and intramyelin
Controls 079 * 0.05 0.40 = 0.02 114 +0.07 0.61+ 0.05 water content. The fibrosis of vascular
P Value® <.0001° <.0001° .0001° <.0001° smooth-muscle cells is in line with that
OR observed in the external layer of the
MNGIE 115 + 0.20 0.41+ 0,07 169 + 019 0.88 % 0.21 muscularis bropria of the sastrointesti.
Controls ~ 0.81+0.05 0.59 + 0.09 135 + 012 0.54 + 0.06 ;. Propr &
P Value® < 0001 0003° 0002° <0001 nal tract,” which is the main factor re-
PLIC sponsible for the severe dysmotility oc-
MNGIE 0.78 £ 0.06 0.61 £ 0.07 140 = 0.06 0.47 = 0.08 curring in most patients with MNGIE.
Controls 0.69 + 0.05 070 * 0.04 136 + 011 035+ 0.05 Analogous to observations in the mus-
P Value® .0019° .0008° 0.36 .0003° lari 2 and small s of th
e cularis propria and small vessels of the
MNGIE 0.88 * 0.08 0.66 + 0.06 164 + 011 0.49 = 010 gastrointestinal wall, brain angiopathy is
Controls 0.81 * 0.09 0.76 = 0.06 172 =019 35+0.08 also characterized by a severe mtDNA
P Value® 12 .0012° 0.37 .0028° depletion and COX deficiency, triggered

Note:—OR indicates optic radiation; CC, corpus callosum.

@ Statistical significance was set at P < .003 after Bonferroni correction for multiple comparisons.

® Significant.

siderin-laden macrophages, consistent with previous microbleed-
ing aspects, were observed close to fibrotic small vessels and cap-
illaries (Fig 3E). Immunohistochemical stains revealed increased
deposition of collagen IV in the basal lamina of several vessels (not
shown) and a slight perivascular gliosis (Fig 3F). The endothelial
layer, as observed by CD31 immunostaining, was unremarkable
(not shown). Immunostaining for amyloid was negative (not
shown).

Consistent with the mitochondrial etiology of the disease,
scattered neurons showed decreased expression of the mtDNA-
encoded COX I subunit. This feature was particularly evident in
the subependymal region of the lateral ventricles (not shown) and
was paralleled by mtDNA depletion in different regions of the
brain (frontal gray and white matter, and substantia nigra) and,
most important, in microdissected vascular smooth-muscle and
endothelial cells (Fig 4).

by the toxic effects of high circulating
levels of nucleosides.® A previous brain
neuropathologic study of 2 patients with
MNGIE showed an increase of albumin
immunoreactivity in the cytoplasm of reactive astrocytes com-
pared with controls."* This finding was interpreted as a result of a
functional blood-brain barrier alteration, as suggested by the em-
bryogenic role played by TYMP in glial proliferation.**

In all our patients, brain MR imaging demonstrated a typical,
diffuse (mild-to-severe) leukoencephalopathy, in striking con-
trast to the absence of clinical central nervous system involve-
ment, as observed in previously reported patients.® In particular,
in mildly affected patients, MR imaging signal alterations were
confined to the subependymal deep cerebral white matter, while
in the severely affected patients, these changes extended to the sub-
cortical white matter, deep gray matter, and subtentorial structures.
This gradient of MR imaging white matter abnormalities parallels the
prominent COX deficiency seen in case 7 in the periependymal tis-
sue, which may be damaged first by high CSF levels of thymidine.

"H-MR spectroscopy of the cerebral white matter of patients
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FIG 3. Histologic features of brain vessels in patient 7 with MNGIE. A, Representative image of a
penetrating arteriole showing increased collagen deposition in the tunica media (arrow) (H&E,
original magnification X40). B, Loss of smooth-muscle cells of the tunica media in a penetrating
vessel, especially evident at the outermost layer (smooth-muscle actin, original magnification
X40). C, A thick fibrous coat completely replaces the 3-layer structure of a penetrating vessel
(PicroSirius Red, original magnification X40). D, Fibrous replacement is associated with luminal
narrowing in a small brain vessel (PicroSirius Red, original magnification X40). E, Perl iron stain
consistent with hemosiderin deposits close to a brain capillary (Perls stain, original magnification
X40). F, Perivascular gliosis (glial fibrillary acidic protein, original magnification X40).

FIG 4. The mtDNA amount in the brain of patient 7 with MNGIE. A,
mtDNA amount in smooth-muscle and endothelial cells microdis-
sected by laser capture from an MNGIE brain and controls (n = 3)
(expressed as mtDNA copy per nucleus). B, The mtDNA amount in
different cerebral regions microdissected by laser capture from
MNGIE and controls (n = 3) (expressed as mtDNA copy per nucleus).
SN indicates substantia nigra; CTR, controls.
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with MNGIE showed significant reduc-
tions of NAA, Cho, and Cr concentra-
tions. The increase of the T2 of the wa-
ter signals, derived from a slower
decay of the unsuppressed water signal
at a short TE (26—-300 ms), may be at-
tributed to both intramyelinic and in-
tracellular water.>> The significant in-
crease in T2 of intracellular water of
patients compared with controls sug-
gests the enlargement of the intracellular
compartment and consequently sup-
ports the hypothesis of a dilution effect
underpinning the decreased metabolite
concentrations. Previous 'H-MR spec-
troscopy studies performed on 7 patients
with MNGIE suggested unchanged me-
tabolite ratios in the cerebral white mat-
ter."" For the first time, we provide
absolute metabolite quantification by
acquiring unsuppressed water spectra at
multiple TEs, to distinguish intra- from
extracellular water."®

In our patients with MNGIE, the
DTI metrics in the same parieto-occipi-
tal voxel of the "H-MR spectroscopy
study showed an increase of mean diffu-
sivity and a decrease of fractional anisotropy values, with a more
prominent involvement of the radial than longitudinal diffusivity.
To better estimate variations in axial and radial diffusivity, con-
sidering the abundance of white matter crossing fibers in the pa-
rieto-occipital voxel, we also evaluated DTI metrics in WM tracts
with high fiber directionality, such as the optic radiations, PLIC,
and splenium of corpus callosum. In all these structures, a prom-
inent increase of radial diffusivity was confirmed (Table 3). ROIs
of the splenium of the corpus callosum and PLIC showed a selec-
tive increase in radial diffusivity with unchanged axial diffusivity.
Radial diffusivity is considered a measure of myelin integrity,”® as
demonstrated by its selective increase in the corpus callosum of

2728 and in

animal models with cuprizone-induced demyelination
the optic nerves of mice with demyelination resulting from retinal
ischemia.?” Similarly, in patients with relapsing-remitting multi-
ple sclerosis, tract-specific DTI analysis of the optic radiations
showed selective increases in RD only within the T2 lesions and,
therefore, related to local myelin disruption.”®

The absence of demyelination at postmortem examination in
one of our patients with MNGIE as well as in the other 2 previ-
ously reported cases'* points to increased intramyelin water con-
tent as the most likely explanation for prominent or selective ra-
dial diffusivity found in brain white matter structures in our
patients. A negative correlation between N-acetylaspartate con-
centration and mean diffusivity values within the same white mat-
ter volume was demonstrated, supporting the hypothesis of a
dilution effect as the basis of the metabolite concentration reduc-
tion, possibly affecting neuronal cells, because no correlation was
observed between any other metabolite concentration expressed
in either neural or glial cells and any DTI metrics.



In addition to fibrous replacement of the vascular wall, the
neuropathologic study revealed multiple microbleeds in the white
matter of the frontal lobe, basal ganglia, and midbrain. None of
the MNGIE T2-weighted images revealed foci of local signal loss
consistent with the presence of hemosiderin deposits,’' though
sequences such as gradient-echo T2*-weighted susceptibility-
weighted imaging, the most sensitive MR imaging for the detec-
tion of hemosiderin deposits,** were not acquired. However, the
neuroradiologic and clinical features characterizing small-vessel
disease, such as lacunar strokes and progressive cognitive de-
cline,”” were absent in all our patients, suggesting key differences
of small-vessel involvement in MNGIE compared with other
conditions.

CONCLUSIONS

White matter metabolic and microstructural alterations detected
in patients with MNGIE can be related to microangiopathy in the
deep white matter and an energy metabolism deficit in the sub-
ependymal cells. Leukoencephalopathy in MNGIE may be the
result of endothelial failure due to thymidine toxicity and mtDNA
depletion, which may induce blood-brain barrier dysfunction and
microangiopathy, leading to increased white matter water con-
tent. The question of whether leukoencephalopathy is a reversible

feature cannot be solved at present. Long-term follow-up of pa-

34,35

tients with bone marrow and liver transplantation®® will

likely provide an answer.
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Cerebellar Hypoperfusion in Migraine Attack:
Incidence and Significance

F. Kellner-Weldon, ““M. El-Koussy, ““'S. Jung, ““'M. Jossen, ““'P.P. Klinger-Gratz, and ““'R. Wiest
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ABSTRACT

BACKGROUND AND PURPOSE: Patients diagnosed with migraine with aura have an increased lifetime risk of ischemic stroke. It is not yet
clear whether prolonged cortical hypoperfusion during an aura increases the immediate risk of cerebellar infarction because it may induce
crossed cerebellar diaschisis and subsequent tissue damage. To address this question, we retrospectively analyzed potential relationships
between cortical oligemia and cerebellar hypoperfusion in patients with migraine with aura and their potential relation to small infarct-like
cerebellar lesions.

MATERIALS AND METHODS: One hundred six migraineurs who underwent MR imaging, including DSC perfusion, were included in the
study. In patients with apparent perfusion asymmetry, we used ROl analysis encompassing 18 infra- and supratentorial ROls to account for
differences in regional cerebral blood flow and volume. The presence of cerebellar hypoperfusion was calculated using an asymmetry
index, with values of >10% being considered significant.

RESULTS: We observed perfusion asymmetries in 23/106 patients, 22 in patients with migraine with aura (20.8%). Cerebellar hypoperfusion
was observed in12/23 patients (52.2%), and crossed cerebellar diaschisis, in 9/23 patients (39.1%) with abnormal perfusion. In none of the 106
patients were DWI restrictions observed during migraine with aura.

CONCLUSIONS: Cerebellar hypoperfusion and crossed cerebellar diaschisis are common in patients with migraine with aura and cortical
perfusion abnormalities. Crossed cerebellar diaschisis in migraine with aura may be considered a benign phenomenon because we
observed no association with DWI restriction or manifest cerebellar infarctions, even in patients with prolonged symptom-related
perfusion abnormalities persisting for up to 24 hours.

ABBREVIATIONS: Al = asymmetry index; CCD = crossed cerebellar diaschisis; HCH = hypoperfused cerebellar hemisphere; MwA = migraine with aura;

rCBF = regional CBF; rCBV = regional CBV

Migraine is the most frequent primary headache and affects
up to 12% of the general population,' causing disabling
symptoms during attacks. Migraine without aura is defined as a
recurrent headache with attacks lasting between 4 and 72 hours,
typically unilateral, of pulsatile quality, with moderate severity
that is aggravated by routine physical activity and associated with
nausea and/or photo- and phonophobia.” In contrast, migraine
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with aura (MwA) presents with transient focal neurologic symp-
toms that may mimic acute ischemic stroke, particularly if not
immediately followed by a typical headache.' Patients who have
MwA have an increased lifetime risk of latent cerebellar infarc-
tions that is twice as high as that in the unaffected population.” In
patients with MwA, most WM lesions (80%) are observed in the
posterior cerebral artery territory, most pronounced along vascu-
lar borderzones. Spreading oligemia associated with neuronal de-
pression—a condition induced by a slowly propagating wave of
neuronal and glial depolarization within the cerebral cortex—has
been postulated as the most likely cause.* Hemodynamic re-
sponses because of spreading depression may, like ictal and pos-
tictal neuronal activation and deactivation, induce regional brain
perfusion changes that are sensitive to MR perfusion imaging.
Variant patterns of perfusion changes have been observed during
onset, spread, and termination of migraine attacks.>™®

Cortical hypoperfusion may also be associated with crossed
cerebellar diaschisis (CCD), a depression of CBF and metabolism
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FIG 1. ROI analysis for perfusion parameters: CER indicates cerebellum; Put, putamen; I, insula; T, thalamus; A, arterial territory of the anterior
cerebral artery; M, arterial territory of the middle cerebral artery; P, arterial territory of the posterior cerebral artery; PREC, precentral gyrus;

POSTC, postcentral gyrus.

in the cerebellar hemisphere contralateral to a supratentorial neu-
ronal deactivation. CCD is observed in several disorders that re-
sult in neuronal damage or depletion, such as acute ischemic

11,12

motor stroke,”'? hemorrhage,'"*'* and epilepsy with disturbance

of the motor network."” So far, CCD in migraine has only been

14,15

described anecdotally as posing a risk of subsequent brain
infarctions for patients with CCD. The aim of our study was to
investigate the association between cortical oligemia and cerebel-
lar hypoperfusion in patients with MwA and their potential rela-

tion to small infarct-like cerebellar lesions.

MATERIALS AND METHODS

Study Population

We retrospectively identified patients with a proved history of
migraine, admitted to our tertiary care stroke center between Oc-
tober 2010 and October 2013 who were referred for MR imaging
within 24 hours of onset of symptoms of suspected stroke. Pa-
tients were diagnosed with migraine if they fulfilled the criteria
specified in the International Classification of Headache Disor-
ders.” The diagnosis was confirmed by a board-certified neurolo-
gist either at discharge or, in cases of a first episode, after confir-
mation during follow-up visits. The demographic characteristics
and clinical history were obtained from the case records. The
study was approved by the local ethics committee. Inclusion cri-
teria were the following: 1) confirmed migraine according to the
International Headache Society'; 2) MR imaging within 24 hours
of the onset of symptoms according to the standardized stroke
protocol, which included perfusion imaging. Exclusion criteria
were any cause of secondary headache (eg, cerebral vascular isch-
emia, sinus venous thrombosis, tumor, hemorrhage, dissection,
or encephalitis). Due to the retrospective nature of this study, we
did not exclude patients who were taking medication.

Image Acquisition

The imaging studies were performed with either a 1.5T or 3T
scanner (Magnetom Avanto, Magnetom Aera, or Magnetom
Verio; Siemens, Erlangen, Germany) using a standard 12-channel
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head coil. Gadobutrol (Gadovist; Bayer Schering Pharma, Berlin,
Germany) at 0.1 mL/kg body weight was injected before the per-
fusion sequence. Perfusion parameters were as follows: 1.5T: TR,
1410 ms; TE, 30 ms; averages, 1; FOV read, 230 mm; FOV phase,
100%; voxel size, 1.8 X 1.8 X 5.0 mmy; flip angle, 90° 80 repeti-
tions; acquisition time, 1:59 minutes; 3T: TR, 1400 ms; TE, 29 ms;
averages, 1; FOV read, 230 mm; FOV phase, 100%; voxel size,
1.8 X 1.8 X 5.0 mm; flip angle, 90° 80 repetitions; acquisition
time, 1:59 minutes. Nineteen parallel images were acquired with a
slice thickness of 5.0 mm. Time-of-flight axial 3D MR angiogra-
phy was performed with the following parameters for 1.5T: TR, 23
ms; TE, 7 ms; flip angle, 25°% FOV read, 230 mm; FOV phase, 94%;
voxel size, 1.3 X 1.2 X 1.0 mm; number of slices, 78; number of
averages, 1; for 3T: TR, 22 ms; TE, 3.6 ms; flip angle, 18° FOV
read, 181 mm; FOV phase, 90%; voxel size, 1.2 X 1.2 X 0.5 mm;
number of slices, 78; number of averages, 1.

Image Analysis

Perfusion Analysis. Postprocessing for perfusion image analysis
was performed with an FDA-approved postprocessing software
package Olea Sphere 2.0 (Olea Medical, La Ciotat, France). The
arterial input function was selected automatically using a cluster
analysis algorithm,'® and the deconvoluted perfusion parameters
were calculated using the oscillation index-type extension of the
block-circulant singular value decomposition technique.'” Two
radiologists with >15 years of experience qualitatively analyzed
the perfusion data of all patients with the intention of depicting
perfusion disturbances in any supratentorial area of the brain
parenchyma on TTP, CBF, or CBV maps once consensus had
been reached. The window width was manually adjusted to
maximize visual contrast. The imaging data of patients with
perfusion asymmetries were further analyzed in a semiquanti-
tative fashion.

Semiquantitative Imaging Analysis. To account for focal

changes of perfusion, ROI positioning followed the ASPECTS



FIG2. CCDinal4-year-old girl presenting with MwA and CCD. Slices A and C show rCBF images of the
infra- and supratentorial brain, and slices B and D, rCBV images respectively. The patient presented
with HCH in the right cerebellum with overt hemispheric perfusion asymmetry. Fourteen of 17 supra-
tentorial ROIs in the left supratentorial hemisphere exceeded the Al threshold with lateralization of
hypoperfusion contralateral to the cerebellum. Bars indicate relative values for CBV and CBF.

score'®1?

with 1 additional slice covering the sensory and motor
cortex and frontal superior gyrus. ROIs were semiautomatically po-
sitioned on the postprocessed parameter maps, and the numeric val-
ues were extracted for TTP, MTT, regional CBF (rCBF), regional
CBV (rCBV), and time-to-maximum of the tissue residue function
time-to-maximum.'® For each hemisphere, 18 ROIs were placed as
in Fig 1.

Because DSC MR perfusion imaging must be considered a
semiquantitative method, we calculated an asymmetry index (AI)
for the paired ROIs of the parameters rCBF and rCBV.?>*! The
apparently more severely hypoperfused hemisphere was identi-
fied by experts. The AI was calculated using the following
formula: AT = 200 X (ROL, g a1 — ROy o persusea)/ (ROL
ROI *> We heuristically set the cutoff at >10% for

asymmetric perfusion, in line with previous work on perfusion
23,24

normal +

contralateral) .

imaging in patients with epilepsy.
CCD was defined as involving 2 conditions: 1) an Al value of
>10% within 1 hypoperfused cerebellar hemisphere (HCH), and
2) an asymmetry in the contralateral hemisphere with an Al value
of >10% in a majority of any of the supratentorial ROIs.
A sample description is provided in Fig 2.

Vertebral Artery Configuration

The vertebral arteries were analyzed on
TOF angiograms to look for patency or
hypoplasia to exclude perfusion abnor-
malities in the PICA territory related to
an occluded or hypoplastic vessel. Ver-
tebral artery hypoplasia was defined as a
diameter of the vertebral artery of <1
mm.

Statistics

We used SPSS (Version 21; IBM, Ar-
monk, New York) for statistical analysis.
Descriptive data are presented as mean
and SD or median. We used the Student
t test for normally distributed supraten-
torial data and the Mann-Whitney U
test for not normally distributed in-
fratentorial data to compare numbers of
ROIs with AT > 10% and mean values of
AT (%) between groups. A P value < .05
was considered significant.

RESULTS

We identified 191 patients with mi-
graine from our data base. Of these, 106
patients underwent a dedicated stroke
protocol within 24 hours of onset of
symptoms and 98 were finally diagnosed
with MwaA. In 23/106 patients (21.69%)
patients, we identified focal cortical hy-
poperfusion. None of the patients pre-
sented with a DWI restriction. Fifteen of
the 23 were female. Mean age was 28.8
years (range, 13—77 years). The laterality
of the clinical symptoms was left-sided
in 8 patients and right-sided in 11. Alternating clinical patterns
were observed in 2, and nonspecific symptoms, in 2 patients.
MwA was the predominant final diagnosis in the patients with
perfusion asymmetry, 22/23 patients.

For 13 of these 23 patients, the time between onset of symp-
toms and imaging was precisely documented (mean, 212 minutes;
range, 95—429 minutes; median, 180 minutes). For the remaining
10 patients, the records documented MR imaging being per-
formed within 12 hours of symptom onset. Of the 83 patients who
had no perfusion alterations, the time between the onset of symp-
toms and MR imaging was precisely documented for 45 patients
(mean, 384 minutes; range 55—-1400 minutes; median, 315 min-
utes). For the remaining 38 patients, the onset of symptoms oc-
curred up to 24 hours before the MR imaging. See Table 1 for
clinical information on all patients and Table 2 for information on
the subgroup of patients with and without CCD. Patients with
cortical oligemia presented more often with aura symptoms than
patients with normal perfusion. In patients with cortical oligemia,
language and sensory symptoms were reported more fre-
quently than visual and motor symptoms. Patients with HCH
and the subgroup with CCD had a slightly lower frequency of

AINR Am J Neuroradiol 39:435-40 Mar 2018  www.ajnr.org 437



sensory symptoms than the non-HCH group, but other aura
symptoms were equally distributed between the groups (Tables
1 and 2). Aura symptoms were not a predictor of HCH or CCD
(Table 2).

Semiquantitative Evaluation

Overall, we included 18 paired ROIs in the analysis. The size of

each ROI was kept uniform for all patients but varied among

regions to account for regional anatomy (mean, 291 = 100 mm?;

range, 132-471 mm?). All 23 patients presented with at least 1

supratentorial ROI with an Al value of >10% rCBF and rCBV.
Twelve patients had HCH. Nine of these patients presented

Table 1: Clinical characteristics

Abnormal Normal
Yl Perfusion Perfusion
Symptom n=23 % n=83 %
Headache 21 913 69 573
Aura symptoms 22 95.7 76 63.1
Visual 10 435 44 36.5
Sensory 17 73.9 37 30.7
Motor 8 34.8 22 18.3
Language n 47.8 16 133

Table 2: Predominant clinical symptoms in patients with abnormal cortical perfusion

with reduced rCBF contralateral to the ill-perfused cerebellar
hemisphere (CCD-positive); in 3 patients, we detected cortical
rCBF reduction ipsilateral to the cerebellum. All patients with
HCH presented with clinical symptoms attributable to a region of
cortical hypoperfusion in the contralateral hemisphere (Table 3).

When HCH was present, the number of ROIs with an AI >
10% found contralateral to the hypoperfused cerebellar hemi-
sphere (103 for rCBF and 101 for rCBV) was nearly twice the
number of ROIs which exceeded the threshold of 10% in the
ipsilateral hemisphere (51 for rCBF and 54 for rCBV).

We observed no significant differences between HCH and
non-HCH groups for mean Al values of rCBF and rCBV in the
supratentorial hemisphere (Table 4).

Vertebral Artery Configuration

In 22/23 patients, the vertebral artery appeared normal. One pa-
tient with CCD-positive MwA had a hypoplastic vertebral artery,
which tapered into the PICA on the side of the hypoperfused
cerebellum.

DISCUSSION

In this retrospective single-center study, we aimed to investigate
the association between oligemia and HCH in patients with
migraine and its potential relation to
small infarct-like cerebellar lesions.

Patie,"ts Vf'ith We observed cortical oligemia in 23/
Predominant Olisemia HCH (CCD Subgroup) Non-HCH 106 (21.69%) patients who underwent
/i S 2 & iG] ) n=T & MR imaging to rule out ischemic
Headache 2 o13 10(7) 435(304) 1 47.8 stroke. Fifty-two percent of patients
Aura symptoms 22 95.7 12(9) 52.2(39.) 10 435 . . . .
Visual 10 235 5(2) 217 (87) 5 17 with oligemia presented with abnor-
Sensory 17 73.9 7(5) 304 (217) 10 435 mal cerebellar perfusion, and 39.1%
Motor 8 34.8 4(4) 17.4 (17.4) 4 7.4 fulfilled the criteria for CCD, render-
Language n 478 6(6) 261(261) 5 217 ingit a frequent consequence of corti-

Table 3: The number of ROIs with an Al of > 10% in supratentorial oligemia (maximum, 17
per patient), in the group with hemispheric cerebellar hypoperfusion7154/ 204) and in the
group with symmetric cerebellar perfusion (145/187)

Abnormal ROIs (Al > 10%)

Patients with Hemispheric
Cerebellar Hypoperfusion

Patients with Symmetric
Cerebellar Perfusion

(n=12) (n=1)

rCBF (No.)

Total No. (%) 154 (75.5) 145 (77.5)

Contralateral 103

Ipsilateral 51
rCBV (No.)

Total No. (%) 155 (75.5) 139 (74.3)

Contralateral 101

Ipsilateral 54

Table 4: Mean Al for hypoperfused cerebellar hemisphere and non-HCH (rCBF and rCBV)*

Al Absolute Values (%)

Group HCH Group Non-HCH
(n=12) (n="1)
Mean SD Mean SD P Value
rCBF supratentorial 27.60 6.85 26.30 6.66 .51
rCBV supratentorial 26.75 6.66 24.64 6.27 48
rCBF infratentorial 30.56 16.77 4.24 323 <.001
rCBV infratentorial 25.69 16.00 4.02 2.53 <.001

2 Significant differences were noted only for infratentorial ROls.
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cal spreading depression unrelated to
vertebral artery hypoplasia.”®
Cerebellar hypoperfusion in patients
with stroke is associated with a worse
clinical outcome than if it was not
present, related to deafferentation and
transneural metabolic depression.*® In
seizure-related CCD, the outcome is
variable, ranging from complete neuro-
logic recovery to permanent disability
depending on the duration of prolonged
excitatory synaptic activity affecting
cortico-ponto-cerebellar pathways.”” "
While diffusion restriction is a common
consequence of perfusion changes and
related metabolic depletion in patients
with stroke and epilepsy, this should be
considered an exceptional phenomenon
in migraine. In our cohort, none of the
106 patients had restricted diffusion
or preexisting cerebellar infarct-like
lesions. Although CCD was frequent,
none of our patients with migraine ex-
perienced permanent deficits. We con-
clude that unlike in stroke- and seizure-



related CCD, CCD in MwA may be considered a benign
phenomenon.

Cerebellar hypoperfusion has been addressed as a potential
cause of cerebellar infarct-like lesions in MwA in previous stud-
ies.” The findings of our retrospective study do not support the
hypothesis of an increased risk of episode-triggered and oligemia-
related hypoxic cerebellar infarctions. In our series, none of the
patients with oligemia reached the ischemic threshold. In patients
with MwaA, the severity of cortical oligemia, expressed as increas-
ing Al, was not directly associated with HCH or CCD, in contrast
to observations in patients with ischemic stroke.”® The size of the
supratentorial oligemic area, expressed by the number of supra-
tentorial ROIs beyond the threshold AI of >10%, also did not
predict the likelihood of HCH or CCD. From a methodologic
point of view, we excluded the transition parameters (TTP and
MTT) from our perfusion analysis. Our findings were in line with
those of Forster et al,*> who demonstrated that perfusion abnor-
malities in patients with MwA are predominantly substantiated
by CBF and CBV changes. TTP analysis of the cerebellar hemi-
spheres is hampered by variant vertebral artery configurations
that directly influence the TTP and MTT maps, while no such
detrimental effects have been reported for CBF analysis.”*

Furthermore, it is not yet known whether the development of
infarct-like lesions is facilitated by multifactorial interactions of
severe oligemia with other impeding factors that are not detected
by perfusion MR imaging (eg, increased vulnerability to blood
flow reduction). An increased susceptibility to acute ischemic in-
jury has been demonstrated in patients with migraine, due to an
unstable penumbra, especially in those with MwA.*” Greater sus-
ceptibility to spreading depolarization in migraine-susceptible
brains may be another potential mechanism for increased cere-
bral vulnerability to ischemia and stroke. Similar findings have
been reported in an animal study.’* Thus, typical episodes with
regularly experienced aura symptoms may reflect benign oligemia
not related to tissue damage, while prolonged and severe hypoxic
episodes may ultimately induce parenchymal damage, which was
not observed in our cohort.

This study has some limitations. Due to its retrospective de-
sign, there was no healthy control group. Because expert analysis
was performed to select apparent perfusion deficits in patients
with migraine, a rater-dependent bias cannot be fully excluded.
However, in healthy volunteers, interhemispheric asymmetry is
minimal (1.01%-3.14%) and symmetric rCBF distribution can be
assumed between homologous regions, independent of age.””
Thus, our ROI-based semiquantitative analysis with the rather
strict threshold of >10%, as commonly used in stroke or epilepsy
studies, may be considered appropriate to balance measurements
of random asymmetry and spreading oligemia.”** Finally, all
patients were symptom-free during follow-up. However, we can-
not fully exclude the possibility that asymptomatic parenchymal
damage may have remained undetected. Further studies would be
required to answer this question.

CONCLUSIONS

HCH and CCD are frequently observed in patients presenting
with acute MwA. Cerebellar hypoperfusion in patients with mi-
graine appears, in contrast to stroke- and seizure-related CCD, to

be a benign phenomenon. Our study could not provide evidence
for alink between cerebellar hypoperfusion and cortical hypoper-
fusion in the pathogenesis of cerebellar infarctions but encourages
future investigations that pay special attention to factors other
than hypoperfusion alone to better understand the cause of in-
farct-like lesions in the cerebellum of patients who have MwA.

Disclosures: Roland Wiest—UNRELATED: Grants/Grants Pending: Swiss National
Foundation, Swiss Heart Foundation.
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ORIGINAL RESEARCH
ADULT BRAIN

lodine Extravasation Quantification on Dual-Energy CT of the
Brain Performed after Mechanical Thrombectomy for Acute
Ischemic Stroke Can Predict Hemorrhagic Complications

M. Bonatti, G.A. Zamboni, ““'F. Vittadello, R. Pozzi Mucelli, and “*'G. Bonatti

k|

F. Lombardo, R. Currd Dossi, ““'B. Bonetti,

ABSTRACT

BACKGROUND AND PURPOSE: Intracerebral hemorrhage represents a potentially severe complication of revascularization of acute
ischemic stroke. The aim of our study was to assess the capability of iodine extravasation quantification on dual-energy CT performed
immediately after mechanical thrombectomy to predict hemorrhagic complications.

MATERIALS AND METHODS: Because this was a retrospective study, the need for informed consent was waived. Eighty-five consecutive
patients who underwent brain dual-energy CT immediately after mechanical thrombectomy for acute ischemic stroke between August
2013 and January 2017 were included. Two radiologists independently evaluated dual-energy CT images for the presence of parenchymal
hyperdensity, iodine extravasation, and hemorrhage. Maximum iodine concentration was measured. Follow-up CT examinations per-
formed until patient discharge were reviewed for intracerebral hemorrhage development. The correlation between dual-energy CT
parameters and intracerebral hemorrhage development was analyzed by the Mann-Whitney U test and Fisher exact test. Receiver
operating characteristic curves were generated for continuous variables.

RESULTS: Thirteen of 85 patients (15.3%) developed hemorrhage. On postoperative dual-energy CT, parenchymal hyperdensities and
iodine extravasation were present in 100% of the patients who developed intracerebral hemorrhage and in 56.3% of the patients who did
not (P = .002 for both). Signs of bleeding were present in 35.7% of the patients who developed intracerebral hemorrhage and in none of
the patients who did not (P < .001). Median maximum iodine concentration was 2.63 mg/mL in the patients who developed intracerebral
hemorrhage and 1.4 mg/mL in the patients who did not (P < .001). Maximum iodine concentration showed an area under the curve of 0.89
for identifying patients developing intracerebral hemorrhage.

CONCLUSIONS: The presence of parenchymal hyperdensity with a maximum iodine concentration of >1.35 mg/mL may identify patients
developing intracerebral hemorrhage with 100% sensitivity and 67.6% specificity.

ABBREVIATIONS: DECT = dual-energy CT; ICH = intracerebral hemorrhage; PH = parenchymal hematoma; VNC = virtual unenhanced reconstructions

M echanical thrombectomy in addition to intravenous tissue
plasminogen activator administration has become the
treatment of choice for patients with ischemic stroke secondary to
a large-vessel occlusion.”” Despite the advances in patient selec-
tion, intracerebral hemorrhage (ICH) still represents a relevant
complication of both mechanical thrombectomy and intravenous
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thrombolysis, with a prevalence ranging from 4.3% to 43%.>"
ICHs following revascularization for acute ischemic stroke com-
prise hemorrhagic infarction and parenchymal hematoma (PH);
hemorrhagic infarction is often asymptomatic, whereas PH is
associated with high mortality rates and significantly worsened
patient prognosis.”” Unenhanced CT is commonly performed
within 24 hours after the treatment to rule out ICH.® Areas of
increased attenuation can be observed in 33%—86% of the pa-
tients immediately after mechanical thrombectomy, mainly as a
consequence of iodinated contrast material extravasation second-
ary to blood-brain barrier disruption, but the differential diagno-
sis with intracerebral hemorrhage can be challenging on single-
energy CT acquisitions.””'?

Dual-energy CT (DECT) has already proved to be helpful in
differentiating contrast material extravasation and hemorrhage
by subtracting the iodine component from the hyperdense area
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on virtual unenhanced reconstructions (VNC).”'»!*1® How-
ever, late hemorrhagic complications may also occur in patients
without bleeding signs on 24-hour CT. Given the impact of ICH
on patient medical management (eg, platelet antiaggregants
should be avoided in patients thought to have high bleeding risk),
many algorithms have been developed to attempt to identify pa-
tients at higher risk for ICH development.*>'”~*!

The aim of our study was to assess the capability of iodine
extravasation quantification on dual-energy CT performed im-
mediately after mechanical thrombectomy to predict hemor-
rhagic complications.

MATERIALS AND METHODS

Patient Population

This was a retrospective study approved by our institutional re-
view board; the need for informed consent was waived. We con-
sidered for inclusion 114 consecutive patients who underwent
mechanical thrombectomy at Bolzano Central Hospital between
August 2013 and January 2017 because of acute ischemic stroke
secondary to a large-vessel occlusion with a National Institutes of
Health Stroke Scale score of >6 and symptom onset <6 hours for
anterior circulation and <12 hours for posterior circulation. All
patients underwent preprocedural unenhanced brain CT and CT
angiography. Since 2007 in our institution, unenhanced brain CT
is performed immediately after mechanical thrombectomy to rule
out hemorrhagic complications; since August 2013, we acquire it
with a dual-energy protocol to more confidently differentiate io-
dine extravasation from hemorrhage.'* The inclusion criterion
was performance of unenhanced DECT of the brain within 1 hour
after mechanical thrombectomy (91/114 patients). Exclusion cri-
teria were unsatisfactory image quality because of motion artifacts
(5/91 patients) and loss of DECT data (1/91 patients). Therefore,
our study population included 85 patients, 52 men and 33
women, with a median age of 70 years (range, 31-87 years). All
patients underwent follow-up CT 24 hours after the procedure
unless earlier due to clinical worsening; further follow-up CTs
were performed according to clinical status.

Imaging Protocols

Endovascular procedures were performed on a biplane x-ray sys-
tem (Allura Xper FD20/20; Philips Healthcare, Best, the Nether-
lands) by 1 of a pool of 4 radiologists with 3-25 years of experience
in interventional neuroradiology. All patients were treated ac-
cording to a sequential approach that consisted of first-line aspi-
ration using a SMAX/4MAX reperfusion catheter (Penumbra, Al-
ameda, California) followed by mechanical thrombectomy with a
Solitaire Flow-Restoration stent retriever (Covidien, Irvine, Cali-
fornia)>**° if aspiration was unsuccessful.

CT examinations were performed on a second-generation
dual-source CT scanner (Somatom Definition Flash; Siemens,
Erlangen, Germany) equipped with a tin filter. Immediate post-
operative examinations were performed using a dual-energy tech-
nique (80/Sn140 kV[peak]), whereas preoperative and follow-up
examinations were performed using a single-energy technique
(120 kVp). All patients were positioned supine on the table with
their arms along the body. Scanning parameters are reported in
Table 1.
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Table 1: Scanning parameters for postoperative unenhanced
dual-energy brain CT and follow-up unenhanced brain CT

DECT SECT
Spiral Spiral
Caudocranial Caudocranial

Scanning technique
Scan direction

kvp 80/140 120
mAs ref 310/155 390
Collimation (mm) 40 X 0.6 128 X 0.6
Rotation time (sec) 0.5 1
Pitch 0.7 0.55
CARE Dose 4D? On On
CARE-kV? Not available Off
X-CARE? Not available On
Kernel D34f H40s

Note:—SECT indicates single-energy CT; ref, reference.

2 Siemens.

Image Analysis

Postoperative DECT images were independently and randomly
evaluated by 2 radiologists with 8 and 5 years of experience in
diagnostic neuroradiology, blinded to clinical data, using 3-mm-
thick multiplanar reconstructions. Window levels were set as sug-
gested by the manufacturer and adjusted as needed. For each pa-
tient, simulated 120-kV images, VNC images, and iodine map
images were generated using commercially available software
(syngo.via, Dual-Energy CT Brain Hemorrhage application, Ver-
sion VA30A; Siemens). Simulated 120-kV images represent a
weighted average of the original low-kilovolt and high-kilovolt
images, whereas VNC images and iodine map images are gener-
ated using a 3-material decomposition algorithm. For qualitative
image analysis, the presence (yes/no), distribution (deep white
matter, cortical-subcortical, or both), and homogeneity (homo-
geneous/inhomogeneous) of parenchymal hyperdensities were
assessed on simulated 120-kV images; the presence of iodine ex-
travasation (yes/no) was assessed on iodine map images, and the
presence of ICH (yes/no) was assessed on VNC images. Inter-
reader discrepancies were solved by consensus. For quantitative
image analysis, the average attenuation value (Hounsfield unit) at
the site of maximum apparent attenuation (further reported as
“maximum hyperdensity attenuation”) was measured on simu-
lated 120-kV images by drawing a 0.3-cm” round ROI, and the
average iodine concentration (milligrams/milliliter) at the site of
maximum apparent iodine extravasation (further reported as
“maximum iodine concentration”) was measured on iodine map
images by drawinga 0.3-cm? dual-energy ROI circle. The mean of
the values obtained by the 2 readers was used for further analyses.

The Alberta Stroke Program Early CT Score was assessed on
preoperative unenhanced CT of each patient by the 2 radiologists
in consensus.

Finally, the 2 readers in consensus reviewed all the follow-up
CTs, specifically looking for ICH development. ICH was defined
by the presence of parenchymal hyperdensity persisting/increas-
ing >48 hours after the procedure and/or by the appearance of
new hyperdense lesions*®; ICH on follow-up CTs was consid-
ered the reference standard for our study. ICHs were further
subdivided according to the European Cooperative Acute
Stroke Study classification® into hemorrhagic infarction and
parenchymal hematoma.



Table 2: Results of postoperative DECT image analysis with interreader concordance and subsequent consensus

Presence of iodine extravasation

range 45-701)

range 47-789)

Reader 1 Reader 2 Interreader Concordance Consensus

Presence of parenchymal hyperdensity

Yes 53/85 (62.4%) 53/85 (62.4%) k = 0.95; 95% Cl, 0.882-1.000 54/85 (63.5%)

No 32/85(37.6%) 32/85(37.6%) 31/85(36.5%)
Hyperdensity location

DWM 26/53 (49.1%) 31/53 (58.5%) Kk = 0.745;95% Cl, 0.588-0.903 29/54 (53.7%)

DWM -+ cortical/subcortical 21/53 (39.6%) 16/53 (30.2%) 18/54 (33.3%)

Cortical/subcortical 6/53 (11.3%) 6/53 (11.3%) 7/54 (13.0%)
Hyperdensity homogeneity

Homogeneous 29/53 (54.7%) 31/53 (58.5%) k = 0.799; 95% Cl, 0.632-0.966 30/54 (55.6%)

Inhomogeneous 24/53 (45.3%) 22/53 (41.5%) 24/54 (44.4%)
Mean maximum attenuation (HU) 100 (median 77, 103 (median 76, P =.999 74 (range, 47-745)

Yes 53/85 (62.4%) 53/85 (62.4%) k = 0.976;95% Cl, 0.929-1.000 54/85 (63.5%)
No 32/85(37.6%) 32/85(37.6%) 31/85(36.5%)
Mean maximum iodine concentration 3.0 (median,1.8; 2.9 (median,1.6;range P =.926 1.8 (range, 0.5-28.1)
(mg/dL) range 0.5-28.4) 0.6-27.7)
Hemorrhage on VNC images
Yes 5/85 (5.9%) 5/85 (5.9%) K = 1.000; 95% Cl,1.000-1.000 5/85 (5.9%)
No 80/85 (94.1%) 80/85 (94.1%) 80/85 (94.1%)
Note:—DWM indicates deep white matter.
Clinical-Radiologic Data Collection RESULTS

A third physician, not involved in image analysis, retrieved, from
our institutional data base, the following data for each patient:
sex, age, time of symptom onset, National Institutes of Health
Stroke Scale score at admission, site of vessel occlusion at preop-
erative CTA, preoperative intravenous tissue plasminogen activa-
tor administration (Actilyse; Boehringer Ingelheim, Ingelheim,
Germany), general anesthesia during the interventional proce-
dure, number of aspiration and thrombectomy attempts, arterial
stent delivery, puncture-to-recanalization time, time to recanali-
zation, and the postoperative Thrombolysis in Cerebral Infarc-
tion angiographic score.

Statistical Analysis

Continuous variables are reported as mean and/or median values
and range (minimum and maximum); categoric variables, as
numbers and percentages. Interobserver agreement was calcu-
lated according to weighted k statistics; agreement was considered
very good if k = 0.81-1.00, good if k = 0.61-0.80, moderate if
Kk = 0.41-0.60, fair if k = 0.21-0.40, and poor if k < 0.20. Inter-
reader discrepancies for quantitative image analysis were evalu-
ated using the Wilcoxon test for paired data. The comparison
between subgroups (ICH versus non-ICH) was performed with
the Mann-Whitney U test for continuous variables, whereas
qualitative data were compared using the x* or Fisher exact tests
(Fisher-Freeman-Halton test for RXC tables) when necessary.
Receiver operating characteristic curves were calculated for con-
tinuous variables significantly associated with ICH. Multivariate
logistic regression analyses (Wald statistic criteria, using the back-
ward elimination method), adjusted for variables with a P < .05
on univariate analysis, were built to assess the value of these pa-
rameters to predict the risk of bleeding using a conditional for-
ward procedure. Correlation between maximum iodine density
and maximum attenuation was evaluated using the Spearman
rank correlation coefficient. All tests were 2-sided; P values < .05
were considered statistically significant. Statistical analysis was
performed using SPSS, Version 18.0 (IBM, Armonk, New York).

Pre- and Perioperative Data

Patients showed a mean NIHSS score of 20 (median, 20; range,
7—40) at admission. The mean ASPECTS at preoperative unen-
hanced brain CT was 8.9 (median, 10; range, 6—10). Seventy-six of
85 (89.4%) patients had an anterior circulation stroke, whereas
9/85 (10.6%) had a posterior circulation stroke. “Tandem” occlu-
sion was present in 15/85 (17.6%) cases. Tissue plasminogen ac-
tivator was administered to 40/85 (47.1%) patients. Fifty of 85
(58.8%) procedures were performed with the patient under gen-
eral anesthesia, and 35/85 (41.2%), with the patient under con-
scious sedation. Fifty-eight of 85 (68.2%) patients were treated
with aspiration only, and 27/85 (31.8%), with aspiration followed
by stent-retriever thrombectomy. The median number of aspira-
tion attempts was 2 (range, 0—8). The median number of retrieval
attempts in the 27/85 patients who underwent stent-retriever
thrombectomy was 2 (range, 1-4). A carotid artery stent was po-
sitioned in 6/85 (7%) patients. The mean time to recanalization
was 4 hours 43 minutes (range, 1 hour 25 minutes to 9 hours 40
minutes), and the mean puncture-to-recanalization time was 68
minutes (range, 15-167 minutes). The TICI score was 0 in 10/85
(11.8%) patients; 1 in 5/85 (5.9%); 2a in 15/85 (17.6%); 2b in
16/85 (18.8%); and 3 in 39/85 (45.9%); therefore, revasculariza-
tion was considered successful in 55/85 (64.7%) cases.

Image Analysis

The results of postoperative DECT image analysis with inter-
reader concordance and subsequent consensus are reported in
Table 2.

The 2 readers in consensus reviewed a median of 3 follow-up
CTs per patient (range, 2—9). ICH was detected in 14/85 (16.5%)
patients: Six patients (7.1%) showed hemorrhagic infarction, and
8(9.4%), PH.In 7/14 (50.0%) patients, ICH was present 24 hours
after the procedure; in 3/14 (21.4%), it appeared 24—48 hours
after the procedure; in 2/14 (14.3%), 48—72 hours after the pro-
cedure; and in 2/14 (14.3%), >72 hours after the procedure.
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FIG 1. A, Postoperative DECT with an iodine map overlay shows a
cortical-subcortical hyperdensity secondary to iodine extravasation
with a maximum iodine concentration of 3.0 mg/mL; no hyperdensity
was visible on virtual unenhanced images (not included). B, A fol-
low-up CT performed 48 hours later because of sudden clinical wors-
ening shows a large parenchymal hematoma with a contralateral shift
of the midline structures.

FIG 2. A, Postoperative DECT with an iodine map overlay shows a
cortical-subcortical and deep white matter hyperdensity secondary
to iodine extravasation with a maximum iodine concentration of 1.2
mg/mL; no hyperdensity was visible on virtual unenhanced images
(not included). B, The follow-up CT performed before discharge, 4
days later, shows ischemic lesions at the sites of iodine extravasation
but no hemorrhage.

Imaging Findings: ICH Development Correlation
On simulated 120-kV images, parenchymal hyperdensity was
present in 14/14 (100%) patients who developed ICH and in
40/71 (56.3%) patients who did not (P = .002). Hyperdensity was
inhomogeneous in 10/14 (71.4%) patients who developed ICH
and in 14/40 (35.0%) patients who did not (P = .028). Median
maximum hyperdensity attenuation was 85 HU (range, 63—-745
HU) in the group of patients who developed ICH and 68 HU
(range, 47-171 HU) in the group who did not (P = .010). On
iodine map images, iodine extravasation was present in 14/14
(100%) patients who developed ICH and in 40/71 (56.3%) pa-
tients who did not (P = .002). Median maximum iodine concen-
tration was 2.63 mg/mL (range, 1.4-28.1 mg/mL) in the group of
patients who developed ICH and 1.40 mg/mL (0.5-4.2 mg/mL) in
the group who did not (P < .001). A cutoff value of 1.35 mg/mL
enabled identifying patients developing ICH with 100% sensitiv-
ity (95% CI, 76.8%-100%) and 47.5% specificity (95% CI,
31.5%—63.9%), with a likelihood ratio of 1.905 (Figs 1 and 2).
On VNC images, signs of bleeding were present in 5/14
(35.7%) patients who developed ICH. Complete data about the
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correlation between DECT findings and ICH development are
reported in Table 3. Maximum hyperdensity attenuation showed
an area under the curve of 0.73 (95% CI, 0.60—0.87) for identify-
ing patients developing ICH (Fig 3); a cutoff value of 67 HU en-
abled identifying patients developing ICH with 92.9% sensitivity
(95% CI, 66.1%-99.8%) and 47.5% specificity (95% CI, 31.5%—
63.9%), with a likelihood ratio of 1.77. Maximum iodine concen-
tration showed an area under the curve of 0.89 (95% CI, 0.68—
0.92) for identifying patients developing ICH (Fig 4); a cutoff
value of 1.3 mg/mL enabled identifying patients developing ICH
with 100% sensitivity (95% CI, 76.8%—100%) and 47.5% speci-
ficity (95% CI, 31.5%—63.9%), with a likelihood ratio of 1.90. A
significant correlation between maximum iodine concentration
on iodine map images and maximum attenuation on simulated
120-kV images was observed, with the Spearman r = 0.901 (95%
CI, 0.832-0.943) (P < .001). The 2 parameters showed a linear
regression correlation with a slope of 20.27 (95% CI, 18.39—
22.15) (Fig 5).

Clinical Parameters: ICH Development Correlation

At preoperative CT, the median ASPECTS was 8 in the patients
who developed ICH and 10 in the patients who did not (P = .008).
ASPECTS showed an area under the curve of 0.71 (95% CI, 0.57—
0.84) for identifying patients developing ICH; a cutoff value of 8
enabled identification of patients developing ICH with 57.1%
sensitivity (95% CI, 28.9%—282.3%) and 71.8% specificity (95%
CI, 59.9%—-81.9%), with a likelihood ratio of 2.03. Patient sex and
age, NTHSS score at admission, site of vessel occlusion, tPA ad-
ministration, general anesthesia, revascularization technique,
number of aspiration attempts, number of stent retriever throm-
bectomy attempts, stent delivery, puncture-to-recanalization
time, time to recanalization, and TICI score did not show any
significant correlation with ICH development (P > .05).

Multivariate Analysis

On multivariate analysis, it was impossible to elaborate a predic-
tive model for the identification of patients developing ICH.
However, in our series, a diagnostic algorithm that subsequently
evaluates the presence of parenchymal hyperdensity and maxi-
mum iodine concentration (Fig 6) enables identifying patients
developing ICH with 100% sensitivity and 67.5% specificity.

DISCUSSION
The aim of our study was to assess the capability of iodine extrav-
asation quantification on dual-energy CT performed immedi-
ately after mechanical thrombectomy to predict hemorrhagic
complications.

Intracranial hemorrhage represents a well-known complica-
tion of acute ischemic stroke revascularization treatment, deter-
mining relevant changes in patient medical treatment and often
worsening their outcome. In line with the data published in
the literature,”**” hemorrhagic complications were detected in
16.5% of the patients in our series; 7.1% of the patients showed a
hemorrhagic infarction, which was asymptomatic in 83.3% of
patients, whereas 9.4% developed a parenchymal hematoma,
which always correlated with severe worsening of neurologic sta-
tus and required decompressive craniectomy in 75% of the cases.



Table 3: Univariate analysis—association between postoperative dual-energy CT
parameters and subsequent intracerebral hemorrhage development®

tomy: All the evaluated parameters

showed an interreader agreement rang-

Non-ICi-l SR iy, ?roup ing from “good” to “very good.”

I(: ot (Z/?) I(\,l1 oj (1;)) P Value The integrity of the blood-brain bar-

Hyperdensity on simulated 120-kV images .002° rier is governed by the tight junctions
Yes 40/71(56.3%) 14/14 (100%) between endothelial cells, which regu-
No 31/71(43.7%) 0/14 (0%) late small molecule diffusion, and the
Hyperdensity site 342 basal lamina, a structural barrier pre-
me PR 2;; :8 S;g://:; % }2 Egéz://:)) venting cellular extravasation.”® To our
Cortical 6/40 (]5"0%) 114 (7.1[%) knowledge, only 1 article focused on the
Hyperdensity homogeneity 028>  relationship between contrast extravasa-
Homogeneous 26/40 (65.0%) 4/14 (28.6%) tion and hemorrhage development.
Inhomogeneous 14/40 (35.0%) 10/14 (71.4%) . Yoon et al** divided parenchymal hy-
Hy&erIcli::s(i:'{J;naximum CUL I 68 010 perdensities after revascularization into
lodine extravasation on iodine map images .002° contrast enhancement, defined as a hy—
Yes 40/71(56.3%) 14/14 (100%) perdense lesion without mass effect that
No 31/71(43.7%) 0/14 (0%) disappeared on a 24-hour follow-up CT
Maximum iodine concentration <.001° scan, and contrast extravasation, de-
Hexeo?irir;g:i/n n\]/lﬁlc images 140 263 <001 fined as a hyperdense lesion with a max-
Yes 0/71(0%) 5/14 (35.7%) imum measurement of >90 HU that
No 71/71(100%) 9/14 (64.3%) persisted on a 24-hour follow-up CT

Note:—DWM indicates deep white matter.
2 The strength of the association is quantified by the P value (significant if P < .05).
® Significant.

FIG 3. Receiver operator characteristic (ROC) curve showing sensitiv-
ity and specificity of maximum hyperdensity attenuation in identify-
ing patients developing ICH.

Although ICH typically appears within the first 24 hours after
treatment, delayed bleeding may also occur; in our series, 50% of
the ICHs appeared >24 hours after the procedure. The identifi-
cation of patients with high bleeding risk is crucial to improving
their clinical management and potential outcome; for example,
antiaggregation should be delayed in these patients and arterial
pressure should be strictly monitored to avoid hypertensive
peaks. Therefore, many attempts have been made to identify pa-
tients at risk for ICH development, with variable results.>'”"'* In
our series, ASPECTS =8 at preoperative CT and the presence of
parenchymal hyperdensity, hyperdensity inhomogeneity, hyper-
density attenuation of >67 HU; iodine extravasation; maximum
iodine concentration of >1.35 mg/mL; and bleeding signs on
postoperative. DECT were significantly correlated with ICH
development. Our study also confirmed the reproducibility of
DECT in the evaluation of patients after mechanical thrombec-

scan. In their work, they found that the
latter was associated with a higher rate
of parenchymal hematomas; therefore,
they postulated that contrast extravasa-
tion might be due to basal lamina disruption. Unlike the work of
Yoon et al, our study was based on dual-energy CT acquisitions,
which allowed a quantification of iodine extravasation; therefore,
we focused on the possible relationship between iodine concen-
tration and subsequent hemorrhage development. Moreover, the
study by Yoon et al was based on patients who underwent intra-
arterial thrombolysis, whereas the patients included in our study
underwent mechanical thrombectomy, a procedure that might
incur some degree of endothelial damage.

In our series, there was a significant correlation between the
maximum concentration of extravasated iodinated contrast ma-
terial and subsequent hemorrhage development: Receiver operat-
ing characteristic analysis showed that the presence of hyperat-
tenuating areas with maximum iodine concentration of >1.35
mg I/mL on postoperative DECT identified patients developing
ICH with 100% sensitivity and 67.6% specificity. We chose the
1.35-mg I/mL cutoff value because the main aim in postoperative
patient management is to minimize hemorrhagic complications;
therefore, a moderate specificity can be tolerated to obtain excel-
lent sensitivity. According to our results, patients showing iodine
extravasation with iodine concentration of >1.35 mg I/mL
should not undergo postoperative antiaggregation/anticoagula-
tion and should be more closely monitored to prevent hyperten-
sive peaks.

We found a linear correlation between maximum iodine con-
centration and maximum hyperdensity attenuation, with a signif-
icant association between higher attenuation values and hemor-
rhage development, substantially confirming the results obtained
by Yoon et al with single energy acquisitions. High attenuation
may be a consequence of both bleeding and increased iodine ex-
travasation, with the latter being a biomarker of blood-barrier
damage, which predisposes to hemorrhage development. Simi-
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FIG 4. Receiver operator characteristic (ROC) curve showing sensitiv-
ity and specificity of maximum iodine concentration in identifying
patients developing ICH.

FIG 5. Graph showing the linear correlation existing between maxi-
mum hyperdensity attenuation and maximum iodine concentration.

FIG 6. Diagnostic algorithm that enables identifying patents devel-
oping ICH with 100% sensitivity and 67.6% specificity.

larly, Nakano et al’® demonstrated that the absence of hyperdense
areas at posttreatment CT represents a reliable negative predictor
for symptomatic hemorrhage. In agreement with their results,
none of the patients in our series without hyperattenuating areas
on CT developed ICH.

In our series, we were not able to develop a predictive model to
identify patients developing ICH on multivariate analysis, prob-
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ably because maximum iodine concentration was a strong predic-
tor of subsequent hemorrhage development and no other factor
helped in this prediction. Moreover, this failure might be a con-
sequence of the low number of cases with positive findings (14/
85); therefore, further studies with larger patient populations
should be performed to confirm our findings.

Our study had several limitations, mainly correlated to its ret-
rospective design. First, we used follow-up CT as the reference
standard for identifying patients developing ICH because only a
minority of the included patients underwent MR imaging. We are
aware that some patients with no signs of bleeding on follow-up
CT might have shown small hemosiderin deposits within the isch-
emic core at MR imaging, but we are also aware that the clinical
relevance of these findings is at least questionable. Second, al-
though all patients underwent a routine follow-up CT 24 hours
after the procedure, further follow-up examinations were per-
formed only according to clinical status. Therefore, it is possible
that some patients who developed asymptomatic hemorrhagic
infarction remained undiagnosed. However, these eventually
missed hemorrhages were clinically irrelevant and did not affect
patient outcome. Another limitation was that the 2 readers mea-
sured maximum iodine concentration at the site of maximum
apparent iodine extravasation; therefore, the ROIs were subjec-
tively drawn and might not reflect the real maximum iodine con-
centration in the affected area. However, we found high concor-
dance in the measures performed by the 2 readers.

CONCLUSIONS

Todine extravasation quantification on dual-energy CT per-
formed immediately after mechanical thrombectomy for acute
ischemic stroke may help identify patients with a higher risk of
ICH development with excellent sensitivity and moderate speci-
ficity. This information might be useful for better tailoring the post-
operative management to minimize hemorrhagic complications.
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ORIGINAL RESEARCH
ADULT BRAIN

Comparison of Blood Oxygenation Level-Dependent fMRI and
Provocative DSC Perfusion MR Imaging for Monitoring
Cerebrovascular Reserve in Intracranial Chronic

K.R. Thulborn, ““'I.C. Atkinson, ““A. Alexander,

ABSTRACT

M. Singal,

Cerebrovascular Disease

F.T. Charbel
o=

S. Amin-Hanjani, ““'X. Du, ““’A. Alaraj, and

Loss of hemodynamic reserve (HR) is one indicator of increased

BACKGROUND AND PURPOSE: Loss of hemodynamic reserve in intracranial cerebrovascular disease reduces blood oxygenation level—
dependent activation by fMRI and increases asymmetry in MTT measured by provocative DSC perfusion MR imaging before and after
vasodilation with intravenous acetazolamide. The concordance for detecting hemodynamic reserve integrity has been compared.

MATERIALS AND METHODS: Patients (n = 40) with intracranial cerebrovascular disease and technically adequate DSA, fMRI and provocative
DSC perfusion studies were retrospectively grouped into single vessels proximal to and distal from the circle of Willis, multiple vessels, and
Moyamoya disease. The vascular territories were classified as having compromised hemodynamic reserve if the expected fMRI blood oxygen-
ation level-dependent activation was absent or if MTT showed increased asymmetry following vasodilation. Concordance was examined in
compromised and uncompromised vascular territories of each group with the Fischer exact test and proportions of agreement.

RESULTS: Extensive leptomeningeal collateral circulation was present in all cases. Decreased concordance between the methods was
found in vascular territories with stenosis distal to but not proximal to the circle of Willis. Multivessel and Moyamoya diseases also showed
low concordance. A model of multiple temporally displaced arterial inputs from leptomeningeal collateral flow demonstrated that the
resultant lengthening MTT mimicked compromised hemodynamic reserve despite being sufficient to support blood oxygenation level—
dependent contrast.

CONCLUSIONS: Decreased concordance between the 2 methods for assessment of hemodynamic reserve for vascular disease distal to
the circle of Willis is posited to be due to well-developed leptomeningeal collateral circulation providing multiple temporally displaced
arterial input functions that bias the perfusion analysis toward hemodynamic reserve compromise while blood oxygenation level—
dependent activation remains detectable.

ABBREVIATIONS: ACA = anterior cerebral artery; AIF = arterial input function; BOLD = blood oxygenation level-dependent; CVD = cerebrovascular disease;
HR = hemodynamic reserve; LCC = leptomeningeal collateral circulation; MMD = Moyamoya disease; MVD = multivessel disease; PCA = posterior cerebral artery;
poa = proportions of agreement; SMCA = superior division of middle cerebral artery; SVDd = single-vessel disease distal to the circle of Willis; SVDp = single-vessel
disease proximal to the circle of Willis

linical management of patients with chronic cerebrovascular  risk, supporting more aggressive medical treatment and perhaps

disease (CVD) includes risk assessment for future stroke.  neurosurgical or neurovascular interventions."™ HR is assessed
with many imaging modalities by the patterns of perfusion redis-
tribution after vasodilation. While a perfusion study may or may

not show asymmetry in baseline perfusion, vasodilation induced
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with acetazolamide may unmask perfusion asymmetries indica-
tive of loss of HR.

Blood oxygenation level-dependent (BOLD) contrast in fMRI
arises from the increased local signal intensity from increased re-
gional blood flow that occurs when neurons perform work.” The
role of fMRI for the evaluation of CVD has been reviewed.® Be-
cause BOLD contrast requires an intact HR, a paradigm that in-
terrogates cortical areas in all vascular territories simultaneously
can be used to detect regional HR in each vascular territory.

We have assessed the concordance between BOLD fMRI and
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provocative DSC perfusion MR imaging for assessing HR in a
cohort of patients with CVD. A model of the multiple temporally
displaced arterial input functions (AIFs) from well-developed
leptomeningeal collateral circulation in chronic CVD is posited to
explain the observed low concordance between these methods for
detecting compromised HR.

MATERIALS AND METHODS

Population

This institutional review board—approved retrospective study
comprised patients (n = 40; mean age, 48 = 17 years; 24 women
and 16 men) who underwent extensive evaluation for atheroscle-
rotic CVD or Moyamoya disease, including DSA, MR imaging
using DSC perfusion before and after vasodilation with acetazol-
amide, and fMRI with a customized HR assessment paradigm.
Symptoms included =1 instance of weakness (n = 23), parethesia
(n = 11), difficulty speaking (n = 10), atypical headache (n = 7),
dizziness (n = 4), visual disturbance (n = 3), and cognitive com-
promise (n = 2). Multiple risk factors for vascular disease were
present in most subjects, including hypertension (n = 26), hyper-
lipidemia (n = 19), diabetes mellitus (n = 10), and smoking (n =
23). Patients were selected from >300 cases reviewed in weekly
clinical case review conferences attended by treating physicians
across a 6-year period (June 2006 to June 2012). Although all
patients were diagnosed as having CVD of varying severity, the
cohort was selected with technically sound DSA, fMRI, and per-
fusion studies. Specifically, absence of head motion (<I-mm
translational head motion in 3 orthogonal directions) was stipu-
lated for all functional and perfusion studies. Only the first tech-
nically adequate examination was used for patients with multiple
studies.

Four groups were formed on the basis of CVD distribution:
single-vessel disease distal to the circle of Willis (SVDd, n = 7;
56 & 12 years of age; 2 women and 5 men, including 2 bypasses);
single-vessel disease proximal to the circle of Willis with an intact
posterior communicating artery ipsilateral to the stenotic internal
carotid artery (SVDp, n = 9; 53 = 16 years of age; 4 women and 5
men, including 1 bypass); multivessel intracranial disease not in-
cluding Moyamoya disease (MVD, n = 10; 53 % 15 years of age; 8
women and 2 men, including 3 bypasses); and Moyamoya disease
(MMD) (n = 14; 38 = 16 years of age; 10 women and 4 men,
including 3 bypasses). Bypass grafts used anastomoses of the distal
superficial temporal artery to the distal middle cerebral artery.

Anatomic MR Imaging

All MR imaging was performed at 3T (Signa; GE Healthcare, Mil-
waukee, Wisconsin) using routine axial high-resolution T2-
weighted FLAIR and gradient-echo imaging and 3D T1-weighted
imaging before and after intravenous gadolinium contrast en-
hancement to exclude vascular territories with hemorrhage or
encephalomalacic changes from previous infarctions. Acute
stroke was excluded by diffusion-weighted imaging.

Functional MR Imaging

Whole-brain fMRI studies were performed using a published im-
aging protocol and customized paradigm performed in dupli-
cate.” The HR assessment paradigm was a 2-condition block de-

sign paradigm (30 seconds, 12 volumes/condition, 4.5 cycle). The
active condition was hand clasping paced (0.3 Hz) by simultane-
ous binaural commands (open, close) and central visual com-
mands (OPEN, CLOSE) with peripheral flashing checkerboards
(black and white, alternating checkerboard, 10 Hz). The fixation
condition was a static central white cross on a black background.
Patients were trained with this paradigm immediately before the
examination. Head alignment and eye movement were moni-
tored during imaging.

BOLD activation was detected with a voxelwise 2-tailed # test
as the difference in image signal intensities between the 2 condi-
tions averaged across the 4 cycles at multiple ¢ thresholds with and
without a small Gaussian filter (full width at half maximum = 3
mm). The threshold value (¢ value = 3.0) was empirically selected
to show <5% active voxels outside the gray matter. BOLD activa-
tion was superimposed over coregistered high-resolution T1-
weighted anatomic images for localization of activation in each
vascular territory.

The expected activation areas were the supplementary motor
areas supplied by the anterior cerebral arteries (ACAs) along the
medial frontal lobes; primary sensorimotor areas supplied by the
superior middle cerebral artery (sMCA) along the pre- and post-
central gyri; the primary auditory cortex supplied by the inferior
MCA along the superior temporal gyri; and the primary and as-
sociative visual cortices supplied by the posterior cerebral artery
(PCA) along the calcarine fissures of the occipital lobes. Each
territory was labeled in a binary fashion as positive or negative for
BOLD contrast without regard for asymmetry in activation at the
common threshold, indicating intact (+BOLD) or deficient
(—BOLD) HR, respectively.

DSC Perfusion MR Imaging

The DSC perfusion imaging was performed at 3T using the pre-
viously published DSC perfusion protocol” with a standard body
weight—based dose (0.1 mmol/kg) of intravenous gadolinium-
based contrast (Omniscan; GE Healthcare, Piscataway, New Jer-
sey) followed by a saline flush (20 mL) delivered by a mechanical
injector (5 mL/s, delay 10 seconds, 20-ga access; Medrad, Indi-
anola, Pennsylvania) through a large vein in the anticubital fossa
of either arm.” After an initial perfusion study (pre-acetazol-
amide), vasodilation was induced using intravenous adminis-
tration of acetazolamide (Diamox, 1 g administered intrave-
nously over 5 minutes). The repeat DSC perfusion imaging was
performed after a further delay of 10 minutes to allow full
vasodilation.

Time course data were analyzed by a voxelwise fitting of a y
variate function to the contrast agent concentration—time-series
using a multivariate nonlinear least-squares fitting algorithm as
described in detail elsewhere.®” The fitted points were limited to
the initial baseline, leading edge, and the initial portion of the
trailing edge after the peak (<4 points) to avoid contamination
from contrast recirculation. Although other methods may be
used,' this y variate method avoids bias from the choice of the
arterial input function in the setting of CVD.'"'*> The MTT was
defined as the first moment of the vy variate function fitted to the
contrast agent concentration—time-series. The relative CBV was
the integral of the vy variate function. Only the results for MTT are
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shown because the CBV replicated the same responses. The per-
fusion parameters (MTT, CBV) were obtained pre- and postva-
sodilation from ROIs placed in the expected gray matter of fMRI
activation in the vascular territory of each cerebral artery using the
aligned high-resolution anatomic image (Fig 1). Each ROI con-
tained at least 15 voxels and had a minimum contrast-to-noise
ratio of 5. The means and SDs of each perfusion parameter were
compared across vascular territories both before and after vaso-
dilation. For SVDd and SVDp, the mean perfusion parameters
were compared between cerebral hemispheres (4 left-right com-
parisons). For patients with MMD, the anterior vascular territo-
ries (ACA, sMCA, inferior division of the MCA) were compared
with the ipsilateral PCA territories (6 anteroposterior compari-
sons). Depending on the complexity and distribution of disease in
patients with MVD, either left-right or anterior-posterior com-
parisons were used between vascular territories with and without
proximal disease.

Two-tailed Student ¢ tests were used to detect statistically sig-
nificant differences (P < .05) in perfusion parameters in each pair
of vascular territories in each patient, both before and after acet-
azolamide. The differences in perfusion parameters from pre-ac-
etazolamide to post-acetazolamide in the paired vascular territo-
ries were then examined for statistical significance using a second
2-tailed Student t test (P < .05).

FIG 1. ROIs were drawn manually on anatomic T2-weighted images
coregistered with the perfusion images in each of the vascular terri-
tories in which regional BOLD activation is expected anatomically (1
and 2: right and left primary sensorimotor areas; 3 and 4: right and left
supplementary motor areas; 5 and 6: right and left primary auditory
areas; and 7 and 8: right and left primary visual areas). Voxels were
included in the ROI if they were >50% within the boundary.

Digital Subtraction Angiography

DSA was used to define the group (SVDd, SVDp, MVD, MMD)
for each patient. Vascular narrowing in any vessel was sufficient
for consideration to enter this study. These DSA studies were used
in all patients to classify the extent of collateral circulation in the
region distal to the compromised vessel on a 0-3 scale by an
experienced neurointerventionalist using a previously described
grading scale,'” in which 3 represents extensive leptomeningeal
collateral circulation.

Concordance Analysis

The perfusion analysis was performed between paired vascular
territories with normal and stenotic supply vessels. Territories
labeled +AMTT showed an increasing difference in MTT be-
tween paired territories after vasodilation, conventionally im-
plying loss of HR. In contrast, —AMTT meant intact HR with-
out statistically significant increases in the difference in MTT
following vasodilation. BOLD fMRI used —BOLD to indicate
loss of BOLD contrast, implying insufficient HR to support
BOLD contrast at the global threshold in a given vascular ter-
ritory. Intact HR sufficient to support BOLD contrast was in-
dicated by + BOLD. The resultant contingency tables were ex-
amined for concordance between the 2 methods by the Fisher
exact probability test (Table). This test provided a P value (P <
.05) to indicate the risk of being wrong for rejecting the null
hypothesis that the 2 methods were equivalent. Concordance
was also examined for 2 subgroups of the MMD group showing
different scores for leptomeningeal collateral circulation (LCC
score = 2 and LCC score 3). Other groups had scores of 3 in
most vascular territories. The alternative parameter, propor-
tions of agreement (poa), was used to indicate fractional agree-
ment between methods.

Modeling

The vy variate function is the functional form of the shape of the
contrast agent concentration—time curve at the capillary bed. A
voxel in tissue with no proximal vascular disease has a single AIF,
and there is no pressure differential to establish collateral circula-
tion among the different vascular territories (Fig 2, left). If critical
stenosis develops proximally in 1 vessel, its distal capillary bed
dilates to generate a pressure differential to adjacent vascular ter-
ritories to open flow through existing leptomeningeal collateral
vessels (Fig 2, right). The AIFs from these adjacent vessels are
displaced in time by the increased lengths of the collateral path-
ways. The total perfusion of the voxel distal to the stenosis is now

Concordance for BOLD fMRI and DSC perfusion in determining loss of HR in the 4 CVD groups®

Territories Proportions of
Number of Distal to Number of Null Hypothesis, Agreement
CVD Group Cases Disease Territories Fisher Exact (£95% ClI)
svbd 7 No 14 Accept (P =1) 0.93(0.642-0.99)
Yes 10 Accept (P = 1) 0.70 (0.35-0.89)
SVDp 9 No 9 Accept (P =) 0.89 (0.51-0.99)
Yes 23 Accept (P = .96) 0.91(0.71-0.99)
MVD 10 No 20 Accept (P = 1) 0.90 (0.67-0.98)
Yes 35 Reject (P < .004) 0.77 (0.51-0.86)
MMD (LCC = 2) 8 Yes 46 Accept (P = 41) 0.46 (0.31-0.61)
MMD (LCC = 3) 6 Yes 36 Reject (P < .004) 072(0.24-0.57)

?Vascular territories with stroke were excluded from comparisons.
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FIG 2. Left: Contrast agent concentration—time curves (blue curves) for 3 vascular territories
(upper, middle, lower) are similar for normal vessels. No pressure differential exists between
vascular territories to open potential leptomeningeal collateral vessels (dotted red line). Right:
Stenosis (S) of the middle territory causes distal dilation, producing a pressure differential that
opens leptomeningeal collateral vessels (C) from neighboring vascular territories (upper, lower).
The contrast agent concentration—time curve of the compromised territory (middle blue curve)
becomes the sum of 3 unresolved inputs (red, yellow, and green curves) temporally displaced due
to the increased vascular path lengths from the other territories. MTT lengthens in the compro-
mised territory (temporally displaced middle blue curve compared with the upper and lower blue
curves). Pharmacologic vasodilation dilates all capillary beds, thereby decreasing the pressure
difference between normal and compromised territories to further delay collateral leptomenin-
geal flow and increase the temporal separations of the multiple AlFs to lengthen MTT but not

RESULTS

Representative patterns of BOLD activa-
tion for the HR assessment paradigm
and for normal perfusion MTT pre-
and postvasodilation in the primary
sensorimotor cortex for subjects with-
out CVD are shown in Fig 3. The
BOLD pattern shows activation in the
supplementary motor and primary
sensorimotor areas. The primary audi-
tory and primary visual and visual
association areas (not shown) are equally
robust. The perfusion maps without
vascular disease are reproducible pre-
and postvasodilation and symmetric
in both left-right and anteroposterior
comparisons.

All CVD cases showed prominent
collateral circulation (grade 2 or 3) doc-
umented by DSA (n = 40) and tabulated
as LCC scores in On-line Tables 1 and 2.
The MTT values for all vascular territo-

necessarily reflecting inadequate flow.

FIG3. A Normal sensorimotor activation pattern for BOLD fMRI with
the HR assessment paradigm. Areas of activation are the following: 1)
right primary sensorimotor cortex (right sMCA), 2) left primary senso-
rimotor cortex (left sSMCA), and 3) left and right supplementary motor
area (left and right ACA, respectively). The color scale reflects the
continuous t value (threshold t = 3 red, t > 3 yellow) of the activa-
tion-detection statistics. B, Normal quantitative perfusion map of
MTT at the same level as A remains symmetric before and after va-
sodilation. The color scale is in seconds.

the sum of 3 AIFs. This combined AIF also has the form of a 7y
variate function but with a longer MTT due to the temporal dis-
placements of the collateral AIF. When the capillary beds are di-
lated pharmacologically, more blood flow enters the 2 normal
vessels because their capillary beds now have decreased resistance.
If the cardiac output is sufficient, the collateral leptomeningeal
circulation remains intact but with reduced flow due to the
reduced pressure differential between the normal and compro-
mised vascular territories. The result is an even longer MTT in
the territory distal to the stenotic vessel. The temporal spacing
and change in magnitudes of the delayed collateral AIF further
lengthen the MTT. This pattern may be better termed “redis-
tribution” than “steal” because the tissue in the compromised
territory may still receive adequate total flow to maintain
metabolism.

ries for every subject in all groups are

provided in On-line Tables 3 and 4. Rep-
resentative examples of concordant and nonconcordant patterns
for BOLD fMRI and provocative DSC perfusion are shown in Figs
4 and 5, respectively. The statistical parameters and confidence
intervals for concordance between the 2 methods across the 4
CVD categories in vascular territories with normal and diseased
supply vessels are shown in the Table. For the SVDd and SVDp,
the Fisher exact probability test indicated that the null hypothesis
of the 2 methods being in agreement must be accepted in both
normal and poststenotic vascular territories. However, this
null hypothesis should be rejected for the MVD and MMD
(LCC score = 3) with extensive leptomeningeal collateral cir-
culation. For vascular territories without stenosis in the MVD
group and for MMD (LCC score = 2) with less extensive lep-
tomeningeal collateral circulation, the null hypothesis also
cannot be rejected.

However, the proportions of agreement parameter offers ad-
ditional insight into these methods for assessing HR, indicating
that they are more often in agreement in vascular territories with-
out vascular disease distal to the circle of Willis (SVDd, poa =
0.93; SVDp, poa = 0.89, MVD, poa = 0.90) than when vascular
stenosis distal to the circle of Willis is present (SVDd, poa = 0.70;
MVD, poa = 0.77). The presence of vascular disease produces a
greater number of territories with compromised HR by DSC per-
fusion MR imaging than by fMRI. When the vascular disease is
limited to a unilateral internal carotid artery proximal to the circle
of Willis (SVDp), no difference in the 2 methods is detected
(territories contralateral to stenotic ICA, poa = 0.89; territo-
ries ipsilateral to stenotic ICA, poa = 0.91). Although the null
hypothesis cannot be rejected for the MMD group with less
extensive leptomeningeal disease (LCC scores = 2), agreement
between the 2 methods was low (poa = 0.46), again with per-
fusion showing increasing MTT differences in the presence of
BOLD activation.
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FIG 4. Representative patient with MMD showing concordance. A, BOLD fMRI shows activation
in the right (1) but not the left primary sensorimotor area or supplementary motor areas bilater-
ally. The task was performed correctly because bilateral cerebellar motor and visual activations
were present (not shown). B, Quantitative MTT maps through the same level as in A before (left)
and after (right) vasodilation. The lengthening of the MTT values after vasodilation would nor-

mally be interpreted as loss of HR. The color scale is same as in Fig 3.

FIG 5. Representative patient with single-vessel disease with unilateral intracranial right internal
carotid artery stenosis showing lack of concordance. A, BOLD fMRI activation is intact bilaterally
in the primary sensorimotor cortex (1and 2) and supplementary motor cortex (3) as were auditory
and visual cortex activations (not shown). B, MTT maps through the sensorimotor cortex show
increasing MTT asymmetry from before (left) to after vasodilation (right), conventionally inter-

preted as loss of HR. The color scale is same as in Fig 3.

DISCUSSION

The management of chronic CVD to avoid future stroke involves
selecting from multiple interventions that progress from lifestyle
changes to more aggressive medical management and ultimately
to neurosurgical approaches of angioplasty, stents, and vascular
reconstruction. The choice depends on the risk of future stroke
because each treatment has financial costs, compliance issues, and
potential complications.

Our clinical experience of low concordance between the 2
methods in patients with chronic CVD reflects the results of this
retrospective study using technically adequate imaging studies
(Table). Extensive collateral leptomeningeal circulation was pres-
entanatomically in all patients, but the adequacy of such collateral
circulation in the distal tissue cannot be readily assessed angio-
graphically. Perfusion, in which greater asymmetries in MTT fol-
lowing vasodilation would conventionally be interpreted as
“steal” or loss of HR, frequently did not agree with intact BOLD
fMRI activation in the same vascular territories. Because the per-
fusion method alone is being advocated as a means for making
surgical decisions for intervention in Moyamoya disease,'* this
discrepancy must be understood.

The results summarized in the Table indicate that both meth-
ods are concordant in the absence of disease and even in the set-
ting of disease in which the circle of Willis can provide collateral
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flow through short large diameter ves-
sels into the proximal cerebral arteries
(SVDp). Concordance decreases when
the cerebral arteries are compromised
distal to the circle of Willis (SCDd) when
leptomeningeal vessels must compen-
sate for reduced flow through the ste-
notic vessel, albeit with temporally
displaced arterial inputs, to supply the
vascular territory (MMD, MVD). In-
creasing leptomeningeal circulation in
MMD implies decreasing flow from cen-
tral vessels. The increased concordance
for the higher LCC-scored MMD cohort
may be attributed to less temporal dis-
placement of ATF when most flow is lep-
tomeningeal rather than from central
vessels.

The model for analysis of nondiffus-
ible contrast agents in DSC perfusion as-
sumes that all voxels have a common
global arterial input function.'®'? In
CVD, the substantial collateral pathways
are longer and smaller, so the AIF can be
displaced temporally from that of the
stenotic cerebral arteries. The multiple
temporally displaced arterial inputs from
both primary and collateral leptomenin-
geal vessels may become more exaggerated
with vasodilation. Fig 2 illustrates how
multiple temporally displaced arterial
inputs produce prolonged MTT, possi-
bly unrelated to the adequacy of supply.
Such increasing asymmetry compared
with the normal flow pattern represents redistribution—that is, a
change in the perfusion pattern not necessarily reflecting the ad-
equacy of oxygen delivery to the tissue and still having sufficient
HR to support BOLD activation.

Conversely, the perfusion parameters may be sufficiently per-
turbed at baseline to decrease sensitivity to further changes fol-
lowing vasodilation. The complexity of collateral circulation in
severe intracranial disease may make the perfusion parameters
insensitive to the metabolic demands of the tissue. This substan-
tial collateral circulation would rationalize the lower concordance
with the BOLD technique in chronic intracranial CVD.

The limitations of this study are the small number of subjects
in each group because of the strict selection criteria. Patients with
CVD do not appear to tolerate extended MR imaging studies
without head motion. Although the fMRI paradigm robustly pro-
duces BOLD contrast in well-established cortical locations of each
cerebral artery, it remains sensitive to head motion easily recog-
nized as falsely positive BOLD activation along high-contrast
CSF-tissue margins of the image rather than at expected locations.
This problem was eliminated from this study cohort by the selec-
tion criteria. Vascular territories with areas of encephalomalacic
changes from previous strokes or hemorrhage do not show acti-
vation, but such vascular territories were excluded from this anal-



ysis by the selection criteria. The statistical threshold for activa-
tion was arbitrarily selected to minimize such false-positive
activation in white matter. Activation was considered present
only when colocalized to the specific cortical pattern established
in healthy subjects. Any asymmetry in activation was ignored. The
BOLD technique has the additional disadvantage of being a re-
gional measure that may miss smaller regions of compromised
perfusion away from the areas of activation. This limitation did
not affect these results because concordance was measured in
the same areas of eloquent cortex. The role of global neurovas-
cular reactivity with a hypercapnia challenge may be a means to
generalize the task-based fMRI regional response into a global
response.'’

CONCLUSIONS

The low concordance between BOLD fMRI and provocative per-
fusion MR imaging for detecting HR compromise in potentially
compromised vascular territories of patients with chronic CVD
can be rationalized by the complex arterial supply provided by the
leptomeningeal collateral circulation that results in temporally
displaced multiple arterial inputs. Care is advised when using the
perfusion methodology alone to manage patients with complex
CVD.
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ORIGINAL RESEARCH
ADULT BRAIN

Accuracy of the Compressed Sensing Accelerated 3D-FLAIR
Sequence for the Detection of MS Plaques at 3T

S. Toledano-Massiah, ““A. Sayadi, ““R. de Boer,

ABSTRACT

). Gelderblom, S. Gerber, ““’'M. Zuber,

and

M. Zins,
). Hodel

k|

R. Mahdjoub,

BACKGROUND AND PURPOSE: The use of 3D FLAIR improves the detection of brain lesions in MS patients, but requires long acquisition
times. Compressed sensing reduces acquisition time by using the sparsity of MR images to randomly undersample the k-space. Our aim was
to compare the image quality and diagnostic performance of 3D-FLAIR with and without compressed sensing for the detection of multiple
sclerosis lesions at 3T.

MATERIALS AND METHODS: Twenty-three patients with relapsing-remitting MS underwent both conventional 3D-FLAIR and com-
pressed sensing 3D-FLAIR on a 3T scanner (reduction in scan time 1 minute 25 seconds, 27%; compressed sensing factor of 1.3). Two blinded
readers independently evaluated both conventional and compressed sensing FLAIR for image quality (SNR and contrast-to-noise ratio) and
the number of MS lesions visible in the periventricular, intra-juxtacortical, infratentorial, and optic nerve regions. The volume of white
matter lesions was measured with automatic postprocessing segmentation software for each FLAIR sequence.

RESULTS: Image quality and the number of MS lesions detected by the readers were similar between the 2 FLAIR acquisitions (P = .74 and P =
1094, respectively). Almost perfect agreement was found between both FLAIR acquisitions for total MS lesion count (Lin concordance correlation
coefficient = 0.99). Agreement between conventional and compressed sensing FLAIR was almost perfect for periventricular and infratentorial
lesions and substantial for intrajuxtacortical and optic nerve lesions. Postprocessing with the segmentation software did not reveal a significant
difference between conventional and compressed sensing FLAIR in total MS lesion volume (P = .63) or the number of MS lesions (P = .15).

CONCLUSIONS: With a compressed sensing factor of 1.3, 3D-FLAIR is 27% faster and preserves diagnostic performance for the detection
of MS plaques at 3T.

ABBREVIATIONS: CNR = contrast-to-noise ratio; CS = compressed sensing; MAGNIMS = Magnetic Resonance Imaging in Multiple Sclerosis; Pl = parallel imaging

he diagnosis of MS relies on the demonstration of the dissem-

ination of white matter hyperintensities in space and time
with MR imaging.' The FLAIR sequence plays a pivotal role in
patients with MS because it shows white matter lesions in specific
locations (subtentorial, optic nerve,” juxtacortical, periventricu-
lar)."” In its 3D implementation, FLAIR also improves the detec-
tion of small demyelinating lesions, resulting in better clinical-
radiologic correlation.*

Despite the proved diagnostic advantage of 3D-FLAIR versus
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2D-FLAIR, the longer scan time of the 3D version has so far hin-
dered its adoption.

Compressed sensing (CS) is an acceleration technique newly
available in MR imaging clinical routine. It uses the sparsity of MR
images to randomly undersample the k-space, thus saving scan
time.””® Contrary to parallel imaging (PI), CS is insensitive to the
coil configuration. Because each acceleration technique imposes
independent constraints on the image reconstruction, CS and PI
can be used concurrently.'® The combination of PT and CS we use
is serial. This feature makes the 2 acceleration techniques inde-
pendent of one another; therefore, the PI sensitivity to coil con-
figuration does not impact CS."'

There is no study yet regarding the effect of CS on diagnos-
tic performance when applied to accelerate 3D-FLAIR acqui-
sitions in patients with MS, to our knowledge. The aim of this
study was to compare both image quality and diagnostic per-
formance of 3D-FLAIR with and without CS in the clinical
setting of MS.
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Table 1: Imaging parameters for the CS and conventional
3D-FLAIR?

Parameters
CS 3D-FLAIR
TE/TI/TR (ms) 140/2064/8000
ETL 220
FOV (frequency X phase) (mm) 260 X 221
Slice thickness (mm) 1.2mm
Matrix (frequency X phase) 288 X 256

NEX 1

Bandwidth (Hz/pixel) 3472
ARC factor (phase X slice) 2.0 X 20
CS 3D-FLAIR/conventional 3D-FLAIR
CS factor 13 NA
Scan time (min:sec) 3:50 (—27%) 5:15

Note:—ETL indicates echo-train length; ARC, auto-calibrating reconstruction for
Cartesian imaging (acceleration using parallel imaging technique); NA, not applicable.
@ CS allowed a 27% reduction in scan time of the 3D-FLAIR sequence.

MATERIALS AND METHODS

Patients and MR Imaging

This study was approved by our institutional review board, at
Fondation Hopital Saint Joseph. Informed consent was ob-
tained from all patients. From January 2017 to April 2017,
twenty-three consecutive patients with relapsing-remitting MS
according to the revised McDonald criteria' (14 women; mean
age, 47 years; range, 21-77 years) underwent MR imaging for
their routine follow-up (3T Discovery MR750; GE Healthcare,
Milwaukee, Wisconsin) using a 32-channel head coil.

MR imaging protocol included DWI, 3D gradient-echo
magnetization-prepared T1-weighted BRAVO (GE Health-
care; isotropic voxel, 0.9 mm), T2WI, and 3D-FLAIR imaging,
without administration of contrast agent. The 3D-FLAIR se-
quence was performed twice with and without the addition of
CS. A CS acceleration factor of 1.3 was used, leading to a 27%
reduction in scan time (1 minute 25 seconds). Both FLAIR
sequences were strictly identical except for the addition of CS.
All 3D-FLAIR, with and without CS, were acquired in the sag-
ittal plane with a PI acceleration auto-calibrating reconstruc-
tion for Cartesian imaging factor of 2.

Imaging parameters are summarized in Table 1.

Preliminary Study in Healthy Volunteers

To identify the most suitable CS acceleration factor, we per-
formed 3D-FLAIR acquisitions, 1 without CS, and 4 with differ-
ent CS factors (1.2, 1.3, 1.4, 1.5) on 5 healthy volunteers.

The FLAIR acquisitions were all identical except for the CS
acceleration factor and the related scan time.

For each FLAIR acquisition, image quality was rated on a
3-point scale: 1, “poor” (image quality insufficient for diagnos-
tic purposes); 2, “good” (minor artifacts not impairing diag-
nosis); and 3, “excellent” (no artifacts). We based the image-
quality rating on 3 criteria: delineation of deep brain nuclei
and the cortical gray-white matter junction, suppression of
CSF, and blurring.

The purpose of this preliminary study in healthy volunteers
was to identify the highest scan time reduction of 3D-FLAIR with
CS compatible with an image quality score of at least 2 for all 3
criteria.

Table 2: Qualitative analysis®

JC PV IT ON
Reader 1
Conventional FLAIR 131 316 64 8
CS FLAIR 131 326 65 8
Reader 2
Conventional FLAIR 140 373 76 10
CS FLAIR 129 377 75 10
Consensus reading
Conventional FLAIR 130 314 64 8
CS FLAIR 131 327 65 8

Note:—JC indicates juxtacortical; PV, periventricular; IT, infratentorial; ON, optic
nerve.

No. of MS lesions per localization, on conventional FLAIR and CS FLAIR, according to
both readers, and after consensus with a third reader.

Image Analysis

Qualitative Analysis in Patients with MS. All FLAIR images were
first anonymized and randomly interpreted. Then, all images
were blindly and independently assessed by 2 neuroradiologists
(S.T.-M. and A.S., with 9 and 4 years of experience, respectively)
on the available workstation (Advantage Workstation 4.6; GE
Healthcare). Each patient was analyzed only once per session,
with either conventional FLAIR or CS FLAIR. The 2 independent
blinded readings took place 2 weeks apart to avoid recall bias.
Image quality was rated on the same 3-level scale used in the
preliminary study. We also evaluated CSF suppression, delinea-
tion of deep brain nuclei, and the gray-white matter junction on
the same scale.

For each FLAIR acquisition, the readers counted the number
of visible MS lesions involving periventricular, intra-juxtacorti-
cal, infratentorial, and optic nerve regions (as used to assess spa-
tial dissemination using the McDonald revised or Magnetic Res-
onance Imaging in Multiple Sclerosis criteria [MAGNIMS]?). A
lesion was defined as a focal T2-weighted hyperintensity sur-
rounded by normal isointense white matter. Only lesions of >3
mm along the longest axis were considered. Confluent lesions
without precise delineation were considered a single lesion.

Finally, discrepancies between the reviewers as to whether a
lesion was present were resolved in consensus with a third rater
with 15 years of experience (J.H.). Statistical analysis was based on
postconsensus lesion counts (consensus reading in Table 2).

Quantitative Analysis in Patients with MS. Contrast-to-noise ra-
tio (CNR) and SNR analyses were performed by 1 neuroradiolo-
gist (S.T.-M.). For each patient and each FLAIR acquisition, ROIs
were drawn on axial reformatted views, within the following: 1)
an MS lesion, 2) normal-appearing white matter, and 3) back-
ground noise. Care was taken to avoid lesion borders. SNR and
CNR were calculated as follows: SNR = SI/SD and CNR =
(Shiesion — STwat)/SDyoise, Where SI is the average signal intensity
of the lesion or the WM and SD is the SD of the noise.

An automatic postprocessing was additionally performed with
Quantib Brain 1.2 software (Quantib, Rotterdam, Netherlands)
based on de Boer et al.'"> We analyzed 2 sets of series: 1) the

noise

noise

BRAVO T1-weighted scan in combination with the conventional
FLAIR scan, and 2) the BRAVO T1-weighted scan in combination
with CS FLAIR scan. We used Quantib Brain to quantify the vol-
ume and the total number of brain MS lesions visible on both
FLAIR sequences, based on the automatic segmentation of white
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matter hyperintensities. Using such postprocessing, we took all
the MS lesions into account, including those involving the deep
white matter.

Statistical Analysis

The Lin concordance correlation coefficient was used to assess
interrater agreement and intrareader agreement for total MS le-
sion count and was interpreted as follows: poor agreement
(<0.90), moderate agreement (0.90 to <0.95), substantial agree-
ment (0.95 to <0.99), and almost perfect agreement (=0.99)."
The Student ¢ test was used to compare image-quality scores be-
tween conventional and CS FLAIR. The Wilcoxon signed rank
test was performed to test the null hypothesis that there was no
significant difference in the total number of MS lesions between
conventional and CS FLAIR, based on the radiologists’ count. The
level of significance was set to P < .05. The Lin concordance
correlation coefficient was also used to evaluate the agreement
between conventional and CS FLAIR in terms of the number of
lesions detected in each region. Statistical analysis was based on
postconsensus lesion counts.

The Student ¢ test was used to compare SNR and CNR values
between conventional and CS FLAIR. The total volume of MS
lesions between the 2 FLAIR scans, as measured by automatic
white-matter hyperintensity segmentation, was compared using
the Wilcoxon signed rank test.

RESULTS

Qualitative data are shown in Table 2.

Preliminary Study in Healthy Volunteers

Scan times of the different FLAIR acquisitions, without CS and
with a CS factor of 1.2, 1.3, 1.4, and 1.5, were 5 minutes 15 sec-
onds, 4 minutes 10 seconds, 3 minutes 50 seconds, 3 minutes 30
seconds, and 3 minutes 22 seconds, respectively. CS acceleration
factor values of 1.4 and 1.5 were disqualified due to a poor
delineation (rated 1) of the cortical gray matter junction. A CS
factor of 1.3 provided the highest scan time reduction with
good (mean score, 2.5) image quality. The CS factor 1.2 yielded
only marginally improved image quality (mean score, 2.6)
compared with the CS factor 1.3 and was 20 seconds shorter. As
a result, the CS factor 1.3 was retained for the patient study.

Qualitative Analysis in Patients with MS

Interrater agreement as measured by the Lin concordance corre-
lation coefficient was substantial (score of 0.95), and intrarater
agreement was almost perfect (score, 0.99).

Image-quality scores did not differ between conventional and
CSFLAIR (P = .74). Mean image-quality scores were 2.78 % 0.42
for conventional FLAIR, and 2.73 # 0.44 for CS FLAIR. All FLAIR
images were rated at least good. CSF suppression, delineation of
the deep brain nuclei, and junction delineation were identical
between every set of FLAIR images and rated as excellent. Of the
23 CS FLAIR acquisitions, 6 acquisitions were rated good instead
of excellent due to a slight image blurring that did not impair
diagnosis.

The total number of MS lesions detected by readers was similar
between conventional and CS FLAIR (542 versus 557, P = .094).

The correlation coefficient between conventional and CS
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FIG1. Coronal reformatted views of 3D-FLAIR with (A) and without
(B) CS, showing a juxtacortical lesion involving the right frontal supe-
rior gyrus (arrows) in a 50-year-old female patient with relapsing-
remitting MS. Note the similar delineation of the gray-white matter
junction between conventional and CS FLAIR.

FIG 2. Axial reformatted views of 3D-FLAIR with (A) and without (B)
CS, showing a periventricular MS lesion also involving the left middle
cerebellar peduncle (arrows) in a 31-year-old female patient with re-
lapsing-remitting MS. Note the excellent and similar suppression of
CSF obtained with both sequences.

FIG 3. Axial and coronal reformatted views of 3D-FLAIR with (A and
C) and without (B and D) CS, showing an MS lesion involving the
cisternal and canalicular portions of the left optic nerve (arrows) in a
48-year-old female patient with relapsing-remitting MS.

FLAIR for the total MS lesion count after consensus was almost
perfect (score, 0.99). Agreement between conventional and CS
FLAIR was almost perfect for periventricular and infratentorial
lesions (score, 0.99; Fig 2) and substantial for intra-juxtacortical
and optic nerve lesions (score, 0.98; Figs 1 and 3).

Quantitative Analysis in Patients with MS
There was no statistical difference between the 2 FLAIR sequences
in the SNR of normal-appearing white matter (P = .57), the SNR



FIG 4. Automatic postprocessing performed with Quantib Brain 1.2
software allowing the assessment of MS lesion volumes using CS (A)
and conventional FLAIR (B). With such a quantitative approach, FLAIR
hyperintensities of the whole brain were taken into account. There
was no significant difference between both FLAIR acquisitions in the
total MS lesion volume (P = .63) and number (0.15).

of MS lesions (P = .49), and the CNR of MS lesions to normal-
appearing white matter (P = .52).

Postprocessing with Quantib Brain 1.2 software did not reveal
any significant difference between conventional and CS FLAIR in
total MS lesion volume (P = .63) or in the number of MS lesions
(P = .15) automatically measured (Fig 4).

DISCUSSION

Reducing the MR imaging scan time may improve patient com-
fort, cost-effectiveness, motion-related artifacts, and thus repro-
ducibility. This improvement may be particularly useful for 3D
FSE sequences, such as FLAIR, that usually require long acquisi-
tion times. In this study, we found that by adding CS to standard
PI acceleration strategies, we can reduce the scan time of 3D-
FLAIR by 27% (1 minute 25 seconds) while preserving the accu-
racy of the detection of MS plaques. This result appears clinically
relevant, considering the widespread use of 3D-FLAIR in MR im-
aging protocols dedicated to MS.* Additionally, the agreement
of results produced automatically by postprocessing further
strengthens our conclusion, providing an unbiased analysis and
taking into account all the visible MS lesions, including those
involving the deep white matter.

To our knowledge, the combination of PI and CS to achieve
FLAIR imaging has never been evaluated in patients with MS. The
use of CS in neuroimaging has been evaluated in healthy volun-
teers with diffusion imaging'* and in patients with intracranial
aneurysms using TOF-MRA."> Our results are also fully concor-
dant with recent studies evaluating CS in cardiac, abdominal, or

119 Indeed, these studies have shown comparable

knee imaging.
image quality and lesion conspicuity between accelerated and
nonaccelerated sequences. Admittedly, higher CS factors and scan
time reductions can be achieved in MR sequences producing high
contrast images with high data sparsity such as TOF-MRA, but
such analysis is beyond the scope of the present study.

We observed image blurring in some of the CS FLAIR ac-
quisitions. Such findings appear inherent to the CS technique
that uses a variable random undersampling of the k-space,
more pronounced at the periphery, thus leading to blurred
images. While the quality of CSF suppression was identical in

CS FLAIR and conventional FLAIR, a slight difference in deep
brain nuclei and gray-white matter junction delineation was
observed due to minor motion-related blurring that did not
affect the diagnostic performance. We used a simplified
3-point scale to evaluate image quality. A more detailed scale
may have exposed these minor differences, even though they
have no impact on diagnostic performance. We performed ac-
celerated FLAIR with a CS factor of 1.3 after testing a wide
range of acceleration factors (detailed in the preliminary
study) because this value appeared to us as a good compromise
among blurring, reduced scan time, and accuracy.

In this study, we aimed at reducing the scan time of the
3D-FLAIR sequence with CS and evaluated its diagnostic per-
formance. However, CS could also be used to further improve
image quality in the same acquisition time of the conventional
sequence by, for example, increasing the spatial resolution
and/or contrast. Such an approach could be particularly useful
to reduce partial volume effects and improve delineation of the
cortical ribbon.

Of note, the diagnostic performance of both conventional and CS
FLAIR appeared similar regardless of the topography of the inflam-
matory lesions, including those involving the optic nerves. Such find-
ings may be particularly relevant in patients suspected of having MS
and for whom spatial dissemination is customarily evaluated on the
basis of FLAIR images.'

This study has some limitations. First, we did not include
healthy controls since SNR values were also measured within the
normal-appearing white matter of patients. Second, the number
of MS lesions detected tended to differ between the 2 blinded
readers (particularly for periventricular lesions). Such differences
may be related to the small size of some lesions. However, both
readers found no significant difference between conventional and
CS FLAIR, whatever the lesion topography. We did not evaluate
the impact of the acceleration factor value on diagnostic perfor-
mance because we systematically applied a previously determined
(by a preliminary study) CS factor of 1.3. Such a study design
would have led to an important increase in protocol duration,
which was not acceptable in a clinical setting. Further studies may
investigate the optimal combination of acceleration factors of PI
and CS according to the artifacts observed. Because we only in-
cluded follow-up MRIs of patients with relapsing-remitting MS,
we did not evaluate the performance of CS FLAIR in other types of
MS, such as clinically isolated syndrome. However, it is reason-
able to expect that the detectability of MS plaques using FLAIR
may not differ according to MS types.

CONCLUSIONS

3D-FLAIR with a CS acceleration factor of 1.3 appeared to be the
best compromise between scan time reduction and diagnostic
performance in the detection of MS lesions.

Disclosures: Renske de Boer—UNRELATED: Employment: Quantib B.V., Comments:
Quantib B.V. developed Quantib Brain; Royalties: GE Healthcare, Comments: Quantib
B.V. receives royalties from GE Healthcare for Quantib Brain sales.* Jaap Gelderblom—
UNRELATED: Employment: Quantib B.V., Comments: Quantib B.V. developed Quantib
Brain; Royalties: GE Healthcare, Comments: Quantib B.V. receives royalties from GE
Healthcare for Quantib Brain sales*. Rachid Mahdjoub—UNRELATED: Employment: GE
Healthcare, Comments: | am the neuroclinical leader; thus, | provide support and collab-
orate with research activities of our customers. *Money paid to the institution.
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ORIGINAL RESEARCH
ADULT BRAIN

Improved Visualization of Cortical Lesions in Multiple Sclerosis
Using 7T MP2RAGE

E.S. Beck, ““'P. Sati, ““'V. Sethi, ““'T. Kober, G. Nair, ““'I.C. Cortese, and ““'D.S. Reich

=T

B. Dewey, ““'P. Bhargava,

ABSTRACT

BACKGROUND AND PURPOSE: Cortical lesions are common and often extensive in multiple sclerosis but are difficult to visualize by MRI,
leaving important questions about their clinical implications and response to therapy unanswered. Our aim was to determine whether
cortical lesions are better visualized using magnetization prepared 2 rapid acquisition gradient echoes (MP2RAGE) than T2*-weighted
imaging on 7T MR imaging.

MATERIALS AND METHODS: Brain MR imaging using T1-weighted MP2RAGE at 500-um isotropic resolution, T2*-weighted gradient-echo,
and T2*-weighted segmented echo-planar imaging sequences were collected for 13 patients with MS and 5 age-matched neurolog-
ically healthy controls on a 7T research system. One MS case underwent postmortem MR imaging including gradient-echo and
MP2RAGE sequences, after which cortical lesions seen on MR imaging were assessed with immunohistochemistry.

RESULTS: MP2RAGE detected 203 cortical lesions (median, 16 lesions/case; interquartile range, 15), compared to 92 with T2*gradient-echo
(median, 7; interquartile range, 8; P << .001) and 81 with T2*EPI (median, 7; interquartile range, 5; P < .001). This increase in lesion number
detected on MP2RAGE versus T2* was observed for juxtacortical, leukocortical, and intracortical lesions. Forty-three percent of all cortical
lesions were identified only on MP2RAGE. White matter lesion volume correlated with total juxtacortical (r = 0.86, P < .001) and
leukocortical lesion volume (r = 0.70, P < .01) but not intracortical lesion volume, suggesting that pathophysiology may differ by lesion
type. Of 4 suspected lesions seen on postmortem imaging, 3 were found to be true cortical lesions while 1represented postmortem tissue
damage.

CONCLUSIONS: A combination of MP2RAGE and T2*-weighted imaging at 7T improved detection of cortical lesions and should enable

longitudinal studies to elucidate their spatiotemporal dynamics and clinical implications.

ABBREVIATIONS: GRE = gradient recalled-echo; IQR = interquartile range; MP2RAGE = magnetization prepared 2 rapid acquisition gradient echoes

S is a demyelinating disorder affecting both white and gray
matter.'” In some individuals, cortical demyelination ex-
ceeds white matter demyelination,” and cortical lesions may be
more strongly associated with disability and disability progression
than white matter lesions.*® Cortical and white matter lesions
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have potentially distinct origins and levels of inflammation,™*"*

suggesting that they may have different clinical significance and
response to treatment. Finally, the clinical course of MS is often
not fully explained by volume and accumulation of white matter
lesions,"* making better understanding of other types of MS pa-
thology, including cortical lesions, imperative.

Although MR imaging is essential for MS diagnosis and dis-
ease monitoring, our limited understanding of cortical lesions
stems from difficulties in imaging these lesions due to their size,
myelin content, level of inflammation, and partial volume aver-
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Table 1: MRI acquisition parameters for the 3 sequences acquired at 7T

3D-MP2RAGE 2D-T2*GRE 3D-Segmented T2*EPI
Orientation Axial Axial Axial
Voxel dimensions (um) 500 X 500 215 X 215 500 X 500
Slice thickness (um) 500 1000 500
FOV (mm) 224 (AP) X 168 (RL) X T12 (SI) 220 (AP) X 165 (RL) X 25 (SI) 220 (AP) X 180 (RL) X 88 (SI)
T (ms) 800,/2700 NA NA
TR (ms) 6000 1300 52
TE (ms) 5 3 3
Flip angle 4°/5° 50° 10°
EPI factor NA NA 15
Scan time (min:sec) 10:32 8:36 3:40
No. of repetitions 4 1 1

Note:—AP indicates anterior-posterior axis; RL, right-left axis; SI, superior-inferior axis; NA, not applicable.

aging with CSF. Double inversion recovery and phase-sensitive
inversion recovery sequences at 1.5T and 3T and T2*-weighted
sequences at 7T have been used to visualize cortical lesions.'>'®
7T MR imaging allows much higher spatial resolution, which is
particularly important for the visualization of small cortical le-
sions, and T2*-weighted sequences at 7T have been shown to
more sensitively and reliably detect cortical lesions than double
inversion recovery at 3T."” However, small intracortical lesions
remain difficult to visualize using all 3 of these techniques, and
overall sensitivity remains low.”***

Here, we aimed to develop an approach that could be used to
investigate the natural history of cortical lesions in future studies,
rather than develop an imaging sequence for routine clinical use.
Recent studies in humans and nonhuman primates have demon-
strated the value of T1-based MR imaging for visualizing the my-
eloarchitecture of the cortex.””>> Among the different TI MR
imaging techniques, magnetization prepared 2 rapid acquisition
gradient echoes (MP2RAGE) provides the best tissue contrast at
high spatial resolution while minimizing field inhomogeneities
that affect other techniques at 7T.>?” We achieved high resolu-
tion while preserving image quality by combining multiple repe-
titions of the same 3D MP2RAGE acquisition. We also compared
visualization of cortical lesions on MP2RAGE with 2 different
T2*-weighted acquisitions.

MATERIALS AND METHODS

In Vivo MR Imaging

Thirteen participants in our MS natural history study and 5 neu-
rologically healthy, age-matched controls (On-line Table 1)
underwent brain MR imaging on a 7T whole-body research sys-
tem (Siemens, Erlangen, Germany) equipped with a single-chan-
nel transmit, 32-channel phased array receive head coil. To max-
imize cortical lesion count, we included patients with MS with
prior high-quality 7T scans and longstanding disease. The
MP2RAGE sequence used previously optimized parameters (Ta-
ble 1),?® covered the entire cerebrum, was acquired at 500-pum
isotropic resolution, and was repeated 4 times to improve image
quality (total scan time: ~40 minutes; On-line Fig 1). A 2D T2*
gradient recalled-echo (GRE) sequence (215 X 215 X 1000 wm),
like one previously demonstrated to visualize cortical lesions,"®
was acquired in 3 partially overlapping volumes to cover most of
the cerebrum (total scan time, ~25 minutes). A novel 3D seg-

29,30

mented T2*EPI prototype sequence was acquired in 2 par-

tially overlapping volumes at the same resolution as MP2RAGE
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(total scan time, ~7 minutes) (Table 1). In 2 patients with MS, the
T2* sequences were acquired during the same session as
MP2RAGE; in the other 11, one or both T2* sequences were ac-
quired on a separate day. The interval between MP2RAGE and
GRE or EPI ranged from —8 to + 18 months; in 10 of the patients
with MS, MP2RAGE was acquired first. All patients with MS were
also scanned on a 3T Magnetom Skyra scanner (Siemens) equipped
with a 32-channel head coil (On-line Table 2).

Image Processing

Initial MP2RAGE processing to generate uniform images and T1
maps was performed on the scanner as part of the Siemens re-
search sequence package (Work-in-Progress Package #900B).*°
The 4 repetitions were coregistered, and the voxelwise median was
used for all analyses. T2*GRE and T2*EPI were aligned to the
MP2RAGE using linear coregistration. See the On-line Appendix

for further details.

Lesion Identification and Characterization

Image analysis was conducted using a freely available image anal-
ysis software (Medical Image Processing, Analysis, and Visualiza-
tion; National Institutes of Health; https://mipav.cit.nih.gov/).
Images were magnified using bilinear interpolation as needed,
and raters could manipulate window and level settings. Lesions
were identified in the axial plane, with the option to confirm them
on sagittal and coronal images. Lesions had to be hypointense on
MP2RAGE images and/or hyperintense on T2* images and visible
on at least 2 contiguous axial slices. Lesions were classified as
intracortical (no white matter involvement; includes subpial le-
sions), leukocortical (involving both white matter and cortex), or
juxtacortical (white matter lesions abutting but not clearly involv-
ing the cortex). Data were then compared across sequences. Com-
parison revealed that some cortical lesions were artifacts or white
matter lesions that did not directly contact the cortex; these were
excluded from further analyses.

E.S.B. (neurologist with 5 years” experience) marked cortical
lesions on each sequence independently for all patients and con-
trols, with at least 1 day between analyses of different sequences
for the same individual. D.S.R. (neurologist/neuroradiologist
with 14 years’ experience) verified all lesions. Locations corre-
sponding to lesions identified on only 1 or 2 sequences were ex-
amined on the remaining sequences to determine whether these
lesions could be identified retrospectively. All lesions identified by
E.S.B. and verified by D.S.R. (total 309) were included in lesion



volume, count, and T1 relaxation time analyses. Lesions within
the FOV for all 3 sequences (total 220) were used for sequence-
comparison analyses. In 1 patient, T2*GRE images were too mo-
tion-degraded to analyze, and lesions identified on MP2RAGE
and T2¥EPI for this patient were included in all analyses except for
sequence comparisons.

To determine interrater agreement, P.B. (neurologist with 7
years’ experience) marked cortical lesions on each sequence inde-
pendently for 5 of the 13 patients with MS and all controls, with
verification of all lesions by D.S.R. These ratings were then com-
pared with those of E.S.B. for the same patients and controls. To
determine intrarater agreement, E.S.B. re-analyzed the same 5
patients with MS several months after the first set of ratings.

To compute lesion volume, a single rater (E.S.B.) delineated
ROIs manually, along the border of each lesion on all slices in
which the lesion appeared on MP2RAGE. Total white matter le-
sion volume was also estimated using 3T FLAIR and MP2RAGE
images. Images were registered to a brain atlas,”* and lesions were
then segmented with LesionTOADS software (https://www.

nitrc.org/projects/toads-cruise).””

Segmentation results were
manually reviewed and corrected as necessary.

T1 relaxation times were obtained for each lesion using the
median MP2RAGE T1 map. To obtain T1 values for normal-
appearing tissue and control tissue, we randomly chose 1 intra-
cortical, 1 leukocortical, and 1 juxtacortical lesion for each case.
For normal-appearing cortex and white matter, a contralateral
ROI on a single slice was selected for each lesion. For control
cortex and white matter, an ROI on a single slice matching each of
the chosen lesions was selected in a control brain; ROIs were dis-

tributed evenly among the 5 control brains.

Statistics

The Kruskal-Wallis test with correction for multiple comparisons
allowed cross-sequence comparison of lesion counts as well as
lesion subtype count and volume analyses. One-way analysis of
variance with correction for multiple comparisons allowed com-
parison of T1 relaxation times. Spearman correlation coefficients
linked the volume of the cortical lesion subtypes with that of white
matter lesions.

Standard Protocol Approvals, Registrations, and
Consents

The study received approval from the NIH institutional review
board, where the study was performed. All participants provided
written informed consent. The next of kin for the person whose
brain was evaluated postmortem provided written informed con-
sent for the brain postmortem examination and use of material
and clinical information for research purposes.

RESULTS

More Cortical Lesions were Identified on MP2RAGE than
on T2*-Weighted Images In Vivo at 7T

7T images from 13 patients with MS and 5 neurologically healthy
controls were analyzed (demographics in On-line Table 1). Three
hundred nine cortical lesions were identified in the patients with
MS (median, 24; range, 3—62; interquartile range [IQR], 15), in-
cluding 85 juxtacortical (median, 5; range, 0-29; IQR, 5), 164

leukocortical (median, 14; range, 1-30; IQR, 12), and 60 intracor-
tical (median, 3; range, 0—-13; IQR, 3) lesions. Figure 1 shows
representative examples of lesion appearance across sequences.
Small intracortical lesions identified on MP2RAGE were often
visible in retrospect on T2*GRE and/or T2*EPI (Fig 1G-I); the
same was true on MP2RAGE for several lesions initially identified
only on T2* (see below). Some lesions initially classified as white
matter or juxtacortical on T2* were reclassified after comparison
with MP2RAGE (Fig 1P-R), where the gray-white junction was
better defined. Cortical involvement of some leukocortical le-
sions, in particular U-shaped lesions at the depths of the sulci, was
more obvious on T2* than on MP2RAGE, where cortical (partic-
ularly subpial) involvement was sometimes subtler (Fig 1J-L).

Almost twice as many cortical lesions were detected on
MP2RAGE as on T2* (Fig 2 and Table 2), independent of lesion
subtype. A single cortical lesion was identified in 1 of the 5 healthy
controls; this lesion was leukocortical and seen only on MP2RAGE
(On-line Fig 2).

Forty-nine percent (108/220) of cortical lesions were identi-
fied on both MP2RAGE and at least 1 of the T2* sequences, and
43% (95/220) were identified only on MP2RAGE. Only 8% (17/
220) were identified on at least 1 of the T2* sequences but not on
MP2RAGE. These numbers were similar for juxtacortical and leu-
kocortical lesions (Fig 2). For intracortical lesions, 39% (17/44)
were identified on both MP2RAGE and at least 1 T2* sequence,
whereas 36% (16/44) were identified on MP2RAGE only and 25%
(11/44) were identified only on T2*.

The number of total cortical lesions identified on the 2 T2*
sequences did not differ, nor did the number of any of the 3
cortical lesion subtypes (Fig 2 and Table 2). Lesion subtype and
size did not differ between lesions identified on T2*EPI but not
GRE and lesions identified on T2*GRE but not EPI (On-line Ta-
ble 4).

Lesions initially identified only on 1 or 2 sequences were eval-
uated retrospectively on the remaining sequences. Eighty-eight
percent (84/95) of lesions identified prospectively on MP2RAGE
only were seen in retrospect on at least 1 of the T2* sequences.
Forty-six of the 84 lesions were small or had only subtle signal
change on T2* images, likely explaining the lack of prospective
identification, while 36 of the 84 lesions were visible but did not
have clear cortical involvement on the T2* images; only 2 of the 84
lesions had obvious cortical involvement on T2* images, which
had been missed in the initial analysis. All 17 lesions prospectively
identified on T2* sequences but not on MP2RAGE were seen
retrospectively on MP2RAGE images. Eleven of the 17 lesions
were small or had only subtle signal changes on MP2RAGE, 2
lesions did not appear to involve the cortex on MP2RAGE, and 4
lesions had obvious cortical involvement on MP2RAGE but had
been missed in the initial analysis. Ninety-eight percent (43/44) of
the lesions identified on T2*GRE but not T2*EPI were visible in
retrospect on T2¥EPI, and 94% (31/33) of the lesions identified on
T2*EPI but not T2*GRE were visible in retrospect on T2*GRE.

Inter- and Intrarater Variability is Higher for T2* than for
MP2RAGE

For the 5 patients with MS in whom cortical lesions were identi-
fied on all 3 sequences by 2 raters, 44% of verified lesions were
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FIG 1. Comparison of cortical lesion detection with MP2RAGE and T2* weighted sequences at 7T. Intracortical (A—/), leukocortical (/-O), and
juxtacortical (P-R) lesions (arrows) are seen to different degrees on TIMP2RAGE (A, D, G,J, M, and P), T2*GRE (B, E, H, K, N, and Q), and T2*EPI (C,
F, 1, L, O, and R) sequences. A-C, An example of an intracortical lesion identified prospectively on all 3 sequences. D-F, An example of an
intracortical lesion identified prospectively only on MP2RAGE and not visible even in retrospect on T2*GRE or T2*EPI. G-/, An example of an
intracortical lesion identified prospectively only on MP2RAGE but visible in retrospect on T2*GRE and T2*EPI.J-L, An example of a leukocortical
lesion, spanning the full cortical thickness and identified on all 3 sequences. M—O, An example of a leukocortical lesion, spanning the full cortical
thickness and identified on T2*GRE and T2*EPI prospectively but only in retrospect on MP2RAGE. P-R, An example of a juxtacortical lesion
identified as juxtacortical on MP2RAGE but initially incorrectly classified as a white matter lesion on GRE and EPI. Scale bar = 5 mm.

identified on at least 1 sequence by both raters, whereas 56% of
lesions were identified by only 1 rater. This discrepancy was great-
est for intracortical lesions, of which only 26% were identified by
both raters, compared with 51% for leukocortical and 52% for
juxtacortical lesions. On MP2RAGE, 48% of lesions were identi-
fied by both raters; more than twice as many as were identified by
both raters on T2*GRE (23%) or T2*EPI (22%).

Intrarater variability for the same 5 cases was similar to inter-
rater variability, with 47% of lesions identified on at least 1 se-
quence by both raters and 53% of lesions identified only once. Fifty-
two percent of lesions identified on MP2RAGE were identified both
times, compared with 40% on T2*GRE and 24% on T2*EPL

Number and Volume of Cortical Lesion Subtypes Vary
Widely across Patients
Across the 13 patients with MS, there were more leukocortical
(164) than intracortical (60) or juxtacortical (85) lesions. For each
individual, however, the relative number of lesions of each type
was highly variable, as was cortical lesion volume (On-line Fig 3
and On-line Table 5). Total white matter lesion volume did not
correlate with intracortical lesion volume (P = .44), but leuko-
cortical lesion volume (r = 0.71, P = .009) and juxtacortical lesion
volume (r = 0.86, P < .001) each correlated with total white
matter lesion volume (Fig 3A—C).

When stratified by volume, 72% of the largest third of lesions
(range, 55-2854 nL; mean, 200 uL) were identified on MP2RAGE
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and at least 1 T2* sequence, whereas 26% were identified only on
MP2RAGE and 3% were identified only on T2*. In contrast, for le-
sions with volumes in the middle third (range, 2655 uL; mean, 40
L), 46% were identified on both sequence types, whereas 41% were
identified on MP2RAGE only and 14% on T2* only. For the smallest
third of lesions (range, 5-26 uL; mean, 15 uL), 30% were identified
on both sequence types; 63%, on MP2RAGE only; and 7%, on T2*
only. Thus, larger lesions are more likely to be identified on both
MP2RAGE and T2* sequences, whereas smaller lesions are more
likely to be identified on only MP2RAGE.

T1 Relaxation Times Differ across Cortical Lesion Types

The mean T1 relaxation times were calculated for each cortical
lesion, for normal-appearing gray and white matter in patients
with MS, and for control cortex and white matter (Fig 3D). The
mean T1 was higher in juxtacortical (2062 = 230 ms) than in
leukocortical (1961 £ 182 ms, P < .001) or intracortical (1871 *
96 ms, P < .001) lesions. Leukocortical lesions also had higher T1
than intracortical lesions (P < .001). The mean T1 relaxation time
for each lesion type was higher (P < .001) than for the corre-
sponding normal-appearing and control tissue. There was no dif-
ference between normal-appearing (1703 = 90 ms) and control
(1685 = 88 ms) gray matter or between normal-appearing
(1261 %= 92 ms) and control (1207 = 86 ms) white matter. T1 of
lesions identified on both MP2RAGE and at least 1 T2* sequence



(2012 = 213 ms) was higher than that of lesions identified only on
MP2RAGE (1923 = 182 ms, P < .01) and those identified only on
T2* sequences (1893 = 87 ms, P < .05). The T1 of lesions identi-
fied on MP2RAGE only was not significantly different from that
of lesions identified on T2* only.

Most Cortical Lesions Visualized by MP2RAGE on
Postmortem 7T MR Imaging Can Be Verified
Pathologically

One postmortem MS brain was imaged at 7T with MP2RAGE and
T2*GRE (On-line Appendix). The areas of tissue corresponding
to 4 suspected leukocortical lesions, all with predominantly cor-
tical involvement, were isolated and stained for myelin proteo-
lipid protein. Three of the suspected lesions, all of which were
identified prospectively on MP2RAGE and T2*GRE, were clearly
demyelinated lesions (On-line Fig 4). The fourth, which was iden-
tified on T2*GRE prospectively and only seen in retrospect on
MP2RAGE, was a small tear in the cortex that likely occurred
during postmortem handling.

FIG 2. Increased cortical lesion detection with MP2RAGE. Venn diagrams show comparison of
prospective lesion identification with MP2RAGE, T2*GRE, and T2*EPI for all cortical lesions and for

each cortical lesion subtype.

DISCUSSION

In this study, we show that acquisition of high-resolution
MP2RAGE at 7T dramatically increases the detection of cortical
lesions compared with state-of-the-art T2*GRE or our prototype
T2*EPI sequence. Reasons for the superior sensitivity of
MP2RAGE over T2* include more homogeneous signal intensity,
better gray-white junction delineation, and decreased image arti-
facts. Importantly, we found that MP2RAGE allowed identifica-
tion of smaller and more subtle lesions while generally preserving
visualization of lesions identifiable on T2*.

Our comparison of MP2RAGE images acquired in patients
with MS and controls, our postmortem verification of several
cortical lesions seen on MP2RAGE, and our retrospective identi-
fication of most lesions seen on MP2RAGE on T2* images to-
gether suggest that most identified cortical lesions are true demy-
elinated lesions. Although we cannot rule out that some cortical
lesions identified in MS are due to other types of tissue damage or
artifacts (also the case for white matter lesions), the number of
such lesions is likely low.

Despite the advantages of MP2RAGE,
some cortical lesions were seen better on
T2* images, whereas others appeared to
have different degrees of cortical in-
volvement on MP2RAGE versus T2*.
Some cortical lesions appeared subpial
on T2* but not on MP2RAGE (eg, Fig
1M-0). One potential explanation is
that there are pathologic differences in
lesions close to the pial surface versus
deeper in the cortex, leading to differ-
ences in visualization on MR imaging.
T2* sequences may also be particularly
sensitive to cortical pathology due to dif-
ferences in magnetic susceptibility be-
tween cortical layers. A more definitive
answer to this question will require de-
tailed postmortem MR imaging—histo-
pathologic correlation.

Although we hypothesize that the
ability of MP2RAGE and T2* to detect
cortical lesions differs in part due to spe-
cific pathologic features of different le-
sions, most lesions identified on 1 or 2
sequences were visible on the remainder
of the sequences in retrospect. When
evaluated retrospectively, many lesions
missed initially on T2* were small or had

Table 2. Comparison of lesion identification on MP2RAGE, T2*GRE, and T2*EPI images

MP2RAGE T2* GRE T2* EPI Significance
Per Patient Per Patient Per Patient

Range, Range, Range, MP2RAGE MP2RAGE GRE

Total Median IQR Total Median IQR  Total Median IQR vs GRE vs EPI vs EPI

All 203 16 3-35,15 92 8 0-21,8 81 7 0-15,5 whk Fhk NS
Juxtacortical 55 4 0-13,4 24 2 0-18,2 20 2 0-6,4 * * NS
Leukocortical 15 1|l 1-21,10 52 4 0-1,4 43 4 0-8,5 *k ok NS
Intracortical 33 2 0-8,3 16 1 0-5,2 18 1 0-6,2 * NS NS

Note:—NS indicates not significant; asterisk, P < .05; double asterisks, P < .0I; triple asterisks, P < .001.
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FIG 3. Cortical lesion volume and T relaxation times. A—C, Total white matter lesion volume correlates with total juxtacortical lesion volume
and leukocortical lesion volume but not with intracortical lesion volume. D, T1 relaxation time is highest for juxtacortical lesions, followed by
leukocortical and intracortical lesions. The T1 for all cortical lesion types exceeds that of normal-appearing and control tissues, though this
difference is more dramatic for juxtacortical and leukocortical lesions compared with normal-appearing white matter versus leukocortical and
intracortical lesions compared with normal-appearing gray matter. Normal-appearing tissue and control tissue did not differ in T1 value. d
indicates effect size. Error bars represent SD. Three asterisks indicate, P < .001.

only a subtle signal change, which was compounded by the higher
prevalence of motion artifacts on T2* images and the increased
slice thickness on T2*GRE. In addition, likely due to their small
size and sometimes subtle nature, many cortical lesions are missed
when a single rater evaluates an image, a particular problem with
T2*. Thus, going forward, multiple raters, each using MP2RAGE
and T2* images, will likely allow the most sensitive and accurate
detection of cortical lesions. A computational method for identi-
fying potential cortical lesions on the basis of T1 values that differ
from those of the surrounding cortex may also be useful in the
future for more comprehensive lesion detection.

One limitation to the sequence comparison performed here is
that the MP2RAGE images used were derived from averaging 4
acquisitions and had a longer total acquisition time than the T2*
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sequences. Our goal was to identify as many cortical lesions as
possible using sequences with optimal image quality; while this
goal required averaging for MP2RAGE to achieve image qual-
ity similar to that of single acquisitions for the T2* sequences,
we believe that the comparison of sequences performed here is
valid.

In this study, we subcategorized cortical lesions as intracorti-
cal, leukocortical, and juxtacortical but did not further subclassify
intracortical lesions; even at high resolution, it was often difficult
to distinguish intracortical lesions elsewhere categorized as types
1L, 111, and IV.?? We also chose not to distinguish between leuko-
cortical lesions that mostly affect the cortex versus those that
mostly affect white matter because relative cortical and white mat-
ter involvement appears to be a continuum; however, it will be



interesting to study cortical lesion evolution longitudinally to dis-
tinguish lesions that originate in the cortex versus white matter.
The T2*EPI sequence appeared to be as good as T2*GRE for the
identification of cortical lesions, despite the larger voxel volume
and substantially shorter imaging time. We therefore propose us-
ing T2*EPI as a second sequence for cortical lesion identification,
to confirm lesions identified on MP2RAGE and assess their sub-
pial involvement.

Previous work correlating different types and severity of MS
with cortical lesion number has been, for the most part, per-
formed at low field strength using double and phase-sensitive
inversion recovery”*~?; it is likely that cortical lesions identified
in those studies were heavily skewed toward juxtacortical and leu-
kocortical lesions, underestimating the number of intracortical
lesions.”” With the increased sensitivity to small cortical lesions
provided by MP2RAGE, we were able to more accurately deter-
mine the correlation between cortical and white matter lesions.
We found that total juxtacortical and leukocortical but not intra-
cortical lesion volume correlated with white matter lesion volume
and that even this correlation may be driven by high-lesion-load
cases, providing evidence that the pathophysiologic processes
leading to cortical and white matter lesion formation and/or
growth are distinct. Thus, it seems likely to us that following white
matter lesion evolution may not yield a complete picture of the
disease, and treatments that are effective in stopping new white
matter lesions may not stop cortical lesion formation. We did not
find any correlation between cortical lesion number or volume
and clinical characteristics, but this may be due to the small sam-
ple size and our participant-selection method, which favored in-
dividuals with long-standing MS and known cortical lesions.
Larger prospective studies using the methodology described here
are therefore necessary.

MP2RAGE also provides T1 maps, which could further help
quantitatively characterize lesions*® and tease out pathologic dif-
ferences among lesion types. We show that T1 differs across cor-
tical lesion subtypes. Differences between the T1 of lesions and
their corresponding control tissue are smallest for intracortical
lesions; these small differences make them harder to detect.
Changes in cortical lesion T1 may prove useful as a marker for
tissue destruction and recovery.

Although our combination of MR imaging sequences at 7T
improves detection of cortical lesions, one major limitation is the
long acquisition time required (approximately 70 minutes for all
3 sequences), restricting the use of this approach to the research
setting. However, it may be possible to decrease the number of
MP2RAGE scan repetitions for clinical use, decreasing sensitivity
but still likely representing an improvement over the current stan-
dard. Future advances in phased array coil designs and parallel
imaging methods may also allow reduction in scan time without
substantial loss in lesion identification. Another limitation of our
study is that MP2RAGE and T2* sequences were sometimes ac-
quired several months apart, and we cannot fully discount the
possibility that differences in lesion identification were due to
lesion formation or evolution between MRIs. However, in almost
all cases, T2* images were acquired after MP2RAGE images, so the
increased lesion identification on MP2RAGE cannot be attributed
to new lesion formation between scans.

CONCLUSIONS

We demonstrate here that improved cortical lesion detection can
be achieved in vivo by using a unique combination of MR imaging
sequences at 7T. This advance may allow assessment of whether
cortical lesions account for some of the clinical heterogeneity in
MS that is not explained by white matter lesion load and could
help better predict the course of disease and guide treatment.
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Quantitative Susceptibility Mapping of the Thalamus:
Relationships with Thalamic Volume, Total Gray Matter
Volume, and T2 Lesion Burden
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ABSTRACT

BACKGROUND AND PURPOSE: Both thalamic iron deposition and atrophy have been reported in patients with multiple sclerosis
compared with healthy controls, but how they are related is unclear. The purpose of this study was to understand the pathophysiologic
basis for this iron deposition.

MATERIALS AND METHODS: Ninety-five patients with relapsing-remitting multiple sclerosis underwent 3T MR imaging with a standard-
ized protocol that included quantitative susceptibility mapping to measure iron concentration and a 3D T1 echo-spoiled gradient-echo
sequence to obtain thalamic volumes. Volumes of interest were manually delineated on the quantitative susceptibility map to encompass
both thalami. Multivariate regression analyses were performed to identify the association between thalamic susceptibility and volume.
Associations between thalamic susceptibility and total gray matter volume, cortical thickness, and T2 lesion volume were also assessed.

RESULTS: The relative susceptibility of the thalamus was associated with T2 lesion volume (P = .015) and was higher in the presence of
enhancing lesions (P = .013). The relative susceptibility of the thalami was not associated with thalamic volumes, total gray matter volumes,
or cortical thickness (P > .05).

CONCLUSIONS: Iron levels in the thalami are associated with T2 lesion burden and the presence of enhancing lesions, but not with
thalamic or gray matter volumes, suggesting that iron accumulation is associated with white matter inflammation rather than gray matter

neurodegeneration.

ABBREVIATION: QSM = quantitative susceptibility mapping

halamic atrophy has been reported to be an early finding
in patients with multiple sclerosis' 7 and may result from
growth factor depletion after lesional transection of thalamo-

8-10

cortical fibers or nonlesional microstructural degenera-

tion.'" Tron accumulation in the thalamus has also been widely
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reported,”>*!'>'® but it is unclear how it relates to the ob-
served thalamic degeneration.

One possibility is that iron may be an epiphenomenon of tha-
lamic neurodegeneration,'® as has been described in several neu-
rodegenerative disorders, including amyotrophic lateral sclero-
sis,” Alzheimer disease,”' and Parkinson disease.”' Alternatively,
iron may accumulate as a result of inflammation along tracts that
connect with the thalamus, with activated microglia along these

tracts expressing high levels of ferritin®*>°

and iron being released
by degenerating oligodendrocytes and myelin fibers. As iron im-
aging becomes more recognized as a marker of disease in multiple
sclerosis,* it will become increasingly important to understand
the pathophysiologic basis for changes in iron relative to existing
markers of atrophy and lesion burden.

The primary aim of our study was therefore to determine the
relationship between iron levels in the thalami and thalamic atro-
phy, using quantitative susceptibility mapping (QSM), an MR
imaging technique used to quantify tissue iron concentrations.””
Second, we evaluated whether iron levels in the thalami are asso-
ciated with T2 lesion burden and the presence of enhancing le-
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FIG 1. Axial images through the thalami from the 3D T1 MPRAGE sequence (A), with an overlaid gray matter mask (B) and volumetric segmen-
tation (C) from FreeSurfer. Thalamic volumes of interest are shown in green. The quantitative susceptibility map image from the same axial level
(D) shows the contoured right thalamus (black outline). The pial boundary (E) is used for cortical thickness estimation, and the segmentation

outline (F) is overlaid on the axial Tl-weighted image.

sions, reflective of white matter inflammation. Finally, we evalu-
ated whether iron levels in the thalami are associated with markers
of global gray matter neurodegeneration, including total gray
matter volume and cortical thickness.

MATERIALS AND METHODS

Subjects

One hundred patients with relapsing-remitting multiple scle-
rosis from an ongoing, prospective cohort of patients, followed
at our Multiple Sclerosis Center from August 2013 through
March 2015, were initially included in this retrospective anal-
ysis. For homogeneity of the cohort, patients with primary-
progressive multiple sclerosis were not included. Five patients
were excluded due to poor imaging quality of the QSM or the
T1-weighted anatomic sequence, leaving 95 patients in our
final analysis. All subjects gave written informed consent for
participation in this study, which was approved by our institu-
tional review board. Patient age, sex, use of disease-modifying
therapies at the time of the MR imaging, and disease duration
since the first clinical symptom were obtained from the medi-
cal record.

468 Chiang Mar 2018 www.ajnr.org

MR Imaging Data Acquisition and Analysis
All patients underwent our standardized multiple sclerosis re-
search protocol on a 3T scanner (Signa HDxt; GE Healthcare,
Milwaukee, Wisconsin) with an 8-channel phased array head coil.
The imaging protocol included the following: 1) a 3D T2*-
weighted spoiled multiecho gradient recalled-echo sequence (TR/
TE = 57/4.3 ms, flip angle = 20°, 416 X 320 matrix, 0.5 X 0.5 X
2 mm® resolution); 2) a T2-weighted fast spin-echo sequence
(TR/TE = 5250/86 ms, flip angle = 90°, 3-mm sections, 416 X
256 matrix); 3) a 3D T2 FLAIR sequence (TR/TE = 6050/140 ms,
0.6 X 0.6 X 1.2 mm? resolution); and 4) a pre- and postgado-
linium 3D inversion recovery—prepared T1-weighted fast echo-
spoiled gradient-echo sequence (TR/TE = 8.8/3.4 ms, flip angle =
15°,256 X 256 matrix, 0.45 X 0.45 X 1.2 mm?® resolution). QSM
was reconstructed from the gradient recalled-echo sequence using
the morphology-enabled dipole inversion method.”®

The volumetric 3D T1-weighted images were aligned, skull-
stripped, and segmented by using FreeSurfer software, Version
5.1 (http://surfer nmr.mgh.harvard.edu) to obtain thalamic vol-
umes (Fig 1).%° The left and right thalamic volumes were summed
to obtain the total thalamic volume in cubic millimeters. Free-



FIG 2. Axial image from the 3D T2 FLAIR sequence (A) with overlaid
volumetric segmentation of T2 lesions (purple) (B) from Olea software
processing in the same patient as in Fig 1.

Surfer was also used to obtain total gray matter volume and cor-
tical thickness. 3D T1-weighted images were first segmented into
gray matter masks, which were visually checked and manually
edited for misclassification. The cortical thickness measurement
was then calculated as the shortest distance between each point on
the pial surface and the gray/white surface, measured in millime-
ters. All FreeSurfer analyses were performed by a trained senior
research aide with 3 years of experience (E.M.) and visually
checked for anatomic accuracy by both the aide and a board-
certified neurologist (S.A.G.).

The volume of T2-hyperintense white matter lesion load was
calculated using FDA-approved software (Olea Sphere 2.3; Olea
Medical, La Ciotat, France) (Fig 2). Briefly, 3D volumes of the
white matter lesions were created by selecting a seed voxel at the
center of the lesions and expanding the volumes of interest to
include surrounding voxels of similar signal intensities across all
slices. Manual editing was then performed to include or exclude
voxels as necessary on the basis of visual inspection.

Iron concentrations of the thalami were determined by using
syngo.via software (Siemens, Erlangen, Germany). First, QSM
maps were fused to the 3D T2 FLAIR images for improved ana-
tomic delineation. Then, with the Volume-of-Interest tool, the
upper and lower borders of the thalami were manually delineated
by a board-certified radiologist with subspecialty certification in
neuroradiology (G.C.C.) (Fig 1). The Contour tool then identi-
fied the appropriate margins for the thalami on the intervening
slices in semiautomated fashion, and the Nudge tool was used to
exclude major veins that could confound the QSM values, partic-
ularly the internal cerebral veins and basal veins of Rosenthal. As
a zero reference, a small circular ROI was also placed in the CSF in
the atrium of each lateral ventricle, adjacent to the thalamus. The
relative susceptibility within the thalami was calculated by sub-
tracting the mean susceptibility in the thalami from that in the
CSF ROL.

Statistical Analysis
All statistical analyses were performed in STATA, Version 13
(StataCorp, College Station, Texas). A sample size of 95 was de-
termined to have 80% power to detect a correlation coefficient of
0.28 between variables with a 2-sided « of .05.7°

Multivariate regression analyses were used to determine

whether the relative susceptibility of the thalami was associated
with thalamic atrophy, T2 white matter lesion volumes, the pres-
ence of enhancing lesions, total gray matter volume, and cortical
thickness. Ladder-of-powers quantile-normal plots were assessed
to determine the normality of the outcome variables. White mat-
ter lesion volume was log-transformed for normalization. Age,
sex, disease duration, and use of disease-modifying therapies were
included as covariates.

To exclude the potential confounder of age-related T2 white
matter lesions on lesion volume, we also repeated the analysis
excluding all patients older than 50 years of age.

RESULTS

The mean age of the patients included in this study was 42 = 10
years, with a range of 25-71 years. Two-thirds of the cohort was
female, and one-third, male, reflecting the higher disease preva-
lence in women. The mean Expanded Disability Status Scale score
was 2.2 * 2.2, with a range of 0—8.5. Fifty-seven of the 95 patients
were on disease-modifying agents. Nine had enhancing lesions at
the time of the scan. The mean duration of disease since the pa-
tient’s first reported symptom was 8.9 * 7.8 years, with a range of
0.3-33.7 years. The mean volume of white matter lesions was
11.0 = 15.8 mL, with a range of 0.1-122.4 mL. The mean total
thalamic volume was 14.0 = 2.1 mL, with a range of 8.4-20.0 mL.
The mean relative susceptibility of the thalami was —29.0 = 11.7
parts per billion, with a range of —61.5 to 6.4 parts per billion. The
mean total gray matter volume was 607 + 67 mL, with a range of
411-784 mL. The mean cortical thickness was 2.40 = 0.16 mm,
with a range of 1.92-2.68 mm.

The results of the regression analyses are shown in Tables 1 and
2. The relative susceptibility of the thalami was associated with T2
lesion volume both before (P = .037) and after adjusting for co-
variates (P = .015), with higher thalamic susceptibility associated
with a greater T2 lesion burden. Repeating the analysis with pa-
tients younger than 50 years of age did not change the results (P =
.036), suggesting that age-related white matter lesions were not a
significant confounder. Longer disease duration was also associ-
ated with greater T2 lesion burden (P < .001), whereas age (P =
.25), sex (P = .90), and use of disease-modifying agents (P = .81)
were not.

The presence of enhancing lesions was also associated with
higher iron levels before (P = .04) and after (P = .013) adjustment
for covariates. Older age was associated with higher iron levels
only after adjustment (P = .028).

The relative susceptibility of the thalami was not associated
with thalamic volumes, total gray matter volume, or cortical
thickness (P = .63, 0.16, and 0.94, respectively).

DISCUSSION

Both thalamic atrophy””” and iron deposition">*'*'® have been
reported in patients with multiple sclerosis, but whether these 2
processes are interrelated is unclear. Using QSM to quantify tissue
susceptibility, which correlates with iron concentrations in post-

27,31,32

mortem specimens and is less sensitive to local changes in

% 33-36
2%,

water content than R we found no association between

thalamic susceptibility and volume. On the other hand, we found
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Table 1: Results of the regression analyses evaluating associations between thalamic susceptibility and thalamic volume, total gray

matter volume, cortical thickness, and T2 lesion volume

Before Adjustment for Covariates

After Adjustment for Covariates

Coefficient 95% Cl P Value Coefficient 95% ClI P Value
Thalamic volume 9.0 —28.0-46.1 .63 9.4 —28.9-477 .63
Total gray matter volume —860 —2026-305 15 —720 —1731-291 16
Cortical thickness —0.0007 —0.003-0.002 .62 —0.00008 —0.003-0.002 95
White matter T2 lesion volumes 0.026 0.0016-0.051 .0372 0.029 0.0057-0.053 .015%

P <.05.

Table 2: Results of the regression analyses evaluating whether thalamic susceptibility is associated with baseline characteristics

Before Adjustment for Covariates

After Adjustment for Covariates

Coefficient 95% Cl P Value Coefficient 95% ClI P Value
Presence of enhancing lesions 8.40 0.41-16.40 .04% 10.68 2.28-19.09 .013*
Age 0.19 —0.037-0.42 .099 0.27 0.031-0.52 .022
Sex 0.75 —4.36-5.85 77 1.45 —3.69-6.58 .58
Use of disease-modifying therapies —0.57 —5.46-4.32 .82 0.44 —4.43-5.32 .86
Disease duration —0.023 —0.33-0.28 .88 —0.066 —0.39-0.26 .69

P <.05.

that thalamic susceptibility was associated with overall T2 lesion
burden and the presence of enhancing lesions.

Several prior studies have described increased thalamic iron
levels among patients with multiple sclerosis or clinically isolated
syndrome compared with healthy controls.>*'*'*!”!8 One ex-
planation for this increased iron could be that iron accumulates
because of thalamic neurodegeneration. Studies have shown that
as neurodegeneration occurs, activated microglia and tissue mac-
rophages that arrive to clear out the iron-rich cellular debris ex-

press high levels of ferritin,”*"*

perpetuating ongoing oxidative
stress, neurodegeneration, and iron accumulation.””* A post-
mortem study of patients with amyotrophic lateral sclerosis
confirmed this link between neurodegeneration and iron accu-
mulation, with the susceptibility detected on MR imaging corre-
sponding to iron-rich microglia in the motor cortex.”” Another
study described iron accumulation as an epiphenomenon of neu-
ronal damage because iron levels in the basal ganglia of patients
with multiple sclerosis were closely associated with the degree of
gray matter atrophy and were not elevated early in the disease
course in patients with clinically isolated syndrome."”

However, in our cohort, we found no association between iron
levels in the thalamic nuclei and thalamic atrophy, suggesting that
these may be disparate processes. Our finding is consistent with a
prior longitudinal study that reported that short-term changes in
iron levels in the deep gray matter of patients with multiple scle-
rosis appear to occur independent of changes in volume.' We
further found no association between thalamic iron levels and
markers of gray matter neurodegeneration, including total gray
matter volume and cortical thickness, suggesting that iron accu-
mulation and gray matter neurodegeneration are likely indepen-
dent processes.

On the other hand, we found that thalamic iron levels were
associated with markers of white matter inflammation, including
overall T2 lesion burden and the presence of enhancing lesions.
Several prior studies have shown that proinflammatory cytokines
seen in patients with multiple sclerosis, such as tumor necrosis
factor «, interleukin-1, and interferon v, lead to increases in fer-

40-42

ritin**** and iron accumulation in the deep gray matter.**** De-

myelinating lesions disrupting tracts that connect with the thala-
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mus may also result in inflammation, microglial activation, and
iron accumulation in the thalami. Studies in animal models have
shown that a chemical injection in the region of the striatum
results in iron accumulation, not just locally, but also in distant in-
terconnected regions.*** In patients, activated microglia expressing
ferritin have also been detected along tracts affected by acute subcor-
tical ischemia as an indicator of poststroke inflammation.*® We hy-
pothesize that white matter lesions and inflammation taken together
lead to axonal transaction and white matter degeneration in tracts
that connect to the thalamus, resulting in thalamic iron accumula-
tion. Although age-related iron accumulation was also noted in our
cohort, as has been described in the literature,*” adjusting for age did
not weaken the association between the presence of enhancing le-
sions and thalamic iron accumulation.

This study has several limitations. First, we used manual seg-
mentation of the thalami, which limits reproducibility and use in
larger cohorts but better avoids venous contamination of QSM
parameters. Second, we did not acquire diffusion tensor imaging
data to determine the burden of lesions along specific thalamo-
cortical tracts, which may contribute to iron accumulation. Third,
we did not include patients with primary-progressive multiple
sclerosis; iron in these patients may accumulate via a different
pathophysiologic mechanism. Finally, further confirmation of
these findings in larger cohorts is necessary.

CONCLUSIONS

Using QSM, we found that iron concentrations in the thalami are
associated with T2 lesion burden and the presence of enhancing
lesions, both imaging markers of white matter inflammation. Iron
concentrations were not found to be associated with local tha-
lamic or global gray matter neurodegeneration.

Disclosures: James Hu—RELATED: Support for Travel to Meetings for the Study or
Other Purposes: Weill Cornell, Comments: research award. Yi Wang—RELATED:
Grant: National Institutes of Health, Comments: ROINS090464*; UNRELATED:
Grant: National Institutes of Health, Comments: ROINS095562, SI0OD021782*; Pat-
ents (Planned, Pending or Issued): QSM patents*; Stock/Stock Options: Medim-
agemetric, Comments: Medimagemetric is working with Cornell on commercializa-
tion of QSM technology. Susan A. Gauthier—UNRELATED: Grants/Grants Pending:
Novartis, Genzyme, Mallinckrodt.* *Money paid to the institution.



REFERENCES

1.

16.

20.

Khalil M, Langkammer C, Pichler A, et al. Dynamics of brain iron
levels in multiple sclerosis: a longitudinal 3T MRI study. Neurology
2015;84:2396—402 CrossRef Medline

. Cifelli A, Arridge M, Jezzard P, et al. Thalamic neurodegeneration in

multiple sclerosis. Ann Neurol 2002;52:650-53 CrossRef Medline

. Hagemeier J, Yeh EA, Brown MH, et al. Iron content of the pulvinar

nucleus of the thalamus is increased in adolescent multiple sclero-
sis. Mult Scler 2013;19:567-76 CrossRef Medline

. Zivadinov R, Heininen-Brown M, Schirda CV, et al. Abnormal sub-

cortical deep-gray matter susceptibility-weighted imaging filtered
phase measurements in patients with multiple sclerosis: a case-con-
trol study. Neuroimage 2012;59:331-39 CrossRef Medline

. Bergsland N, Zivadinov R, Dwyer MG, et al. Localized atrophy of the

thalamus and slowed cognitive processing speed in MS patients.
Mult Scler 2016;22:1327-36 CrossRef Medline

. Schoonheim MM, Hulst HE, Brandt RB, et al. Thalamus structure

and function determine severity of cognitive impairment in multi-
ple sclerosis. Neurology 2015;84:776—83 CrossRef Medline

. Ramasamy DP, Benedict RH, Cox JL, et al. Extent of cerebellum,

subcortical and cortical atrophy in patients with MS: a case-control
study. ] Neurol Sci 2009;282:47-54 CrossRef Medline

. Mosca T], Hong W, Dani VS, et al. Trans-synaptic Teneurin signal-

ling in neuromuscular synapse or organization and target choice.
Nature 2012;484:237—41 CrossRef Medline

. Nikoletopoulou V, Lickert H, Frade JM, et al. Neurotrophin recep-

tors TrkA and TrkC cause neuronal death whereas TrkB does not.
Nature 2010;467:59—63 CrossRef Medline

. Rocca MA, Mesaros S, Pagani E, et al. Thalamic damage and long-

term progression of disability in multiple sclerosis. Radiology 2010;
257:463-69 CrossRef Medline

. Deppe M, Krimer J, Tenberge JG, et al. Early silent microstructural

degeneration and atrophy of the thalamocortical network in mul-
tiple sclerosis. Hum Brain Mapp 2016;37:1866—79 CrossRef Medline

. Modica CM, Zivadinov R, Dwyer MG, et al. Iron and volume in the

deep gray matter: association with cognitive impairment in mul-
tiple sclerosis. AJNR Am ] Neuroradiol 2015;36:57—62 CrossRef
Medline

. Al-Radaideh AM, Wharton SJ, Lim SY, et al. Increased iron accumu-

lation occurs in the earliest stages of demyelinating disease: an ul-
tra-high field susceptibility mapping study in clinically isolated
syndrome. Mult Scler 2013;19:896—903 CrossRef Medline

. Hagemeier ], Weinstock-Guttman B, Bergland N, et al. Iron deposi-

tion on SWI-filtered phase in the subcortical deep gray matter of
patients with clinically isolated syndrome may precede struc-
ture-specific atrophy. AJNR Am ] Neuroradiol 2012;33:1596-601
CrossRef Medline

. Cobzas D, Sun H, Walsh AJ, et al. Subcortical gray matter segmen-

tation and voxel-based analysis using transverse relaxation and
quantitative susceptibility mapping with application to multiple
sclerosis. ] Magn Reson Imaging 2015;42:1601-10 CrossRef Medline
Ge Y, Jensen JH, Lu H, et al. Quantitative assessment of iron accu-
mulation in the deep gray matter of multiple sclerosis by magnetic
field correlation imaging. AJNR Am ] Neuroradiol 2007;28:1639 —44
CrossRef Medline

. Lebel RM, Eissa A, Seres P, et al. Quantitative high-field imaging of

sub-cortical gray matter in multiple sclerosis. Mult Scler 2012;18:
433-41 CrossRef Medline

. Quinn MP, Gati JS, Klassen ML, et al. Increased deep gray matter

iron is present in clinically isolated syndromes. Mult Scler Relat Dis-
ord 2014;3:194-202 CrossRef Medline

. Khalil M, Langkammer C, Ropele S, et al. Determinants of brain iron

in multiple sclerosis: a quantitative 3T MRI study. Neurology 2011;
77:1691-97 CrossRef Medline

KwanJY, Jeong SY, Van Gelderen P, et al. Iron accumulation in deep
cortical layers account for MRI signal abnormalities in ALS: corre-
lating 7 Tesla MRI and pathology. PLoS One 2012;7:¢35241 CrossRef
Medline

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zecca L, Youdim MB, Riederer P, et al. Iron, brain ageing and neu-
rodegenerative disorders. Nat Rev Neurosci 2004;5:863—73 CrossRef
Medline

Haider L, Simeonidou C, Steinberger G, et al. Multiple sclerosis deep
grey matter: the relation between demyelination, neurodegenera-
tion, inflammation and iron. ] Neurol Neurosurg Psychiatry 2014;85:
1386-95 CrossRef Medline

Garden GA, Moller T. Microglia biology in health and disease.
J Neuroimmune Pharmacol 2006;1:127—37 CrossRef Medline
Cheepsunthorn P, Radov L, Menzies S, et al. Characterization of a
novel brain-derived microglial cell line isolated from neonatal rat
brain. Glia 2001;35:53—62 CrossRef Medline

Andersen HH, Johnsen KB, Moos T. Iron deposits in the chronically
inflamed central nervous system and contributes to neurodegen-
eration. Cell Mol Life Sci 2014;71:1607-22 CrossRef Medline

Walsh AJ, Blevins G, Lebel RM, et al. Longitudinal MR imaging of
iron in multiple sclerosis: an imaging marker of disease. Radiology
2014;270:186-96 CrossRef Medline

Langkammer C, Schweser F, Krebs N, et al. Quantitative suscep-
tibility mapping (QSM) as a means to measure brain iron? A post
mortem validation study. Neuroimage 2012;62:1593-99 CrossRef
Medline

LiuJ, Liu T, de Rochefort L, et al. Morphology enabled dipole inver-
sion for quantitative susceptibility mapping using structural con-
sistency between the magnitude image and the susceptibility map.
Neuroimage 2012;59:2560—68 CrossRef Medline

Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: auto-
mated labeling of neuroanatomical structures in the human brain.
Neuron 2002;33:341-55 CrossRef Medline

Mukaka MM. Statistics corner: a guide to appropriate use of corre-
lation coefficient in medical research. Malawi Med ] 2012;24:69-71
Medline

Wisnieff C, Ramanan S, Olesik ], et al. Quantitative susceptibility
mapping (QSM) of white matter multiple sclerosis lesions: inter-
preting positive susceptibility and the presence of iron. Magn Reson
Med 2015;74:564-70 CrossRef Medline

Sun H, Walsh AJ, Lebel RM, et al. Validation of quantitative suscep-
tibility mapping with Perls’ iron staining for subcortical gray mat-
ter. Neuroimage 2015;105:486-92 CrossRef Medline

Schmalbrock P, Prakash RS, Schirda B, et al. Basal ganglia iron in
patients with multiple sclerosis measured with 7T quantitative sus-
ceptibility mapping correlates with inhibitory control. AJNR Am |
Neuroradiol 2016;37:439—46 CrossRef Medline

WangY, Liu T. Quantitative susceptibility mapping (QSM): decod-
ing MRI data for a tissue magnetic biomarker. Magn Reson Med
2015;73:82-101 CrossRef Medline

Schweser F, Deistung A, Lehr BW, et al. Differentiation between
diamagnetic and paramagnetic cerebral lesions based on magnetic
susceptibility mapping. Med Phys 2010;37:5165-78 CrossRef
Medline

Haacke EM, Miao Y, Liu M, et al. Correlation of putative iron con-
tent as represented by changes in R2* and phase with age in deep
gray matter of healthy adults. ] Magn Reson Imaging 2010;32:561-76
CrossRef Medline

Barbeito AG, Garringer HJ, Baraibar MA, et al. Abnormal iron me-
tabolism and oxidative stress in mice expressing a mutant form of
the ferritin light polypeptide gene. ] Neurochem 2009;109:1067-78
CrossRef Medline

Deng X, Vidal R, Englander EW. Accumulation of oxidative DNA
damage in brain mitochondria in mouse model of hereditary ferri-
tinopathy. Neurosci Lett 2010;479:44—48 CrossRef Medline
Pelizzoni I, Macco R, Morini MF, et al. Iron handling in hip-
pocampal neurons: activity-dependent iron entry and mito-
chondria-mediated neurotoxicity. Aging Cell 2011;10:172-83
CrossRef Medline

Rogers JT, Bridges KR, Durmowicz GP, et al. Translational control
during the acute phase response: ferritin synthesis in response to
interleukin-1. ] Biol Chem 1990;265:14572—78 Medline

AINR Am J Neuroradiol 39:467-72  Mar 2018 www.ajnr.org 471


http://dx.doi.org/10.1212/WNL.0000000000001679
http://www.ncbi.nlm.nih.gov/pubmed/25979698
http://dx.doi.org/10.1002/ana.10326
http://www.ncbi.nlm.nih.gov/pubmed/12402265
http://dx.doi.org/10.1177/1352458512459289
http://www.ncbi.nlm.nih.gov/pubmed/22968543
http://dx.doi.org/10.1016/j.neuroimage.2011.07.045
http://www.ncbi.nlm.nih.gov/pubmed/21820063
http://dx.doi.org/10.1177/1352458515616204
http://www.ncbi.nlm.nih.gov/pubmed/26541795
http://dx.doi.org/10.1212/WNL.0000000000001285
http://www.ncbi.nlm.nih.gov/pubmed/25616483
http://dx.doi.org/10.1016/j.jns.2008.12.034
http://www.ncbi.nlm.nih.gov/pubmed/19201003
http://dx.doi.org/10.1038/nature10923
http://www.ncbi.nlm.nih.gov/pubmed/22426000
http://dx.doi.org/10.1038/nature09336
http://www.ncbi.nlm.nih.gov/pubmed/20811452
http://dx.doi.org/10.1148/radiol.10100326
http://www.ncbi.nlm.nih.gov/pubmed/20724544
http://dx.doi.org/10.1002/hbm.23144
http://www.ncbi.nlm.nih.gov/pubmed/26920497
http://dx.doi.org/10.3174/ajnr.A3998
http://www.ncbi.nlm.nih.gov/pubmed/24948507
http://dx.doi.org/10.1177/1352458512465135
http://www.ncbi.nlm.nih.gov/pubmed/23139386
http://dx.doi.org/10.3174/ajnr.A3030
http://www.ncbi.nlm.nih.gov/pubmed/22460343
http://dx.doi.org/10.1002/jmri.24951
http://www.ncbi.nlm.nih.gov/pubmed/25980643
http://dx.doi.org/10.3174/ajnr.A0646
http://www.ncbi.nlm.nih.gov/pubmed/17893225
http://dx.doi.org/10.1177/1352458511428464
http://www.ncbi.nlm.nih.gov/pubmed/22032862
http://dx.doi.org/10.1016/j.msard.2013.06.017
http://www.ncbi.nlm.nih.gov/pubmed/25878007
http://dx.doi.org/10.1212/WNL.0b013e318236ef0e
http://www.ncbi.nlm.nih.gov/pubmed/21975210
http://dx.doi.org/10.1371/journal.pone.0035241
http://www.ncbi.nlm.nih.gov/pubmed/22529995
http://dx.doi.org/10.1038/nrn1537
http://www.ncbi.nlm.nih.gov/pubmed/15496864
http://dx.doi.org/10.1136/jnnp-2014-307712
http://www.ncbi.nlm.nih.gov/pubmed/24899728
http://dx.doi.org/10.1007/s11481-006-9015-5
http://www.ncbi.nlm.nih.gov/pubmed/18040779
http://dx.doi.org/10.1002/glia.1070
http://www.ncbi.nlm.nih.gov/pubmed/11424192
http://dx.doi.org/10.1007/s00018-013-1509-8
http://www.ncbi.nlm.nih.gov/pubmed/24218010
http://dx.doi.org/10.1148/radiol.13130474
http://www.ncbi.nlm.nih.gov/pubmed/23925273
http://dx.doi.org/10.1016/j.neuroimage.2012.05.049
http://www.ncbi.nlm.nih.gov/pubmed/22634862
http://dx.doi.org/10.1016/j.neuroimage.2011.08.082
http://www.ncbi.nlm.nih.gov/pubmed/21925276
http://dx.doi.org/10.1016/S0896-6273(02)00569-X
http://www.ncbi.nlm.nih.gov/pubmed/11832223
http://www.ncbi.nlm.nih.gov/pubmed/23638278
http://dx.doi.org/10.1002/mrm.25420
http://www.ncbi.nlm.nih.gov/pubmed/25137340
http://dx.doi.org/10.1016/j.neuroimage.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25462797
http://dx.doi.org/10.3174/ajnr.A4599
http://www.ncbi.nlm.nih.gov/pubmed/26611996
http://dx.doi.org/10.1002/mrm.25358
http://www.ncbi.nlm.nih.gov/pubmed/25044035
http://dx.doi.org/10.1118/1.3481505
http://www.ncbi.nlm.nih.gov/pubmed/21089750
http://dx.doi.org/10.1002/jmri.22293
http://www.ncbi.nlm.nih.gov/pubmed/20815053
http://dx.doi.org/10.1111/j.1471-4159.2009.06028.x
http://www.ncbi.nlm.nih.gov/pubmed/19519778
http://dx.doi.org/10.1016/j.neulet.2010.05.025
http://www.ncbi.nlm.nih.gov/pubmed/20478358
http://dx.doi.org/10.1111/j.1474-9726.2010.00652.x
http://www.ncbi.nlm.nih.gov/pubmed/21108725
http://www.ncbi.nlm.nih.gov/pubmed/1696948

41.

42.

43.

44.

472

Tsuji Y, Miller LL, Miller SC, et al. Tumor necrosis factor-alpha and
interleukin 1-alpha regulate transferrin receptor in human diploid
fibroblasts. Relationship to the induction of ferritin heavy chain.
J Biol Chem 1991;266:7257—61 Medline

Smirnov IM, Bailey K, Flowers CH, et al. Effects of TNF-alpha and
IL-1beta on iron metabolism by A549 cells and influence on cyto-
toxicity. Am ] Physiol 1999;277:L257—63 Medline

Williams R, Rohr AM, Wang WT, et al. Iron deposition is indepen-
dent of cellular inflammation in a cerebral model of multiple scle-
rosis. BMC Neurosci 2011;12:59 CrossRef Medline

Shoham S, Werman E, Ebstein RP. Iron accumulation in the
rat basal ganglia after excitatory amino acid injections: dissoci-

Chiang Mar 2018 www.ajnr.org

45.

46.

47.

ation from neuronal loss. Exp Neurol 1992;118:227—41 CrossRef
Medline

Sastry S, Arendash GW. Time-dependent changes in iron levels and
associated neuronal loss within the substantia nigra following le-
sions within the neostriatum/globus pallidus complex. Neurosci-
ence 1995;67:649—66 CrossRef Medline

Radlinska BA, Ghinani SA, Lyon P, et al. Multimodal microglia im-
aging of fiber tracts in acute subcortical stroke. Ann Neurol 2009;66:
825-32 CrossRef Medline

Aquino D, Bizzi A, Grisoli M, et al. Age-related iron deposition in the
basal ganglia: quantitative analysis in healthy subjects. Radiology
2009;252:165-72 CrossRef Medline


http://www.ncbi.nlm.nih.gov/pubmed/2016326
http://www.ncbi.nlm.nih.gov/pubmed/10444519
http://dx.doi.org/10.1186/1471-2202-12-59
http://www.ncbi.nlm.nih.gov/pubmed/21699685
http://dx.doi.org/10.1016/0014-4886(92)90039-S
http://www.ncbi.nlm.nih.gov/pubmed/1426129
http://dx.doi.org/10.1016/0306-4522(94)00618-F
http://www.ncbi.nlm.nih.gov/pubmed/7545796
http://dx.doi.org/10.1002/ana.21796
http://www.ncbi.nlm.nih.gov/pubmed/20035510
http://dx.doi.org/10.1148/radiol.2522081399
http://www.ncbi.nlm.nih.gov/pubmed/19561255

ORIGINAL RESEARCH
ADULT BRAIN

Optimization of DARTEL Settings for the Detection of

Alzheimer Disease

J. Komatsu, ““/I. Matsunari, “’M. Samuraki, ““'K. Shima, ““’M. Noguchi-Shinohara, ““K. Sakai, ““’T. Hamaguchi, ““K. Ono,
H. Matsuda, and ““’M. Yamada
o=
ABSTRACT

BACKGROUND AND PURPOSE: Although Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) has been
introduced as an alternative to conventional voxel-based morphometry, there are scant data available regarding the optimal image-
processing settings. The aim of this study was to optimize image-processing and ROI settings for the diagnosis of Alzheimer disease using
DARTEL.

MATERIALS AND METHODS: Between May 2002 and August 2014, we selected 158 patients with Alzheimer disease and 198 age-matched
healthy subjects; 158 healthy subjects served as the control group against the patients with Alzheimer disease, and the remaining 40 served
as the healthy data base. Structural MR images were obtained in all the participants and were processed using DARTEL-based voxel-based
morphometry with a variety of settings. These included modulated or nonmodulated, nonsmoothed or smoothed settings with a4-, 8-,12-,
16-, or 20-mm kernel size. A z score was calculated for each ROI, and univariate and multivariate logistic regression analyses were performed
to determine the optimal ROI settings for each dataset. The optimal settings were defined as those demonstrating the highest x* test
statistics in the multivariate logistic regression analyses. Finally, using the optimal settings, we obtained receiver operating characteristic
curves. The models were verified using 10-fold cross-validation.

RESULTS: The optimal settings were obtained using the hippocampus and precuneus as ROIs without modulation and smoothing. The
average area under the curve was 0.845 (95% confidence interval, 0.788—0.902).

CONCLUSIONS: We recommend using the precuneus and hippocampus as ROls without modulation and smoothing for DARTEL-based
voxel-based morphometry as a tool for diagnosing Alzheimer disease.

ABBREVIATIONS: AD = Alzheimer disease; AUC = area under the curve; CDR = Clinical Dementia Rating; DARTEL = Diffeomorphic Anatomical Registration
Through Exponentiated Lie Algebra; HS = healthy subjects; MMSE = Mini-Mental State Examination; ROC = receiver operating characteristic; VBM = voxel-based

morphometry

tatistical neuroimaging analysis techniques such as voxel-
based morphometry (VBM) have been widely used to evaluate
structural MR imaging data, but in recent years, such methods
have been suggested as a diagnostic aid for the early detection of
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Alzheimer disease (AD).""> However, conventional VBM has of-
ten been criticized due to its imperfect registration of individual
images of the standard brain.” Diffeomorphic Anatomical Regis-
tration Through Exponentiated Lie Algebra (DARTEL) has been
introduced as an alternative method to conventional VBM due to
novel abilities allowing precise segmentation and normalization
ofimages.* Some studies have reported that DARTEL-based VBM
provides a greater diagnostic accuracy for the detection of AD
than conventional VBM methods.® Modulation, which involves
the scaling of images depending on the extent of expansion or
contraction, is considered an important processing step for
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DARTEL-based VBM. The smoothing before statistical image
analysis is also an important factor that can affect VBM results.
However, there are scant data available regarding the optimal im-
age-processing settings for DARTEL-based VBM.

Shima et al® previously demonstrated that a subset of patients
with AD demonstrate atrophy in neocortical areas such as the
posterior cingulate gyri and parietal lobe rather than in traditional
areas such as the hippocampus, which is particularly true in early-
onset AD. Therefore, it would be conceivable to hypothesize that
optimal ROT settings for the detection of AD might vary according
to age.

The purpose of this study was to optimize image-processing
and ROI settings for the discrimination of patients with AD from
age-matched healthy subjects using DARTEL-based VBM.

MATERIALS AND METHODS

Subjects

This prospective study was performed as a part of the Ishikawa
Brain Imaging Study, which included any research to seek and
develop imaging biomarkers for early and objective assessment of
AD and other forms of neurodegenerative diseases using PET and
MR imaging.”® The study protocol was approved by the Medical
and Pharmacological Research Center Foundation ethics com-
mittee, and written informed consent was obtained from all sub-
jects before participation in the study. Of the 594 consecutive
patients who were examined by neurologists and who underwent
MR imaging (3D-T1-weighted, T2-weighted, MR angiography)
at our memory clinic between May 2002 and August 2014, we
selected 240 patients with a clinical diagnosis of probable AD atan
early stage. Of the MR imaging scans, 3D-T1-weighted scans were
used for both screening and analysis, whereas T2-weighted MR
imaging and MR angiography were used for screening. Diagnosis
of AD was based on the criteria of the National Institute of Neu-
rologic and Communicative Disorders and Stroke and the Alzhei-
mer’s Disease and Related Disorders Association.” Forty-three
patients were excluded from the study on the following
grounds: 1) evidence of moderate-to-severe cognitive distur-
bance: grade 2 or more on the Clinical Dementia Rating
(CDR),"? with evidence of severe language, attentional, or be-
havioral disturbances that might complicate neurologic assess-
ment; 2) uncontrolled major systemic disease or other neuro-
logic disorders; and 3) evidence of focal brain lesions
determined by MR imaging. We also excluded 39 patients with
AD older than 80 years of age because it was impossible to find
suitable age-matched healthy controls. Finally, 158 patients
with AD were enrolled for analysis.

Regarding the generation of a control group for the construc-
tion of a healthy data base and for comparison against patients
with AD, healthy subjects (HS) were recruited in response to ad-
vertisements. The following criteria were used to define healthy:
1) no history of brain trauma, psychiatric or neurologic disorders,
or uncontrolled major systemic diseases and no current use of
centrally acting drugs; 2) no abnormalities following general
and neurologic examination; 3) a Mini-Mental State Examina-
tion (MMSE)'" score of =28 and no clinical evidence of de-
mentia; and 4) no evidence of asymptomatic cerebral infarc-
tion or brain vessel abnormalities on MR imaging. From the
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criteria, 704 subjects were determined to be HS among the
1369 recruited volunteers. From the 704 subjects, 198 age-
matched subjects were selected; of these, 158 served as the
control group against the patients with AD and the remaining
40 served as the healthy database.

Imaging Procedure

Both patients with AD and HS underwent structural MR imaging
analysis. The structural MR imaging studies were performed us-
ing a 1.5T system (Signa Horizon; GE Healthcare, Milwaukee,
Wisconsin). A 3D volumetric acquisition of a T1-weighted gradi-
ent-echo sequence produced a gapless series of thin transaxial
sections using a magnetization-prepared rapid acquisition of
gradient-echo sequence (TE/TR, 2.0/9.2 ms; flip angle, 20°; acqui-
sition matrix, 256 X 192; number of slices, 124; pixel size, 0.78 X
1.04; slice thickness, 1.4 mm).

Image Processing

MR imaging data were analyzed with DARTEL-based spatial nor-
malization with SPM8 software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm12).* MR images from 158 patients with AD
and 198 HS were used to create templates for the DARTEL-based
normalization technique. During spatial normalization, brain re-
gions are expanded or contracted. Modulation involves scaling by
the amount of expansion or contraction, so that the total amount
of gray matter intensity in the modulated gray matter remains the
same as it would be in the original images. Thus, gray matter
intensity on modulated images should represent tissue volume
rather than tissue concentration on nonmodulated images. Dur-
ing processing, both modulated and nonmodulated gray matter
images were obtained for DARTEL-based VBM analysis. Modu-
lated and nonmodulated gray matter images were nonsmoothed
or smoothed, which is an image blurring using a function with a
4-, 8-, 12-, 16-, or 20-mm full width at half maximum Gaussian
kernel, respectively, to investigate the effect of smoothing kernel
size on DARTEL-based VBM. Twelve image datasets for each sub-
ject were generated.

Tomographic Z Score Mapping

After the preprocessing of MR imaging data, gray matter MR im-
ages were compared with the mean and SD of normal database
gray matter images using a voxel-by-voxel z score analysis with a
software program developed by Matsuda et al'*: Z Score = ([Con-
trol Mean] — [Individual Value]) / (Control SD). This compari-
son was performed so that a positive z score value would represent
reduced gray matter concentration or volume. These z score maps
were displayed by overlay on tomographic sections. In each z
score map, WFU Pick atlas-based ROIs (Department of Radiol-
ogy of Wake Forest University School of Medicine, Winston-Sa-
lem, North Carolina; fmri.wfubmc.edu)'® were drawn on the
amygdala, hippocampus, parahippocampus, posterior cingulate
gyrus, precuneus, frontal lobe, occipital lobe, parietal lobe, and
temporal lobe.

Analysis
For each dataset, we investigated the diagnostic ability of each
technique to discriminate patients with AD from HS. We per-



FIG1. The scheme of 10-fold cross-validation. One hundred fifty-eight subjects with AD and 158
HS were randomly divided into 10 folds, with the same number of subjects with AD and HS in each
fold. In each iteration, 9 of the folds were used for discovery (optimal setting determination) and

were performed using a stepwise back-
ward elimination procedure. To assess
the aging effect, age was entered as a
variable for both univariate and mul-
tivariate analysis.

The validation group was used to es-
timate the diagnostic performance of the
optimal setting with receiver operating
characteristic (ROC) analysis. Diagnos-
tic accuracy was assessed by the area un-
der the curve (AUC). Data were ex-
pressed as mean * SD. Comparisons of
mean values were performed with
ANOVA. When assumptions required
for the ANOVA were not met, the non-
parametric 2-sided Kruskal-Wallis test
was used. The proportional difference
among the groups was assessed using a
X~ test. Statistical significance was de-
fined as P < .05 (2-sided). All the statis-
tical analyses were performed using a
statistical software package (JMP 10;
SAS Institute. Cary, North Carolina).

RESULTS

1fold was used for validation (diagnostic performance test).

Table 1: Clinical characteristics of AD group and HS group

Clinical characteristics of patients with
AD, HS, and the healthy database are
summarized in Table 1. Clinical charac-

AD (n =158) HS (n =158) NDB (n = 40) PValue teristics of the discovery and valida-
Age (yr) 69 8 68+8 69 *6 881 tion groups in the tests 1-10
Onset age (yr) 67+8 - are shown in On-line Tables 1A—10A.
S F) 8078 871 2020 692° The results of univariate and multivari-
MMSE 227 = 3.6 29.0 0.7 29.6 = 0.6 <.001° L.
CDR (0.5/1) 20/138 _ a.te anal}llses for the dlscrlimlnatlon of pa-
Term of education (yr) n7+26 122%29 21+23 1966 tients with AD from HS in the tests 1-10
Note:—NDB indicates normal data base. are shown in On-line Tables 1B-1G,
2 ANOVA. 2B-2G, 3B-3G, 4B-4G, 5B-5G, 6B-6G,
5 X2 test.

€ Kruskal-Wallis test.

formed 10-fold cross-validation to optimize image-processing
and ROI settings and test the diagnostic performance. The sub-
jects were randomly divided into 10 folds, with the same number
of patients with AD and HS in each fold. In each iteration, 9 of the
folds were used for discovery (optimal setting determination) and
the remaining one was used for validation (diagnostic perfor-
mance test). The scheme of 10-fold cross-validation is illustrated
in Fig 1.

On the basis of the z score, the optimal ROIs for the dis-
crimination of AD under each processing condition were de-
termined using univariate and multivariate logistic regression
analyses referring likelihood ratio x* test statistic. Although
our patients with AD and healthy subjects were matched for
age and number as a whole, they were not individually
matched. Therefore, we used regular logistic regression rather
than the conditional logistic regression to analyze our datasets.
The optimal settings were defined as the settings demonstrat-
ing the highest x* test statistics in the multivariate logistic re-
gression analyses. Multivariate logistic regression analyses

7B-7G, 8B-8G, 9B-9G, and 10B-10G.

The summaries of the optimal ROIs and

diagnostic performance expressed as
AUC:s for each image-processing setting are shown in On-line Ta-
bles 1H-10H. Finally, the summary of 10-fold cross-validation is
shown in Table 2.

Determination of Optimal Image-Processing and ROI
Settings
When the smoothing kernel size was set to 8—20 mm, the
amygdala and parietal lobe ROIs mainly contributed to the dis-
crimination of AD regardless of the use of modulation (On-
line Tables). When images were modulated and the smoothing
kernel size was set to 0—4 mm, the amygdala and posterior cingu-
late gyrus ROIs were the main contributor. When images were
nonmodulated and the smoothing kernel size was set to 0—4 mm,
the hippocampus and precuneus ROIs were the predominant
contributor (On-line Tables).

The results of multivariate analysis are summarized in Ta-
ble 2. In 8 of 10 tests, the highest X~ statistic was obtained when
images were nonmodulated and nonsmoothed. Furthermore,
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Table 2: Summary of 10-fold cross-validation®

Optimized
Image-Processing Condition
Smoothing Kernel Likelihood Ratio
Modulation Size (mm) Optimal ROI X Test Statistic P Value AUC

Test1 - Nonsmoothed Hippocampus m.92 <.001 0.830

Test 2 - Nonsmoothed Hippocampus 113.55 <.001 0.945
Precuneus

Test 3 - Nonsmoothed Hippocampus 120.76 <.001 0.869
Precuneus

Test 4 - Nonsmoothed Hippocampus 126.04 <.001 0.756
Precuneus

Test 5 - 4 Hippocampus 123.10 <.001 0.871
Precuneus
Parahippocampus

Test 6 + 8 Amygdala 118.83 <.001 0.738
Frontal lobe
Parietal lobe

Test7 - Nonsmoothed Hippocampus 124.73 <.001 0.836
Precuneus

Test 8 - Nonsmoothed Hippocampus 119.94 <.001 0.871
Precuneus

Test 9 - Nonsmoothed Hippocampus 126.26 <.001 0.851
Precuneus

Test 10 - Nonsmoothed Hippocampus 127.45 <.001 0.787
Precuneus

2 Likelihood ratio x? test statistic and P values were determined by multivariate logistic regression analyses. Optimal image-processing condition and ROI and diagnostic

performance are expressed as area under the curve for each validation group.

the optimal ROIs for the above settings mostly included the
hippocampus and precuneus. Age did not survive as a variate
to discriminate patients with AD from HS in any test. Thus, the
optimal settings for the discrimination of patients with AD
from HS were obtained when ROIs were set to the hippocam-
pus and precuneus without modulation and smoothing in 7 of
the 10 tests.

Most interesting, following modulation, the z score of the
amygdala was increased, and conversely, that of the hippocampus
was reduced. Examples are presented in Fig 2.

Diagnostic Performance of DARTEL-Based VBM Using the
Optimal Image-Processing Settings and ROIs

Using the optimal image-processing and ROI settings deter-
mined by multivariate analyses of the training groups, we per-
formed ROC analyses in each test group to assess the diagnos-
tic ability as shown in Table 2. The AUC ranged from 0.738 to
0.945. When only the results of the ROI settings of the hip-
pocampus and precuneus without modulation and smoothing
(tests 2, 3,4, 7,8,9,and 10) were summarized, the average of
the AUC was 0.845 (95% confidence interval, 0.788—-0.902).
Additionally, there was a general trend for the ROC results to
get worse along with smaller x* statistics as the smooth func-
tion kernel size increased, particularly in nonmodulation set-
tings (On-line Tables).

DISCUSSION
The major finding of this study was that the diagnostic ability of
DARTEL-based VBM was highest when MR images were non-
modulated and nonsmoothed with ROIs set to the hippocampus
and precuneus.
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FIG 2. Two sample cases of z score maps with and without mod-
ulation from patients with AD. Automated voxel-by-voxel z score
analysis was performed by comparison of the relative gray matter
concentration of patients with the mean and SD of HS. Color-
scaled z score maps were displayed by overlaying them on the
spatially normalized transaxial MR imaging. Smoothing was not
applied. The modulated MR image of the patient with AD (67-year-
old man; MMSE score, 19; CDR, 1) showed a high z score in the
amygdala. The finding became obscure when the MR image was
nonmodulated. Meanwhile, the nonmodulated MR image of an-
other patient with AD (78-year-old man; MMSE score, 21; CDR, 1)
showed a high z score in the hippocampus. The finding disap-
peared when the MR image was modulated.

Impact of Modulation on the Discrimination of AD in
DARTEL-Based VBM

In the present study, modulation significantly influenced the di-
agnostic performance of DARTEL-based VBM for AD. Following
modulation, volumetric differences in the amygdala became in-
creasingly visible, and conversely, those of the hippocampus be-
came more obscure. In theory, perfect spatial normalization



would result in no detectable differences between the individual
gray matter images unless modulated.

The negative effect of modulation on the hippocampus
might suggest that the detected differences between patients
with AD and healthy subjects are likely to reflect imperfect
registration between images rather than true volume differ-
ences. By contrast, the positive effect of modulation on the
amygdala might suggest that spatial normalization was suc-
cessful. These findings indicate that the effects of modulation
influence each brain region differently, likely dependent on the
structural complexity of each area.

Optimal Smoothing Kernel Size for the Discrimination of
AD by DARTEL-Based VBM

In statistical image analysis, smoothing is routinely applied to
reduce noise, normalize the distribution, and compensate for im-
perfect image registration.'* A previous modulated DARTEL-
based VBM study reported that optimal kernel size varied accord-
ing to the group size.'” The present study indicated that optimal
kernel size varied depending on the use of modulation and varia-
tion in the ROL. If we took into account the above settings, the
optimal setting was without smoothing the images. This result
could be due to an increased ability to detect localized abnormal-
ities by not smoothing. However, this anatomic difference be-
tween patients with AD and HS would be lost with smoothing,
resulting in a smaller x> and AUC, particularly in nonmodulation
settings. Like the modulation effects as aforementioned, the ef-
fects of smoothing could also be region-dependent. Furthermore,
our observation might be related to the specific programs used in
this study during data processing. Therefore, one should interpret
our results with caution, taking these circumstances into account.

Optimal ROI for the Discrimination of VAD by DARTEL-
Based VBM

To determine a suitable ROI for the diagnosis of AD, previous
VBM studies analyzed corresponding areas of gray matter volume
for patients with AD and HS using group comparison analy-

2421617 1 the present study, we extracted areas of signifi-

ses
cant correlation for the discrimination of AD using multivariate
logistic regression analysis and determined such areas as ROIs. As
aresult, in addition to medial temporal structures, the precuneus
was designated as an optimal ROI for the detection of AD. This is
in line with a previous study by Shima et al® demonstrating that
some patients with AD show atrophy in neocortical areas such as
the posterior cingulate gyrus and precuneus rather than in the
medial temporal structures, particularly in young patients. Thus,
the diagnostic performance of VBM for the discrimination of AD
could be improved by combining the neocortical areas with me-
dial temporal structures as ROIs.

Effects of Age on the Diagnostic Accuracy of AD with
DARTEL-Based VBM

We did not find aging effects on the choice of VBM parameters
when age was included as a predictor to discriminate AD from HS
in our regression model. This was perhaps because most of our
patients had late-onset AD as reflected by the mean onset age
(67 = 8 years) and the age range not being wide enough to show

significant effects. This needs to be addressed in further studies
focusing on young patients with AD.

Limitations

There are limitations to the study. First, the diagnosis of probable
AD was made on the basis of clinical examinations and therefore
may differ from that obtained with final pathologic verification, a
limitation present in many such studies. However, it has been
reported that diagnostic accuracy can exceed 90% in an academic
memory disorders clinic setting.'® Second, we investigated the
optimal settings of DARTEL-based VBM to only discriminate be-
tween patients with AD and healthy subjects. Therefore, our data
cannot be applied to other types of dementia. Finally, the data
would be more robust if we could use our optimized model pa-
rameters applied on outside AD datasets such as the Alzheimer’s
Disease Neuroimaging Initiative data (http://adni.loni.usc.edu/).
However, this proposal is beyond the scope of the current study
and should be addressed in future.

CONCLUSIONS

For the discrimination of VAD from HS using DARTEL-based
VBM, we recommend using the precuneus and hippocampus as
ROIs without modulation and smoothing. The use of optimized
ROIs and image-processing settings can provide a high level of
diagnostic accuracy in the discrimination of AD.
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Substantia Nigra Free Water Increases Longitudinally in

T. Guttuso Jr,

ABSTRACT

N. Bergsland,

Parkinson Disease

D.G. Lichter, ““’O. Pasternak, and “*/R. Zivadinov
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J. Hagemeier,

BACKGROUND AND PURPOSE: Free water in the posterior substantia nigra obtained from a bi-tensor diffusion MR imaging model has been
shown to significantly increase over 1- and 4-year periods in patients with early-stage idiopathic Parkinson disease compared with healthy

controls, which suggests that posterior substantia nigra free water may be an idiopathic Parkinson disease progression biomarker. Due to the

known temporal posterior-to-anterior substantia nigra degeneration in idiopathic Parkinson disease, we assessed longitudinal changes in free

water in both the posterior and anterior substantia nigra in patients with later-stage idiopathic Parkinson disease and age-matched healthy

controls for comparison.

MATERIALS AND METHODS: Nineteen subjects with idiopathic Parkinson disease and 19 age-matched healthy control subjects were
assessed on the same 3T MR imaging scanner at baseline and after approximately 3 years.

RESULTS: Baseline mean idiopathic Parkinson disease duration was 7.1 years. Both anterior and posterior substantia nigra free water

showed significant intergroup differences at baseline (P < .001 and P = .014, respectively, idiopathic Parkinson disease versus healthy

controls); however, only anterior substantia nigra free water showed significant longitudinal group X time interaction increases (P = .02],

idiopathic Parkinson disease versus healthy controls). There were no significant longitudinal group X time interaction differences found

for conventional diffusion tensor imaging or free water—corrected DTl assessments in either the anterior or posterior substantia nigra.

CONCLUSIONS: Results from this study provide further evidence supporting substantia nigra free water as a promising disease-progres-

sion biomarker in idiopathic Parkinson disease that may help to identify disease-modifying therapies if used in future clinical trials. Our

novel finding of longitudinal increases in anterior but not posterior substantia nigra free water is potentially a result of the much longer

disease duration of our cohort compared with previously studied cohorts and the known posterior-to-anterior substantia nigra degen-

eration that occurs over time in idiopathic Parkinson disease.

ABBREVIATIONS: aSN = anterior substantia nigra; FW = free water; HC = healthy control; IPD = idiopathic Parkinson disease; IPD-NM = subjects with IPD not
receiving any MAOI at baseline; IPD-R = subjects with IPD receiving rasagiline at baseline; MAOI = monoamine oxidase inhibitor; MMSE = Mini-Mental State
Examination; MoCA = Montreal Cognitive Assessment; MNI = Montreal Neurological Institute; NODDI = neurite orientation dispersion and density imaging; pSN =

posterior substantia nigra; SN = substantia nigra pars compacta

At the time of diagnosis of idiopathic Parkinson disease (IPD)
about 30%-50% of the dopaminergic neurons in the sub-
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stantia nigra pars compacta (SN) have degenerated, resulting in
dopamine deficiency and motor symptoms.' This degeneration
is initially focused in the ventrolateral tier, which is grossly in the
posterior SN, with the more anterior regions of the SN affected
relatively later in the disease.” Thus, the pattern of SN neuronal
loss in IPD is heterogeneous and progresses from a posterior-to-
anterior direction with over time.

Diffusion tensor imaging is a diffusion MR imaging—derived as-
sessment that reflects tissue microstructural integrity.* As a result,
multiple groups have sought to determine whether SN DTI can dis-
tinguish subjects with IPD from healthy controls (HCs). Results of
these studies have been conflicting.” These conflicting results have
been theorized to be due to inconsistent methodologies used to de-
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lineate the SN or unpredictable contamination of DTI assessments
from free water (FW), which is extracellular water.”” FW mapping
obtained from a bi-tensor diffusion MR imaging model was devel-
oped, which allows separating out the contribution of FW to DTI
assessments (FW-corrected DTT) and for determining the fraction of
FW itself, to control for FW contamination.” Most interesting, sub-
sequent studies have shown that FW itself in the posterior (p) SN
distinguishes patients with IPD from HCs better than conventional
DTI as well as FW-corrected DTI assessments.*” Furthermore, 2
studies by the Vaillancourt group have shown pSN FW to signifi-
cantly increase longitudinally over 1 and 4 years in patients with ear-
ly-stage IPD compared with HCs, suggesting that pSN FW may be a
disease-progression biomarker in early IPD.'*!"

Due to the known temporal posterior-to-anterior SN degen-
eration in IPD,” we assessed longitudinal changes in FW and ex-
plored changes in FW-corrected DTI and conventional DTT in
both the posterior and anterior (a) SN in patients with later-stage
IPD and age-matched HCs over approximately 3 years. Addi-
tional exploratory outcomes included assessment for associations
between longitudinal changes in clinical outcomes (motor and
cognitive) and longitudinal changes in DTI/FW in the SN and
multiple other regions of interest. We were particularly interested
in identifying ROIs that may reflect longitudinal worsening of cog-
nition because dementia eventually occurs in 80% of patients with
IPD, is likely unrelated to SN pathology, and is one of the most dis-
abling long-term sequela of IPD."* Finally, we also explored differ-
ences in these outcomes between the subjects with IPD receiving the
monoamine oxidase inhibitor (MAOI) rasagiline at baseline and IPD
subjects not receiving any MAOI at baseline to examine the potential
disease-modifying actions of rasagiline."?

MATERIALS AND METHODS

The institutional review board at the University at Buffalo provided
ethics approval for this study before subject enrollment. From March
2011 to March 2013, thirty-two subjects with IPD and 25 age- and
sex-matched HC subjects provided written informed consent and
underwent MR imaging and clinical assessment, including ‘on’ state
Unified Parkinson’s Disease Rating Scale Part 1IL'* the Montreal
Cognitive Assessment (MoCA),'® and the Mini-Mental State Exam-
ination (MMSE).'® Subsequently, from January to October 2015,
after again providing written informed consent, available subjects
were re-assessed with the same clinical and MR imaging measures
(follow-up assessments). All subjects with IPD satisfied the UK Par-
kinson’s Disease Society Brain Bank criteria for diagnosis'” and were
assessed clinically by the same movement disorder neurologist (T.G.
or D.G.L.) at both time points. Healthy controls consisted primarily
of spouses and friends of the participants with IPD. A small number
of healthy controls in this study had participated in previous research
studies at the University at Buffalo and had consented to be contacted
for future studies.

Using the same 3T-MR imaging scanner Signa Excite HD 12.0
Twin Speed 8-channel; (GE Healthcare, Milwaukee, Wisconsin)
and a multichannel head and neck coil at both time points, we
performed diffusion MR imaging with a voxel size of 2 X 2 X 4
mm?® and a 0.5-mm gap. The sequence used 2 averages with 25
noncollinear directions, 5=900 s/mm? and 1 volume without di-
rectional weighting (b=0 s/mm?). A high-resolution 3D T1-
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weighted volume with 1 X 1 X 1 mm® isotropic voxels was also
acquired. Image analyses were performed in the Buffalo Neuroimag-
ing Analysis Center by an evaluator (N.B.) blinded to subjects’ clini-
cal and treatment characteristics. DTT image analyses were per-
formed with the FSL 5.0 Toolbox (www.fmrib.ox.ac.uk/fsl). We used
code implemented in Matlab (MathWorks, Natick, Massachusetts)
to fit a regularized bi-tensor model and to generate FW maps and
FW-corrected maps of the 4 standard DTI assessments.” To elimi-
nate all non-neural tissue, we extracted the original b=0 images (with
no diffusion-weighting) and de-skulled them in FSL using the Brain
Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET). Suscepti-
bility-induced geometric distortions were corrected for using non-
linear registration of the b=0 s/mm” image to the TIWI volume,
while eddy currents were corrected using the FSL eddy tool
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy).'®

FW, FW-corrected DTI, and conventional DTI measures of frac-
tional anisotropy, mean diffusivity, axial diffusivity, and radial diffu-
sivity were assessed in the anterior and pSN as well as several regions
likely to reflect cognitive status'®~>’: the anterior and posterior cin-
gulate, anterior thalamus, fornix, genu and splenium of the corpus
callosum, and major lobar white matter tracts. All ROIs were drawn
manually except for those in the lobar white matter. The former ROIs
were derived by nonlinear registration of the 3D T1WI volume Mon-
treal Neurological Institute (MNI) space. MNI-defined lobar masks
were warped into native space using the corresponding inverse warp.
Finally, the ROIs were then restricted to voxels having a partial vol-
ume estimate of >0.85 for white matter, as derived from tissue seg-
mentation of the 3D TIWI volume.**

SN ROIs were drawn by one of the blinded authors (N.B.) as
previously described.'" Briefly, the b=0 image was linearly registered
with 12 df to a T2-weighted MNI space image with 2-mm” isotropic
voxels.*> Next, left and right hemisphere anterior and posterior SN
ROIs were drawn separately on each b=0 image after transformation
into MNI space. Each ROI consisted of a 2 X 2 mm square placed on
2 consecutive slices, for a total of eight 2 X 2 X 2 mm?® voxels. The
superior slice for the SN ROI placement was chosen just inferior to
the red nucleus where the red nucleus was either barely or no longer
visible. Anterior and pSN ROIs were placed in the area of hypoin-
tense signal on the b=0 image corresponding to the SN (Fig 1). Such
SN ROI placement is also consistent with placement guided by neu-
romelanin-sensitive imaging.” Finally, the DTI-derived maps were
resampled into MNT space with trilinear interpolation using the b=0
transformation matrix, and quantitative measures were extracted
from the SN ROIs. Other exploratory ROIs were delineated as previ-
ously described.’”*"*> The MR imaging scanner underwent no
hardware or software upgrades during the study.

Statistical analyses were conducted using SPSS for Windows,
Version 24.0 (IBM, Armonk, New York). Intergroup differences
in baseline characteristics were analyzed using the X~ test, Student
t test, and nonparametric Mann-Whitney U test when appropri-
ate. The repeated measures ANCOVA general linear model
framework with age and sex as covariates was used for longitudi-
nal and cross-sectional assessments. The ROI main effects of
group and time as well as the interaction effect of group X time
were considered significant at P < .05. There were no corrections
for multiple comparisons in non-SN ROIs due to the exploratory
nature of these outcomes and the limited sample size of the study.



FIG1. Substantia nigra ROIs. Representative b=0 s/mm? images lin-
early registered to the MNI atlas are shown demonstrating the place-
ment of the substantia nigra ROIs. Z-coordinates refer to the slice
shown in MNI space. See the “Materials and Methods” section for a
more detailed description of how ROIs were placed.

Within-Parkinson-disease-group associations between longitu-
dinal changes in imaging measures and longitudinal changes in
clinical outcomes were assessed using age-, sex- and disease dura-
tion—adjusted forward-selection models (P < .05 selection crite-
rion), in which change in clinical outcomes was considered the
dependent measure. Post hoc analyses for differences at baseline
between the subjects with IPD receiving rasagiline at baseline
(IPD-R) and subjects with IPD not receiving any MAOI at base-
line (IPD-NM) were performed using the Fisher least significant
difference and Fisher exact test (categoric) and for longitudinal dif-
ferences using the repeated measures ANCOVA general linear model
framework with disease duration as a covariate. For reproducibility
analysis of the manually drawn ROIs, 2-way absolute agreement, sin-
gle-measure intraclass correlation coefficient was used. A random
sample of data from 5 healthy controls and 5 patients with IPD was
analyzed and re-analyzed after 1 month to minimize recall bias. The
order of the analyses was also randomized.

RESULTS

Of the original 57 subjects enrolled at baseline, 18 were unable to be
reassessed at the 3-year follow-up visit due to death (n = 4), a deep
brain stimulation operation (n = 2), change in residence (n = 3),
decision not to participate (n = 6), or loss to follow-up (n = 3).
Another subject was removed from the analyses after a frontal lobe
astrocytoma was found on the 3-year follow-up MR imaging. There-
fore, 38 subjects with available data at both time points were included
in the analyses. The characteristics of these 38 subjects are summa-
rized in Table 1. There were no significant intergroup differences in
subjects’ ages, but the IPD group had significantly more men and a
longer time to follow-up compared with the HC group.

Anterior SN FW demonstrated both significant intergroup dif-
ferences at baseline and group X time longitudinal interaction dif-
ferences over the 3-year follow-up period, while pSN FW only dem-
onstrated significant intergroup differences at baseline (Fig 2 and
Table 2). No other SN DTI or FW-corrected DTI assessment showed
both significant intergroup and group X time interaction differences.

Comparisons of longitudinal changes in MR imaging assess-
ments with longitudinal changes in clinical outcomes showed in-
creasing bitemporal lobe white matter FW-corrected mean diffusiv-
ity to be associated with decreasing (worsening) MMSE and MoCA
scores (Fig 3; standardized coefficient, P values; respectively: —0.909,
P =.001; —0.534, P = .037). In addition, left aSN FW and total pSN
FW changes were associated with worsening MMSE but not MoCA
scores (standardized coefficient, P values; respectively: —0.781, P =
.002; 0.563, P = .011). Only increasing left parietal lobe white matter
FW-corrected axial diffusivity was associated with increasing (wors-
ening) Unified Parkinson’s Disease Rating Scale Part IIl motor scores
(standardized coefficient, P value: 0.654, P = .033).

There were no significant baseline or longitudinal differences
between the IPD-R (n = 11) and IPD-NM (n = 8) groups for any
ROl assessment after correction for disease duration (5.1 years for
subjects with IPD-R and 9.8 years for those with IPD-NM at base-
line). The subjects with IPD-R had been receiving rasagiline for a
mean of 35.6 = 40.3 months before baseline.

For the left anterior SN, left posterior SN, right anterior SN, and
right posterior SN, the intraclass correlation coefficient values were
0.93, 0.85, 0.91, and 0.83, respectively. Intraclass correlation coeffi-
cient results of the non-SN ROIs ranged between 0.75 (for the ante-
rior thalamus) to 0.96 (for the genu of the corpus callosum).

DISCUSSION
In our later-stage IPD cohort, we found significant longitudinal in-
tergroup differences in aSN FW, with more rapid increases in sub-
jects with IPD compared with HCs over approximately 3 years of
follow-up (Fig 2). This represents the first, independent replication
of previously observed longitudinal increases in SN FW in IPD,'>"!
though in the aSN segment and not the pSN. These data, in total,
support SN FW as a promising disease-progression biomarker in IPD.
As noted, previous studies have shown conflicting results re-
garding cross-sectional, conventional DTT assessments of the SN
in subjects with IPD compared with HCs.>*® These inconsisten-
cies may, in part, be due to FW contamination of the conventional

7227 or to discrepancies in SN ROI delineation.”

DTI measures
Both cross-sectional and longitudinal studies, including ours,
have shown SN FW to distinguish those with IPD from HCs better
and to be more sensitive to SN changes over time than conven-
tional DTI or FW-corrected DTI SN assessments.* "' Another
recent longitudinal DTT study by Loane et al*® did not find any
cross-sectional differences in SN fractional anisotropy or mean
diffusivity at baseline between subjects with IPD and HCs but did
find significant longitudinal changes in both assessments in IPD
over about 1.5 years of follow-up. However, the Loane et al study
found that SN fractional anisotropy values in HCs at baseline fell
between SN fractional anisotropy values in subjects with IPD at
baseline and those with IPD 1.5 years later. Such a finding would
not be consistent with a valid IPD disease state biomarker. On the
other hand, when using SN FW assessments, which were not used by
Loane et al, our study and previous studies have shown baseline in-
tergroup differences consistent with a disease state biomarker and
showed SN FW to significantly increase longitudinally.'>"!

It also appears that SN ROI delineation may affect DTI study
results in IPD. For example, Langley et al® showed robust cross-
sectional differences in SN fractional anisotropy using neu-
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Table 1: Subject demographic and clinical information®

HC (n=19) IPD (n =19) Between Groups
BL F/U BL F/U P Value within BL P Value within F/U

Age (yr) 565(101)  59.6(103)  59.8(84) 63.2(84) 276 251
Male sex (No.) (%) 5(26) - 12(63) - 022 -
Disease duration (yr) - - 7.1(57) 10.4 (5.3) - -
Time to F/U (mo) - 36.2(54) - 438(7.8) - 001
MMSE score 294(09)  295(09)  29.4(1.0) 27.6 (4.8) 586 862
MoCA score 73(24)  279(2) 24.4(42) 243(6.9) 095 046
CDR score (mean, median) (IQR) 0,0(0-0) 01,0(0-0) 0.2,0(0-0.5) 0.3,0(0-0.5) .053 317
UPDRS-Il score 0.8(12) 13(2.3) 18.8(7.3) 221(9.2) <.001 <.001
H&Y (mean, median) (IQR) 0,0(0-0)  0,0(0) 19,2(-25)  24,25(2-3) <.001 <.001
S&E score 100 (0) 100 (0) 913(9.3) 79.5(21.8) 001 001
GDS score 19(29) 12(19) 23(2]) 5.2(7.9) 615 044

Note:—H&Y indicates Hoehn and Yahr scale; S&E, Schwab and England Activities of Daily Living Scale; GDS, Geriatric Depression Scale; IQR, interquartile range; BL, baseline; F/U,
follow up; CDR, Clinical Dementia Rating; UPDRS llI, Unified Parkinson’s Disease Rating Scale, Part III.

2 Results are presented as mean (SD), unless otherwise noted.

FIG2. Longitudinal changesin SN FW in patients with later-stage IPD
and HCs. aSN and pSN FW group and group X time interaction inter-
group differences were P < .001, = 0.021, and P = .014, = 0.65],
respectively. Follow-up was approximately 3 years from baseline. Er-
ror bars are = 1standard error of mean.

romelanin-sensitive MR imaging to delineate the SN ROI in a
location mostly inferior to the red nucleus but found no signifi-
cant cross-sectional differences in SN fractional anisotropy when
the SN ROI was delineated at the level of the red nucleus in the
same IPD and HC cohorts. Therefore, using FW assessments and
delineating the SN ROI just inferior to the red nucleus, as was
done by Langley et al, by the Vaillancourt group, and by us in the

5,8-11,29

present study (Fig 1), may provide more consistent results
in future cross-sectional and longitudinal IPD studies.

The main novel finding in our study was that aSN and not pSN
showed significant longitudinal increases in FW. Whether one
observes FW longitudinal increases in the pSN and/or aSN may be
a reflection of IPD disease duration, with the pSN first showing
increased FW followed by the aSN, which would be in keeping
with the known spatial profile of SN degeneration over time in
IPD.” This possibility is supported by the fact that the 2 IPD co-
horts previously studied had mean disease durations at baseline of
0.6 and 3.0 years and showed longitudinal increases in pSN FW,
while our IPD cohort had a mean disease duration of 7.1 years at
baseline and showed significant longitudinal increases in aSN

482 Guttuso  Mar 2018  www.ajnr.org

FW.'%!! Indeed, another IPD cohort with a mean disease dura-
tion of 5.2 years showed significant cross-sectional increases in
both aSN and pSN FW compared with HCs, similar to findings in
our cohort (Fig 2 and Table 2).” Although these data support SN
FW to potentially reflect the known posterior-to-anterior pattern
of SN degeneration with time in IPD,? further work is needed to
better clarify cross-sectional and longitudinal FW differences at
both SN sites based on disease duration in IPD.

Identification of disease-progression biomarkers that are not
influenced by IPD symptomatic therapies will be of great value in
identifying disease-modifying therapies for IPD.?* SN FW repre-
sents a logical biomarker toward this end. Free water is water
molecules within a voxel that are not hindered or restricted by the
cellular environment and therefore originate from extracellular
water.” Free water has been shown to reflect pathologic processes,
including tissue atrophy and inflammation,”" both of which are
known to occur in the SN of IPD. In addition, SN FW is not
significantly affected by acute levodopa administration in subjects
with IPD.”* Thus, SN FW assessments may help to distinguish the
disease-modifying effect of a therapy, such as a reduction in SN
degeneration and atrophy, from its symptomatic action, which
has been difficult to achieve on the basis of clinical outcome as-
sessment alone.”® In addition, 3T MR imaging is widely available
and relatively inexpensive to perform compared with radioli-
gand-based imaging modalities. Such features make SN FW as-
sessed by MR imaging an attractive imaging outcome to incorpo-
rate into future disease-modifying clinical trials.

It would also be interesting to explore how SN assessments
using newer multicompartmental diffusion imaging modalities,
such as neurite orientation dispersion and density imaging
(NODDI) or restriction spectrum imaging, compare with SN FW
both cross-sectionally and longitudinally in IPD.”*** With differ-
ent algorithms than we used to assess FW, both NODDI and re-
striction spectrum imaging also provide estimations of isotropic
FW as well as neurite density disentangled from orientation dis-
persion.””?* Thus, NODDI and restriction spectrum imaging may
prove to be more sensitive modalities to assess SN pathology in IPD
than the FW assessment technique we have used. In fact, SN NODDI
has recently been shown to robustly distinguish those with IPD from
HCs in a cross-sectional fashion; however, neither NODDI nor re-
striction spectrum imaging have been used to assess longitudinal SN
changes in IPD, to date.”® Also, these techniques require more ad-



Table 2: SN FW outcomes over 3 years of follow-up in HC and IPD groups®

HC (n=19) IPD (n =19)
Baseline Follow-Up Baseline Follow-Up Group Effect Time Effect Interaction
aSN FW 2301(.0243) 2361(.035)) 2713 (.0535) 2989 (.0364) <.001 m 021
pSN FW .2221(.0349) .2452(.0367) .2691(.0513) 12955 (.0441) .014 246 .651

?Values are mean (SD). Group, time, and group X time interaction effect values are P values.

FIG 3. Change in the in bi-temporal lobe white matter FW-corrected
mean diffusivity of subjects with IPD and corresponding changes in
the MMSE and MoCA scores over 3 years. R? indicates coefficient of
determination.

vanced acquisition schemes, whereas the bi-tensor model used in the
current study can be applied to any DTI-based protocol.

Besides the significant longitudinal changes in aSN FW, we also
found that longitudinal increases in bitemporal white matter FW-
corrected mean diffusivity were associated with longitudinal worsen-
ing of cognition in IPD as measured by both the MMSE and MoCA
(Fig 3). Previous cross-sectional studies have also found significant
lobar white matter DTI changes associated with worsened cognition
in IPD."”?>** Meaningful clinical outcomes not responsive to
levodopa, such as cognition, will likely be critical to the interpretation
of long-term disease-modifying trials because the nonmotor symp-
tom of dementia is typically far more disabling than the IPD motor
symptoms.”® Because it takes approximately 10 years on average after
IPD diagnosis for dementia to occur,’® the use of biomarkers that are
sensitive to cognitive decline in IPD would help to identify cognitive-
protecting disease-modifying therapies during a shorter time period
is more realistic for the duration of a randomized controlled trial.
Our findings suggest that longitudinal assessment of temporal lobe
white matter FW-corrected mean diffusivity may represent a cogni-
tive biomarker to complement a disease-modifying trial design.
However, because this is the first longitudinal study showing this
association and our non-SN ROI outcomes were not corrected for
multiple comparisons, these results should be considered prelimi-
nary until further data are available.

We did not find any significant longitudinal or post hoc cross-
sectional differences at baseline between the IPD-R and IPD-NM
groups for any ROI assessment after correction for the intergroup
differences in disease durations. In contrast, a recent study did
find significantly reduced pSN FW in subjects with IPD-R with a

mean disease duration of 2.3 years compared with subjects with
IPD-NM.”” The differences in these findings may be due to dif-
ferences in sample sizes, IPD cohort disease duration, or MR im-
aging acquisition techniques. A prospective, randomized longitu-
dinal study addressing the effects of rasagiline on pSN FW is
currently in progress.”®

The main weakness of our study was the high rate of subject
attrition. This may have been due to the original 57 subjects need-
ing to give consent to a new study after a prolonged, 3-year period
and due to the more advanced disease duration of our IPD cohort
(7.1 years at baseline). The loss of >30% of our original cohort
likely diminished our power to detect intergroup differences. The
Ofori et al'® and Loane et al*® longitudinal IPD imaging studies
used 1- and 1.5-year follow-up periods and IPD cohorts with
disease durations at baseline of 3.0 and 3.9 years, respectively, and
had no subject attrition, suggesting these to be preferable fol-
low-up periods and IPD disease durations for maximizing subject
retention.'**®

Another weakness of our study was the use of a 4-mm slice
thickness for the DTI-based MR imaging sequence with 0.5-mm
gaps between slices and only 25 gradient directions. Most of the
previously referenced DTI and FW studies used a 2-mm slice
thickness without any gaps and 64 gradient directions.”*'%>%->
The coarser image and angular resolutions from our MR imaging
protocol compared with MR imaging protocols of the previous
studies likely decreased our sensitivity to detect intergroup differ-
ences. Also, the larger MR imaging slice thickness used in our study
most likely accounts for the much higher SN FW values, even in HCs,
compared with those found in previous studies.”'® Future studies
assessing SN FW and/or DTI in IPD would likely benefit from the use
ofan MR imaging slice thickness close to 2 mm without gaps between
slices and a larger number of gradient directions.

CONCLUSIONS

This study supports SN FW assessed by MR imaging as a promising
disease-progression biomarker in IPD. Now that 2 independent
groups have reported significant increases in SN FW over time in 3
different IPD cohorts, further research is justified on longitudinal SN
FW changes in IPD and on longitudinal effects of potential disease-
modifying therapies on this neuroimaging outcome.
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Pressure Mapping and Hemodynamic Assessment of
Intracranial Dural Sinuses and Dural Arteriovenous Fistulas

ABSTRACT

with 4D Flow MRI

K.M. Johnson, ““'P.A. Turski, and ““’O. Wieben

=1

L.A. Rivera-Rivera,

SUMMARY: The feasibility of 4D flow MR imaging to visualize flow patterns and generate relative pressure maps in the dural venous sinus

in healthy subjects (n = 60) and patients with dural arteriovenous fistulas (n = 7) was investigated. Dural venous drainage was classified

based on torcular Herophili anatomy by using 4D flow MR imaging—derived angiograms and magnitude images. Subjects were scanned in

a 3T clinical MR imaging system. 4D flow MR imaging enabled noninvasive characterization of dural sinus anatomy and mapping of relative

pressure differences.

ABBREVIATIONS: DAVF = dural arteriovenous fistula; TS = transverse sinus

V enous hypertension is thought to be implicated in dural arte-
riovenous fistulas (DAVFs) with aggressive presentation."”
We investigated the use of 4D flow MR imaging for the noninva-
sive assessment of DAVFs® through measuring the vascular veloc-
ity vector field. These data can be processed for the analysis of the
spatial and temporal distributions of flow and pressure gradi-
ents,”® including dural venous sinus pressure and flow patterns.
The purpose of this study was to compare 4D flow MR imaging—
derived hemodynamics and relative pressure maps in the dural
venous drainage of patients with DAVF and healthy subjects. In
addition, we report on the anatomic variations found in the dural
venous drainage.
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MATERIALS AND METHODS

Seven patients (age range, 33—72 years; mean age, 52 years; 2
women) diagnosed with unilateral DAVFs affecting the trans-
verse/sigmoid sinus and 60 healthy subjects (age range, 45-75
years; mean age, 64 years; 32 women) were scanned by using a 3T
clinical MR imaging system (MR750; GE Healthcare, Milwaukee,
Wisconsin) with an 8-channel head coil. Phase-contrast MR im-
aging data with 3-directional velocity encoding were acquired
with a radially undersampled 4D flow MR imaging sequence,
phase contrast with vastly undersampled isotropic projection
(PC-VIPR),”® and the following imaging parameters: velocity en-
coding = 80 c¢m/s for control patients (TR, 7.4 ms; TE, 2.7 ms)
and 100 cm/s for patients with DAVFs (TR, 7.8 ms; TE, 2.5 ms);
FOV = 22 X 22 X 16 cm?; 0.7 mm isotropic resolution; 14,000
projection angles; scan time = ~7 minutes; flip angle o = 10°%
and receiver bandwidth = =83 kHz. Magnitude, velocity data,
and PC angiograms were all generated with off-line reconstruc-
tion. Background phase correction of velocities was performed in
Matlab (MathWorks, Natick, Massachusetts), and vessel seg-
mentation was performed semiautomatically (Mimics; Materi-
alise, Leuven, Belgium) from the phase-contrast angiograms.
Pressure maps were also calculated in Matlab by using previously
validated methods.™® This approach solves the Navier-Stokes
equation by assuming blood is an incompressible Newtonian
fluid (density = 1060 kg/m”’; viscosity = 3.2 cP). Visualization of
pressure differences and flow quantification were carried out in
EnSight (CEI, Apex, North Carolina). Flow and area were quan-
tified from cut planes in each transverse sinus (TS), left and right,
placed 25 mm from the torcular Herophili, and pressure gradients
were quantified as the pressure difference at 25 mm and 50 mm
from the torcular Herophili. These measurements were per-
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formed by a Ph.D. candidate with 5 years of MR imaging postpro-
cessing experience (L.A.R.-R.). The anatomy of the dural sinuses
was classified according to Gokge et al” based on torcular Hero-
phili anatomy. A senior neuroradiologist (P.A.T., >30 years of
experience) inspected the images to determine anatomic
classification.

Statistics were assessed by using ANOVA followed by post hoc
analysis with the Tukey-Kramer method. Data normality was as-
sessed with quantile-quantile plots. Analysis was performed in
Matlab. P < .05 was set as the threshold for statistical
significance.

RESULTS

Representative color pressure maps in a healthy subject and a
patient with DAVF are shown in Fig 1. For the healthy subject (Fig
1A, -D), blood pressure decreased downstream with lower pres-
sure in the TS than in the superior sagittal sinus. However, the

FIG 1. Color pressure maps (mm Hg) in a healthy subject in the axial (A) and coronal (D) planes as
well as for a patient (C and F) with a type lla DAVF affecting the left transverse and sigmoid sinus
(arrows). MIP images in the axial (B) and coronal (E) plane show the site of arteriovenous shunting
(arrows) where there is increased pressure seen on the axial (C) and coronal (F) pressure maps.

patient with DAVF (Fig 1C, -F) shows a pressure increase in the
TS affected by the fistula and a decrease on the TS contralateral to
the DAVF. Another patient pressure map and flow streamlines
can be found in On-line Figs 1 and 2. The streamlines move ret-
rograde from the site affected by the fistula into the right TS.

The anatomic variations in the dural sinus drainage were cat-
alogued as follows: for healthy subjects, there were 10 type I, 35
type II, and 15 type I1I variations (On-line Fig 3 and On-line Table
1). For patients with DAVF, there were 5 type I and 2 type II
variations. Flow and cross-sectional area measurements in
healthy subjects are summarized in On-line Table 2.

Flow and pressure drops in the TS for all subjects are shown in
Fig 2. For patients with DAVF, pressure increased along the TS
ipsilateral to the fistula with a median of 0.055 = 0.130 mm Hg,
whereas pressure decreased in the TS contralateral to the fistula
with a median of —0.367 = 0.205 mm Hg (P = .109). In healthy
subjects, the pressure decreased very similarly in both TSs, with

values of —0.105 * 0.033 mm Hg and
—0.101 * 0.043 mm Hg, respectively
(P = .994). In patients with DAVF, flow
in the TS affected by the fistula was 40 +
129 mL/min, and flow in the TS con-
tralateral to the fistula was 328 *= 134
mL/min (P = .046). In healthy subjects,
independent of anatomy type, flow was
significantly larger in the right TS
(262 £ 83 mL/min) compared with the
left TS (121 £ 56 mL/min; P < .001).

DISCUSSION

Initially, we characterized dural venous
sinus pressure in a population of 60
healthy subjects, establishing a reference
frame for the interpretation of dural si-
nus pathology. The main findings of this
study are an increase in pressure in the
TS ipsilateral to the DAVF compared

FIG 2. Boxplots showing the pressure change (A) and blood flow rates (B) along the TS in the patients with DAVF (n = 7) and healthy subjects (n =
60). The pressure drops were computed from the difference in pressure in 2 cut planes placed on each TS. The cut planes were placed 25 mm
and 50 mm from the torcular Herophili. The median pressure drop in the ipsilateral and contralateral TS to the DAVF were 0.055 % 0.130 mm Hg
and —0.367 % 0.205 mm Hg, respectively (P = .109). In the healthy subjects, the pressure drops were —0.105 = 0.033 mm Hg in the left TS and
—0.101 = 0.043 mm Hg in the right TS (P = .994). The median blood flow rates in the patients with DAVF show a value of 40 % 129 mL/min in the
TS affected by the fistula and, in the TS contralateral to the fistula, equal to 328 = 134 mL/min (P = .046). The median flow in healthy subjects
including all anatomy types was significantly larger in the right TS compared with the left TS, with values of 262 * 83 mL/min and 121 £ 56

mL/min, respectively (P < .001).
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with a pressure drop in the contralateral TS. In healthy subjects,
the pressure dropped similarly in the left and right TS. These
findings suggest asymmetric pressure drops can potentially be
used to identify patients with DAVFs, in whom the TS displaying
an increase in pressure or smaller pressure drop represents the site
affected by the DAVF. During conventional angiography, dural
sinus pressure gradients are frequently measured invasively by
navigating a coaxial microcatheter to the draining dural sinus.
This preliminary study demonstrates that it is feasible to charac-
terize relative pressure in DAVFs noninvasively by using 4D flow
MR imaging.

Retrograde dural/cortical venous drainage is a risk factor for
intracranial hemorrhage in patients with DAVFs." Consequently,
hemodynamic assessment of DAVFs is important for an accurate
characterization of severity. Blood flow directionality was success-
fully assessed for both patients with DAVF and healthy subjects. Dur-
ing this study, 1 patient DAVF classification was changed. Initially,
the fistula was classified as type I; after demonstrating retrograde flow
in the 4D flow MR imaging, the fistula was reclassified as Type ITa in
the Cognard system. The technique described in this study can be
implemented to explore other pathologies such as venous stenosis,
which is often associated with idiopathic intracranial hypertension
and pulsatile tinnitus."”

There are a number of limitations in this study. First, for group
comparisons, we used time-average data because cardiac data
were not recorded for all but 1 patient with DAVF. Second, the
MR imaging technique we used has some potential inaccuracies in
pressure mapping in the presence of turbulent flow, which re-
quires more advanced pressure solvers."' The pressure maps have
not been validated against a criterion standard, which will be ad-
dressed in a follow-up study with invasive conventional angiog-
raphy measures that navigate a coaxial microcatheter to the drain-
ing dural sinus. This study will also contain more patients with
DAVFs.

CONCLUSIONS

Noninvasive pressure mapping in the dural sinuses is feasible with
4D flow MR imaging. In addition, 4D flow MR imaging allows
blood flow directionality assessment along the dural sinuses,
which can help clinicians detect retrograde flow in DAVFs.
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ORIGINAL RESEARCH
INTERVENTIONAL

Quantitative Analysis of Conebeam CT for Delineating Stents
in Stent-Assisted Coil Embolization

T. Kuriyama, ““N. Sakai, ““’M. Beppu, ““'C. Sakai, ““H. Imamura, ““'K. Masago, ““'N. Katakami, and “*H. Isoda

ABSTRACT

BACKGROUND AND PURPOSE: Innovative techniques and device-related advances have improved the outcomes of neuroendovascular
treatment. 3D imaging has previously used 2 X 2 binning, but 1 X 1binning has recently been made available. The aim of this study was to
evaluate the quantitative ability of conebeam CT for stent delineation and to investigate its effectiveness in the clinical environment.

MATERIALS AND METHODS: Four acquisition groups of 3D MIP images acquired using conebeam CT with varying conditions (acquisition
time, 10 or 20 seconds and binning, 1 X 1or 2 X 2) were compared. Two methods of analysis were performed, a phantom study and an
analysis of 28 randomly selected patients. The phantom study assessed the contrast-to-noise ratio and full width at half maximum values
in conebeam CT images of intracranial stent struts. In the clinical subjects, we assessed contrast-to-noise ratio, full width at half maximum,
and dose-area product.

RESULTS: In the phantom study, the contrast-to-noise ratio was not considerably different between 10- and 20-second acquisition times
at equivalent binning settings. Additionally, the contrast-to-noise ratio at equivalent acquisition times did not differ considerably by
binning setting. For the full width at half maximum results, equivalent acquisition times differed significantly by binning setting. In the
clinical analyses, the 10-second/1 X 1 group (versus 20 second/2 X 2) showed a higher contrast-to-noise ratio (P < .05) and a dose-area
product reduced by approximately 70% (P << .05), but the difference in full width at half maximum was not significant (P = .20).

CONCLUSIONS: For stent-assisted coil embolization, quantitative assessment of conebeam CT showed that 10 second/1 X 1was equiv-
alent to 20 second/2 X 2 for imaging deployed intracranial stents. Furthermore, the 10-second/1 X 1settings resulted in a much smaller

DAP.

ABBREVIATIONS: CBCT = conebeam CT; CNR = contrast-to-noise ratio; FWHM = full width at half maximum; DAP = dose-area product

utcomes of neuroendovascular treatment have improved

because of innovative interventional techniques and ad-
vances in medical equipment.'® There are a variety of coil embo-
lization methods,'™ such as the balloon technique and the stent-
assisted techniques, but their purpose is to create thrombosis in
the aneurysm sac.”®
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Stent-assisted coil embolization involves complete saccular
filling with platinum coils.” Conebeam CT (CBCT) is used to
verify the placement of the deployed stent,” stent and vessel wall
connections, proper sizing of the stent, and the necessity of re-
implantation. Therefore, it is necessary to obtain high-quality 3D
images in a timely manner following stent-assisted coil emboliza-

tion. Stent struts are visible in 3D-MIP images'®'"

and are gener-
ally visible using flat panel detector systems through 2 X 2 bin-
ning. Recently, the development of advanced flat panel detector
technology has allowed 1 X 1 binning of CBCT data to improve
the contrast-to-noise ratio (CNR) of CBCT images® and to thus
render high-quality 3D vascular images. Because the performance
of angiographic systems has improved, conventional CBCT ac-
quisition now has an image resolution equal to that of 3D-DSA
images. When the CBCT acquisition time is short, the radiation
dose is reduced. The aim of this study was to evaluate the delin-
eation of deployed stents using different combinations of acqui-
sition times and binning settings.
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Table 1: Imaging parameters and conditions for CBCT

medium. Thus, we chose not to use con-

10-Second CBCT

20-Second CBCT trast medium. The FWHM was then

Exposure parameters
Tube voltage
Pulse width
Radiation exposure
Binning/focus size/FOV

70 kv
12.5 ms
120 uGy/pulse

Acquisition parameters

1X1/0.4 mm/22 cm
2 X 2/0.6 mm/42 cm

measured at 5 points, expressed as
70 kv mean * SD.
125 ms

120 nG lse N . PP
uGy/puls Acquisition Time and Binning in

Clinical Subsets
This retrospective study was approved by

Angle step 0.8°/frame 0.4°/frame the ethics committees at our institutions
Angle 200 200° (Nagoya University Graduate School of
Total frame 250 500 Medicine, Nagoya, Japan; and Institute of
Matrix size/binning 9602/2 X 2 eqine, Nagoya, Japats; ,
10241 X 1 Biomedical Research and Innovation,
Injection condition Kobe, Japan). Twenty-eight patients (18
Injection rate 1.0 mL/s 1.0 mL/s women, 10 men; 64 = 12 years of age;
Concentration of contrast medium 14% 14% range, 3678 years of age) were included
X-ray delay time 4.5 seconds 4.5 seconds

Injection time of contrast medium 14.5 seconds

245 seconds in this study. Each patient had been

MATERIALS AND METHODS

Acquisition Time and Binning in the Phantom Study

A phantom was made with a 10-mL syringe and a stent filled with
saline. The phantom stent was a newest generation, self-expandable,
closed-cell device (Enterprise vascular reconstruction device; Cod-
man & Shurtleff, Raynham, Massachusetts). The phantom was then
placed onto a cradle in the air. Al CBCT images were acquired with a
biplane flat panel detector (30 X 40 cm) angiographic system (Artis
Q BA Twin; Siemens, Erlangen, Germany). Table 1 shows the condi-
tions of the CBCT imaging. We used 4 combinations of acquisition
times and binning settings: a 10-second acquisition time with
1 X 1 binning (10 second/1 X 1), a 10-second acquisition time
with 2 X 2 binning (10 second/2 X 2), a 20-second acquisition
time with 1 X 1 binning (20 second/1 X 1), and a 20-second
acquisition time with 2 X 2 binning (20 second/2 X 2). The data
generated were transferred to a commercially available workstation
(syngo X Workplace; Siemens) for postprocessing of 3D-MIP im-
ages. The following settings were applied to reconstruct the MIP im-
age dataset: kernel, Hounsfield unit; image characteristics, sharp. The
postprocessing was performed with a volume of approximately 7.5 X
7.5 X 7.5 cm and a 512 X 512 matrix, which yielded an isotropic
voxel size of 0.15 mm. The 3D-MIP reconstructions of each aneu-
rysm were generated in an oblique orientation with a 1.5-mm section
thickness. All reconstructed CBCT data were then downloaded to a
personal computer using the DICOM format.

The image-processing software is freely available on-line
(Image], Version 1.43; National Institutes of Health; https://image].
nih.gov/ij/). The CNR was measured for the stent strut and the
background using an ROI (0.5 X 0.5 mm) in a phantom filled
with diluted contrast media (iopamidol, Iopamiron 300; Bayer
Yakuhin, Osaka, Japan). The concentrations of contrast media
used were 10%, 15%, 20%, and 25% diluted with saline. The CNR
was measured at 5 ROIs expressed as mean * SD. An experienced
(>15 years) radiologic technologist determined the full width at
half width maximum (FWHM) and CNR values and calculated
the mean, SD, median, and 95% confidence interval values.

Image processing was performed manually by drawing lines
perpendicular to the stent strut to create a plot profile curve and
then measuring the FWHM. However, we observed that the
FWHM was susceptible to underestimation within the contrast

treated for a single cerebral aneurysm by
stent-assisted coil embolization. Twenty
patients (71%) had been treated for anterior circulation aneurysms,
while the remaining 8 patients (29%) had been treated for posterior
circulation aneurysms. Subjects were divided into 2 acquisition
groups of 14 patients each: group A, 20-second acquisition time and
2 X 2 binning (May 2015 to June 2015), and group B, 10-second
acquisition time and 1 X 1 binning (July 2015 to August 2015). Two
syringes were prepared for a dual head injector (Press Duo; Nemoto
Kyorindo, Tokyo, Japan), one with a 15% concentration of contrast
medium delivered to delineate the stent and another with a 100%
concentration of contrast medium delivered to delineate the vessel
and aneurysm. We did not analyze the delineation images that were
obtained with the 100% contrast medium. In all patients, stent de-
ployments were safely achieved at the desired sites.

All reconstructed CBCT data were downloaded to a personal
computer using the DICOM format. Both patient subsets (groups A
and B) were analyzed with FWHM of the stent strut and by CNR of
the stent in the phantom study. To determine the CNR and FWHM
values of the implanted stents, we used an ROI-based method equiv-
alent to that described for the phantom study (Fig 1, upper row). The
units for the contrast values are Hounsfield unit - and were deter-
mined from the CBCT images. Dose-area product (DAP; microg-
ray X square centimeter) values of both groups were then investi-
gated to determine radiation exposure.

Data Analysis

All statistical analyses were performed in Excel, Version 14.6.4 for
Mac (Microsoft, Redmond, Washington). In the phantom study,
a 2-sided t test was used to analyze correlations within the 4
groups of different combinations of acquisition times and bin-
ning. Statistical significance was set at a corrected P < .01 using
the Bonferroni correction for the phantom experiments.'* For the
patient subsets, the nonparametric U test was applied to analyze
correlations. Statistical significance was set at P < .05 for analysis
of the patient experiments.

RESULTS

Acquisition Time and Binning in the Phantom Study

Figure 1 shows 3D-MIP images of the phantom stent at various
concentrations of contrast medium. We measured contrast values
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FIG 1. 3D-MIP images of phantom stents at various concentrations of contrast medium.

using contrast medium concentrations
ranging from 10% to 25%. The phan-
tom was filled with contrast medium to
confirm that the contrast of the stent did
not decrease in the contrast medium.
The contrast value was the difference
between the contrast value of the stent
and that of the contrast medium. The
contrast values in the MIP images of the
stents increased when contrast medium
was added. In Fig 2, the CNR of the stent
is plotted at various settings (10- or 20-
second acquisition; 1 X 1 or 2 X 2 bin-
ning) against the concentration of con-
trast medium (0% [saline], 10%, 15%,
20%, and 25%). P values for differences
in CNR values of the phantom stent
strut images by acquisition time/bin-
ning settings and contrast medium con-
centration are presented in Table 2.

At 10% concentration of the contrast
medium, we observed that the stent
strut was delineated and enhancement
was marginal for the phantom. At 25%

FIG 2. CNR of a phantom stent imaged at various settings (10- or 20-second acquisition time, 1 X
1or 2 X 2 binning) plotted against increasing concentrations of contrast medium. concentration of the contrast medium,

490 Kuriyama Mar 2018 www.ajnr.org



Table 2: P values for differences in contrast-to-noise ratios of phantom stent struts by
acquisition time/binning level at various contrast medium concentrations

and 20 second/2 X 2, 0.51 = 0.12 mm.
There was no significant difference be-

Acquisition

Concentration of Contrast Medium

tween 10-second and 20-second acquisi-

Combination (Sec/Binning

vs Sec/Binning) Just Saline 10% 15% 20% tion times at equivalent binning settings
10/1 X 1vs 10/2 X 2 9328 5888 2733 2734 (10second/1 X 1 versus 20 second/1 X
10/1 X 1vs 20/1 X 1 9419 9828 2595 4224 1, P = .5796; 10 second/2 X 2 versus 20
10/1 X 1vs 20/2 X 2 .0019 9413 6592 2044 second/2 X 2, P = .2725). However,
10/2 X 2 vs 20/1 X 1 .0257 1573 .0088 0145 FWHM with equivalent acquisition
10/2 X 2vs 20/2 X 2 .9985 .8009 2948 5754 times differed signiﬁcantl‘y by binning
20/1 X 1vs 20/2 X 2 0568 9481 092 o113

All numbers represent P values.

FIG 3. FWHM values of the phantom stent images obtained in saline
at various settings (10- or 20-second acquisition time; 1 X Tor 2 X 2
binning).

FIG 4. CNR of stent struts imaged with CBCT with a 15% concentra-
tion of contrast medium in groups A and B.

stent visualization was difficult and enhancement was high for the
phantom (Fig 1). There was not a significant difference in CNR
between the 10- and 20-second acquisition times at equivalent
binning settings.

Figure 3 shows a plot of FWHM results for the phantom stent
strut imaged at various settings (10- or 20-second acquisition; 1 X
1 or2 X 2 binning) while setin a cradle in air. FWHM values of the
stent strut were as follows: 10 second/1 X 1, 0.37 = 0.04 mm; 10
second/2 X 2,0.59 = 0.09 mm; 20 second/1 X 1, 0.35 * 0.04 mm;

settings (10 second/1 X 1 versus 10 sec-
ond/2 X 2, P = .0011; 20 second/1 X 1
versus 20 second/2 X 2, P = .0242). The
results for comparisons of different acquisition times and differ-
ent binning settings were as follows: 10 second/1 X 1 versus 20
second/2 X 2, P = .0371; 10 second/2 X 2 versus 20 second/1 X 1,
P =.0007.

Acquisition Time and Binning in Clinical Subsets A

versus B

Figure 4 shows the CNR values from CBCT images of the stent
struts. The CBCT images were obtained with a 15% concentration
of contrast medium in both groups. The nonparametric analysis
comparing CNR values between clinical subjects in group A (20
second/2 X 2) (median, 1.65; 95% CI, 1.50—1.68) and those in
group B (10 second/1 X1) (median, 1.92; 95% CI, 1.73-2.08)
showed that the 2 groups differed significantly (P < .05).

Figure 5 presents FWHM results for the stent strut on CBCT
images obtained with a 15% concentration of contrast medium in
both groups A and B. There were no significant differences in the
nonparametric analysis of FWHM between the clinical subjects in
group A (median, 0.73 mm; 95% CI, 0.63—0.83 mm) and those in
group B (median, 0.65 mm; 95% CI, 0.62—0.80 mm; P = .1985).

Figure 6 shows the DAP results of the clinical subjects in
groups A and B. The DAP values differed significantly between
group A (median, 3574 uGy * cm?; 95% Cl, 3123-4061 uGy *
cm?) and group B (median, 1035 uGy * cm?; 95% CI, 999-1109
uGy - cm?; P < .05).

Figure 7 shows 3D-MIP images of 2 representative patients.
The images were obtained with a 15% concentration of contrast
medium. The degree of stent delineation in images obtained with
10 second/1 X 1 (group B, Fig 7B) was statistically like that in
images obtained with 20 second/2 X 2 (group A, Fig 7A).

DISCUSSION

Acquisition Time and Binning in the Phantom Study

We confirmed that the CNR resulting from 1 X 1 binning was
approximately the same as that obtained from 2 X 2 binning (Fig
2). Ultimately, CBCT performed with 10 second/1 X 1and a 15%
concentration of contrast medium produced images that were
satisfactory for viewing the deployed stent position and vessels
(Fig 1).

In terms of binning, projection images'’'°

were converted
using the algorithm of Veldkamp et al,'” which corrects the offset
and sensitivity of the flat panel detector while allowing geometric
distortion of the subject’s FOV. On processing values for all an-
gles, a convolution was performed with a Shepp & Logan filter.
The action of 2 X 2 binning causes 4 pixels to be likened to 1 pixel.
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With nonlinear interpolation, the default value of 14 bits per pixel
is expanded to 16 bits (Fig 1 F—Jand P-T). However, 1 X 1 binning
portrays contrast at a 16-bit level, matching each voxel with a

FIG 5. FWHM of the stent strut on CBCT images with a 15% concen-
tration of contrast medium in groups A and B.

FIG 6. The DAP values in groups A and B.

FIG 7. 3D-MIP images of 2 clinical cases imaged with different acquisition times and binning

settings and a 15% concentration of contrast medium.
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corresponding pixel (Figl A—E and K-O). CBCT imaging with
1 X 1 binning can therefore produce greater density and spatial
resolution. Ultimately, CBCT imaging with a 10-second acquisi-
tion time, 1 X 1 binning, and use of 15% contrast medium can be
sufficient to provide satisfactory CBCT images for overview of the
deployed stent position and vessels. It is easier to delineate blood
vessels if a higher concentration of contrast medium is used in the
blood vessels; thus, a higher concentration of contrast medium
makes it easier to evaluate the relationship between the deployed
stent position and blood vessels.

Acquisition Time and Binning in Clinical Subsets A and B
Our phantom study results suggested that images obtained with
10-second acquisition times and 1 X 1 binning have better CNR
(P < .01) and FWHM (P = .0371) values compared with those
obtained with 20-second acquisition times and 2 X 2 binning.
The reconstructed CBCT images'” obtained with 10-second ac-
quisition times had fewer projections; therefore, jagged borders
were visible. With the 20-second acquisitions, there were more
projections; therefore, borders were displayed more smoothly.
Despite a lack of a qualitative advantage in visualization, these
features make 10-second acquisition/1 X 1 binning preferable
because these settings benefit the patient in the stent-assisted coil
embolization technique.

The 28 clinical subjects who underwent stent-assisted coil em-
bolization were divided into 2 groups of 14 patients each. The
CBCT images for group A were obtained with 20-second acquisi-
tion times and 2 X 2 binning, while those for group B were ob-
tained with 10-second acquisition times and 1 X 1 binning. We
observed significant differences in CNR values between the
groups (P < .05, Fig4), but no significant difference was observed
in FWHM values (P = .1985, Fig 5). Thus, the CBCT images of the
deployed stents were qualitatively similar between the 2 groups.
Images obtained in group B had a qualitative disadvantage due to
a reduced number of projections, but these images were still suf-
ficient to determine the relationship among the stent, the blood
vessels, and the cerebral aneurysm.

The American Association of Physicists in Medicine reported
that the radiation dose from a single ro-
tation of a conebeam around a station-
ary phantom the size of a human head is
approximately equal to the absorbed ra-
diation dose for fan-beam scanning.'”
There have been reports that when the
same area is imaged, the DAP in CBCT is
similar to the CT dose index in multide-
tector CT without a moving cradle.'®*!

The data acquired from group B images
were approximately half of the data ac-
quired from group A images. However,
the DAP values observed in group B
were reduced by approximately 70%
compared with the patients in group A.
The size of the detector was only 30 X 40
cm, and the magnification of C-arm
CBCT is usually between 1.5 and 2. With
1.5 as an example, the maximal FOV in
our study was only 40/1.5 = 27 cm. An



FOV of 22 cm might be too small to image the head because some
structures, such as the nose/ear, might generate truncation arti-
facts. In this study, the 2-cm FOV was meant to image the im-
planted stent rather than the whole brain. Not only was the radi-
ation exposure reduced in group B, but the data transfer and
reconstruction times were also shorter. These results imply that a
10-second acquisition time with 1 X 1 binning is beneficial to the
patient undergoing a stent-assisted coil embolization technique.
We therefore recommend the use of CBCT imaging for patients
undergoing stent treatment of cerebral aneurysm to lower radia-
tion exposure. Because DAP does not always indicate a reduction
in effective patient dose, further study will be needed to confirm
our initial findings.

The primary limitation of this study was the inability to qual-
itatively evaluate CBCT images of the deployed stents. Addition-
ally, the small size of our patient sample was due, in part, to the
difficulty in selecting only subjects who received a certain type of
stent implant. As the quality of stents for neuroendovascular
treatment continues to improve, the need to delineate stents with
low radiation exposure will also increase.

CONCLUSIONS

In our study, CBCT phantom stent strut images with 10-second
acquisition times and 1 X 1 binning showed significantly better
CNR and FWHM values compared with images obtained using
20-second acquisition times and 2 X 2 binning. Clinical results
showed that FWHM values did not differ significantly between a
10-second/1 X 1 and a 20-second/2 X 2 group. However, patients
in the 10-second/1 X 1 group received approximately 70% less
radiation exposure compared with the patients in the 20-second/
2 X 2 group. On the basis of our current study, the benefits of 1 X
1 binning in diagnostic imaging make it a ready successor to stan-
dard 2 X 2 binning for gauging the stability of stents in stent-
assisted coil embolization.
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ORIGINAL RESEARCH
INTERVENTIONAL

Endovascular Thrombectomy in Wake-Up Stroke and Stroke
with Unknown Symptom Onset

P. Bucke, ““’M. Aguilar Pérez, ““'V. Hellstern, ““’'M. AlMatter, ““’'H. Bazner, and ““’H. Henkes

ABSTRACT

BACKGROUND AND PURPOSE: Mechanical thrombectomy in acute ischemic stroke within 6 hours of symptom onset is effective and
safe. However, in many patients, information on the beginning of symptoms is not available. Patients can be divided into those with
wake-up stroke and daytime-unwitnessed stroke. Evidence on outcome and complications after mechanical thrombectomy in wake-up
stroke and daytime-unwitnessed stroke is rare. A potential beneficial effect of mechanical thrombectomy in selected patients with
wake-up stroke or daytime-unwitnessed stroke is suspected.

MATERIALS AND METHODS: We analyzed 1073 patients with anterior circulation stroke undergoing mechanical thrombectomy between
2010 and 2016. Patients with wake-up stroke and daytime-unwitnessed stroke were compared with controls receiving mechanical throm-
bectomy as the standard of care. We assessed good functional outcome (mRS = 2 at 3 months), mortality rates, and frequencies of
symptomatic intracranial hemorrhage. Subgroup analyses tried to detect influences of patient selection via further imaging modalities (MR
imaging, CTP; wake-up stroke [advanced)], daytime-unwitnessed stroke [advanced]) on outcome and safety.

RESULTS: There was no significant difference in good functional outcome between patients with wake-up stroke and controls (35.9% versus
38.3%, P = .625). Outcome in patients with daytime-unwitnessed stroke was inferior compared with controls (27.3%, P = .007). Groups did not
differ in all-cause mortality at day 90 (P = .224) and the rate of symptomatic intracranial hemorrhage (P = .292). Advanced imaging improved the
frequency of good functional outcome (non-wake-up stroke [advanced)] versus wake-up stroke [advanced]: OR, 2.92; 95% Cl, 1.32—6.45; non-
daytime-unwitnessed stroke [advanced] versus daytime-unwitnessed stroke [advanced]: OR, 2.09; 95% Cl,1.03—4.25) with an additional reduction
in all-cause mortality (non-daytime-unwitnessed stroke [advanced)] versus daytime-unwitnessed stroke [advanced]: OR, 0.42; 95% Cl, 0.20—0.88).

CONCLUSIONS: Mechanical thrombectomy in selected patients with wake-up stroke allows a good functional outcome comparable
with that of controls. Outcome after mechanical thrombectomy in daytime-unwitnessed stroke seems to be inferior compared with that
in controls. Advanced imaging modalities may increase the frequency of good functional outcome in both patients with wake-up stroke
and daytime-unwitnessed stroke.

ABBREVIATIONS: aTE = aspiration thrombectomy; DUS = daytime-unwitnessed stroke; mTE = mechanical thrombectomy; WUS = wake-up stroke

echanical thrombectomy (mTE) in acute ischemic stroke =~ nous thrombolysis compared with intravenous thrombolysis

due to embolic large-vessel occlusion has been shown to be
effective and safe. Several randomized controlled trials have dem-
onstrated the superiority of mTE in combination with intrave-
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alone.' Subsequently, specific recommendations for patient se-
lection and execution of mTE and/or aspiration thrombectomy
(aTE) were implemented (eg, initiation within 6 hours after symp-
tom onset).” However, in many patients, information on the begin-
ning of stroke symptoms is not available. They might therefore be
excluded from beneficial endovascular therapy. Evidence on mTE in
aprolonged time window is inconsistent, and data on the efficacy and
safety of mTE in patients with unknown symptom onset are rare.”””

MATERIALS AND METHODS

From our ongoing prospective single-center stroke registry, con-
secutive patients treated with mTE/aTE between January 2010
and December 2016 were considered for this retrospective non-
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interventional analysis. Patients were either primarily treated in
our center (Neurozentrum, Klinikum Stuttgart) or secondarily

19 Nonetheless,

transferred from hospitals in surrounding cities.
enrollment was based on the initial intention to treat patients via
mTE/aTE. There was no secondary triage, selection procedure, or
additional imaging before the intervention. The study was ap-

proved by the local institutional review board.

Study Population
Patients with an anterior circulation stroke due to an occlusion of
the ICA, the intracranial carotid bifurcation, or an M1 or M2
branch of the MCA were included. Patients with an occlusion of
an MCA M3 branch, the anterior cerebral artery, or the posterior
circulation were excluded. In case of an initial proximal vessel
occlusion that was later found recanalized during angiography
(spontaneously or after intravenous thrombolysis), datasets were
removed from further analysis. We did exclude patients who were
not treated according to current recommendations (eg, because
of a delayed treatment onset) unless they were classified as having
wake-up stroke (WUS) or daytime-unwitnessed stroke (DUS).°
Further exclusion criteria were the following: stent angioplasty
without mTE/aTE due to high-grade intra- or extracranial steno-
sis or dissection because of anticipated differences in clinical out-
come; the application of older generation stent retrievers and as-
piration systems not used in recent randomized controlled trials
(the following stent retrievers and aspiration systems were
included: Solitaire FR, Medtronic, Minneapolis, Minnesota;
pREset, phenox, Bochum, Germany; ACE aspiration catheters,
Penumbra, Alameda, California; and Sofia, MicroVention, Tus-
tin, California); and the lack of a 3-month follow-up. Datasets
with inconsistent information that could not be verified were
excluded.

Patients treated within 6 hours of symptom onset (according
to current guidelines) were included in the control group (C).
Because of expected differences in pathophysiology and outcome,
patients with an unknown symptom onset were divided in the
following manner: 1) WUS, occurring out of sleep in the early
morning hours; 2) DUS.""""> WUS was defined as stroke symp-
toms being present during awakening. Patients had to be asymp-
tomatic when going to sleep and during the night. DUS included
patients who were asymptomatic while waking up or had recog-
nized symptoms at some point during day or night. Patients with-
out information on “last seen well” who could not be specified as
having WUS by the assessing neurologist were subsumed in DUS.

Subgroup analyses were conducted using consecutive steps in
patient selection: 1) further imaging modalities with CTP or MR
imaging allowing patient selection due to a mismatch concept
(CBV versus TTP or MTT in CTP, FLAIR-DWI mismatch in MR
imaging; WUS[advanced], DUS[advanced]); and 2) advanced
imaging with MR imaging only (WUS[mri], DUS[mri])."*"” Ex-
amples of mismatch in both MR imaging and CTP are shown in
On-line Figs 1-3. The decision to perform advanced imaging was
made by the respective stroke specialist. In patients without CTP
or MR imaging, we routinely opted for mTE when there was a
proved vessel occlusion (eg, in CTA, hyperdense vessel sign), no
major demarcation of infarcted tissue on plain CT, or an
ASPECTS score of =4. There was no fixed CTP protocol (eg,

quantitative measurement or thresholds defining mismatch). In-
formation on a possible mismatch was reported by the referring
hospital or our neuroradiology department. The results were val-
idated by the neurointerventionalist before endovascular therapy.
WUS[mri] and DUS[mri] were subsequently compared with a
selected control group (C[mri]) with MR imaging as the initial
imaging technique. To detect a possible effect of imaging selection
on outcome, we compared patients with WUS and DUS in sub-
groups 1 and 2 with the remaining patients with WUS or DUS
not part of the respective group (eg, WUS[mri] versus
non-WUS[mri]).

Outcome Measures

Primary outcome measure was mRS at day 90, with mRS 0-2
indicating good functional outcome. Secondary outcome mea-
sures were the following: 1) development of a symptomatic intra-
cranial hemorrhage according to the Solitaire with the Intention
for Thrombectomy as Primary Endovascular Treatment for Acute
Ischemic Stroke (SWIFT PRIME) criteria (parenchymal hemor-
rhage type 1 or 2, SAH, or intraventricular hemorrhage within 24
hours after mTE with a deterioration in the NIHSS score of =4
points or leading to death)’ 2) in-hospital mortality; and 3) all-
cause mortality at day 90.

Data Collection

Information on age, sex, medical history, stroke onset, NTHSS,
imaging technique, mRS score, and stroke etiology was drawn
from referral letters, admission notes, or discharge papers. Imag-
ing times were stored in our PACS. Periprocedural information
(eg, TICI scores) was documented by the neuroradiology depart-
ment. Follow-up data were collected by our study nurse via tele-
phone calls.

Statistical Analysis

Numeric baseline characteristics were described in medians
(quartiles) or means (SDs). Categoric baseline parameters were
described in frequencies. For comparing groups, the Fisher exact
test or the x* test was used for categoric parameters. Numeric
parameters were analyzed with the Kruskal-Wallis-test or the
Mann-Whitney U test as appropriate. Dichotomized outcome
(head-to-head comparison of groups) was evaluated in a univar-
iate logistic regression model adjusting for possible confounders
(based on literature research; baseline-NIHSS, age, ICA occlu-
sion, stroke etiology, imaging-to-groin time, diabetes mellitus,
and hypertension). A P value < .05 was considered statistically
significant. STATA/IC 13.1 for Windows (StataCorp, College Sta-
tion, Texas) was used for statistical analysis.

RESULTS

Between January 2010 and December 2016, one thousand nine
hundred sixty-one patients were treated with mTE/aTE, 888 pa-
tients (45.2%) did not meet the predefined inclusion criteria (Fig
1), and 1073 patients (54.8%) would eventually be analyzed. Most
(n = 780, 72.7%) formed the control group. In 293 patients
(27.3%), symptom onset was unclear. One hundred twenty-eight
patients (11.9%) were categorized as having WUS; and 165
(15.4%), DUS.
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The baseline characteristics are shown in On-line Table 1.
There was no difference in the frequency of good functional out-
come (mRS = 2) between patients with WUS and controls (35.9%
versus 38.3%, P = .625; Table 1). Good functional outcome was
reduced in those with DUS compared with controls (27.3%, P =
.007). WUS and DUS did not differ significantly (P = .127). Fig-
ure 2 illustrates the distribution of mRS scores at day 90. In-hos-
pital mortality (C: 18.9%; WUS: 12.6%; DUS: 23.3%; P = .067)
and all-cause mortality at day 90 (C: 26.5%; WUS: 22.7%; DUS:
31.5%; P = .224) did not differ significantly. The rate of symp-

FIG 1. Flowchart depicting patient selection according to predefined
inclusion and exclusion criteria. IVT indicates intravenous thrombolysis.

Table 1: Primary and secondary outcome parameters

tomatic intracranial hemorrhage was similar in all groups (P =
.292, Table 1). Results did not change in the head-to-head com-
parison of groups adjusted for the abovementioned confounders
(good functional outcome; WUS versus C: OR, 0.74; 95% CI,
0.48-1.16; P = .193; DUS versus C: OR, 0.49; 95% ClI, 0.31-0.79;
P = .003; data not shown).

Sixty-eight of the 128 patients with WUS (53.1%) under-
went CTP or MR imaging (DUS: n = 63; 38.2%). MR imaging
was performed in 36.7% of patients with WUS (n = 47) and in
31.5% of those with DUS (n = 52). In WUS[advanced], mis-
match was present in 52 patients (76.5%; DUS[advanced]: n =
46, 73.0%; WUS[mri]: n = 36, 76.6%; DUS[mri]: n = 37,
71.2%). Subgroup analyses based on imaging selection are
summarized in Table 2. When we compared WUS[advanced]
and DUS[advanced] with unselected controls, there was no
statistically significant difference in good functional outcome
(C: 38.3%; WUS[advanced]: 47.1%; DUS[advanced]: 36.5%;
P = .344). In-house mortality was reduced significantly in
WUS[advanced] compared with controls (7.5% versus 18.9%,
P =.019). Similar results were seen in patients with WUS[mri]
and DUS[mri] (Table 2).

When we compared controls with patients in the WUS and DUS
subgroups presenting with a verified mismatch only, the results did
not change. Mortality rates remained stable with a nonsignificant
increase in the percentage of good functional outcome (WUS[ad-
vanced]: 51.9%; DUS[advanced]: 39.1%; WUS[mri]: 52.8%;
DUS|[mri]: 43.2%; On-line Table 2). There was no significant differ-
ence in good functional outcome among WUS[mri] (51.1%),
DUS[mri] (38.5%), and C[mri] (48.8%; P = .357; Table 2). The
same was true for all-cause mortality at 3 months (C[mri]: 20.0%;
WUS[mri]: 12.8%; DUS[mri]: 23.1%; P = .385) and the rate of
symptomatic intracranial hemorrhage (P = .875).

We did compare WUS[advanced] and WUS[mri] with
WUS not part of the respective groups (non-WUS[advanced],
non-WUS[mri]; Table 3). Non-WUS[advanced] versus WUS
[advanced] showed an increase in the rate of good functional
outcome (23.3% versus 47.1%; OR, 2.92; 95% CI, 1.32-6.45; P =
.006). In non-WUS[mri] versus WUS[mri], good functional out-
come increased similarly (27.2% versus 51.1%; OR, 2.80; 95% CI,
1.28-6.10; P = .008) with an additional decrease in in-hospital
mortality (17.3% versus 4.3%; OR, 0.22; 95% CI, 0.05-1.04; P =
.049) and all-cause mortality at day 90 (28.4% versus 12.8%; OR,
0.37; 95% CI, 0.14—1.01; P = .05). For DUS, advanced imaging
provided a significant improvement in the frequency of good
functional outcome (non-DUS[advanced] versus DUS[ad-
vanced]: 21.6% versus 36.5%; OR,
2.09; 95% CI, 1.03—4.24; P = .048;

Control Group WUS DUS

non-DUS[mri] versus DUS[mri]:

(1=780) (n=128) (n=165) PValue® PValue® ¢, o 38.50; OR, 2.20; 95%

MRS 02 at 3 mo (No.) (%) 299(383)  46(359) 45(27.3) 025 ((g; .gég CLL 1.06-4.55 P — 038). A significant

(©) 17 reduction of in-hospital mortality

In-hospital mortality (No.) (%) 145 (18.9) 16 (12.6) 38(233) .067 NA (30.0% versus 12.7%; OR, 0.34; 95% ClI,

All-cause mortality at 3 mo (No.) (%) 207 (26.5) 29(22.7) 52(31.5) 224 NA 0.14-0.82; P = .013) and all-cause mor-
SICH (No.) (%) 42 (5.5) 324) 10(63) 292 NA

tality at day 90 (38.2% versus 20.6%;

Note:—s|CH indicates symptomatic intracranial hemorrhage.
2 P value for group comparison.

5P value for head-to-head comparison, calculated when the P value for the group comparison was <.05: (A), control

group vs WUS; (B), control group vs DUS; (C), WUS vs DUS.
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OR, 0.42; 95% CI, 0.20—-0.88; P = .025)
was seen in non-DUS[advanced] versus
DUS[advanced].



DISCUSSION

Stroke with an unknown symptom onset is frequent and accounts for
up to 30% of ischemic stroke cases.'' "> WUS (in which symptoms
are realized during awakening) and DUS (unrealized symptom onset
during daytime) can be distinguished. Endovascular therapy is cur-
rently not approved in those patients.® On the basis of a considerable
real-world dataset, we tried to detect differences in outcome among
patients with WUS, DUS, and controls (excluding patients with
known symptom onset presenting >6 hours after notification of
symptoms). In our cohort, outcome in WUS did not differ from that
in controls (MRS 0-2: 35.9% versus 38.3%), suggesting a beneficial
effect of mTE in WUS. No increase in mortality rates or the frequency
of symptomatic intracranial hemorrhage was observed. Functional
outcome in DUS overall was significantly inferior compared with
that of controls (mRS 0-2: 27.3%).

FIG 2. Distribution of mRS scores at 90 days.

Table 2: Subgroup analysis—patient selection via imaging modalities

The first evidence indicating a possible beneficial effect of in-
travenous thrombolysis in carefully selected patients presenting
in a prolonged time-window was published several years ago.>"***
Similar results were obtained for endovascular therapy in late-
presenting stroke cases.”>** From a present-day perspective, the
use of older generation thrombectomy devices and small sample
sizes limited generalizability. Subsequent retrospective and obser-
vational data suggested a potential beneficial effect of mTE in
WUS with unknown symptom onset.”” However, DUS was not
addressed. Recently, preliminary results of the diffusion-weighted
imaging or CT perfusion assessment with Clinical Mismatch in
the Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) and Endovascular Ther-
apy Following Imaging Evaluation for Ischemic Stroke 3
(DEFUSE 3) trials were presented.””*®* DAWN included WUS

and patients “last seen well” up to 24
hours prior to endovascular therapy;
DEFUSE 3 recruited patients treated be-
tween 6 and 16 hours after notification
of symptoms. Both randomized con-
trolled trials were terminated after in-
terim analysis demonstrated superiority
of the interventional group. It was
proved that a strict imaging selection
can identify patients eligible for mTE
well after the currently approved time
window. So far there is still little infor-
mation on possible differences between
WUS and DUS.

In our data, patient selection due to
administration of CTP or MR imaging

Control Group WUS[advanced] DUS[advanced]
(n=780) (n=68) (n=63) P Value® P Value®
A) CTP or MRI [advanced]
MRS 0-2 (3 mo) (No.) (%) 299 (38.3) 32(47.) 23(36.5) 344 NA
In-hospital mortality (No.) (%) 145 (18.9) 5(7.5) 8(127) 031 (A) 0.019
(B).309
(C) 388
All-cause mortality (3 mo) (No.) (%) 207 (26.5) 11(16.2) 13 (20.6) 120 NA
sICH (No.) (%) 42 (5.5) 1015) 2(33) 380 NA
Control Group WUS[mri] DUS[mri]
(n =780) (n=47) (h=152)
B) MRI [mri]
MRS 0-2 (3 mo) (No.) (%) 299 (38.3) 24 (51) 20 (38.5) 216 NA
In-hospital mortality (No.) (%) 145 (18.9) 2(4.3) 8(15.4) .024 (A).009
(B).713
(C) 204
All-cause mortality (3 mo) (No.) (%) 207 (26.5) 6(12.8) 12(231) 093 NA
SICH (No.) (%) 42 (5.5) 102.2) 2(4.0) 808 NA
Control [mri] WUS[mri] DUS[mri]
(n=170) (n=47) (n=52)
C) MRI compared with selected controls [mri]
mRS 0-2 (3 mo) (No.) (%) 83(48.8) 24 (51)) 20 (38.5) 357 NA
In-hospital mortality (No.) (%) 19 (1.5) 2(43) 8(15.4) 21 NA
All-cause mortality (3 mo) (No) (%) 34(20.0) 6(12.8) 12(23]) 385 NA
SICH (No.) (%) 5(3.0) 102.2) 2(4.0) 875 NA

Note:—s|CH indicates symptomatic intracranial hemorrhage; NA, not applicable.
2 P value for group comparison.

5P value for head-to-head comparison, calculated when the P value for the group comparison was <.05: (A), control group vs WUS; (B), control group vs DUS; (C), WUS

vs DUS.
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Table 3: Effect of advanced imaging on outcome and safety

WUS[advanced] (n = 68)

Non-WUS[advanced] (n=60)  OR (95% Cl), P Value

A) WUS treated after CTP or MRI [advanced]
compared with the remaining WUS
[non-advanced]

mRS 0-2 (3 mo) (No.) (%) 32(47)
In-hospital mortality (No.) (%) 5
All-cause mortality (3 mo) (No.) (%) 1(16.2)
SICH (No.) (%) 1(15)

DUS[advanced] (n = 63)

B) DUS treated after CTP and MRI
[advanced] compared with the remaining DUS
[non-advanced]

7.5)

14(233) 2.92 (132-6.45), .006
n083) 036 (0.11-112), 106

18 (30.0) 0.45(0.19-1.07), .090
2(34) 043 (0.04-4.95), 599

Non-DUS[advanced] (n = 102)

mRS 0-2 (3 mo) (No.) (%) 23(36.1) 22 (21.6) 2.09 (1.03-4.25),.048
In-hospital mortality (No.) (%) 8(12.7) 30(30.0) 0.34(0.14-0.82), .013

All-cause mortality (3 mo) (No.) (%) 13(20.6) 39(38.2) 0.42(0.20-0.88),.025
sICH (No.) (%) 2(33) 8(8) 0.39 (0.08-1.90), .320

C) WUS treated after MRI [mri] compared with the
remaining WUS [non-mri]

mRS 0-2 (3 mo) (No.) (%)

In-hospital mortality (No.) (%)
All-cause mortality (3 mo) (No.) (%)

SICH (No) (%)

WUS[mri] (n = 47)

Non-WUS[mri] (n = 81)

24 (511) 22(272) 2.80 (128-6.10), .008
2(43) 14(17.3) 022 (0.05-1.04), .049
6(12.8) 23(284) 037 (0.14-1.01),.050
102.2) 2(2.6) 0.84(0.07-9.68),1.000

Non-DUS[mri] (n = T13)

D) DUS treated after MRI [mri] compared with the
remaining DUS [non-mri]

mRS 0-2 (3 mo) (No.) (%) 20
In-hospital mortality (No.) (%) 8
All-cause mortality (3 mo) (No.) (%) 12
SICH (No.) (%) 2

38.5) 25(22) 2.20 (1.06-4.55), .038
30 (27.0) 049 (0.21-117), 115
40 (35.4) 0.55 (0.27-117), 149

—_——

8(73) 053 (0.11-2.62), 726

Note:—s|CH indicates symptomatic intracranial hemorrhage.

likewise led to a significant increase in the frequency of good func-
tional outcome in patients with WUS and DUS. Consecutive steps
in patient selection (1, all patients; 2, patients with CTP or MR
imaging; 3, patients with MR imaging; 4, patients with documented
mismatch in CTP or MR imaging; 5, patients with documented mis-
match in MR imaging) increased the frequency of good functional
outcome in both WUS and DUS (WUS 1: 35.9%; WUS 2: 47.1%;
WUS 3:51.1%; WUS 4: 51.9%; WUS 5: 52.8%; DUS 1: 27.3%; DUS
2:36.5%; DUS 3: 38.5%; DUS 4: 39.1%; DUS 5: 43.2%). Out-
come in DUS still was reduced. However, with the application
of advanced imaging techniques, the statistically significant
difference disappeared.

Besides outcome, WUS and DUS also seem to differ in patho-
physiologic characteristics. An increase in platelet aggregation as
well as a blood pressure surge during awakening are said to be
associated with WUS but not DUS.***° WUS might occur right
before awakening and therefore be comparable with a stroke pop-
ulation with documented symptom onset.’' Indeed, it was shown
that clinical and imaging characteristics in WUS and stroke eligi-
ble for intravenous thrombolysis seem to be comparable, whereas
DUS—as in our cohort—tends to have a worse prognosis.'*****
We did not observe significant differences in baseline character-
istics. Longer imaging-to-groin times in WUS and DUS can be
explained by a higher percentage of MR imaging scans and might
indicate a careful patient selection. An average 138 minutes in
controls is attributed to many patients being secondarily trans-
ferred for mTE/aTE."°

This study has several limitations. First, due to the retrospec-
tive design, selection bias can be suspected because we do not

498 Bucke Mar 2018 www.ajnr.org

know in which cases mTE or aTE was not considered. Also, a
certain inconsistency in decision-making can be assumed. Sec-
ond, the definition of WUS and DUS could lead to some overlap
of groups. Some of the patients categorized as having DUS by the
assessing neurologist (eg, patients arriving late in the evening)
could be WUS instead. There was no common CTP protocol or
quantitative mismatch measurement, which may reduce compara-
bility. An imbalance in group size might introduce a power problem
(especially in subgroup analysis).

CONCLUSIONS

Our data suggest that mTE/aTE in selected patients with WUS
allows a good functional outcome comparable with that in pa-
tients treated within 6 hours of symptom onset. Patients with
DUS seem to be inferior to controls regarding outcome and mor-
tality rates. The application of advanced imaging modalities (MR
imaging, CTP) significantly increases the frequency of good func-
tional outcome in both WUS and DUS and seems to reduce
mortality.
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Nonsphericity Index and Size Ratio Identify Morphologic
Differences between Growing and Stable Aneurysmsin a

A. Chien,

ABSTRACT

Longitudinal Study of 93 Cases

M. Xu, ““'H. Yokota, E. Morimoto, and ““'N. Salamon

F. Scalzo,

BACKGROUND AND PURPOSE: Recent studies have strongly associated intracranial aneurysm growth with increased risk of rupture.
Identifying aneurysms that are likely to grow would be beneficial to plan more effective monitoring and intervention strategies. Our
hypothesis is that for unruptured intracranial aneurysms of similar size, morphologic characteristics differ between aneurysms that
continue to grow and those that do not.

MATERIALS AND METHODS: From aneurysms in our medical center with follow-up imaging dates in 2015, ninety-three intracranial
aneurysms (23 growing, 70 stable) were selected. All CTA images for the aneurysm diagnosis and follow-up were collected, a total of 348
3D imaging studies. Aneurysm 3D geometry for each imaging study was reconstructed, and morphologic characteristics, including volume,
surface area, nonsphericity index, aspect ratio, and size ratio were calculated.

RESULTS: Morphologic characteristics were found to differ between growing and stable groups. For aneurysms of <<3 mm, nonsphericity
index (P < .001); 3-5 mm, nonsphericity index (P < .001); 5-7 mm, size ratio (P = .003); >7 mm, volume (P < .001); surface area (P < .001); and
nonsphericity index (P = .002) were significant. Within the anterior communicating artery, the nonsphericity index (P = .008) and, within
the posterior communicating artery, size ratio (P = .004) were significant. The nonsphericity index receiver operating characteristic area
under the curve was 0.721 for discriminating growing and stable cases on the basis of initial images.

CONCLUSIONS: Among aneurysms with similar sizes, morphologic characteristics appear to differ between those that are growing and
those that are stable. The nonsphericity index, in particular, was found to be higher among growing aneurysms. The size ratio was found to
be the second most significant parameter associated with growth.

ABBREVIATIONS: ACA = anterior communicating artery; BA/VA = basilar artery/vertebral artery; ICH = intracerebral hemorrhage; NSI = nonsphericity index;

PcomA = posterior communicating artery

B ecause part of the population has asymptomatic, unruptured
intracranial aneurysms (1%-3%), they are regularly inciden-
tally detected with medical imaging."> An appropriate course of
monitoring or intervention must then be decided. While this de-
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cision is relatively straightforward for larger intracranial aneu-
rysms (>7 mm), the best approach for smaller aneurysms is less
clear. Recent studies have found a positive correlation between
aneurysm growth and rupture.”® Therefore, it would seem ben-
eficial to identify small aneurysms likely or unlikely to grow and
plan treatment/monitoring strategies accordingly.

An unruptured aneurysm may be detected at any size when it
becomes symptomatic or incidentally detected through imaging.
Currently, from such a snapshot, it is difficult to guess the natural
history of an aneurysm: Is it relatively new and rapidly growing or
has it gradually increased in size; is it still growing or relatively
stable? At present, there is no clear information to predict
whether an aneurysm will continue to grow, while certain fac-
tors, such as anatomic location, correlate with significantly
increased rupture risk.” The objective of this research was to
address whether aneurysm morphologic characteristics, size
and shape, may provide an additional means of identifying
future growth.
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Table 1: Case information

there is an association between aneurysm

Aneurysm Growth

growth and rupture, these indices were

Yes No Total chosen for this study.>>° Because this

Patients study analyzed longitudinal data, in addi-

No. of patients 23 62 85 tion to comparing morphologic indices

No. of women 20 49 69 for aneurysms at diagnosis and grouped

Neaeien 3 1 16 by location, aneurysm imaging studies

Mean age (yr) 636 =155 659 = 1.9 652+129 7 > aneury sing

Atrial fibrillation 2 3 5 were segregated by size.

Cancer 3 8 |l

Coronary artery disease 1 3 4 MATERIALS AND METHODS

Diabvet.es m.ellitus 4 9 13 Case Information

Dyslipidemia 6 32 38 This study was performed the with ap-

Family history of intracranial aneurysm 0 3 3 S .

Hi proval of the institutional review board. It
istory of TIA 2 2 ) o ]
History of ICH 1 1 b was a retrospective analysis of intracranial
History of stroke 0 3 3 aneurysm cases with follow-up imaging in
Hypertension 12 32 44 the data base of our medical center. All the
Hy pgthy roid ) ) 4 12 16 CT angiograms were acquired on the basis

Previous or current cigarette smoking 3 16 19 . C e .
Previous SAH 5 5 4 of an established clinical imaging protocol
Sefrure b 1 3 for brain aneurysm follow-up, to ensure
Cases consistency for clinical aneurysm man-
Aneurysms 23 70 93 agement.”"** Ninety-three intracranial
Average follow-ups 235*115 293 +245 278 £221 aneurysms (23 growing, 70 stable) from
Follow-up time (mo) 46.4 =294 51.6 * 46.2 50.3 +42.6 2010 to 2015 with at least 1 i ine fol
ACA 4 % 20 o with at least 1 imaging fol-
ICA 8 38 46 low-up were selected. An aneurysm was
MCA 1 8 9 classified as growing if it exhibited a
PcomA 9 4 13 >(0.6-mm increase in diameter measured
BA/VA I 4 > in all subsequent imaging studies. CTA
Sidewall aneurysm 19 58 77 . t each ti int f
Bifurcation aneurysm 4 2 16 1mages at each e pownt for aneurysm
Imaging studies diagnosis and follow-up were collected. A
All 73 275 348 total of 348 CTA volumetric imaging sets
<3mm 21 74 95 were included. Aneurysms were followed
;‘; i is ]:g ]2(5) for a mean of 50.3 * 42.6 months, with a
—7 mm -
—+ -
~7 mm n " 28 mean of 2.78 * 2.21 follow-up imaging
ACA 15 59 74 dates, for a mean of 3.35 = 1.35 imaging
ICA 25 152 177 studies per aneurysm case. Patient infor-
MCA 7 29 36 mation and aneurysm characteristics, in-
PcomA 26 9 35 : ; ;
cluding location, aneurysm type, and im-
BA/VA 2 24 26 8 rysm typ

During the past decade, many imaging-derived indices have
been proposed for assessing aneurysm risk, primarily focused on
identifying differences between ruptured and unruptured aneu-
rysms.®'? These indices include a broad variety of metrics, some of
which, like wall shear stress or the pulsatility index, are calculated
through computational simulation."”'® However, to date, there
have been few studies of aneurysm growth that focus on imaging-
derived indices.'”'® For this research, we focused on morphologic
characteristics, which, as a group, are directly calculated from 2D/3D
images without simulation. As a result, these types of indices are
simpler to use and more easily applied to larger sample sizes.

The simplest morphologic characteristic describing an aneurysm
is its size, typically represented by its maximum diameter.” Indices
investigated in this study include volume, surface area, the nonsphe-
ricity index (NSI), aspect ratio, and size ratio.”'** While these rep-
resent a small selection of previously published indices, they all have
previously been identified as having some predictive value for dis-
criminating ruptured/unruptured aneurysms; therefore, because

aging study numbers, are summarized in
Table 1.

Image Processing and Analysis

For each aneurysm, 3D geometry for each imaging study was re-
constructed and basic morphologic characteristics such as vol-
ume and surface area were calculated.’>** From these, the NSI
was calculated. Aspect ratio and size ratio were based on manual
measurements made by a skilled radiologist who was blinded to
whether aneurysms were growing or stable. Figure 1 shows the
formulas used for calculation of the indices as well as a depiction
of where various shapes fall within the range of values, because
this is sometimes difficult to decipher from the formula. As men-
tioned above, for analysis, the imaging studies were divided into 4
categories (<3 mm, 3-5 mm, 5-7 mm, and >7 mm). Growing
and stable aneurysms were also grouped for analysis by general
anatomic location (anterior communicating artery [ACA], ICA,
MCA, posterior communicating artery [PcomA], or basilar ar-
tery/vertebral artery [BA/VA]) and type of aneurysm (sidewall or
bifurcation).
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FIG 1. Morphologic indices used in this study, in addition to maximum diameter, volume, and
surface area. Formulas for their calculation, along with diagrams illustrating the relative position
of various shapes on the different scales are shown. Horizontal lines indicate no aneurysm; AR,
aspect ratio; SR, size ratio; max, maximum. The NSI ranges from 0 to 1 and is based on 3D
geometry, while the AR and SR start at zero but have no fixed upper limit. Only SR incorporates

the size of the parent artery into the calculation.

Statistical Analysis

Statistical comparisons between growing and stable groups were
made using a 2-tailed ¢ test with an assumption of unequal vari-
ance (Welch t test). The Pearson x* test was used to compare
patient information between groups (Table 1). For all statistical
analyses, a significant P value was .01. Statistical analysis was per-
formed and figures were prepared in SPSS 24 (IBM, Armonk,
New York) and Excel (Microsoft, Redmond, Washington).

RESULTS

Aneurysm Size versus Morphology

No significant differences in patient information were found be-
tween growing and stable aneurysm groups (Table 1). Statistical
analysis identified different morphologic indices as significant
when examining different groups of images. Measurements for
growing and stable aneurysm images segregated by size are sum-
marized in Table 2. For very small aneurysms (<3 mm), the NSI
(P < .001) was significantly different between growing and stable
groups. For aneurysms of 3-5 mm, only the NSI was significant as
well (P <.001). For aneurysms of 5-7 mm, only the size ratio was
significant (P = .003). For large aneurysms (>7 mm), volume
(P < .001), surface area (P < .001), and NSI (P = .002) were
significantly different among the groups. When we considered all
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diagnoses and follow-up time points to-
gether, volume (P < .001), surface area
(P <.001), and the NSI (P < .001) were
significant. Finally, when considering
only the initial imaging study for each
aneurysm, effectively examining all an-
eurysm cases at diagnosis, only the NSI
(P = .003) was significant for growing
versus stable. In all analyses in which the
NSI was significant, it was consistently
higher in the growing group versus the
stable group. Figure 2 presents boxplots
of the NSI for the growing and stable
groups segregated by size.

Receiver operating characteristic
curves were plotted for the various indi-
ces for growing versus stable (Fig 3).
When all imaging studies for all aneu-
rysms were included, the NSI provided
superior  discrimination  between
groups, with the area under the curve of
0.712 versus indices such as surface area
(area under the curve = 0.638). When
only the initial imaging study from all
aneurysms was included, the NSI was
again superior to the other indices (area
under the curve = 0.721).

Aneurysm Location versus
Morphology and Aneurysm Type
versus Morphology

Results from comparing growing and
stable aneurysms by location are sum-
marized in Table 3. Within the ACA, the
NSI (P = .008) was significantly differ-
ent between growing and stable aneurysms. Although no signifi-
cant differences were found among ICA aneurysm groups, a trend
toward a difference in the NSI (P = .014) was observed. The size
ratio (P = .004) was significantly different between groups of
aneurysm images within the PcomA. MCA and BA/VA imaging
studies were excluded from the location analysis because of insuf-
ficient growing aneurysms. In the analysis of growth in bifurca-
tion and sidewall aneurysms (17% and 83% of total cases, respec-
tively; Table 1 and On-line Table), the NSI was the only significant
factor between growing and stable in sidewall aneurysms (P =
.006) (Table 4).

DISCUSSION

Several common morphologic indices for describing aneurysms
are highly dependent on diameter, such as volume, surface area,
aspect ratio, and size ratio (aspect ratio and size ratio calculate a
ratio on the basis of the aneurysm neck and parent artery diame-
ter, respectively, characteristics typically much less variable than
aneurysm height) (Fig 1).'”*° Indices such as the NSI are inde-
pendent of aneurysm diameter and, while slightly more compli-
cated to calculate, in exchange provide more robust shape char-
acterization and, on the basis of this study, appear to provide



Table 2: Index values for growing and stable aneurysms segregated by size®

Index
<3 mm (n = 95) 3-5 mm (n =160) 5-7 mm (n = 65) >7 mm (n =28) AllP (n = 348) Initial® (n = 93)

Maximum diameter

Growing 221+ 0.66 3.93 +0.58 6.09 +0.58 8.55 +1.28 464 +233 3.98 +2.09

Stable 222+ 0.55 3.82 +0.52 577 + 0.58 878 =152 403+178 414 +1.84
Volume

Growing 9.41 + 8.51 492 + 497 151 =119 572 + 287%¢ 145 + 235d° 10 + 197

Stable 125 + 6.88 304 + 209 108 * 68.9 150 + 261¢ 467 * 81.0¢ 57.0 +106
Surface area

Growing 281+159 751 + 49.4 144 *+ 85.6 384 + 1659 126 * 146 105 + 133

Stable 30.0 = 13.2 50.6 = 26.4 122 + 60.4 16 + 140¢ 619 + 57.4¢ 701 + 69.5
NSl

Growing 0.45 + 0.08%¢ 0.36 + 0.10%¢ 0.26 + 0.05 0.31 + 0.08%f 036 + 0.1%¢ 0.38 + omef

Stable 0.31+ 0.14¢ 0.27 * 0.10¢ 029 = 0.09 0.22 + 0.03¢ 028 = 0119 029 = 0.12¢
Aspect ratio

Growing 0.89 + 0.54 0.91+0.33 121+ 0.34 121+ 0.27 1.03 = 043 1.01 + 0.54

Stable 0.90 + 0.24 0.99 +0.29 1.09 + 033 127 + 0.81 1.00 + 034 1.02 = 0.40
Size ratio

Growing 0.56 = 0.25 0.94 + 031 2.93 +13°f 248 + 071 149 +1.20 121+ 091

Stable 0.70 = 0.30 1.05 *+ 0.34 1.63 * 0.59¢ 196 =11 11+ 0.59 119 = 0.68

“Data are presented as mean = SD.

©The “All” column includes all imaging studies for all cases.

© The “Initial” column includes the first imaging study for all cases.
9 Significant difference between groups.

€ P <.001

fp<.o

more consistent growth prediction.®” For all except the smallest
aneurysms, volume and surface area were larger for growing an-
eurysms than stable aneurysms, though this was only significant
among large (>7 mm) aneurysms and when all aneurysm imag-
ing studies were considered. These indices not being significant
among smaller aneurysms may indicate that differences in aneu-
rysm morphology are more pronounced for larger aneurysms
(Table 2).

When the NSI was significantly different between growing and
stable groups, it was consistently higher in the growing group.
Referring to Fig 1, this higher NSI corresponds to the growing
aneurysms having a more irregular shape. If one considers the
association previous studies have found between growth and rup-
ture, a higher NSI among growing aneurysms is consistent with
previous findings of a higher NSI among ruptured aneu-
rysms.”'%?> When we further considered morphologic differ-
ences among aneurysm sizes, aneurysms of 5-7 mm were found,
in general, to be less irregular (more spheric) than smaller or
larger aneurysms, as indicated by the NSI values. A plausible ex-
planation for this finding is that aneurysms in this size range are
close to the treatment threshold and the more irregular cases were
treated instead of being followed with imaging. Among the loca-
tions, MCA aneurysms were the least irregular, with PcomA an-
eurysms having the most convoluted and complex shapes (Table
3). This finding might be due to fewer cases in these locations and
the influence of treatment preferences. Because bifurcation aneu-
rysms are usually considered to have a high rupture risk, in our
study, 83% of the cases were sidewall aneurysms. Previous work
by Baharoglu et al'* showed the NSI to be associated with rupture
in bifurcation aneurysms. In this study, we found the NSI to be
significantly higher in growing sidewall aneurysms, while it was
not significantly different in bifurcation aneurysms, possibly due
to the relatively small percentage of bifurcation cases. This finding

may also be because the current study investigated the growth of a
low-risk group of aneurysm cases with an average size of 4 mm,
while the study of Baharoglu et al'* was focused on aneurysms with
high rupture risk, on average 7 mm. The NSI values recorded in this
study were higher than values previously reported by other research-
ers forintracranial aneurysms.”'*'” The reason is unclear but may be
due to the smoothing of reconstructed aneurysm geometry, or a lack
thereof, before calculation of aneurysm volume and surface area.
Because aneurysms may be detected at any point during their
natural history, when one considers longitudinal data, each imag-
ing study may contribute additional information. From the per-
spective of natural history, there is not anything special about the
initial images of an asymptomatic unruptured aneurysm versus
images obtained at follow-up. There may, however, be differences
among the longitudinal images, due to growth or simply the de-
tails of the image acquisition. In the current research, the rationale
for performing most of the statistical analyses at the level of the
imaging study instead of the aneurysm case was to better identify
predictors that might be applied to evaluate initial diagnostic im-
ages in combination with size, currently a major criterion for
treatment/follow-up decisions. This research supports aneurysm
growth being predicted by the same morphologic characteristics
previously shown to be significant for rupture, specifically NSI.
The results of this study contrast with a previous, multicenter
prospective study that investigated the ability of various indices to
predict subsequent aneurysm growth.'” Beyond the prospective-
versus-retrospective study design and single time point versus
multiple time point image analysis, there are several differences
that might explain the apparent discrepancy. First and foremost,
the criteria for growth were different between the 2 studies, with
the current study relying on a fixed size threshold (0.6 mm) con-
firmed by subsequent images and Ramachandran et al'” using
expert clinician review. Second, the follow-up duration was con-
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FIG 2. The NSI for imaging studies segregated by size (Tukey boxplots). Shaded and unshaded bars represent growing and stable groups,
respectively, in each panel. Diamonds indicate the mean for each group; and the small circles, outliers.

siderably longer in the current study (an average of approximately
4-versus-2 years). Given the growth rates observed in our popu-
lation sample, many of the aneurysms in the current study would
have been incorrectly classified as stable with only a 2-year follow-
up. In some combination, these differences in study design may
be responsible.

As the receiver operating characteristic curves illustrate
(Fig 3), for our population sample, the NSI was able to more
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consistently discriminate growing and stable aneurysms on the
basis of the initial imaging study than aneurysm diameter or
other shape indices. The NSI therefore appears to be a useful
metric for identifying aneurysms likely to continue to grow,
and we hope to eventually see it incorporated into aneurysm
management decisions. Growth studies require longitudinal
datasets and consequently require the analysis of many more
sets of images. Because morphologic characterization of aneu-



FIG 3. Receiver operating characteristic curves for each of the indices
included in the study, for all imaging studies, and the initial imaging
study only. Area under the curve values are listed in the legends. The
NSI provides the best discrimination between growing and stable
aneurysms (area under the curve = 0.712 for all imaging studies, and
areaunder the curve = 0.721for the initial imaging study). AR indicates
aspect ratio; SR, size ratio; max, maximum.

rysms is relatively rapid, such assessments can be scaled for
multicenter studies or clinical practice. Future work will com-
bine morphologic indices like the NSI with more detailed epi-
demiologic analysis.

Limitations

Because this was a single-center retrospective study, it has bias,
including existing treatment preferences, such as anatomic loca-
tion and type, which results in censoring of data. In addition, the

Table 3: Index values for growing and stable aneurysms
segregated by location®

Index ACA ICA PcomA

Maximum diameter

Growing 4.66 +2.63 3.86 £ 145 520 =285

Stable 376 =177 436 -1.88 4.05*130
Volume

Growing 71.8 = 69.6 85.5 + 175 260 * 324

Stable 472 + 458 519 =997 82.6 =102
Surface area

Growing 752 = 60.7 875+ 16 202 =192

Stable 57.3 + 389 68.5*+ 654 105 = 91.8
NSI

Growing 031+ 01°° 038*+012 039 +0.08

Stable 022+007° 031012 045+ 0.08
Aspect ratio

Growing 095 =*0.25 090040 098 *+0.29

Stable 117 = 0.39 0.96 £033 073£0.25
Size ratio

Growing 1.53 £1.09 0.93+055 140 *+ 0.86°¢

Stable 148075 103+050 0.81+033°

“Data are presented as mean = SD.
b Significant difference between groups.
P <.0L

Table 4: Index values for growing and stable aneurysms
segregated by aneurysm type®

Bifurcation (n = 16)

Sidewall (n =77)

Max diameter

Growing 419 £ 1.68 393221

Stable 3.96 216 418 =179
Volume

Growing 54.8 + 525 122 =214

Stable 51.0 = 57.1 58.2 = 114
Surface area

Growing 68.9 =429 13 £ 145

Stable 62.7 =518 717 =73.0
NSI

Growing 0.31=0.10 039 = 0.1°¢

Stable 022 +0.07 031+ 012°
Aspect ratio

Growing 1.00 = 0.33 1.01 = 0.57

Stable 1.02 £ 0.32 1.02 + 0.41
Size ratio

Growing 171 £145 111£077

Stable 137 £ 091 115 = 0.62

Note:—Max indicates maximum.

2 Data are presented as mean * SD.

® Significant difference between groups.
cp<.0L

sample is likely biased against aneurysms >7 mm and of irregular
shape because these are more frequently treated, except in cir-
cumstances such as advanced age. Such bias is likely to be present
in a prospective study as well, to not endanger patient safety. Re-
garding the measurement method, as aneurysm size decreases, the
accuracy of measurements does as well. Examination of how dif-
ferent CTA imaging protocols affect such measurements would

be beneficial.*®

Finally, as expected on the basis of the frequency of
intracranial aneurysm growth after diagnosis, there are signifi-
cantly more stable aneurysms than growing aneurysms in the
study. This finding is further exacerbated in some of the size/
location groups and may make it more challenging to generalize
the findings to the broader population. A larger, multicenter ret-
rospective study including several years of data could address

most of these issues.
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CONCLUSIONS

This study identified a significant relationship between aneurysm
morphologic characteristics and growth. Specifically, the NSI was
relatively consistently associated with growth in various analyses,
in which it tended to be larger for aneurysms that would continue
to grow. Additional shape indices such as size ratio were found to
be associated with growth for particular size ranges and locations.
Morphologic analysis appears to be a powerful means of identify-
ing aneurysms likely to grow as well as a useful tool to investigate
aneurysm growth, suitable for studies with many cases.

Disclosures: Aichi Chien—RELATED: Grant: Brain Aneurysm Foundation Research
Grant and Society of Interventional Radiology Foundation Dr. Ernest J. Ring
Academic Development Grant.* *Money paid to the institution.
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Local Glioma Cells Are Associated with Vascular Dysregulation

S.G. Bowden, ““BJ.A. Gill, ““Z K. Englander, “*'C.I. Horenstein, “’G. Zanazzi, ““'P.D. Chang, ‘). Samanamud, “'A. Lignellj,
J.N. Bruce, ““’P. Canoll, and “*). Grinband
o 8 — |
ABSTRACT

BACKGROUND AND PURPOSE: Malignant glioma is a highly infiltrative malignancy that causes variable disruptions to the structure and
function of the cerebrovasculature. While many of these structural disruptions have known correlative histopathologic alterations, the
mechanisms underlying vascular dysfunction identified by resting-state blood oxygen level-dependent imaging are not yet known. The
purpose of this study was to characterize the alterations that correlate with a blood oxygen level-dependent biomarker of vascular
dysregulation.

MATERIALS AND METHODS: Thirty-two stereotactically localized biopsies were obtained from contrast-enhancing (n = 16) and nonen-
hancing (n = 16) regions during open surgical resection of malignant glioma in 17 patients. Preoperative resting-state blood oxygen
level-dependent fMRI was used to evaluate the relationships between radiographic and histopathologic characteristics. Signal intensity
for a blood oxygen level-dependent biomarker was compared with scores of tumor infiltration and microvascular proliferation as well as
total cell and neuronal density.

RESULTS: Biopsies corresponded to a range of blood oxygen level-dependent signals, ranging from relatively normal (z = —4.79) to
markedly abnormal (z = 8.84). Total cell density was directly related to blood oxygen level-dependent signal abnormality (P = .013, R> =
0.19), while the neuronal labeling index was inversely related to blood oxygen level-dependent signal abnormality (P = .016,R> = 0.21). The
blood oxygen level-dependent signal abnormality was also related to tumor infiltration (P = .014) and microvascular proliferation (P =
.045).

CONCLUSIONS: The relationship between local, neoplastic characteristics and a blood oxygen level-dependent biomarker of vascular

function suggests that local effects of glioma cell infiltration contribute to vascular dysregulation.

ABBREVIATIONS: BOLD = blood oxygen level-dependent; CE = contrast-enhancing; Gd = gadolinium; NE = nonenhancing

M alignant glioma is a highly infiltrative malignancy that
causes variable disruptions to the structure and function of
the cerebrovasculature.! Most prominent among these is a break-
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down of the blood-brain barrier, associated with the main tumor
mass'~ and clinically evident through the extravasation of gado-
linium-conjugated contrast media.* However, other vascular def-
icits are identifiable in the infiltrative margin of the tumor. Vaso-
genic edema, represented by T2-FLAIR hyperintensity, is the
most frequently used abnormality for directing surgical and radi-
ation treatments in nonenhancing (NE) areas. Recent application
of functional imaging has identified additional physiologic con-
sequences of malignant glioma infiltration, with decreased vascu-
lar reactivity noted on hypercapnia challenges®” and reduced cor-
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tical activation intensity and volume using task-based fMRL®*"!
Tumor vessel angiogenesis is a frequently cited and plausible con-
tributor to such deficits within the contrast-enhancing (CE) tu-
mor mass.””'® However, areas of decreased vascular reactivity
and reduced cortical activation have also been identified in lower
grade gliomas, indicating that even sparsely infiltrated regions of
brain parenchyma could have similar functional impairment.’
Nevertheless, the variable presence, distribution, and degree of
these abnormalities leave their relationship to tumor infiltration
uncertain.

A recent report by Chow et al'?

identified a biomarker of gli-
oma-related vascular dysregulation using resting-state blood ox-
ygen level-dependent (BOLD) fMRI. The mean BOLD time-se-
ries extracted from normal, tumor-free brain of the contralesional
hemisphere represents normal cardiac pulsations and respira-

1315 and can

tion-related changes in arterial carbon dioxide (CO,)
be used as a temporal signature of normal vascular reactivity.'®
Similarly, the mean BOLD time-series extracted from CE tumor
represents abnormal tumor-related vascular function. By com-
bining these temporal signatures, the spatial extent of glioma-
related vascular deficits can be illustrated by identifying voxels of
NE brain parenchyma that behave more like the CE tumor and
less like the normal contralesional brain tissue. This technique
demonstrated that vascular dysregulation can extend beyond the
CE tumor core into the NE infiltrative margin. Furthermore, the
presence of nonoverlapping regions between the BOLD bio-
marker and T2-FLAIR hyperintensity, or BOLD-FLAIR mis-
match, suggests discordance between deficits in neurovascular
function and a breakdown of the blood-brain barrier. However,
the absence of a histologic correlate in Chow et al'? leaves sub-
stantial uncertainty as to whether this vascular dysregulation is
related directly to tumor infiltration or to the indirect effects of
the tumor. For example, such dysfunction could be directly re-
lated to local tumor effects, such as a disruption in the structural,
physical, or ultrastructural properties of the brain by invading
glioma cells."! Alternatively, distal, indirect causes, such as mass
effect from the tumor or vasogenic edema; disruption of shared
venous drainage; or damage to axons could also explain these
BOLD abnormalities.*'*'”

The purpose of this study was to characterize the histopatho-
logic alterations underlying the BOLD biomarker of vascular dys-
function in malignant gliomas. We compared BOLD dynamics
from resting-state fMRI with neoplastic characteristics of a set of
stereotactically localized biopsies. We hypothesized that the de-
gree of disruption of vascular function measured by the BOLD
biomarker is related to the severity of histopathologic abnormal-
ities associated with tumor infiltration.

MATERIALS AND METHODS

Patient Selection

We performed a retrospective review of a database of MRI-local-
ized biopsies obtained during open surgical resection of glioma at
Columbia University Medical Center (CUMC). All patients in-
cluded in the database previously provided consent as part of a
CUMC review board-approved study protocol. Seventeen pa-
tients with pathology-proved, treatment-naive glioblastoma (n =
14) or grade 111, IDH wild-type astrocytoma (n = 3) and preop-

508 Bowden Mar 2018 www.ajnr.org

erative BOLD fMRI were identified. The average age was 63.8
years (range, 48 —82 years) with 5 men and 12 women. Thirty-two
tissue biopsies were obtained from the CE (n = 16) and the NE
(n = 16) regions of tumor during open surgical resection. Auto-
mated cell counting was successfully performed on 31 H&E stains
and 28 NeuN stains (MAB377; MilliporeSigma, Darmstadt,
Germany).

Image Acquisition

Before tumor resection, patients underwent standard-of-care im-
aging (including T1-weighted, gadolinium-enhanced [T1+Gd],
T2-FLAIR, and DWI) as well as a resting-state BOLD fMRI scans
on 1 of 4 hospital scanners (Intera 1.5T, Achieva 3T, Philips
Healthcare, Best, the Netherlands; TwinSpeed HDx 1.5T or Excite
HDx 3T, GE Healthcare, Milwaukee, Wisconsin). The ranges of
scanning parameters for T1 sequences were the following: TR =
10-2000 ms, flip angle = 13°-90°, TE = 2-20 ms. For FLAIR
sequences, the ranges were the following: TR = 8000—11,000 ms,
flip angle = 90°, TE = 104-337 ms, TT = 2200-2800 ms. BOLD
parameters were the following: TR = 1000-2400 ms, flip angle =
72°-90°, TE = 20-34 ms, number of volumes = 150-200. The
scanning parameters for each patient are listed in the On-line
Table. Contrast-enhanced images were acquired with IV gado-
benate dimeglumine (MultiHance; Bracco Diagnostics, Prince-
ton, New Jersey) with a weight-based dose of 0.2 mL/kg. The time
between the IV injection and contrast-enhanced imaging was 5
minutes. BOLD images were obtained before contrast-enhanced
imaging.

Biopsy Acquisition

All tissue sampling was performed during the normal surgical
plan, provided it posed no additional risk to the patient. Samples
were taken from the CE tumor core in all cases and NE regions
when within the planned surgical trajectory. Biopsies were ob-
tained before surgical debulking to minimize the effects of brain
shift and deformation. Frameless stereotactic guidance was pro-
vided by a volumetric T1+Gd scan uploaded to a neuronaviga-
tion interface (Curve; Brainlab, Feldkirchen, Germany). Biopsy
location was recorded by screen captures of the neuronavigation
interface, allowing the downstream determination of the Carte-
sian coordinates of each biopsy. We have recently shown that this
method results in spatial accuracy to within ~2 mm.'® Biopsies
that were taken from radiologically defined areas of necrosis or
those that were predominantly histologically necrotic (>75% of
the tissue sample) were excluded from the analysis.

Histopathologic Analysis

Samples were formalin-fixed and paraffin-embedded for histo-
pathologic analysis. Five-micrometer sections were stained with
H&E. Seven-micrometer sections were immunostained with the
NeuN antibody. Qualitative histologic characteristics of neo-
plasms were evaluated by 2 blinded neuropathologists (G.Z.,
P.C.). H&E-stained sections were reviewed for the degree of tu-
mor infiltration and scored as no tumor present (score = 0),
infiltrating tumor (score = 1), or highly cellular tumor (score =
2). The tumor score was a composite of several features, including
cytologic atypia and cell density. H&E slides were also reviewed



for the degree of microvascular proliferation, scored as delicate
microvasculature (normal vascular architecture; score = 0), sim-
ple hyperplastic structures (<3 circumferential layers with patent
lumen; score = 1), or complex microvascular hyperplasia (=3
endothelial layers or glomeruloid-type vessels; score = 2).

Total cell density was calculated using an automated cell-
counting algorithm."® Briefly, the H&E-stained sections were dig-
italized using a Leica scn400 system (Leica Biosystems, Buffalo
Grove, Illinois), with hematoxylin-stained nuclei counted in iter-
atively processed high-power fields. Total cell density was com-
puted as the median number of hematoxylin-stained cells across
all high-power fields that contained at least 1 nucleus. Each im-
munoperoxidase-stained slide was digitized at low-power X10
magnification, and a semiautomated algorithm was used to deter-
mine the overall NeuN index, to calculate the labeling index for
NeuN. For each slide, user-defined RGB (3-channel) and size
thresholds were determined by visual inspection of 9 randomly
generated low-power X 10 fields. On the basis of these statistics,
the algorithm subsequently identified all immunoperoxidase-
stained cells in each low-power field and computed the neuronal
fraction by dividing the surface area of stained cells by the total
surface area of all tissue in the low-power field. The NeuN index
was defined as the 90% quantile of fractions across all low-power
fields that contained at least 1 stained cell.

Screenshot Registration and Coordinate Determination
Screenshots of the neuronavigation interface showing the biopsy
location were superimposed onto a coregistered T1+Gd image.
Coregistration of the screenshots to the T1+Gd image in 3D
space was performed using custom software written in Matlab
(MathWorks, Natick, Massachusetts). The registration pipeline
first correlated the pixel intensities of the screenshot to the voxel
intensities of each volumetric T1 slice, and the slice with peak
correlation was identified as the biopsy slice. A correlation be-
tween the screenshot and the biopsy slice was then taken at differ-
ent x and y offsets, and the peak correlation was used to identify
the correct x and y offsets. Finally, each biopsy location on the
screenshot was labeled with a cross-hair. To identify this location,
we correlated a digital cross-hair to the screenshot at different x
and y offsets and used the peak correlation to identify the x and y
coordinates of the biopsy site. All coregistered screenshots were
confirmed by visual inspection.

Tumor Masks

All structural images were coregistered to the T1+Gd image with
the highest spatial resolution using rigid-body registration
(FMRIB Linear Image Registration Tool, FLIRT; https:/fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FLIRT"?; 6 df), and all masks were cre-
ated in the high-resolution reference image space. 3D masks of the
CE tumor were hand drawn on high-resolution T1+Gd images
by a board-certified neuroradiologist (C.I.H.). The boundaries of
the masks were drawn to be as specific for CE intra-axial tumor as
possible. To this end, we excluded the following from the tumor
mask: ambiguous voxels at the border of CE tumor and NE brain
tissue; ambiguous voxels at the border of CE tumor and necrotic
core; areas of linear enhancement determined to represent vessels;
and extra-axial spread of tumor along the dura or ventricular

surface. The control masks were generated by coregistering the
T1+Gd image to Montreal Neurological Institute 152 space and
transforming a contralesional hemisphere mask, created in Mon-
treal Neurological Institute 152 space, to the patient’s reference
space (ie, the high-resolution T1+Gd image) using nearest-
neighbor interpolation. The contralesional control masks were
then visually inspected by a board-certified neuroradiologist
(C.ILH.) to ensure that no CE tumor or abnormal FLAIR hyper-
intense tissue was included in the mask. To generate the func-
tional masks, we registered BOLD scans to the high-resolution
reference image (FLIRT, 6 df) and applied the inverse transform
to the high-resolution masks to put them into functional space.
Because the BOLD data were collected at a lower spatial resolution
than the structural data, the transformation of the masks resulted
in partial voluming. To minimize any influence of partial volum-
ing from nonenhancing portions of the surrounding tissue, the
CE masks were thresholded so that the fraction of the CE tumor
was at least 0.95. Similarly, the control masks were thresholded so
that the fraction of NE tissue was at least 0.95. All original and
transformed masks were visually inspected by a board-certified
radiologist (C.I.H.) to confirm accuracy.

Image Preprocessing of BOLD Data

All functional data were processed with the FMRIB Software Li-
brary (FSL, Version 5.0.6; http://www.fmrib.ox.ac.uk/fsl)'* and
Matlab (2012b) software. Each functional image was motion-cor-
rected, slice-timing corrected, spatially smoothed (Gaussian fil-
ter, full width at half maximum = 5 mm), high-pass filtered (100
seconds), and skull-stripped. We performed independent com-
ponents analysis (MELODIC; https:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/MELODIC?’), which resulted in ~40-90 components per
scan. The components were visually inspected, and any compo-
nents related to scanner noise or head movement artifacts were
removed. To further minimize the effect of motion on BOLD
signal intensity, the motion parameters were regressed out of the
data before additional regression was performed with the tumor
and control ROI time-series. The 18 motion regressors used in the
regression model consisted of 3 translations, 3 rotations, the first
derivative of each, and the corresponding quadratic terms. The
residual from this model was then used for all subsequent regres-
sion analyses.

BOLD Dynamics

To create the BOLD masks, we followed the procedure described
in Chow et al."> We first made the simplifying assumption that
there are 2 functional tissue classes within the brain, tumor and
healthy tissue, which are represented by the CE portion of the
tumor and the contralesional hemisphere, respectively. Mean
time-series were extracted from the masks defined by the CE tu-
mor and from the contralesional control hemisphere, by averag-
ing the BOLD time-series of all voxels within each mask. Multiple
linear regression was performed for all brain voxels using the 2-re-
gressor model, the CE tumor mean time-series and the contral-
esional control mean time-series and their first derivatives, to al-
low variation in timing. The output of this analysis and the
metrics used to make our conclusions consisted of parameter es-
timates (3 weights) and z statistic values (8 weights normalized by
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FIG 1.

Individual biopsies from areas of intact and disrupted vascular function exhibit distinct histopathologic characteristics. A, Biopsy

locations overlaid onto Tl postcontrast, FLAIR, and BOLD images with correlative histopathology in B and C. The sample from relatively normal
BOLD signal, representing normal vascular function (orange, B), shows normal cellularity and high NeuN staining, suggestive of noninfiltrated gray
matter, whereas the sample from a region of BOLD signal abnormality (green, C) shows tumor tissue and no neuronal staining.

the residual variance) for each voxel. The difference between the 2
z statistic images (ie, Zcp — Zconuwo) Was used as the BOLD bio-
marker representing vascular function, as described in Chow et
al.'? Specifically, strongly negative values (shown in blue on z
statistic maps, Fig 1) represent areas of normal vascular func-
tion—that is, the voxel time-series is more like the control ROI;
strongly positive values (shown in red-yellow on z statistic maps,
Fig 1) represent areas of vascular dysregulation—that is, the voxel
time-series is more like the CE tumor.

Analysis of Histopathologic and Radiologic Correlation
All statistical tests were performed using the Statistics Toolbox in
Matlab (2012b). Linear regression was used to evaluate the rela-
tionships between BOLD signal intensity and quantitative histo-
pathologic features (total cell density and NeuN labeling index).
The parameter estimate for the CE regressor decreases as a func-
tion of distance from the CE mask due to tumor-related vascular
dysregulation and nonspecific effects of distance (ie, voxels in
close proximity have more similar intensities than voxels that are
far apart). To control for nonspecific effects of distance, we in-
cluded a distance regressor, the measured distance from the bi-
opsy location to the nearest CE voxel, in the regression model of
cellularity versus BOLD and NeuN versus BOLD. To assess the
relationship between qualitative histologic features (degree of tu-
mor infiltration and microvascular proliferation) and the BOLD
signal, we performed a 1-way analysis of variance.

RESULTS

Biopsies demonstrated a range of BOLD signal intensities based
on their projection onto z statistic maps, ranging from relatively
normal (z = —4.79) to markedly abnormal (z = 8.84). Differ-
ences in the degree of signal abnormality appeared to be related to

510 Bowden Mar 2018 www.ajnr.org

certain histopathologic characteristics within individual tissue
samples. Representative biopsies from a single patient are shown
in Fig 1, which illustrates tissue samples taken from areas of dif-
fering BOLD signals (Fig 1A). Tissue corresponding to a negative
BOLD value (z = —1.90; Fig 1B) demonstrated normal cell den-
sity, high NeuN staining, noninfiltrated gray matter, and normal,
delicate microvasculature. In contrast, a sample corresponding to
a highly positive BOLD signal (z = 4.44; Fig 1C) contained hyper-
cellular tissue, little neuronal staining, highly cellular tumor, and
complex microvascular hyperplasia.

Among all biopsies, linear regression analysis demonstrated a
significant inverse relationship between total cell density and dis-
tance from the nearest CE voxel (P = .003, R* = 0.27; Fig2A) and
a positive relationship between neuronal density and distance
(P =.032,R> =0.17; Fig 2B). The BOLD signal also showed an
inverse relationship with distance (P = .004, R* = 0.25; Fig 2C).
Linear regression between BOLD signal intensity and total cell
density, with distance to the nearest CE voxel as a confounding
variable, showed a positive relationship (P =2 X 10~ 7, R?=0.48;
Fig 3A). A similar analysis showed that the NeuN labeling index
was negatively related to BOLD signal intensity (P = .001, R* =
0.35; Fig 3B). An alternative explanation for this negative relation-
ship could be the greater prevalence of gliomas in white matter,
which normally has low neuronal density, rather than the neuro-
toxic effects of the tumor. To test this hypothesis, we compared
the BOLD values in gray (mean, —2.9 = 0.76) and white (mean,
—2.4 = 0.83) matter on the contralesional control hemisphere.
Gray matter voxels were significantly more negative than white
matter voxels (t test, P = .001, t = 4.00); however, the differ-
ence in BOLD values due to tissue type (gray—white = —0.54 =
0.56) cannot explain the very large range of BOLD values



FIG 2. Effect of distance from contrast enhancement on cellularity, neuronal density, and BOLD signal abnormality. A, Cell density decreases
with the distance to the nearest contrast-enhancing voxel (n = 31, P = .003). B, Neuronal density increases with the distance to contrast
enhancement (n = 27, P = .032). G, Intensity of the BOLD biomarker decreases with the distance to contrast enhancement (n = 32, P = .004).

FIG 3. BOLD signal abnormality is related to total cell and neuronal density. A, After we controlled for the effect of distance on the BOLD signal,
median cell density is positively related to the BOLD z statistic (n = 31,P = 2 X 10~>). B, The NeuN labeling index is inversely related to the BOLD

7 statistic (n = 27, P = .001).

across the biopsy samples (maximum-minimum = 8.85 to
—4.79 = 13.64).

The distributions of BOLD signal abnormality related to tu-
mor infiltration and microvascular proliferation are summarized
in Fig 4. Across all biopsies, both the tumor infiltration score
(ANOVA: F[2,29] = 4.95, P = .014) (Fig 4A) and the microvas-
cular proliferation score (ANOVA: F[2,29)] = 3.46, P = .045)
(Fig 4B) were significantly related to the BOLD signal abnormal-
ity. A post hoc Student ¢ test showed a significant difference in
BOLD signal between the group of samples with no detectable
tumor (score = 0) and those with highly cellular tumor (score =
2; P =.003) or the combination of infiltrating and highly cellular
tumor (score 1 or 2; P = .029). Similarly, a ¢ test showed a signif-
icant difference in BOLD signal between the group of samples
with no identifiable microvascular proliferation (score = 0) and
those with marked vascular hyperplasia (score = 2; P = .038) or
the combination of simple and complex vascular hyperplasia
(score 1 or 2; P = .027).

DISCUSSION

The diffuse infiltration and histologic heterogeneity of malignant
gliomas pose a distinct challenge to the identification of the toxic
effects of these tumors on the structure and function of the cere-

brovasculature. The integrity of the vasculature in and around the
main mass of the tumor is typically assessed with standard-of-care
imaging that uses T1-weighted contrast-enhanced and FLAIR se-
quences.'™ Regions of abnormal contrast enhancement associ-
ated with the main tumor mass typically correspond to elevated
CBV, CBF, and microvascular permeability on perfusion-
weighted imaging.”' >’ Most interesting, there are few vascular
abnormalities in the NE, FLAIR-hyperintense peritumoral re-
gions on perfusion imaging,”' " despite the recognized infiltra-
tion of tumor cells into these areas.”* ' Additional evidence sug-
gests that edema surrounding the tumor originates directly from
the CE tissue, passively diffuses into the NE regions, and may
therefore not be associated with blood-brain barrier breakdown
in the NE tissue.”>?’

Several intriguing studies have, however, identified decreased
vascular reactivity outside CE regions of glioma.>”** In turn, it
has been postulated that infiltrating glioma cells disrupt neuro-

vascular coupling,”>°

impairing both normal hypercapnia-in-
duced elevations in CBF and CBV and the vascular reactivity of
cortical tissue, particularly within gray matter. However, without
any histopathologic correlation to these radiologic findings, it has

been unclear whether infiltrating glioma cells contribute directly
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FIG 4. BOLD signal abnormality is related to tumor infiltration and microvascular proliferation. A, ANOVA demonstrates a significant relation-
ship between the BOLD z statistic and tumor infiltration (P = .014). Scores of 0, 1, and 2 represent no detectable tumor, infiltrating tumor, and
highly cellular tumor, respectively. B, ANOVA demonstrates a significant relationship between the BOLD z statistic and microvascular prolifer-
ation (P = .045). Scores of 0, 1, and 2 represent normal vascular architecture, simple hyperplastic structures, and complex microvascular

hyperplasia, respectively.

to these abnormalities. The results of the present study, by relating
histopathologic and radiologic data, demonstrate that the BOLD
biomarker of vascular dysfunction is directly associated with tu-
mor infiltration. We found markedly abnormal tissue in areas of
BOLD signal abnormality and relatively unaffected brain tissue in
areas of relatively normal BOLD signal. Moreover, the BOLD bio-
marker is directly related to total cell density and inversely related
to neuronal density and is correlated to scores of tumor infiltra-
tion and microvascular proliferation.

The spatial distribution of the BOLD biomarker is also consis-
tent with a decreasing cell density gradient with distance from the
tumor core.”® The biomarker decreases as a function of distance
from the CE tumor core, replicating our previous findings.'> We
found that the effect of distance is similar among BOLD, cellular-
ity, and neuronal density, suggesting that the detectable infiltrat-
ing margins of the tumor span approximately 1-2 cm beyond the
contrast enhancement, comparable with the commonly used 2- to
3-cm margins for radiation treatment.”” More important, the re-
lationship between the BOLD biomarker and the cell counts (ie,
cellularity and neuronal density) remained statistically signifi-
cant, even after including distance from the CE core as a covariate,
indicating that the BOLD data can explain additional variance of
tumor heterogeneity unrelated to a simple density gradient.

The mechanisms by which glioma influences vascular func-
tion are unknown. Several potential mechanisms have been pro-
posed as broad or long-distance effects of glioma on vascular
function. For example, mass effect and consequent venous com-
pression could alter rates of blood flow over large regions of sur-
rounding brain tissue®'”; shared venous drainage could allow sig-
nal from blood draining from the tumor core to predominate
even in the peritumoral area'?; the effects of aberrant metabolite
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and neurotransmitter production found in gliomas may extend to
normal cortical vessels, inducing vascular dysregulation at inde-
terminate distances from invading tumor cells; and the tumor
may affect fibers of passage in its vicinity, inducing necrosis or
structural changes with detrimental downstream effects, consis-
tent with findings of multidomain cognitive dysfunction in some
patients with glioblastoma that are not easily attributable to local
injury from the tumor’® and the disruption of global resting-state
networks.””*?

In contrast, local tumor effects may also contribute to the vas-
cular dysfunction seen with the BOLD biomarker. For example,
invading glioma cells could perturb the structure of the neurovas-
cular unit by compromising direct contact between vascular en-
dothelial cells and astrocytes.">** Alternatively, astrocytic medi-
ation of the vascular response may be modulated directly by the
neurotransmitters of the glioma cells** or by affecting the action
of normal signaling molecules.

A BOLD fMRI biomarker of vascular dysfunction has several
potential clinical applications that could warrant further investi-
gation. BOLD, with its sensitivity to local effects of infiltrating
glioma, could be another useful adjunct in guiding surgery be-
yond the CE boundary, especially considering the growing body
of evidence favoring aggressive resection.*>*° For the same rea-
son, it may be useful in targeting adjuvant radiation therapy to-
ward affected areas unamenable to surgical resection. In the same
vein, investigating the BOLD dynamics in areas of residual disease
may offer insight into the mechanisms of disease recurrence and
progression: It is possible that disease recurrence is more attrib-
utable to compromised vascular function than residual tumor
burden alone. Thus, application of the BOLD biomarker in post-
treatment surveillance could offer new insight into patterns of



glioblastoma spread, assess response to new therapies, and seg-
ment areas of tumor recurrence.

There are, however, several limitations to our conclusions.
There is no way to ensure perfect fidelity between the physical
biopsy location and the biopsy site as represented by frameless
stereotaxy during an open tumor resection. As per the study pro-
tocol, attempts were made to mitigate the effects of intraoperative
brain shift within the limits of the surgical plan by minimizing
intraoperative use of mannitol, CSF diversion, or hyperventila-
tion before biopsy. Most important, all biopsy sampling was per-
formed before tumor debulking. Nevertheless, it is possible that
the BOLD value extracted from the presumed biopsy site could be
displaced by =1 voxel from the true biopsy location. However, we
recently showed that our sampling method has registration accu-
racy to within ~2 mm,'® suggesting that this type of error would
have minimal effect on our results.

Additionally, we did not have rigid control of scanning param-
eters due to the retrospective nature of this study; consequently,
contrast-to-noise and signal-to-noise could vary significantly
across individuals. However, all structural data were reviewed by a
neuroradiologist and assessed to be clearly interpretable for cre-
ating tissue masks. Similarly, variability in scanning parameters
certainly affected the signal-to-noise properties of the BOLD data.
Despite this variability, we showed a significant relationship be-
tween BOLD data and histologic features, suggesting that future
prospective studies that can hold scanning parameters constant
could decrease the variance of this relationship. Finally, masks
were constructed by a single neuroradiologist, resulting in some
subjectivity in mask boundaries. However, our previous work'?
has demonstrated that the vascular dysregulation maps are not
sensitive to small changes in mask variability (eg, using gray mat-
ter versus white matter as the contralesional control mask resulted
in 2 BOLD maps that had a correlation of 0.96).

CONCLUSIONS

Vascular dysregulation, as represented by a resting-state BOLD
biomarker, is seen both within and well beyond the margins of
contrast enhancement in malignant gliomas. Many factors likely
influence this dysfunction in NE regions. However, the statisti-
cally significant correlation between tumor infiltration and the
degree of BOLD abnormality suggests that infiltrating glioma cells
contribute to vascular dysfunction in both CE and NE regions.
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MR Imaging Criteria for the Detection of Nasopharyngeal
Carcinoma: Discrimination of Early-Stage Primary Tumors from
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ABSTRACT

BACKGROUND AND PURPOSE: MR imaging can detect nasopharyngeal carcinoma that is hidden from endoscopic view, but for accurate
detection carcinoma confined within the nasopharynx (stage T1) must be distinguished from benign hyperplasia of the nasopharynx. This
study aimed to document the MR imaging features of stage T1 nasopharyngeal carcinoma and to attempt to identify features distinguishing
it from benign hyperplasia.

MATERIALS AND METHODS: MR images of 189 patients with nasopharyngeal carcinoma confined to the nasopharynx and those of 144
patients with benign hyperplasia were reviewed and compared in this retrospective study. The center, volume, size asymmetry (maximum
percentage difference in area between the right and left nasopharyngeal halves), signal intensity asymmetry, deep mucosal white line
(greater contrast enhancement along the deep tumor margin), and absence/distortion of the adenoidal septa were evaluated. Differences
were assessed with logistic regression and the x” test.

RESULTS: The nasopharyngeal carcinoma center was lateral, central, or diffuse in 134/189 (70.9%), 25/189 (13.2%), and 30/189 (15.9%) cases,
respectively. Nasopharyngeal carcinomas involving the walls showed that a deep mucosal white line was present in 180/183 (98.4%), with
afocal loss of this line in153/180 (85%) cases. Adenoidal septa were absent or distorted in 111/111 (100%) nasopharyngeal carcinomas involving
the adenoid. Compared with benign hyperplasia, nasopharyngeal carcinoma had a significantly greater volume, size asymmetry, signal
asymmetry, focal loss of the deep mucosal white line, and absence/distortion of the adenoidal septa (P < .001). Although size asymmetry
was the most accurate criterion (89.5%) for nasopharyngeal carcinoma detection, use of this parameter alone would have missed 11.9% of
early-stage Tl nasopharyngeal carcinomas.

CONCLUSIONS: MR imaging features can help distinguish stage T1 nasopharyngeal carcinoma from benign hyperplasia in most cases.

ABBREVIATIONS: BH = benign hyperplasia; BH1 = BH type I; BH2 = BH type 2; %AA = maximum percentage difference in area; NPC = nasopharyngeal carcinoma

ndifferentiated nasopharyngeal carcinoma (NPC) is highly
U responsive to radiation therapy and often curable when de-
tected at an early stage. Endoscopy remains the standard investi-
gation of primary tumor detection, followed by endoscopic biopsy
for histologic confirmation. However, endoscopic visualization is
not possible for all tumors, including small nasopharyngeal tumors
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in the lateral nasopharyngeal recess or a submucosal location. Our
previous research demonstrated the importance of MR imaging
as an adjunct to endoscopy during NPC detection. Overall, MR
imaging—based detection of NPC is very accurate (95%); addi-
tionally, 10% of MR imaging—detected NPCs are endoscopically
occult, and MR imaging can detect slow-growing tumors up to 3
years before endoscopic detection.' > However, earlier MR imag-
ing research was conducted in a largely symptomatic group of
patients with NPC, which included those with advanced local dis-
ease in whom NPC detection had been assisted by submucosal
tumor spread into the deep tissues surrounding the nasopharynx.
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By contrast, the detection of early-stage T1 tumors confined
within the nasopharynx, which must also be discriminated from
benign hyperplasia (BH) along the nasopharyngeal walls and in
the adenoid, presents a greater challenge to MR imaging. Cur-
rently, the use of MR imaging as an adjunct for the detection of
stage T1 NPC is increasing as more asymptomatic patients with
early-stage cancers are detected through screening programs that
use plasma markers such as Epstein-Barr virus DNA.*”
Although size asymmetry between the right and left nasopha-
ryngeal halves and loss of the normal adenoidal septa are among

128 the incidence

the features used to detect NPC via MR imaging,
of each sign has not been assessed. In addition, with a greater focus
on early NPC detection through screening programs, we have
become more aware of the range of MR imaging features that may
be seen in NPC confined to the nasopharynx. These MR imaging
features, which include the presence and integrity of a deep mu-
cosal line along the walls of the nasopharynx (ie, a line of greater
enhancement along the deep layer of the tumor) and variations in
signal intensity and heterogeneity, have received scant attention
in the literature. We have also observed that some of these MR
imaging features of stage T1 NPC overlap those of BH; thus po-
tentially reducing the accuracy of MR imaging for NPC detection.

In this era of screening programs for early NPC detection, our
first aim was to document the MR imaging features of NPC con-
fined to the nasopharynx or early-stage T1 lesions, which are the
least obvious of the 4 T-stages on MR images. Our second aim was
to compare these MR imaging features with those of BH to deter-
mine whether our current MR imaging criteria” require refine-
ment to improve NPC detection.

MATERIALS AND METHODS

Patients

This retrospective study was approved by the Chinese University
of Hong Kong institutional review board, and the requirement for
written informed consent from the patients was waived. The NPC
and non-NPC groups included 28 and 160 patients, respectively,
who participated in a previous study” and long-term follow-up
analysis” to compare the diagnostic accuracy of MR imaging with
that of endoscopy and endoscopic biopsy.

NPC Group

The nasopharyngeal MR images of 212 consecutive patients with
primary NPC tumors confined to nasopharynx (stage T1) who
underwent contrast-enhanced MR imaging between January
2005 and June 2014 were reviewed. The post-nasopharyngeal bi-
opsy MR images of 23 patients were degraded, leaving 189 pa-
tients for analysis (141 men, 48 women; mean age, 52.5 years; age
range, 23—80 years). Among these cases, 188 were undifferenti-
ated carcinoma and one was a poorly differentiated carcinoma.

BH Group

The nasopharyngeal MR images of 206 consecutive patients who
were investigated for suspected NPC but had no endoscopic evi-
dence of NPC at the time of contrast-enhanced MR imaging, be-
tween July 2005 and June 2014, and after a minimum follow-up of
2 years were reviewed. Of these, 62 (30.1%) patients with a normal
nasopharynx, defined as a mucosal thickness of =3 mm plus an
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adenoid that was absent, or vestigial (contrast-enhancing septa
with little or no intervening solid tissue) or comprising cysts (in-
cluding a Tornwaldt cyst) were excluded from the study, leaving
144 patients with benign hyperplasia for analysis (84 men, 60
women; mean age, 48.2 years; age range, 17—83 years). BH pres-
ents in 2 main patterns with different MR imaging features and
was therefore divided into types 1 (BH1) and 2 (BH2) based on
the dominant pattern on T1-weighted postcontrast images, ac-
cording to previously described criteria.> Essentially, BHI com-
prised a mucosal thickness of >3 mm with homogeneous contrast
enhancement and/or an adenoid without contrast-enhancing
septa and was present in 66/144 cases (45.8%). BH2 comprised a
mucosal thickness of >3 mm with a line/band of greater contrast
enhancement in the deep layer relative to the superficial layer of
the wall (deep mucosal white line) and/or an adenoidal mass with
contrast-enhancing septa separated by linear bands of minimally
contrast-enhancing tissue (striped appearance) and was present
in 78/144 cases (54.2%).

MR Imaging Acquisition

MR imaging of the nasopharynx was performed ona 1.5T or 3T
whole-body MR imaging system. The examination targeted the
nasopharynx, and approximately 20 minutes were required to
perform the following 4 sequences in the MR imaging proto-
col: an axial fat-suppressed T2-weighted sequence (TR/TE,
2500/100 ms; echo-train length, 15; FOV, 22 cm; section thick-
ness, 4 mm with no intersection gap; matrix, 256 X 202), an
axial T1-weighted spin-echo sequence (TR/TE, 500/20 ms;
FOV, 22 cm; section thickness, 4 mm with no intersection gap;
matrix, 512 X 512), and a T1-weighted spin-echo sequence in
the axial and coronal planes following a bolus injection of 0.1
mmol of gadoterate meglumine (Dotarem; Guerbet, Aulnay-
sous-Bois, France) per kilogram of body weight.

MR Imaging Analysis

The nasopharynx was divided into 2 main sites: the nasopha-
ryngeal walls and the adenoid, which consisted of a focal bulge
in the roof/posterior wall. NPC was assessed regarding the fol-
lowing parameters: site (walls, adenoid, subsites, and tumor
center), size (volume and size asymmetry), signal intensity (in-
tensity, homogeneity, and asymmetry), deep mucosal white
line, and adenoidal septa as defined in Table 1. Cysts were
excluded from the analysis of MR imaging features related to
signal intensity and asymmetry. BH was assessed regarding the
following parameters: site (walls and adenoid), size (volume
and size asymmetry), signal intensity (intensity and signal
asymmetry), deep mucosal white line (walls), and adenoidal
septa (adenoid), as described for NPC. For the investigation of
signal intensity, BH was divided into BHI and BH2, and the
representative ROI on each T1-weighted postcontrast image
was obtained from either the enhancing wall of a BH1 or from
the band of low contrast enhancement in the wall or adenoidal
columns of a BH2. By definition, the deep mucosal white line is
not present in BH1 and was therefore only assessed in BH2. MR
images were assessed by a single radiologist (A.D.K.) with >20
years of experience with the MR imaging of NPC.



Table 1: MR imaging analysis of the nasopharynx

MR Imaging Features of NPC

Method of Analysis

Site Walls: mucosa plus submucosa, including the lymphoid tissue layers in the mucosal space superficial
to the fascia and pharyngeal muscles; wall subsites comprise the following: the pharyngeal recess,
roof (above the level of the pharyngeal recess), and posterior/inferior walls (at or below the level

of the pharyngeal recess)

Adenoid: central mucosal lymphoid tissues in the roof and upper posterior wall where lymphoid
tissue within the nasopharynx is abundant
Center: lateral, central, or diffuse
Size Volume (area of nasopharyngeal walls and adenoid on each slice X slice thickness)

Size asymmetry

Area difference between the right and left halves of the nasopharynx on the slice with the

maximum difference, expressed as the %AA (difference in area between the 2 sides/area on

smaller side X 100)
Signal intensity

Representative ROl is selected on the Tl-weighted postcontrast image (T2-weighted signal intensity

is measured at the corresponding site); signal intensity is expressed as a ratio of signal intensity/
signal intensity of the belly of the lateral pterygoid muscle

Signal intensity asymmetry

Subjective signal intensity asymmetry between the right and left halves of the nasopharynx on

Tl-weighted postcontrast images

Homogeneity

Subjective assessment of signal intensity on Tl-weighted postcontrast images, divided into

homogeneous and heterogeneous

Deep mucosal white line

Line/band of greater contrast enhancement in the deep layer relative to the superficial layer of the

nasopharyngeal wall at the site of the tumor, divided into absent, present with focal loss, and
present and intact; assessment was not made at the adenoid

Adenoidal septa

Contrast-enhancing septa within the adenoid, divided into absent, present and distorted

(displacement or partial loss excluding that caused by adenoidal cysts), and present and not
distorted (intact and symmetric)

Statistical Analysis

Differences between NPC and BH were compared using logistic
regression analyses (odds ratios and corresponding 95% confi-
dence intervals) of volume, the maximum percentage difference
in area (%AA), and signal intensity, and the x2 test to evaluate
signal intensity asymmetry, the deep mucosal white line, and ad-
enoidal septa. Differences in signal intensity among NPC, BH1,
and BH2, including a subgroup analysis of signal intensities
obtained on the same MR imaging scanner, were compared
using the analysis of variance and are depicted with boxplots. A
receiver operating characteristic curve analysis and subsequent
area under the curve calculation were used to identify the op-
timal thresholds for volume and %AA by maximizing the sen-
sitivity and specificity, and the diagnostic performances of
these thresholds were calculated. Five-fold cross-validation
was performed to examine the accuracy of the volume and size
asymmetry. All statistical tests were 2-sided, and a P value of <
.05 indicated a statistically significant difference. Analyses
were performed with SPSS statistical analysis software (Ver-
sion 23.0; IBM, Armonk, New York).

RESULTS

MR Imaging Features of Early-Stage T1 NPC Confined to
the Nasopharynx

NPC involved the adenoid in 111 patients and/or the walls in 183
patients. Affected subsites, including those deep to the adenoid,
were the lateral nasopharyngeal recess, the roof, and the posterior/
inferior subsites in 157/189 (83.1%), 184/189 (97.4%), and 148/
189 patients (78.3%), respectively. Twenty of 189 patients
(10.6%) had 1 subsite only, and all subsites were affected bilat-
erally in 12/189 patients (6.3%). The tumor center was lateral
in 134/189 patients (70.9%) (Fig 1), of which 95 crossed the
midline; central in 25/189 patients (13.2%) (Fig 2); and diffuse
in 30/189 patients (15.9%) (Fig 3). NPCs were enhanced het-

erogeneously in 129/189 patients (68.3%) (Fig 1C). Despite
large variations in size, asymmetry, and signal intensity be-
tween the 2 halves of the nasopharynx, almost all cases exhib-
ited the deep mucosal white line (180/183, 98.4%) (Figs 1A, -B
and 3B), which was interrupted in at least 1 slice in 153/180
patients (85%) (Fig 1B). Furthermore, the adenoidal septa
were absent/distorted in 111/111 patients (100%) with an ad-
enoid (Fig 2). Further details are presented in the On-line
Table.

MR Imaging Features of BH

BHI1 involved the walls in all 66/66 patients (100%) (Fig 4A), and
no adenoid without contrast-enhancing septa was observed. BH2
involved the walls, adenoid, and both sites in 17/78 (22%), 5/78
(6%), and 56/78 patients (72%), respectively (Fig 4B, -C). Size
(volume and size asymmetry), signal intensity (intensity and sig-
nal asymmetry), deep mucosal white line, and adenoidal septa
data are listed in the On-line Table.

Comparison of the MR Imaging Features of Early-Stage T1
NPC and BH
The NPC signal intensity fell between those of BH1 and BH2 (T1
postcontrast BHI>NPC>BH2; T2 BH2>NPC>BH]1), and sig-
nificant differences were observed among the 3 groups (P <
.001) (On-line Table and Fig 5). A subgroup analysis of cases
performed on the same 1.5T MR imaging scanner (NPC = 31,
BH1 = 43, BH2 = 64) revealed the same signal intensity differ-
ences among the 3 groups, which remained significant for all T1
postcontrast scans (BH1 versus BH2, P < .001; BH1 versus NPC,
P <.001; BH2 versus NPC, P = .015) and T2 comparisons of BH1
versus BH2 (P < .001) and BH2 versus NPC (P = .018), but not
BHI1 versus NPC (P = .183).

Compared with BH, stage T1 NPC confined to the nasophar-
ynx exhibited a significantly greater volume, size asymmetry, sig-
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FIG1. A, Axial TI-weighted postcontrast MR image of the nasopharynx in a 51-year-old man with NPC (open arrow). An asymmetric tumor with
a lateral center at the level of the left pharyngeal recess is confined to 1side of the nasopharynx. The tumor exhibits homogeneous low contrast
enhancement with an intact deep mucosal white line (small solid arrows) along the deep margin. B, Axial TI-weighted postcontrast MR image of
the nasopharynx in a 68-year-old man with NPC (open arrow). An asymmetric tumor with a lateral center at the level of the left pharyngeal
recess is confined to 1side of the nasopharynx. The tumor exhibits homogeneous moderate contrast enhancement with a focal loss of the deep
mucosal white line (small solid arrows) along the deep margin. C, Axial Tl-weighted postcontrast MR image of the nasopharynx in a 44-year-old
woman with NPC (open arrow). An asymmetric tumor with a lateral center at the level of the right side of the roof shows heterogeneous

contrast enhancement.

FIG 2. Axial TI-weighted postcontrast MR image of the nasopharynx
in a 32-year-old woman with NPC (open arrow). An asymmetric tumor
with a central center in the adenoid exhibits homogeneous contrast
enhancement and loss of the normal adenoidal septa.

nal asymmetry, focal loss of the deep mucosal white line, and
absence/distortion of the adenoidal septa (P < .001) (On-line
Table). The optimum NPC detection thresholds were a volume of
=5.01 cm® (P < .001, area under the receiver operating charac-
teristic curve = 0.676) and a %AA of =33.7% (P < .001, area
under the receiver operating characteristic curve = 0.948) (Fig 6).
The diagnostic performance of MR imaging stage T1 NPC detec-
tion based on volume, %AA, signal asymmetry, deep mucosal
white line absence/focal loss, and adenoidal septa absence/distor-
tion is shown in Table 2. The estimated accuracy of volume and
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size asymmetry obtained from 5-fold cross-validation was not
overestimated and was within the 95% CI of observed accuracy of
volume and size asymmetry. Although a %AA of =33.7% was the
most accurate criterion for NPC detection, this parameter yielded
22 (11.6%) false-negatives among 189 cases and 13 (9.0%) false-
positives among 144 cases. False-negative results arose in NPCs
that were diffuse (n = 12) (Fig 3), central (n = 8), or lateral (n =
2) and had a %AA of 2.4%-31.0% (mean, 15.5%). False-positive
results arose in asymmetric BHs with %AA values of 34.6%—
82.3% (mean, 51.9%) (Fig 7). A subgroup analysis of the diagnos-
tic performances of criteria in symmetric (%AA <33.7%) NPC
and BH showed the highest level of accuracy for a focal loss of the
mucosal white line (90.7%), followed by absent/distorted adenoi-
dal septa (89.3%), signal asymmetry (83.0%), and volume
(71.2%) (Table 3).

DISCUSSION
Plasma markers are currently used to screen patients at risk of
NPC, including asymptomatic subjects from regional popula-
tions and family screening programs as well as symptomatic pa-
tients with nonspecific symptoms such as epistaxis. In this setting,
MR imaging is also used to detect clinically occult early stage NPC
in patients with abnormal blood test results but normal endo-
scopic results. Unfortunately, it is common to encounter patients
who have both false-positive NPC plasma markers and BH of the
nasopharyngeal walls and adenoid. In these patients, the challenge
is not only to detect stage T1 NPC confined to the nasopharynx
using MR imaging but also to discriminate these cancers from
benign disease and thus reduce the number of unnecessary naso-
pharyngeal biopsies.

Although detailed MR imaging patterns of the local spread of
NPCs have been well-described in the literature,”**

paucity of data related to stage T1 NPC confined to the nasophar-

there is a

ynx, despite its importance for NPC screening. In this study, we
found that stage T1 NPCs varied considerably in size, from small
tumors localized at a single site to large exophytic tumors involv-



ing all sites and filling the nasopharyngeal cavity. Most NPCs
arose laterally to cause size and signal asymmetries between the
nasopharyngeal halves, whereas less than a third were diffuse or
located centrally in the roof or posterior wall. The deep mucosal
white line along the deep tumor margin was almost universally
present among stage T1 cancers. This deep mucosal white line of
greater contrast enhancement in the deep relative to the superfi-
cial layer has received scant attention in the literature. We believe
that this line represents contrast enhancement in the dense fi-
brous tissue containing submucosal blood vessels. In most NPCs
(84%), the deep mucosal white line exhibited focal discontinuity
on at least 1 imaging slice. Although the integrity of this line has
notbeen previously assessed in NPC, we believe that discontinuity
might represent the earliest sign of impending extranasopharyn-

FIG3. A, Axial TI-weighted postcontrast MR image of the nasopharynx in a 51-year-old man with
NPC (open arrows). A symmetric tumor with diffuse involvement of all nasopharyngeal walls
exhibits homogeneous contrast enhancement without a white line along the deep mucosal
margin. B, Axial Tl-weighted postcontrast MR image of the nasopharynx in a 59-year-old man with
NPC (open arrows). A symmetric tumor with diffuse involvement of the nasopharyngeal walls
exhibits homogeneous low contrast enhancement and an intact mucosal white line along the
deep margin. The adenoid extends along the posterior wall from the roof, with an adenoidal
“stripe” on the right (curved open arrow) but not on the left side. A small right retropharyngeal
node is also indicated (solid arrow). The patient had bulky N3-stage metastatic nodes below this

level.

geal invasion. A loss or distortion of the normal contrast-enhanc-
ing adenoidal septa was an additional feature observed in stage T1
NPC. Although this feature has been described in NPC, its inci-
dence has not been reported."*® In the present study, all stage T1
NPCs exhibited this complete absence or distortion of the adenoi-
dal septa, regardless of whether the tumor arose from within the
adenoid or spread into the hypertrophied adenoid from adjacent
walls.

The MR imaging features of stage T1 NPC differed signifi-
cantly from those of BH. Compared with all cases of BH, stage T1
NPC confined to the nasopharynx had a greater volume, size
asymmetry, and signal asymmetry; of these, size asymmetry was
the most accurate criterion for NPC identification. This is not
surprising because most stage T1 NPCs were centered laterally,
whereas BH is a diffuse process. Al-
though this study quantified differences
in size between the 2 sides of the naso-
pharynx, in routine practice, this feature
can usually be easily assessed subjec-
tively. However, although most stage T1
NPCs could be detected via size asym-
metry, a minority (11.9%) of early can-
cers were symmetric, especially those
that were diffuse or centrally located.
These early cancers were difficult to de-
tect by MR imaging because they were
not accompanied by the deep tumor in-
vasion associated with higher T-stage
tumors, which was used in previous
studies that achieved NPC detection
sensitivities of 97%-100%.>'*

Differences in signal intensity (ie, NPC
had a lower and higher contrast enhance-
ment relative to BH1 and BH2, respec-
tively) helped to identify focal tumors,
though overall signal intensity alone was a
poor discriminator. We found that stage

FIG 4. A, Axial Tl-weighted postcontrast MR image of the nasopharynx in a 53-year-old man with BH1 (open arrows). An area of diffuse
symmetric mucosal thickening with homogeneous contrast enhancement is visible. B, Axial Tl-weighted postcontrast MR image of the naso-
pharynx in a 28-year-old man with BH2 of the adenoid (open arrow). The symmetric lesion exhibits contrast-enhancing septa that run
perpendicular to the nasopharyngeal wall and are separated by columns of low contrast enhancement. C, Axial TI-weighted postcontrast MR
image of the nasopharynx in a 48-year-old woman with BH2 along the nasopharyngeal walls (open arrows). An area of diffuse, symmetric
homogeneous low contrast enhancement and an intact deep mucosal white line along the deep margin are visible.
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FIG5. A, Boxplots showing differences in the TI postcontrast signal intensity ratios (relative to muscle) among NPC, BH1, and BH2. B, Boxplots
show differences in the T2 signal intensity ratios (relative to muscle) among NPC, BHI, and BH2.

FIG 6. Receiver operating characteristic curve of the percentage
difference in area for NPC detection.

T1 NPCs exhibited variable contrast enhancement both within het-
erogeneous tumors and among different tumors. BH is also known
to exhibit a range of MR imaging appearances.”'*"'” Notably,
there were no differences between NPC and BH in this study when
the signal intensities of BH1 and BH2 were combined. The range
of NPC contrast-enhancement levels and the overlap with BH
are of concern regarding symmetric NPCs, which can exhibit
higher contrast enhancement and thus appear like BH1 (Figs
3A and 4A) or lower contrast enhancement and thus appear
like BH2 (Figs 3B and 4C). Signal intensity was also assessed on
the basis of the asymmetry in signal intensity between the 2
sides of the nasopharynx. Although this criterion was highly
accurate for NPC, the positive predictive value was low, espe-
cially in symmetric NPCs (positive predictive value, 42%).
Volume was the poorest discriminator among all criteria, even
for symmetric NPCs, because the volumes of both NPC and BH
ranged widely. Therefore, the use of volume to determine NPC
would have led to a high number of nasopharyngeal biopsies
for benign disease.

The 2 remaining MR imaging criteria related to the adenoidal
septa (adenoid) and the deep mucosal white line (walls) exhibited
greater promise for NPC detection. These 2 criteria detected NPC
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with a high level of accuracy, including symmetric tumors that
may otherwise have been missed by MR imaging. Regarding the
first criterion, distortion, disruption, or a complete loss of the
adenoidal septa was significantly more likely to appear in NPC
compared with adenoidal BH. However, the adenoidal septa
should be assessed carefully because distortion caused by cysts or
a single central column of lymphoid hyperplasia could be mis-
taken for NPC."* Accordingly, vestigial adenoids and those com-
prising mainly cysts were not assessed in this study. Moreover,
some previous MR imaging studies reported a higher rate of
absent adenoidal septa in cases of adenoidal BH.'” Therefore, we
suggest that an hypertrophied adenoid with absent or distorted
septa should only be biopsied in a patient who is at a high risk of
NPC and has undergone an MR imaging examination dedicated
to the nasopharynx. However, the previously reported high neg-
ative predictive value of this sign suggests that nasopharyngeal
biopsy can be avoided if the adenoidal septa are symmetric and
separated by hyperplastic columns of low contrast enhancement
(ie, striped appearance).” Regarding the second criterion, a focal
loss of the deep mucosal white line was found to be signifi-
cantly more common in NPC than in BH2. However, any as-
sessment of the loss of this deep mucosal white line should be
mindful of the fact that this line is not seen in the BH1 pattern.
The BH1 and BH2 patterns often coexist in the nasopharynx;
therefore, a focal loss of this line should only be determined on
a slice through the nasopharynx where the line is present but
focally disrupted.

Despite the use of new criteria, the ability of MR imaging to
discriminate NPC from BH remains hindered by the false-posi-
tive findings of NPC, which are caused by asymmetric BH. The
presence of a focal area of BH2 (Fig 7) is of special concern be-
cause the deep mucosal white line and superficial band of low
contrast enhancement show a striking similarity to some small-
stage T1 NPCs (Fig 1A). Accordingly, we have continued to follow
these subjects. We believe that the diffuse BH2 pattern might be a
response to stimulants such as Epstein-Barr virus infection, which
cause a greater abundance of lymphoid cells in the lymphoid
stroma and epithelium and may cause the appearance of a band of



Table 2: Diagnostic performance of MR imaging for the discrimination of early NPC from BH

Deep Mucosal

Volume Size Asymmetry  Signal Asymmetry White Line Adenoid
Test positive for NPC Volume =5.01cm®  %AA =337% Signal asymmetry  Focal loss of the Septa absent or
present deep mucosal distorted

white line (excluding septa

distorted by cysts)

n = 333 (NPC =189, n = 333 (NPC = 189, n = 333 (NPC = 189, n = 253 (NPC = 180, n = 172 (NPC = 10,

BH = 144) BH = 144) BH = 144) BH2 = 73) BH2 = 6))
Area under the curve (95% Cl) 0.676 (0.618-0.734)  0.948 (0.926-0.971)
P value <.001 <.001
True-positive (No.) 9 167 161 153 m
False-positive (No.) 47 13 26 10 9
True-negative (No.) 97 131 18 63 52
False-negative (No.) 70 22 28 27 0
Sensitivity (%) 63.0 88.4 85.2 85.0 100.0
Specificity (%) 674 91.0 81.9 86.3 85.2
Positive predictive value (%) n7z 92.8 86.1 93.9 925
Negative predictive value (%) 58.1 85.6 80.8 70.0 100.0
Accuracy (%) 64.9 89.5 83.8 854 94.8

FIG7. Axial TI-weighted postcontrast MR image of the nasopharynx
in a 52-year-old man with asymmetric BH. Greater thickening is ob-
served in the left side of the roof (open arrows), where a focal area of
mucosal thickening comprises a superficial band of low contrast en-
hancement overlying an intact deep mucosal white line (BH type 2). A
Tornwaldt cyst is also present (solid arrow).

low contrast enhancement in the superficial layer of the nasopha-
ryngeal mucosa, as well as in the columns of the hypertrophied
adenoid. Differential rates of resolution might explain the asym-
metry and why a minority of BH2 cases are focal by the time the
MR imaging examination is performed. These focal sites of BH2
might act as a chronic reservoir of infection and become the MR
imaging precursors of NPC. Furthermore, recruitment of vessels
by the growing tumor might result in areas of greater enhance-
ment like those observed in BHland explain the heterogeneous
enhancement pattern of early T-stage NPC. Although currently
this scenario is only conjecture, the BH2 pattern is interesting and
we believe it deserves future study.

Size asymmetry was the best overall criterion for detecting
stage T1 NPC; however, size asymmetry included not only sub-
jects with a focal mass but also those with asymmetry in an oth-
erwise diffuse lymphoid hyperplasia pattern. Our previous NPC
detection study with long-term follow-up”® showed that asymme-
try in a diffuse benign hyperplasia pattern without a focal mass
had a low specificity for NPC; therefore, to keep nasopharyngeal
biopsies of healthy subjects to a minimum, we did not use this
criterion to indicate NPC in a recent population screening study.”
Taking into consideration the new criteria in this study and recent
research, we have updated our proposed MR imaging grading
system (Table 4): The grades for normal (grade 1) and probably
benign (grade 2) are unchanged; asymmetry in thickness of an
otherwise benign hyperplasia pattern is now graded as indetermi-
nate (grade 3); the new signs (asymmetry in signal, focal loss of the
white line, or absence/distortion of adenoidal septa) together
with a focal mass are graded as suspicious (grade 4); and ex-
tension outside the nasopharynx is graded as probably malig-
nant (grade 5). Future studies are required to validate this
proposed MR imaging grading system, but we hope it will pro-
vide a framework for further refinement and inclusion of new
indicators of malignancy such as the presence of metastatic
retropharyngeal nodes.

This study had several limitations. First, the signal intensity
in an NPC may be influenced by the subjective choice of the
representative ROI and possibly by postbiopsy effects that are
not obvious on the images. Differences in magnet strengths
and between manufacturers must also be considered as poten-
tial limitations when comparing signal ratios. Given these po-
tential limitations, we only used the signal intensity data to
illustrate the main differences among the 3 groups (NPC, BHI,
and BH2) and not to identify diagnostic thresholds. In addi-
tion, a subgroup analysis of cases performed on the same scan-
ner yielded results similar to those of the overall analysis, ex-
cept for the difference in T2 signal intensity ratios between
NPC and BH1, which showed the same trend but no longer
reached statistical significance. Second, our results may not be
applicable to MR imaging examinations that are not dedicated
to the nasopharynx, such as examinations of the brain, which
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Table 3: MR imaging criteria subgroup analysis of symmetric (%AA < 33.7%) NPC and BH

Volume Signal Asymmetry Deep Mucosal White Line Adenoid
Test positive for NPC Volume =5.01cm®  Signal asymmetry present  Focal loss of the deep Septa absent or distorted
mucosal white line (excluding septa distorted
by cysts)
n =153 (NPC =22, n =153 (NPC = 22, n = 83 (NPC = 20, n =72 (NPC =16,
BH = 131) BH = 131) BH2 = 63) BH2 = 56)
True-positive (No.) 20 n 16 16
False-positive (No.) 42 15 8 8
True-negative (No.) 89 16 55 48
False-negative (No.) 2 n 4 0
Sensitivity (%) 90.1 50.0 80.0 100.0
Specificity (%) 67.9 885 873 857
Positive predictive value (%) 323 423 66.7 66.7
Negative predictive value (%) 97.8 913 932 100
Accuracy (%) 712 83.0 85.5 88.9
Table 4: Proposed MR imaging criteria for primary NPC detection
Grade Condition Appearance
1 Normal Thin mucosa =3 mm; adenoid absent, vestigial or composed almost entirely of cysts
2 Probably benign Diffusely thickened >3-mm symmetric mucosa either homogeneously enhancing (benign hyperplasia
type 1) or with greater contrast enhancement in the deep layer (mucosal white line) compared with the
superficial layer (benign hyperplasia type 2); adenoid with intact contrast-enhancing septa (benign
hyperplasia type 2)
3 Indeterminate Diffusely thickened >3-mm mucosa asymmetric in thickness; adenoid asymmetric in thickness
4 Suspicious 1) Diffusely thickened >3-mm mucosa asymmetric in signal intensity; adenoid asymmetric in
signal intensity
2) Diffusely thickened mucosa >3 mm with focal loss of the mucosal white line;
absence/distortion of the thin contrast-enhancing adenoidal septa (not attributed to cysts)
3) Focal mass confined within the nasopharynx
5 Probably malignant  Superficial extension to the nasal cavity/oropharynx or deep extension to the sites bordering

the nasopharynx

often include sections through the nasopharyngeal roof. Fi-
nally, we did not examine the role of diffusion-weighted imag-
ing, which remains in the early stages of development for small
nasopharyngeal lesions, or the combined performance of MR
imaging and nasopharyngeal endoscopy and plasma levels of
Epstein-Barr virus DNA.

CONCLUSIONS

In this era of plasma marker screening for NPC, MR imaging is
assuming a greater role in the detection of endoscopically oc-
cult stage T1 disease confined to the nasopharyngeal mucosa or
adenoid. We found that although stage T1 NPCs varied in size,
most were centered laterally, thus causing asymmetries in size
and signal intensity, and nearly all exhibited a mucosal white
line deep in the tumor that was frequently interrupted and
absent or distorted adenoidal septa. Compared with BH, stage
T1 NPC exhibited significantly greater volume, size, and signal
intensity asymmetries; focal losses of the deep mucosal white
line; and absence/distortion of the adenoidal septa. The con-
trast enhancement of stage T1 NPC was weaker than that of
BH1 and stronger than that of BH2, though considerable over-
lap was observed. Although size asymmetry remained the best
criterion for identifying stage T1 NPC, the ability of MR imag-
ing to detect stage T1 NPC was reduced for symmetric tumors
that were diffuse or centrally located and shared overlapping
signal intensities with those of BH. For these cancers, the focal
loss of the deep mucosal white line and absent/distorted ade-
noidal stripes were the best criteria for NPC detection, fol-
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lowed by signal asymmetry. Therefore, a range of MR imaging
criteria is needed to detect stage T1 NPC, and we have included
these in our proposed guidelines. Future studies are needed to
validate and refine these criteria.
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ORIGINAL RESEARCH
HEAD & NECK

Comparison of MR Imaging and Dual-Energy CT for the
Evaluation of Cartilage Invasion by Laryngeal and
Hypopharyngeal Squamous Cell Carcinoma

H. Kuno, ““K. Sakamaki, “*'S. Fujii, ““K. Sekiya,

ABSTRACT

K. Otani,

O. Sakai, and ““’M. Kusumoto

R. Hayashi, ““T. Yamanaka,

BACKGROUND AND PURPOSE: Dual-energy CT can distinguish iodine-enhanced tumors from nonossified cartilage and has been inves-
tigated for evaluating cartilage invasion in patients with laryngeal and hypopharyngeal squamous cell carcinomas. In this study, we
compared the diagnostic accuracy of MR imaging and of a combination of weighted-average and iodine overlay dual-energy CT images in
detecting cartilage invasion by laryngeal and hypopharyngeal squamous cell carcinomas, in particular thyroid cartilage invasion.

MATERIALS AND METHODS: Fifty-five consecutive patients who underwent 3T MR imaging and 128-slice dual-energy CT for preopera-
tive initial staging of laryngeal or hypopharyngeal squamous cell carcinomas were included. Two blinded observers evaluated laryngeal
cartilage invasion on MR imaging and dual-energy CT using a combination of weighted-average and iodine-overlay images. Pathologic
findings of surgically resected specimens were used as the reference standard for evaluating sensitivity, specificity, and the areas under the
receiver operating characteristic curve of both modalities for cartilage invasion by each type of cartilage and for all cartilages together.
Sensitivity and specificity were compared using the McNemar test and generalized linear mixed models.

RESULTS: Dual-energy CT showed higher specificity than MR imaging for diagnosing all cartilage together (84% for MR imaging versus 98%
for dual-energy CT, P < .004) and for thyroid cartilage (64% versus 100%, P << .001), with a similar average area under the curve (0.94 versus
0.95, P = .70). The sensitivity did not differ significantly for all cartilages together (97% versus 81%, P = .16) and for thyroid cartilage (100%
versus 89%, P = .50), though there was a trend toward increased sensitivity with MR imaging.

CONCLUSIONS: Dual-energy CT showed higher specificity and acceptable sensitivity in diagnosing laryngeal cartilage invasion compared
with MR imaging.

ABBREVIATIONS: AUC = areaunder the curve; 10 = iodine overlay; ROC = receiver operating characteristic; SAFIRE = sinogram-affirmed iterative reconstruction;

SCC = squamous cell carcinoma; WA = weighted-average

In patients with laryngeal and hypopharyngeal squamous cell
carcinomas (SCCs), diagnosing cartilage invasion is extremely
important for making treatment-related decisions. The thyroid
cartilage plays a critical role in primary tumor staging because the
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extent of thyroid cartilage invasion is a defining factor between T3
and T4a stages." When tumor extends through the thyroid carti-
lage into the superficial soft tissue of the neck, the patient is staged
T4a and may require total laryngectomy.>® In cases in which car-
tilage invasion is localized without transcartilaginous extension, po-
tentially organ-preserving treatment may still be performed.>™>”*
Therefore, inappropriate treatment choices secondary to over- or
underestimation of thyroid cartilage invasion can have grave im-
plications for a patient’s quality of life.”

MR imaging and CT are used for staging of laryngeal and hy-
popharyngeal SCCs. However, there is no clear consensus as to
which imaging technique is best-suited for evaluating cartilage
invasion. Each institution has its own protocol, depending on the
availability of imaging equipment and the radiologists’ preference
and experience. MR imaging has higher soft-tissue contrast reso-
lution and higher sensitivity than conventional CT in diagnosing
laryngeal cartilage invasion by laryngeal or hypopharyngeal
SCCs.'° However, motion artifacts are a serious problem with MR


http://orcid.org/0000-0002-4337-2782
http://orcid.org/0000-0002-4443-9993
http://orcid.org/0000-0001-7541-8469
http://orcid.org/0000-0002-6664-8534
http://orcid.org/0000-0002-2322-3405
http://orcid.org/0000-0002-4889-4539
http://orcid.org/0000-0002-1790-7069
http://orcid.org/0000-0003-3462-5116
http://orcid.org/0000-0002-4557-3609

imaging in patients with laryngeal or hypopharyngeal cancer with
difficulty in breathing and swallowing.'" Additionally, edema or
inflammatory changes in cartilage may have findings similar or
identical to those of tumor invasion on MR imaging.'®'* CT has
high spatial and temporal resolution and remains the preferred
technique for imaging the larynx and hypopharynx. However,
nonossified cartilage and tumors may have similar attenuation

values,>"?

making them almost indistinguishable, especially when
the tumor is located adjacent to nonossified thyroid cartilage.
Recently, emerging dual-energy CT techniques have been in-
vestigated for head and neck cancer imaging with the potential for
improved tumor visualization and characterization.'*" In par-
ticular, techniques using iodine overlay (I0) images were found
useful for distinguishing iodine-enhanced tumors from nonossi-

ﬁed Cartilagell.14.l9.22

and for having higher specificity than con-
ventional CT, without a deterioration of sensitivity, in particular
for the evaluation of thyroid cartilage invasion.'* Furthermore,
interobserver agreement is usually poor for conventional CT and
was found to be higher for dual-energy CT.'*** These new dual-
energy CT techniques have prompted re-evaluations of the diag-
nostic performance of CT compared with MR imaging in diag-
nostic fields where MR imaging has been routinely used.**"*® The
purpose of this study was to compare MR imaging and dual-
energy CT in their ability to evaluate cartilage invasion, in partic-
ular thyroid cartilage invasion, by laryngeal and hypopharyngeal
SCCs.

MATERIALS AND METHODS

Patients

This retrospective study was approved by the institutional review
board at National Cancer Center Hospital East. The requirement
to obtain written informed consent was waived. Between Septem-
ber 2010 and September 2014, six hundred five consecutive newly
diagnosed patients with histologically proved laryngeal or hypo-
pharyngeal SCCs underwent contrast-enhanced dual-energy CT
for cancer staging using 128-slice dual-source CT. Among them,
111 patients (18%) also underwent 3T MR imaging before treat-
ment. Fifty-three of the 111 patients (48%) were excluded because
they were treated nonsurgically (5 underwent radical radiation
therapy and 48 received chemoradiotherapy). We excluded an
additional 3 patients: Two were unable to complete the MR im-
aging examination, and another patient’s MR imaging study was
nondiagnostic secondary to severe motion artifacts. The remain-
ing 55 patients (50%) were enrolled in this study. All subjects were
treated with surgery (16 patients underwent total laryngectomy,
and 39 underwent total pharyngolaryngectomy), and pathologic
findings of surgical specimens were used as the reference stan-
dard. Of 55 patients, 17 patients (31%) had laryngeal SCCs (7
supraglottic, 4 glottic, 6 transglottic) and 38 (69%) had hypopha-
ryngeal SCCs (27 piriform sinus, 4 postcricoid, 7 posterior pha-
ryngeal wall).

MR Imaging Techniques

All MR imaging studies were performed on a 3T MR imaging
system (Achieva TX; Philips Healthcare, Best, the Netherlands)
with a 16-channel head and neck coil. Axial turbo spin-echo T1-
weighted (TR/TE, 559/8.8 ms; flip angle, 90°; FOV, 230 mm; ma-

trix, 288 X 288), T2-weighted (TR/TE, 4481/90 ms; flip angle, 90°;
FOV, 230 mm; matrix, 320 X 320), and contrast-enhanced fat-
saturated fast-field echo T1-weighted images (TR/TE, 179/3.5 ms;
flip angle, 70° FOV, 230 mm; matrix, 304 X 304) were obtained
parallel to the vocal cords with a 3-mm thickness and 1-mm gap.
Additionally, 3D imaging using T2-weighted and pre- and post-
contrast-enhanced T1-weighted imaging was also performed
from 1.0 cm above the hyoid bone to the inferior margin of the
cricoid cartilage for all patients. 3D T1-weighted images were ac-
quired in the transverse plane using a 3D turbo-field echo se-
quence, precontrast (TR/TE, 4.6/2.3 ms; flip angle, 15° FOV, 230
mm; matrix, 224 X 224) and postcontrast with fat-saturation
(TR/TE, 5.9/3.5 ms; flip angle, 15% FOV, 230 mm; matrix, 224 X
224) with a 1-mm thickness and 0-mm gap.

Dual-Energy CT Techniques

All dual-energy CT studies were performed with 128-slice dual-
source CT scanner (Somatom Definition Flash; Siemens, Erlan-
gen, Germany) in the dual-energy CT mode®” with the following
parameters: 100 and Sn140-kV tube voltages, 200 and 200 effec-
tive mAs, 0.33-second rotation time, 32 X 0.6-mm collimation
with a z-flying focal spot, and a pitch of 0.6. The average CT dose
index was 14.45 mGy. Patients received 60—150 mL (600 mg I/kg)
ofiodinated contrast medium (iohexol 300; Ioverin, Teva Pharma
Japan, Nagoya, Japan; or iopamidol 370; Oypalomin, Konica Mi-
nolta, Tokyo, Japan) intravenously at a rate of 2.5 mL/s. The scan
started 70 seconds after the start of the injection and proceeded
from the base of the skull to the bottom of the neck.

Two image sets (100 kV and Sn140 kV) were reconstructed
with I-mm slice thickness and a 0.7-mm increment with D30f
kernels, and a third linearly blended image set (weighted-average
[WA] images) with a B30f kernel was used to obtain a 120-kV
equivalent image.'® WA images are used as diagnostic images be-
cause they are equivalent in terms of image quality to single-en-
ergy 120-kV CT images. Sinogram-affirmed iterative reconstruc-
tion (SAFIRE) was used for WA images (SAFIRE strength 1) and
for 100-kV and Sn140-kV images (SAFIRE strength 3). IO images
were generated using a 3-material decomposition analysis (syngo
Dual Energy, Brain Hemorrhage; Siemens) as proposed in a re-
cent study.'* The window for color coding of IO images was vi-
sually adjusted to maximize enhancement in tumor tissue and
minimize noise in muscle tissue per case. Parallel ranges with
2.0-mm-thick sections and a 16-cm FOV were generated from the
WA images, the virtual unenhanced images, and the IO images as
follows: axial and coronal sections parallel and vertical to the vocal
cords, respectively (in soft-tissue and bone windows), from 1.0
cm above the hyoid bone to the inferior margin of the cricoid
cartilage.

Image Evaluation
The MR imaging and dual-energy CT diagnostic criteria for car-
tilage invasion are defined below (summarized in On-line Table).

MR Imaging. Cartilage invasion was “positive” in cases in which
the cartilage displayed signals similar to those of the adjacent tu-
mor on all pre- and postcontrast T1- and T2-weighted images in
the cortical bone, cartilage, and bone marrow space.'” When the
cartilage had higher signal intensity than the adjacent tumor on
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T2-weighted images or when stronger enhancement was present
on postcontrast T1-weighted images, the abnormal signal inten-
sity was diagnosed as negative because these changes may repre-
sent reactive changes.'” Interpretation always started with the 2D
sequence images, followed by 3D sequence images when 2D se-
quence images alone were insufficient due to artifacts. When the
2D and 3D sequence findings were mismatched, the diagnosis
obtained on higher quality images was used.

Dual-Energy CT. Image interpretation always started with the
WA image to evaluate tumor location, extension, and invasion.'*
Cartilage with asymmetric sclerosis (ossification) without erosion
or lysis was diagnosed as negative on WA images, because these
are usually considered reactive changes.”®*° When a lesion had
been evaluated as having erosion or lysis of ossified cartilage on
WA images, the iodine distribution in the remaining nonossified
cartilage was evaluated on IO images for a final diagnosis of either
positive or negative for cartilage invasion. Areas of ossified carti-
lage were thoroughly excluded from evaluation on IO images be-
cause the dual-energy algorithms could not distinguish calcium
from iodine.'***°

Two radiologists (with 9 and 5 years of experience, respec-
tively, in head and neck radiology), blinded to the clinical history
and the image from the other technique, independently analyzed
the images. The images were presented in random order in 2 ses-
sions, initially with only MR images, followed 5 weeks later with
only dual-energy CT images. The invasion of the thyroid, cricoid,
and arytenoid cartilages was evaluated using the following
5-point-scale scoring system: 1, definitely negative; 2, probably
negative; 3, erosion (possibly positive); 4, lysis (probably posi-
tive); and 5, transmural extralaryngeal spread through the carti-
lage (definitely positive).'* We arrived at the final diagnosis by
consensus. The readers reached consensus in the same manner by
discussion when a discrepancy existed for MR imaging and dual-
energy CT.

Image-quality in terms of motion artifacts was also evaluated
on a 5-point scale: grade 1, nondiagnostic with major artifacts;
grade 2, major artifacts with most organs depicted with diagnostic
image quality; grade 3, moderate artifacts with low image quality
but diagnostic; grade 4, minor artifacts with good image quality;
and grade 5, no artifacts with excellent image quality.

Pathologic Evaluation

A pathologist (with 22 years of experience) evaluated the surgical
specimens, including all cartilage around tumors of all 55 pa-
tients. The specimens were fixed in formalin, decalcified, and then
sliced horizontally with a thickness of 5 mm to match the cross-
sectional MR and dual-energy CT images. The histopathologic
findings served as the reference standard.

Statistical Analysis

The image quality of MR imaging and dual-energy CT was com-
pared by applying the Wilcoxon signed rank test to the image-
evaluation grades. For estimating the sensitivity and specificity of
both modalities for the detection of cartilage invasion, we used the
diagnostic confidence scores with a cutoff point of 3 as a positive
diagnosis and generated contingency tables separately for each
type of cartilage and for all cartilages together. Because each

526 Kuno Mar 2018 www.ajnr.org

patient had only 1 thyroid and only 1 cricoid cartilage, we applied
the McNemar test to compare sensitivity and specificity for these
cartilages. For comparisons of sensitivity and specificity for the
evaluation of arytenoid cartilages and of all cartilages together,
generalized linear mixed models were used to take into account
correlations between multiple cartilages in the same patient.'?
The overall diagnostic performances were compared using the
areas under the curve (AUCs) of the receiver operating character-
istic (ROC) curve. For thyroid cartilage, partial AUCs corre-
sponding to a specificity range of 90%—100% were also compared
because this specificity range is clinically the most relevant. Inter-
reader agreement between the independent evaluations of the 2
readers for the scores based on the MR imaging and the combi-
nation of WA and IO images was estimated by weighted k statis-
tics. We applied weighted « statistics, taking into account that
large differences of >1 point between the scores of the 2 readers
were more serious than smaller differences.” We used commer-
cial software (SAS, Version 9.3 for Windows; SAS Institute, Cary,
North Carolina) for the generalized linear mixed modeling and
Stata (Version 12.1; StataCorp, College Station, Texas) for all
other tests. P < .05 indicated a significant difference.

RESULTS

Image Quality Assessment

All MR and WA or IO images generated with the dual-energy CT
data were considered of diagnostic image quality (grade 2 or
more). Motion artifact grading scores are listed in Table 1. The
median image-quality grading score was 3 (interquartile range, 0)
for MR imaging and 4 (interquartile range, 0) for dual-energy CT
(P <.001).

Pathologic Findings of Surgically Resected Specimens

We examined 220 cartilages (55 thyroid, 55 cricoid, 110 arytenoid
cartilages) of 55 patients. Cartilage invasion was found in 36 of the
220 preparations (16%; 19 thyroid, 8 cricoid, 9 arytenoid carti-
lages) and on a per-patient basis in 19 of the 55 patients (35%).
Invasion of the thyroid cartilage was found in all 19 patients
whose specimens tested positive for cartilage invasion. Extrala-
ryngeal extension of tumor cells with or without cartilage invasion
was confirmed pathologically in 34 of 55 (62%) patients. The 17
laryngeal tumors were classified as pT3 (n = 7) and pT4a (n =
10), and the 38 hypopharyngeal tumors were classified as pT2
(n=15),pT3 (n =17),and pT4a (n = 26).

Relationship between Imaging Findings and
Histopathologic Diagnosis of Surgical Specimens

MR Imaging. Among the 36 cartilage invasions that were histo-
pathologically confirmed, 35 were correctly detected by MR im-
aging and only one was incorrectly detected as a false-negative
finding (0 thyroid, 0 cricoid, and 1 arytenoid cartilage). However,
MR imaging also led to 29 false-positive findings (13 thyroid, 6
cricoid, and 10 arytenoid cartilages) seen in areas of ossified
cartilages. Inflammatory changes with desmoplastic reaction
were found in many ossified cartilages, especially in areas of
fatty marrow with calcification for thyroid cartilage (Fig 1),
and mimicked cartilage invasion. In addition, the area of



Table 1: Summary of motion artifact grading scores for MRI and dual-energy CT*

1 2 3 4 5 Mean Score (SE) P Value
All patients (n = 55) <.001°
MRI 0 3 48 4 0 3.02(0.05)
Dual-energy CT 0 0 0 46 9 4.6 (0.05)
Tlor T2 stage (n = 6) .050
MRI 0 0 3 3 0 3.50(0.22)
Dual-energy CT 0 0 0 4 2 4.33(0.21)
T3 stage (n = 13) <.001°
MRI 0 1 1l 1 0 3.00 (0.1m)
Dual-energy CT 0 0 0 12 1 4.08 (0.08)
T4a stage (n = 36) <.0001°
MRI 0 2 34 0 0 2.94(0.04)
Dual-energy CT 0 0 0 30 6 4.7 (0.06)

Note:—SE indicates standard error.

? Data are number of patients. The rating grade is as follows: grade 1, nondiagnostic with major artifacts; grade 2, major artifacts with most organs depicted with diagnostic image
quality; grade 3, moderate artifacts with image quality low but diagnostic; grade 4, minor artifacts with good image quality; grade 5, no artifacts with excellent image quality.

® Indicates a significant difference using the Wilcoxon signed rank test (P < .05).

tumor extension in cartilage tended to be overestimated by MR
imaging (On-line Figure).

Dual-Energy CT. Dual-energy CT correctly detected 29 cartilage
invasions. However, 7 invasions were missed (2 thyroid, 2 cricoid,
and 3 arytenoid cartilages), among them 3 minor invasions of
tumor cells into an ossified part of the cartilage (2 thyroid and 1
cricoid) with an extent of <3-mm diameter in the histopathologic
specimens (On-line Figure). There were no false-positive findings
of thyroid cartilage invasion, but there were 4 false-positive find-
ings of cricoid (n = 1) and arytenoid (n = 3) cartilage invasion
where erosive changes seemed to be present on dual-energy CT
images.

Diagnostic Performance of MR Imaging and

Dual-Energy CT

The diagnostic performance of MR imaging and dual-energy CT
for patients who underwent surgery is summarized in Table 2.

For analysis of all cartilages together, the specificity of dual-
energy CT (98%; 95% CI, 95%—-99%) for the detection of cartilage
invasion was significantly higher (P = .004) than that of MR im-
aging (84%; 95% CI, 78%—89%). The point estimate of the sen-
sitivity of dual-energy CT (81%; 95% CI, 64%—-92%) was lower
than that of MR imaging (97%; 95% CI, 85%-100%), but the
difference between the sensitivities of the modalities was not sta-
tistically significant (P << .16). There was no indication of a true
difference in the total AUCs (0.97; 95% CI, 0.88—-1.00 for MR
imaging; and 0.95; 95% CI, 0.89-1.00 for dual-energy CT;
P=.19).

For thyroid cartilage, the specificity of dual-energy CT was
significantly higher (P < .001) for the detection of cartilage inva-
sion (100%; 95% CI, 90%-100%) than MR imaging (64%; 95%
CI, 46%-79%), while no significant differences (P = .50) were
found between the sensitivities for the detection of cartilage inva-
sions of MR imaging (100%; 95% CI, 82%-100%) and dual-en-
ergy CT (89%; 95% CI, 67%-99%). The ROC curves for thyroid
cartilage and the corresponding areas under the curve for diagno-
ses with MR imaging and dual-energy CT are shown in Fig 2.
There was no indication of a difference in the mean areas under
ROC curve (0.94; 95% CI, 0.88-1.00 for MR imaging versus 0.95;
95% CI, 0.89-1.00 for dual-energy CT; P = .700) for the evalua-
tion of thyroid cartilage. The calculated partial AUC at the low

false-positive ratio area between 0.0 and 0.1 showed that dual-
energy CT (0.09; 95% CI, 0.08—1.00) was superior to MR imaging
(0.015 95% CI, 0.00—0.63) for the evaluation of thyroid cartilage
(P = .003).

Analyses of other cartilages showed the following results: No
significant differences were found between the sensitivities for the
detection of cartilage invasion of MR imaging and dual-energy
CT: cricoid cartilage (100%; 95% CI, 63%—-100% for MR imaging
versus 75%; 95% CI, 35%—-97% for dual-energy CT) and aryte-
noid cartilage (89%; 95% CI, 52%—-100% versus 67%; 95% CI,
30%-93% for dual-energy CT). No significant difference between
the specificities of both modalities were found for cricoid cartilage
(P =.06) and arytenoid cartilage (P = .09), where the specificities
were estimated as 87% (95% CI, 74%-95%) and 91% (95% CI,
83%-95%) for MR imaging compared with 98% (95% CI, 89%-—
100%) and 97% (95% CI, 92%—100%), respectively, for dual-
energy CT. There was no indication of a true difference in the total
AUGC:s for cricoid cartilage (0.99; 95% CI, 0.97-1.00 for MR im-
aging versus 0.93; 95% CI, 0.85-1.00 for dual-energy CT; P = .15)
and arytenoid cartilage (0.95; 95% CI, 0.88—-1.00 for MR imaging
versus 0.93; 95% CI, 0.87—-0.99 for dual-energy CT; P = .50).

Interreader Agreement

Interreader agreement of the 2 readers was assessed with qua-
dratic weighted k statistics for MR imaging and for the combina-
tion of WA and 10 images with the following results®': excellent
agreement of 0.80 (95% CI, 0.70—0.89) and almost perfect agree-
ment of 0.84 (95% CI, 0.74—0.93), respectively, for the all carti-
lage together; almost perfect agreement of 0.88 (95% CI, 0.61—
1.00) and 0.90 (95% CI, 0.63-1.00), respectively, for thyroid
cartilage; substantial agreement of 0.69 (95% CI, 0.45—0.97) and
0.79 (95% CI, 0.53—1.00), respectively, for cricoid cartilage; and
substantial agreement of 0.75 (95% CI, 0.56—0.93) and 0.77 (95%
CI, 0.59-0.95), respectively, for arytenoid cartilage. These
results indicated that both modalities have similar interreader
agreement.

DISCUSSION

In this study, we evaluated the diagnostic performance of MR
imaging and the combination of WA and IO dual-energy CT im-
ages in the evaluation of cartilage invasion by laryngeal and

AINR Am J Neuroradiol 39:524-31  Mar 2018 www.ajnr.org 527



FIG1. False-positive findings for thyroid cartilage invasion on MR imaging in a 59-year-old man with hypopharyngeal cancer. A, T2-weighted MR
image obtained at the glottis level shows a tumor (T) arising from the right piriform sinus with intermediate signal intensity. The adjacent
posterior right thyroid lamina also shows an area of intermediate signal intensity (arrow). B, TI-weighted image shows that the tumor (T) has low
signal intensity, whereas adjacent thyroid cartilage has similar signal intensity (arrow). C, Contrast-enhanced fat-suppressed Tl-weighted MR
image shows similar contrast enhancement of the tumor (T) and adjacent thyroid cartilage (arrow). A weighted-average image does not show
erosion or lysis at the same level (D, soft-tissue window; E, bone window). F, lodine overlay image shows enhancement of tumor (T) more clearly
and is not used for the diagnosis of cartilage according to the findings of the WA image. G, A micrograph of the corresponding axial slice of the
surgical specimen at the same level shows that the squamous cell carcinoma cells do not permeate into the right thyroid cartilage lamina
(hematoxylin-eosin stain; original magnification, X5). H, Magnified photograph (square in G) of the posterior part of the right thyroid cartilage
lamina with enhancement on MR imaging shows moderate infiltration of lymphocytes into the medullary space, accompanied by fibrosis and
aggregation of macrophages, without tumor (H&E stain; original magnification, X200).

hypopharyngeal SCCs. The specificity of dual-energy CT was sig-
nificantly superior to that of MR imaging when evaluating all
cartilages combined and when evaluating thyroid cartilage alone.
The point estimates of the sensitivity were higher for MR imaging
than for dual-energy CT; however, these differences were not sig-
nificant for all cartilages combined and for thyroid cartilage alone.

There was also no significant difference in the areas under the
ROC curve for the detection of thyroid cartilage invasion of both
modalities, suggesting that the overall diagnostic performance
might be similar for dual-energy CT and MR imaging and the
highest specificities of dual-energy CT may have been achieved in
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a trade-off against the sensitivity. However, although the total
areas under the curve of the ROC curve were identical, the curves
showed a crossover at 0.14 and the sensitivity of dual-energy CT at
low false-positive ratios ranging between 0.0 and 0.1 was higher
than that of MR imaging.’* The histopathologic specimens of the
false-negative cases (thyroid and cricoid cartilages) seen on dual-
energy CT revealed that most had minimal invasion of tumor cells
into an ossified part of the cartilage with an extent of <3-mm
diameter, which was not detectable with dual-energy CT, whereas
massive cartilage invasion was misdiagnosed in none of the cases
as negative findings. In the era of laryngeal conservation, the re-



Table 2: Relationship between dual-energy CT/MR imaging and histopathologic findings for the detection of cartilage invasion®

TP TN FN FP Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Thyroid cartilage (n = 55)
MRI 19 23 0 3 100 (82-100) 64 (46-79) 59 (41-76) 100 (85-100)
Dual-energy CT 7 36 2 0 89 (67-99) 100 (90-100) 100 (80-100) 95 (82-99)
P value® 5 <.001

Cricoid cartilage (n = 55)
MRI 8 4 0 6 100 (63-100) 87 (74-95) 57 (29-82) 100 (91-100)
Dual-energy CT 6 46 2 1 75 (35-97) 98 (89-100) 86 (42-100) 96 (86-99)
P value® 5 .06

Arytenoid cartilage (n = 110)
MRI 8 9 1 10 89 (52-100) 91(83-95) 44 (22-69) 99 (94-100)
Dual-energy CT 6 98 3 3 67 (30-93) 97 (92-100) 67 (30-93) 97 (92-99)
P value® 43 .09

All cartilage (n = 220)
MRI 35 155 1 29 97 (85-100) 84 (78-89) 55 (42-67) 99 (96-100)
Dual-energy CT 29 180 7 4 81(64-92) 98 (95-99) 88 (72-97) 96 (92-98)
P value® 16 <.004

Note:—TP indicates true positive; TN, true negative; FP, false positive; FN, false negative; PPV, positive predictive value; NPV, negative predictive value.
#Numbers in parentheses are 95% confidence intervals. Negative findings for cartilage invasion are scores 1and 2; positive findings are scores 3-5.

5 As determined with the McNemar test.

€ According to the generalized linear mixed model that accounted for the multiple observations within patients.

FIG 2. Graph shows 2 crossing ROC curves and corresponding AUCs
in the prediction of thyroid cartilage invasion. There was no evidence
of differences in the average areas under the ROC curve between MR
imaging and dual-energy CT (0.938 versus 0.952, respectively; P = .70).

duction of overestimation for thyroid cartilage is particularly im-
portant for treatment-related decision-making compared with
the reduction of underestimation for cartilage invasion; therefore,
we believe that dual-energy CT may potentially assist in patient
management.

MR imaging has a high sensitivity and high negative predictive
value for detecting cartilage invasion compared with conven-
tional CT."'® However, inflammatory changes in cartilage often
resemble cartilage invasion, and high false-positive rates remain
an issue.'®'? In our study, MR imaging demonstrated false-posi-
tive findings in areas of ossified cartilage with inflammatory
change, and the higher sensitivity on MR imaging seems to be at
the expense of specificity. Cortical bone and ossified cartilage are
difficult to identify on MR imaging because of a lack of signal
from bone. Therefore, MR imaging may be challenging for the
evaluation of cortical bone changes, such as erosion or lysis. In
addition, in patients with advanced SCCs, MR imaging seems to

be prone to motion artifacts because of the relatively long scan
times, which can render images nondiagnostic. In our study, the
image quality of MR imaging tended to have motion artifacts, espe-
cially in patients with locally advanced (T3-T4) SCCs, while dual-
energy CT showed no artifacts. Recently, phased array surface coils
were applied to the neck for reducing the motion artifacts and in-
creasing the spatial resolution.”>”* However, this technique uses a
small FOV, restricting the imaged area to the larynx.

Dual-energy CT can provide WA images, which are like con-
ventional 120-kV images, and additional IO images, both with
high spatial resolution.””>*>*° However, IO images have the tech-
nical limitation that lesions in ossified cartilage cannot be clearly
identified.'* In our study, we therefore used combined WA and
10 images for the diagnoses of both ossified and nonossified car-
tilage. The lesions that include calcified structures needed to be
evaluated on WA images first because on IO images, iodine dis-
tribution could be overestimated due to the presence of calcified
structures. When the WA image did not show cartilage destruc-
tion, regardless of inflammatory changes in the fatty marrow, car-
tilage invasion was considered absent in this diagnostic algorithm.
High specificity for dual-energy CT could be achieved because the
WA and IO images depicted the precise shapes of ossified carti-
lages and iodine distribution in nonossified thyroid cartilages and
bone marrow space at the same time, thus preventing the overes-
timation of invasion that occurred during diagnoses with MR
imaging. Furthermore, there is the potential for misclassification
in the presence of artifacts that makes correlation and interpreta-
tion in conjunction with WA imperative.

There are limitations in our study. First, the difference be-
tween the signal intensities of the tumor adjacent to the cartilage
and the nonossified cartilage was assessed visually without quan-
titative measurement of iodine concentrations. Therefore, the
potentially confounding effect of interreader error, including dis-
play settings, may be present. In addition, there are other dual-
energy CT approaches for evaluation of nonossified thyroid car-
tilage or head and neck squamous cell carcinoma in general that
could potentially increase accuracy. These need to be evaluated in
a future study. Second, because of the sample-size limitation, the
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statistical analysis was limited to the whole sample and each sub-
group of primary tumor could not be analyzed. Besides, the small
sample size may mask the lack of statistical difference in the sen-
sitivity. Further studies with a larger number of patients are
needed to provide further evidence for clinical relevance. Third,
this study included only a small number of early-stage cases with
no evaluation of their prognosis. If dual-energy CT promotes a
more frequent selection of laryngeal-preserving therapy, it will be
essential to evaluate long-term prognosis through collection of
data from additional cases and to test the validity of this approach
for each subset of tumors in a future prospective study.

CONCLUSIONS

The specificity of dual-energy CT is higher than that of MR imag-
ing for the evaluation of cartilage invasion by laryngeal and hypo-
pharyngeal SCCs for all cartilage combined and for thyroid carti-
lage alone. Dual-energy CT can prevent the overestimation of
cartilage invasion that may occur due to inflammatory changes by
using appropriate diagnostic criteria on WA images and IO im-
ages for ossified and nonossified cartilage. Although subtle tumor
invasion into the ossified cartilage may be missed by dual-energy
CT, it may add value by avoiding overestimation of cartilage in-
vasion and may help in promoting laryngeal preservation ap-
proaches for laryngeal and hypopharyngeal SCCs.
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ORIGINAL RESEARCH
HEAD & NECK

MR Imaging-Based Evaluations of Olfactory Bulb Atrophy in
Patients with Olfactory Dysfunction

ABSTRACT

M.S. Chung, “/W.R. Choi, ““'H.-Y. Jeong, ““/J.H. Lee, and ““'J.H. Kim

BACKGROUND AND PURPOSE: Although the olfactory bulb volume as assessed with MR imaging is known to reflect olfactory function,
it is not always measured during olfactory pathway assessments in clinical settings. We aimed to evaluate the utility of visual olfactory bulb
atrophy and neuropathy analyses using MR imaging in patients with olfactory dysfunction.

MATERIALS AND METHODS: Thirty-four patients who presented with subjective olfactory loss between March 2016 and February 2017
were included. Patients underwent a nasal endoscopic examination, olfactory testing with the Korean Version of the Sniffin’ Sticks test, and
MR imaging. All patients completed the Sino-Nasal Outcome Test and Questionnaire of Olfactory Disorders. Olfactory bulb atrophy and
neuropathy were evaluated on MR images by 2 head and neck radiologists.

RESULTS: The etiology of olfactory loss was chronic rhinosinusitis with/without nasal polyps in 15 (44.1%) patients, respiratory viral
infection in 7 (20.6%), trauma in 2 (5.9%), and idiopathic in 10 (29.4%) patients. Although 10 (29.4%) of the 34 patients were normosmic
according to the Sniffin’ Sticks test, their scores on the other tests were like those of patients who were hyposmic/anosmic according to
the Sniffin’ Sticks test. However, the detection rate of olfactory bulb atrophy was significantly higher in patients with hyposmia/anosmia
than it was in patients with normosmia (P = .002). No difference in olfactory bulb neuropathy was identified among patients with
normosmia and hyposmia/anosmia (P = .395).

CONCLUSIONS: MR imaging evaluations of olfactory bulb atrophy can be used to objectively diagnose olfactory dysfunction in patients
with subjective olfactory loss.

ABBREVIATIONS: OB = olfactory bulb; LQ = Life Quality; QOD = Questionnaire of Olfactory Disorders; URI = upper respiratory infection; VISTA = volume

isotropic turbo spin-echo acquisition

ymptoms regarding one’s sense of smell (olfactory dysfunc-

tion) are relatively common, with a prevalence of about 20%
in the general population. The etiologies of olfactory loss include
postviral upper respiratory infection (URI), sinonasal disease,
head trauma, aging, congenital causes, toxins/drugs, miscella-
neous, idiopathic, and neurologic diseases such as Parkinson dis-
ease, multiple sclerosis, and Alzheimer disease.' Olfaction plays a
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role in identifying food and hazards and may be involved in social
communication; thus, olfactory dysfunction can decrease an in-
dividual’s quality of life.”

Because treatments for olfaction loss are ineffective in many
patients, precise assessments of their olfactory disturbances
should be conducted before starting treatment, because these may
be helpful for predicting their prognosis and providing proper
counseling.” In addition, some patients’ olfactory function test
scores are normal despite subjectively feeling as though their abil-
ity to smell is reduced. In these cases, it is difficult to determine
whether one’s ability to smell is decreased or whether treatment
for hyposmia/anosmia is necessary. Therefore, the use of addi-
tional objective diagnostic tools may help confirm olfactory dys-
function in such individuals. Olfactory abilities are generally mea-
sured through olfactory function tests such as the University of
Pennsylvania Smell Identification Test, the Connecticut Chemo-
sensory Clinical Research Center Threshold Test, or the Sniffin’
Sticks test. MR imaging can provide anatomic information on the
olfactory pathway. One of the primary parameters for evaluating
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the olfactory pathway with MR imaging is olfactory bulb (OB)
volume. Research has shown that OB volume in patients with
olfactory loss is significantly decreased, and changes in OB vol-
ume are correlated with odor threshold changes.”” However, OB
volume measurements are not commonly used for evaluating the
olfactory pathway in clinical settings because volumetric analysis
itselfis difficult to routinely measure through planimetric manual
contouring of multiple sections compared with visual analysis.
Moreover, the cutoff values for diagnosing atrophy of OB volume
in individual patients have not been established.®'" Therefore, in
the present study, we evaluated the relationship between olfactory
function tests and visual analyses of OB atrophy or neuropathy on
MR images to determine whether such visual analyses could serve
as easy and reliable imaging biomarkers of olfactory dysfunction.

MATERIALS AND METHODS

Study Subjects

This study included 34 patients (15 males and 19 females; mean
age, 51.4 years; range, 9-72 years) who presented with subjective
olfactory loss between March 2016 and March 2017. The mean
duration of olfactory loss was 59.2 months (range, 2-552
months). This retrospective study was approved by the institu-
tional review board of Asan Medical Center, exempting the study
from requiring patient consent.

Chronic rhinosinusitis was diagnosed according to criteria es-
tablished by the European Position Paper on Rhinosinusitis and
Nasal Polyps (2012) guidelines based on the history, nasal endos-
copy, and CT of the paranasal sinuses.'> A post-URI olfactory
deficit was diagnosed when acute loss of olfaction started after
URI development and lasted until the consultation without other
causes of olfactory loss. A posttraumatic olfactory deficit was di-
agnosed when the patient experienced a loss of olfaction after
cranial trauma without other causes.” If the patients did not have
aclear cause of olfactory loss despite an extensive evaluation, their
etiology was considered idiopathic."”

Olfactory Function Test

Olfactory function was tested by using the Korean Version of the
Sniffin’ Sticks II test. The odor Threshold, Discrimination, and
Identification tests were performed in 3-minute intervals. The
Threshold was defined as the concentration at which n-butanol
(maximum concentration 4%, 16 steps of 1:2 serial dilutions) was
accurately identified 4 consecutive times. For the Discrimination
test, triplets of odorants (2 identical, 1 different) were presented,
and the subject was asked to choose the different odorant. The
Identification test was performed using 16 odors familiar to Ko-
reans. The sum of the 3 tests was expressed as the total Threshold-
Discrimination-Identification score. Total scores of 0-20 were
defined as “anosmia”; 20.25-27, as “hyposmia”; and 27.25- 48, as
“normosmia,” according to a previous study.'*

Symptom Questionnaires

All patients completed the Sino-Nasal Outcome Test-22 and
Questionnaire of Olfactory Disorders (QOD) during a clinic visit.
The Sino-Nasal Outcome Test questions were scored from 0 (no
problem) to 5 (severe problem), and the maximum total score was
110."° The QOD consisted of 3 statements, namely the Life Qual-

ity (LQ), Sincerity, and Parosmia statements, and 5 visual analog
scales.”'® The sum of the QOD-LQ scores comprised the LQ raw
score (maximum score = 57 points), which was transformed into
the LQ by the following formula: LQ = LQ Raw Score/0.57 (%).
The sum of the QOD Sincerity scores comprised the Sincerity raw
score (maximum score = 18), which was converted to the Sincer-
ity score by the following formula: Sincerity Score = Sincerity
Raw Score/0.18 (%). The sum of the QOD Parosmia scores com-
prised the Parosmia raw score (maximum score = 12), which was
converted to the Parosmia score with the following formula: Par-
osmia Score = Parosmia Raw Score/0.12 (%). The visual analog
scales consisted of 5 olfactory dysfunction problems, which were
scored from 0 to 10.

Image Acquisition

The MR images were acquired using a 3T MR imaging system
(Ingenia 3T CX; Philips Healthcare, Best, Netherlands) with a
64-channel head and neck coil. Coronal T2WI and precontrast
3D-FLAIR and 3D-T2 volume isotropic turbo spin-echo acquisi-
tion (VISTA; Phillips Healthcare) were performed with the fol-
lowing parameters: TR/TE, 300/80 ms; TSE factor, 15; bandwidth,
209 Hz/pixel; section thickness, 1.5 mm; matrix, 512 X 512; FOV,
90 X 190 mm; voxel size, 0.43 X 0.43 X 1.5 mm; and scan time, 3
minutes for T2WI; TR/TE, 8000/244 ms; TSE factor, 80; band-
width, 510 Hz/pixel; sensitivity encoding factor, 2.5; section
thickness, 0.6 mm; matrix, 256 X 256; FOV, 40 X 180 X 180 mm;
voxel size, 0.35 X 0.35 X 0.6 mm; and scan time, 6 minutes and 40
seconds for 3D-FLAIR; and TR/TE, 2000/268 ms; TSE factor, 75;
bandwidth, 330 Hz/pixel; acceleration factor, 2.5; section thick-
ness, 0.6 mm; matrix, 376 X 374; FOV, 30 X 150 X 150 mm; voxel
size, 0.2 X 0.2 X 0.6 mm; and scan time, 7 minutes and 42 seconds
for 3D-T2 VISTA. Sections were angled perpendicular to the an-
terior base of the skull or cribriform plate. The scan coverage was
from the frontal sinus to the optic chiasm.

Imaging Data Analyses

Two head and neck radiologists, with 18 and 6 years of experience,
respectively, analyzed the MR imaging findings via consensus us-
ing the PACS system. The radiologists were blinded to the results
of the patients’ olfactory function tests. The boundaries of the OB
were determined using the surrounding CSF and the anterior
cribriform plate as markers. Atrophy of the OB was diagnosed on
the basis of the following findings: flattening and thinning of the
olfactory bulb with loss of the normal oval or J-shape of the OB,
and an asymmetric decrease in the size of the OB compared with
the OB on the contralateral side (Fig 1).'® Neuropathy was de-
fined as neuromalacia of the OB, with focal or diffuse high signal
intensity in the OB and increased signal compared with the signal
intensity of the adjacent frontal white matter with/without de-
creased volume on 3D-FLAIR or coronal T2-weighted images
(Fig 2)."°

Statistical Analysis

The etiology of olfactory deficits and subjective symptom severity
among patients with normosmia and hyposmia/anosmia follow-
ing olfactory function tests were compared using the nonpara-
metric Mann-Whitney U test and x” test. The Mann-Whitney U
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FIG 1. Atrophy of the olfactory bulbs. Compared with a patient with
normal olfactory bulbs (A), which have an oval or inverted-J shape,
patients with atrophy in the olfactory bulbs show asymmetric de-
creases in the size of the affected olfactory bulbs (B, right; and C, left,
arrow) or flattening of the olfactory bulbs (D, arrows).

test and Fisher exact test were used to compare the results of
olfactory function tests between patients with the presence or ab-
sence of OB atrophy and neuropathy. The Mann-Whitney U test
was used for comparison of the presence or absence of OB atrophy
following age and olfactory deficit duration. Data were analyzed
by using SPSS 21 (IBM, Armonk, New York). Differences were
considered significant at P < .05.

RESULTS

Etiology and Severity of Patients’ Subjective Olfactory
Symptoms

The etiology of the olfactory deficits was chronic rhinosinusitis
with/without polyps in 15 (44.1%) patients, postviral URI in 7
(20.6%), trauma in 2 (5.9%), and idiopathic in 10 (29.4%) pa-
tients. None of the patients had olfactory deficits owing to neuro-
logic disease.

Ten (29.4%) of the 34 patients were normosmic according
to the Korean Version of the Sniffin’ Sticks II test; the mean total
Threshold-Discrimination-Identification score for these 10 patients
was 35.5 (range, 27.25—43), and their mean Threshold, Discrimina-
tion, and Identification scores were 12.5, 11.4, and 11.6, respectively.
Twenty-four (70.6%) of the 34 patients had olfactory dysfunction
(hyposmic/anosmic) according to the Korean Version of the Snif-
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FIG 2. Neuropathy of the olfactory bulbs. Homogeneous signal in-
tensity in both olfactory bulbs is noted in a patent without neuropa-
thy (A); however, focal (B) or diffuse (C) hyperintense areas in left
olfactory bulb (arrow) compared with the white matter of the frontal
lobe are visible on FLAIR images in patients with neuropathy.

Table 1: Korean Version of the Sniffin’ Sticks Il test results
according to the etiology of olfactory deficits®

Hyposmia/
Normosmia Anosmia P
Etiology (n=10) (n=24) Value®
Chronic rhinosinusitis 4(40.0) 11(45.8) 683
Postviral URI 3(30.0) 4(16.7)
Trauma 0(0) 2(83)
Idiopathic 3(30.0) 7(29.2)

2 Data are the number of patients (%).
52 test.

fin’ Sticks II test; the mean total Threshold-Discrimination-Iden-
tification score for these 24 patients was 15.3 (range, 6-27), and
their mean Threshold, Discrimination, and Identification scores
were 3.1, 6.7, and 5.5, respectively. No differences in olfactory
dysfunction were identified among the etiologies (P = .683, Table
1) or among the various age groups (0-19, 20-39, 40-59, and
60-72 years; P = .491). The Sino-Nasal Outcome Test and QOD
scores of patients with normosmia were similar to those of pa-
tients with olfactory dysfunction (Table 2).

Relationship between the Olfactory Function Test Scores
and OB Atrophy and Neuropathy

Atrophy of the OB on MR images was more frequently identified
in patients with olfactory dysfunction (17/24, 70.8%) than in pa-
tients with normosmia (1/10, 10.0%) (P = .002). Of the patients
with atrophy, unilateral atrophy was found in 1 patient with nor-
mosmia and 4 patients with olfactory dysfunction, and bilateral
atrophy was found in 13 patients with olfactory dysfunction.
The mean Threshold, Discrimination, Identification, and total



Table 2: Comparison of subjective symptom severity between
patients with normosmia and those with hyposmia/anosmia®

Hyposmia/
Normosmia  Anosmia P
(n=10) (n=24) Value®
SNOT-22 score (mean = SD) 13.6 £9.5 2283+166 .160
QOD (mean * SD)
LQ raw score 223+109 214 M6 867
LQ (%) 391191 37.6 £203 .867
Sincerity raw score 58+23 64=*26 .589
Sincerity (%) 322+128 354*+142 589
Parosmia raw score 23*+19 29 £33 .838
Parosmia (%) 192157 247*x272 838
Visual analog scales 197107 238*+161  .589

Note:—SNOT-22 indicates Sino-Nasal Outcome Test-22.

#LQ = LQ raw score/0.57 (%); Sincerity = Sincerity raw score/0.18 (%); Parosmia
score = Parosmia raw score/0.12 (%).

5 Mann-Whitney U test.

Table 3: Comparison of Korean Version of the Sniffin’ Sticks I
test scores according to the presence/absence of olfactory bulb
atrophy

Normal  Atrophy P Value®
Threshold 81*t59 38=*5l1 .030
Discrimination 96*28 67%29 .006
Identification 91+39 57*25 .006

Total Threshold-Discrimination- 26.9 1.9 162 +88  .008
Identification score

#Mann-Whitney U tests.

Table 4: Atrophy and neuropathy of the olfactory bulb on MR
images according to the Korean Version of the Sniffin’ Sticks Il
test results and etiology®

Hyposmia/ [?

Etiology Normosmia Anosmia Value®

Chronic rhinosinusitis (n = 15)

Atrophy 0/4(0) 7/1(636) 077

Neuropathy 1/4(25.5)  3/11(27.3)  1.000
Postviral URI (n = 7)

Atrophy /3(333)  3/4(750) 486

Neuropathy 2/3(66.7) 1/4(25.0) 486
Trauma (n = 2)

Atrophy 0/0(0) 1/2(50.0)  NA

Neuropathy 0/0(0) 0/2(0) NA
Idiopathic (n = 10)

Atrophy 0/3(0) 6/7(857)  .033

Neuropathy /3(333)  1/7(143) 1000

Note:—NA indicates not available.
2 Data are number of patients (%).
5 Fisher exact test.

Threshold-Discrimination-Identification scores of patients with
OB atrophy were significantly lower than those of patients with-
out OB atrophy (P < .05 for all comparisons, Table 3). When
classified according to etiology, OB atrophy was observed in 6
(85.7%) of the 7 patients with idiopathic olfactory dysfunction,
whereas OB atrophy was not observed in 3 patients who believed
they had olfactory loss but were normosmic according to the ol-
factory function tests (P = .033, Table 4). However, regarding the
other etiologies, no significant differences in OB atrophy were
noted between patients with normosmia and those with olfactory
dysfunction (P > .05 for all comparisons). Furthermore, the pres-
ence or absence of OB atrophy had no correlation with the age
(P = .743) or olfactory deficit durations (P = .652).
Neuropathy of the OB was detected in 4 (40.0%) of the 10
patients with normosmia and in 5 (20.8%) of the 24 patients with

olfactory dysfunction (P = .395). No difference in the presence of
OB neuropathy was identified between patients with normosmia
and those with olfactory dysfunction when grouped according to
etiology (P > .05 for all comparisons).

Brain parenchymal lesions were detected in 3 (12.5%) of the
24 patients who had olfactory dysfunction according to the Ko-
rean Version of the Sniffin” Sticks II test and OB atrophy on MR
images. Focal encephalomalacic changes in the rectus gyrus or
frontal lobe and sequelae from hemorrhagic contusions in the
bilateral orbitofrontal base may affect olfactory dysfunction.

DISCUSSION

In the present study, we evaluated whether visual analyses of OB
atrophy on MR images could serve as an easy and reliable method
for diagnosing olfactory dysfunction. Here, we found that ~30%
of patients with subjective olfactory loss had normal olfactory
function test results and that the subjective severity of olfactory
loss in these patients, as represented by the Sino-Nasal Outcome
Test and QOD, was similar to that of patients who had hyposmia/
anosmia according to the Sniffin’ Sticks test. Additionally, the
number of patents classified as normosmic according to the olfac-
tory function tests was not different among the various etiology
and age groups. These results support additional objective diag-
nostic methods being required to confirm olfactory loss. OB at-
rophy on MR images using visual analysis was more frequent in
patients with hyposmia/anosmia compared with those with nor-
mosmia. Therefore, we suggest that MR imaging evaluations of
OB atrophy could be used to objectively diagnose olfactory dys-
function in patients with subjective olfactory loss.

Many previous studies have used MR imaging to assess the OB
in patients with olfactory loss because the OB plays an important
role in processing olfactory information that is sent between the
olfactory receptor neurons and the brain. Several studies have
shown that patients with posttraumatic and postviral olfactory
dysfunction as well as idiopathic olfactory loss have reduced OB
sizes on MR images compared with healthy controls."”*' The
depth of the olfactory sulcus, which is located between the gyrus
rectus and medial orbital gyrus in the frontal lobe and positioned
over the OB and olfactory tract, is considered another relevant
parameter for evaluating the olfactory pathway with MR imaging.
However, the depth of the olfactory sulcus is not significantly
different in patients with idiopathic olfactory loss and those with
Parkinson disease compared with healthy controls.”?° Thus, eval-
uating the OB rather than the olfactory sulcus may be valuable in
patients with olfactory dysfunction except for those with congen-
ital anosmia. Unfortunately, the OB volume is not routinely mea-
sured in patients with olfactory dysfunction because it requires
complex assessment techniques of volumetry; therefore, we hy-
pothesized that visual analyses of OB atrophy or neuropathy on
MR images can be practically used as an objective assessment tool
in clinical settings for patients with olfactory dysfunction.”**’
Our results demonstrated that indeed, OB atrophy was signifi-
cantly related to decreased olfactory function.

Thin-section coronal T2WI (<2 mm) and 3D images have
been highly recommended for the precise anatomic evaluation of
the OB and olfactory tract owing to their small sizes.'® In addition
to coronal T2WT at 1.5 mm, we performed high-resolution 3D-
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FLAIR and 3D-T2 VISTA with a 0.6-mm section thickness. Using
these techniques, we identified OB atrophy in 70.8% of patients
with hyposmia/anosmia, as assessed with olfactory function tests,
and atrophy was significantly more common in patients with dys-
function than it was in those with normosmia (10.0%). Further-
more, the olfactory function test scores of patients with OB atro-
phy were significantly lower than those of patients without OB
atrophy. Moreover, the detection rate of OB atrophy was not dif-
ferent among the various age and olfactory deficit duration
groups. These results suggested that visual analysis of OB atrophy
is a useful diagnostic method for patients with subjective olfactory
loss regardless of their age and olfactory deficit duration.

Evaluating OB atrophy with MR imaging in patients with id-
iopathic olfactory loss may help determine whether there is olfac-
tory loss, even though the significance of the absence of atrophy
on MR imaging in a patient with subjective symptoms was not
identified. Our results showing that there was no difference in OB
atrophy between normosmia and hyposmia/anosmia according
to the Sniffin’ Sticks II test in patients with chronic rhinosinusitis
seem to reflect their olfactory deficits possibly being conductive.
Because only a few patients had postviral URI and posttraumatic
olfactory loss in the present study, it may be difficult to assess the
correlation between OB atrophy and the results of olfactory func-
tion tests.

The significance of neuropathy (neuromalacic hyperintense
changes) of the OB on 3D-FLAIR images has not yet been estab-
lished in patients with olfactory loss. In our study, neuropathy of
the OB was detected not only in patients with hyposmia/anosmia,
as assessed with olfactory function tests, but also in patients with
normosmia. This result may be because our patients had been
experiencing olfactory deficits for >2 months. Further studies are
required to determine the prognostic value of neuropathy accord-
ing to the duration of olfactory loss.

A substantial number of brain lesions that may affect olfactory
dysfunction were found in 12.5% of our patients who had hypos-
mia/anosmia according to the Korean Version of the Sniffin’
Sticks II test and OB atrophy on MR images. Two patients with
posttraumatic olfactory deficits had focal encephalomalacic
changes in the rectus gyrus and frontal lobe, respectively. One
patient with idiopathic olfactory loss, though unusual, showed
sequelae from a hemorrhagic contusion in the bilateral orbito-
frontal base without a history of trauma. This MR imaging finding
may have helped this patient receive appropriate counseling be-
cause the patient did not link the occurrence of olfactory loss with
a significant event.

This study has several limitations. First, our sample size was
relatively small, and the data were retrospectively reviewed. De-
creased statistical power caused by the sample size might affect the
ability to declare statistical significance in our results, such as the
relation between the olfactory function tests and the Sino-Nasal
Outcome Test-22 (which demonstrated relatively large score dif-
ferences) or OB atrophy subclassified by etiology (a small number
of patients for each subgroup). Further prospective study with a
larger population is needed. Second, we could not assess the fol-
low-up data after treatment in patients with OB atrophy or neu-
ropathy due to short-term follow-up. Further studies that include
patients with variable deficit-onset times, including sudden olfac-
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tory deficits (<4 weeks) and chronic hyposmia/anosmia, should
be performed to evaluate the prognostic value of OB atrophy or
neuropathy. Nevertheless, our study demonstrates that visual
analyses of OB atrophy using MR imaging are closely related to
olfactory function.

CONCLUSIONS

The results of the present study show that the detection rate of OB
atrophy on MR images was significantly higher in patients with
olfactory dysfunction than it was patients with normosmia.
Therefore, evaluating OB atrophy with MR imaging may serve as
a readily available objective diagnostic method for confirming
olfactory dysfunction in patients with subjective olfactory loss.
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Intravoxel Incoherent Motion MR Imaging in the
Differentiation of Benign and Malignant Sinonasal Lesions:
Comparison with Conventional Diffusion-Weighted
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BACKGROUND AND PURPOSE: Intravoxel incoherent motion is a promising method for the differentiation of sinonasal lesions. This
study aimed to evaluate the value of intravoxel incoherent motion in the differentiation of benign and malignant sinonasal lesions and to
compare the diagnostic performance of intravoxel incoherent motion with that of conventional DWI.

MATERIALS AND METHODS: One hundred thirty-one patients with histologically proved solid sinonasal lesions (56 benign and 75
malignant) who underwent conventional DWI and intravoxel incoherent motion were recruited in this study. The diffusion coefficient (D),
pseudodiffusion coefficient (D*), and perfusion fraction (f) values derived from intravoxel incoherent motion and ADC values derived from
conventional DWI were measured and compared between the 2 groups using the Student t test. Receiver operating characteristic curve
analysis, logistic regression analysis, and 10-fold cross-validation were performed to evaluate the diagnostic performance of single-
parametric and multiparametric models.

RESULTS: The mean ADC and D values were significantly lower in malignant sinonasal lesions than in benign sinonasal lesions (both P <
.001). The mean f value was higher in malignant lesions than in benign lesions (P = .003). Multiparametric models can significantly improve
the cross-validated areas under the curve for the differentiation of sinonasal lesions compared with single-parametric models (all cor-
rected P < .05 except the D value). The model of D+f provided a better diagnostic performance than the ADC value (corrected P < .001).

CONCLUSIONS: Intravoxel incoherent motion appears to be a more effective MR imaging technique than conventional DWI in the
differentiation of benign and malignant sinonasal lesions.

ABBREVIATIONS: AUC = area under the curve; D = diffusion coefficient; D* = pseudodiffusion coefficient; f = perfusion fraction; IVIM = intravoxel incoherent

motion; ROC = receiver operating characteristic.

he sinonasal area may contain a wide spectrum of benign
and malignant tumors and tumorlike lesions of epithelial,
mesenchymal, neural/neuroectodermal, or hematopoietic or-
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igins,' composing approximately 3% of all head and neck tu-
mors.”* The clinical presentations of sinonasal lesions are of-
ten nonspecific.” Patients with malignant sinonasal tumors
often have an overall poor prognosis and generally require
radiation therapy and chemotherapy as well as surgical resec-
tion,® whereas patients with benign lesions, such as polyps,
often undergo complete surgical resection or clinical follow-up
without surgery.” Thus, the differentiation of benign and ma-
lignant sinonasal lesions is of great importance for therapeutic
decisions and prognosis. Cross-sectional imaging techniques,
such as CT and MR imaging, play an important role in the
differentiation of sinonasal lesions. Nevertheless, the morpho-
logic imaging features of benign and malignant sinonasal le-
sions are often nonspecific and overlap.**°

Conventional diffusion-weighted MR imaging with the
measurement of apparent diffusion coefficient values may aid
in the discrimination of malignant and benign lesions in the
head and neck and the sinonasal area.’ ' However, some over-
lap of ADC values was also observed.'”'*"'” It has been docu-
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mented that microvascular flow through the complex capillary
network generates a “pseudodiffusion” effect known as intra-
voxel incoherent motion (IVIM).">'* According to IVIM anal-
ysis, both tissue diffusivity and microcapillary perfusion can be
quantified separately by fitting the MR signal acquired at dif-
ferent b-values to a biexponential model.'> Consequently, 3
parameters can be obtained from IVIM, including D, D*, and f,
which represent the pure diffusion coefficient, pseudodiffu-
sion coefficient, and perfusion fraction, respectively. Recently,
IVIM MR imaging has emerged as a potential new method for
the differentiation of head and neck tumors and the prediction
of tumor responses to treatment.'®>*

However, to the best of our knowledge, no studies in differ-
entiating benign and malignant sinonasal lesions using IVIM
have been performed. In this study, we aimed to investigate
IVIM as a tool for distinguishing benign and malignant sino-
nasal lesions and to compare the differential diagnostic perfor-
mance of IVIM with conventional DWTI in sinonasal lesions.

MATERIALS AND METHODS

Study Population

The institutional review board of Eye & ENT Hospital of Fudan
University approved this retrospective study, and the require-
ment for patient informed consent was waived due to the retro-
spective nature of this study. One hundred thirty-one consecutive
patients with sinonasal solid masses were recruited from May
2015 to March 2017. All masses were confirmed by surgery/biopsy
and histopathology. Patients who previously had a history of
treatment or recurrence were excluded.

MR Imaging Techniques

MR imaging examinations were performed on a 3T MR imaging
scanner (Magnetom Verio; Siemens, Erlangen, Germany) using a
12-channel head coil. Conventional MR images were obtained;
then DWT was performed using a single-shot echo-planar imag-
ing sequence with a bipolar scheme along all 3 orthogonal axes to
obtain isotropic DWI. Imaging parameters were as follows: TR/
TE = 5200/83 ms, number of averages = 2, acquisition matrix =
120 X 120, FOV = 230 mm, slices = 5, slice thickness = 5 mm,
parallel imaging acceleration factor = 2. Eleven different b factors
ranging from 0 to 1000 s/mm” were used (b = 0, 50, 100, 150, 200,
250, 300, 350, 400, 800, and 1000 s/mm?). The total scan time was
6 minutes 39 seconds.

Image Processing and Analysis

The conventional monoexponential DWI model is mathemati-
cally expressed by the equation S, / S, = exp (—b X ADC), where
S, and S, are the signal intensity acquired with the diffusion gra-
dient factors of b and 0, respectively. In this study, MR signal
intensities of b=0 and 1000 s/mm? were used to calculate the
ADC.”> DWI processing was performed on an off-line worksta-
tion (Verio; Siemens). The IVIM model is mathematically ex-

pressed with the following equation'>'*:

1) Sp/So = (1 — f) X exp(—=bD) + f X exp[—b(D+D¥)],

where S, and S, are the signal intensities in the diffusion gradient

17,18

factors of b and 0, respectively, f is the perfusion fraction

related to microcirculation, D is the diffusion coefficient repre-
senting pure molecular diffusion (the slow component of diffu-
sion), and D is the pseudodiffusion coefficient representing in-
coherent microcirculation within the voxel (perfusion-related
diffusion or the fast component of diffusion). Three parameters,
D, D¥, and f, can be derived from IVIM by fitting the biexponen-
tial curve using a nonlinear least-squares technique. Because D* is
notably greater than D, its influence on signal decay can be ne-
glected when the b-value is >200 s/mm?®. In that case, Equation 1
can be simplified and the estimation of D can be obtained using
only b-values of >200 s/mm?, with a simple linear fitting Equa-
tion 2:

2) Sy/Sy = exp(—bD).

With the D value determined using Equation 2, fand D* values
can be calculated using a nonlinear regression algorithm based on
Equation 1. IVIM processing was conducted by using Matlab
(Version 7.9; MathWorks, Natick, Massachusetts).

The ADC value derived from conventional DWI, along with
D, D*, and f values that were derived from IVIM, was measured
independently by 2 radiologists (readers 1 and 2 with 10 and 7
years of experience in head and neck imaging, respectively) who
were blinded to clinical and histopathologic data. The polygonal
ROIs (mean area, 52.93 * 37.82 mm?; range, 26-731 mm?) were
drawn along the outer margin of the lesion on the largest slice of
the corresponding parameter maps. Obvious necrotic, cystic, cal-
cification, or hemorrhagic regions were avoided to focus on the
solid portion of the tumor as much as possible by referring to
T2-weighted and contrast-enhanced T1-weighted images. The
measurements made by readers 1 and 2 were used to evaluate the
interreader reproducibility. To evaluate intrareader reproducibil-
ity, these measurements were repeated by reader 1, with a mini-
mum washout period of at least 1 month. The average of the 3
measurement results of readers 1 and 2 was used for the statistical
analysis.

Statistical Analysis

All ADC and IVIM parameters of sinonasal lesions are presented
as mean * SD. The inter- and intrareader reproducibility for
ADC and IVIM parameter measurements were evaluated using
the intraclass correlation coefficient with 95% confidence inter-
vals. An intraclass correlation coefficient of >0.75 was considered
indicative of good agreement.

A simple linear regression analysis was performed to calcu-
late the Pearson correlation coefficient between the patients’
ages and conventional DWI and IVIM parameters of the indi-
vidual lesions. A correlation coefficient (r) of 0.75-1.00 indicated
very good—to-excellent correlation; 0.50—0.74, moderate-to-
good correlation; 0.25-0.49, fair correlation; and =0.24, little or
no correlation.

The mean ADC, D, D¥, and f values were compared between
benign and malignant sinonasal lesions using the Student ¢ test.
The receiver operating characteristic (ROC) analysis curves with
10-fold cross-validation were obtained to determine the optimal
cutoff value for significant parameters for differentiating benign
and malignant sinonasal lesions. The multivariate logistic regres-
sion models, including 2 or 3 of these significant parameters, were

AINR Am J Neuroradiol 39:538—46 Mar 2018  www.ajnr.org 539



Table 1: Demographics and histology of benign and malignant sinonasal lesions®

Parameters Benign Lesions (n = 56) Malignant Lesions (n = 75)
Mean age (yr) 43.86 = 1411 5227 1521
Sex (female/male) 24:32 24:51
Histologic subtypes Inflammatory polyps (28) Squamous cell carcinoma (23)

Inverted papilloma (14)
Fibroangioma (5)
Spindle cell tumor (4)
Schwannoma (2)
Ossifying fibroma (2)
Enamel cell tumor (1)

Olfactory neuroblastoma (13)
Malignant melanoma (12)
Rhabdomyosarcoma (9)
Lymphoma (6)

Adenoid cystic carcinoma (5)
Undifferentiated carcinoma (2)
Osteosarcoma (2)
Neuroendocrine carcinoma (2)
Malignant fibrohistiocytoma (1)

?Data in parentheses indicate the number of corresponding patients. All inverted papillomas did not have the potential for association with/conversion to squamous cell

carcinoma, proven by histopathology.

FIG1. Scatterplots depicting the correlations between the patients’ ages and ADC values (A), the patients’ ages and D values (B), the patients’
ages and D* values (C), and the patients’ ages and f values (D) for all sinonasal lesions.

generated. For each logistic regression model, cross-validation
was performed with a 10-fold procedure. The optimal cutoff value
was determined as the point in the upper left-hand corner that
maximized the sum of the sensitivity and specificity. The area
under the curve (AUC), sensitivity, specificity, accuracy, positive
predictive value, and negative predictive value of the single and
combined imaging parameters for differential diagnosis were cal-
culated. A Bonferroni correction was used to correct for multiple
comparisons.

Statistical analyses were performed in Excel 2013 (Mi-
crosoft, Redmond, Washington), MedCalc statistical software
(Version 15.2.2; MedCalc Software, Mariakerke, Belgium),
and R, Version R 2.15.3 (R Project for Statistical Computing,

540 Xiao Mar 2018 www.ajnr.org

http://www.r-project.org).”* P values < .05 were considered
significant.

RESULTS

A total of 131 patients, including 56 patients with benign sinona-
sal lesions and 75 with malignant sinonasal lesions, were enrolled
in this study. Of these patients, 48 were female and 83 were male.
The age of patients ranged from 16 to 79 years, with a mean age of
48.67 years. The demographics and histology of benign and ma-
lignant sinonasal lesions are summarized in Table 1. Poor corre-
lations were found between the patients’ ages and conventional
DWI and IVIM parameters, with r ranging from —0.103 to 0.137
(all P> .05, Fig 1)



Table 2: Inter- and intrareader reproducibility for ADC, D, D¥, and
f measurements®

ICC

Intrareader

0.954 (0.871-0.980)
0.936 (0.884-0.975)
0.848 (0.766-0.909)
0.922 (0.835-0.964)

Interreader

0.961(0.913-0.977)
0.942 (0.860-0.986)
D* (X10~* mm?/s) 0.840 (0.762-0.931)
f (%) 0.908 (0.819-0.965)

Note:—ICC indicates intraclass correlation coefficient.
2 Data in parentheses are 95% confidence intervals.

Parameters
ADC (X102 mm?/s)
D (X10~>* mm?/s)

As shown in Table 2, excellent inter- and intrareader agree-
ment were achieved in the measurement of ADC and IVIM pa-
rameters. The mean ADC, D, D¥, and fvalues of benign and ma-
lignant sinonasal lesions are shown in Fig 2 and Table 3. The mean
ADC and D values were significantly lower in malignant sinonasal
lesions than in benign sinonasal lesions (both P < .001). The
mean fvalue of malignant sinonasal masses was higher than that
of benign sinonasal masses (P = .001). There was no significant
difference in the mean D* value between the 2 groups (P > .05)
(Figs 3 and 4).

The diagnostic performance of ADC, D, and f values for dif-
ferentiation of benign and malignant sinonasal lesions is demon-
strated in Table 4 and Fig 5. From the ROC analysis with 10-fold
cross-validation, the largest cross-validated AUC was obtained
for D compared with ADC and f (AUC for D versus ADC =
0.899 versus 0.735, corrected P = .009; AUC for D versus f = 0.899
versus 0.656, corrected P < .0001; AUC for ADC versus f = 0.735
versus 0.656, corrected P = .08) in the discrimination of benign
and malignant sinonasal lesions. No significant differences were
found in the cross-validated AUC among different multipara-
metric models, including ADC+D, ADC+f, D+f, ADC+D+f
(all corrected P > .05), and the highest AUC was obtained for
the model of ADC+D+f, followed by the models of D+f,
ADC+D, and ADC+f. Compared with single-parametric
models (except D), multiparametric models can significantly
improve the cross-validated AUCs for the differentiation of
benign and malignant sinonasal lesions (all corrected P < .05).
Additionally, the combination of D and f values derived from
IVIM can provide a better diagnostic performance than the
ADC value (corrected P < .001).

DISCUSSION

Our findings showed that quantitative analysis of conventional
DWI and IVIM parameters could be helpful in discriminating
benign and malignant sinonasal lesions. Additionally, compared
with the ADC value derived from conventional DWI, IVIM pa-
rameters (especially the combination of D and f values) can sig-
nificantly improve the diagnostic performance for differentiating
solid sinonasal lesions.

The ADC value quantitating free-water molecule motion
within a tissue correlates with tumor cellularity.'>** In the
present study, the mean ADC value of malignant sinonasal
lesions was significantly lower than that of benign lesions; this
finding was in accordance with the results from previous stud-
ies.”'*?° Histopathologically, malignancies often exhibit high
cellularity, effectively restricting the water molecule diffusion
of tumors.>> Moreover, the present patient cohort included 44

patients with small round blue cell tumors, including lym-
phoma, undifferentiated carcinoma, malignant melanoma,
neuroendocrine carcinoma, olfactory neuroblastoma, rhabdo-
myosarcoma, and so forth. This heterogeneous group of ma-
lignant neoplasms shares common histologic characteristics,
including a relatively small cell volume, deep nuclear staining,
and high tumor nucleus/cytoplasm ratios, resulting in signifi-
cantly low ADC values.”® Hence, our study revealed that ADC
could be a useful imaging parameter for the differentiation of
benign and malignant sinonasal lesions. Nevertheless, ADC is
derived from conventional DWI with an assumption that the
water molecule diffusion is a random motion that follows
Gaussian distribution and is calculated by a simple monoex-
ponential decay fitting with 2 b-values. In fact, the measured
diffusion signals in living tissues were not simply influenced by
the motion of water molecules but also by the perfusion of
blood microcirculation at low b-values. Therefore, ADC values
obtained from conventional DWI do not exclusively corre-
spond to molecular diffusivity.?”*®* The IVIM model was rec-
ommended to account for molecular diffusion driven by
Brownian motion and perfusion-related pseudodiffusion.

IVIM with a biexponential model is a method initially pro-
posed by Le Bihan et al'>'* to quantitatively assess the micro-
scopic translational motion that occurs in each image voxel on
MR imaging and to distinguish both pure molecular diffusion
and capillary perfusion with sufficiently low b-values (<200
s/mm?). However, the value of IVIM in differentiating benign
and malignant sinonasal lesions has not been investigated pre-
viously, to our knowledge. Until now, 2 main calculation
methods, including a conventional method using a nonlinear,
biexponential fitting and a newly simplified method using a
linear fitting of a logarithmic transformation, have been ap-
plied to produce the final IVIM results.***°

Recently, Sasaki et al*°
nique could be an alternative to the conventional method in

reported that the simplified tech-

the determination of IVIM parameters for head and neck tu-
mors. Nonetheless, the conventional calculation method could
better predict lesion perfusion and diffusion characteristics
with fewer artifacts and higher signal-to-noise ratios compared
with the simplified technique.’® In addition, the conventional
calculation technique using the 2-step fitting with D value es-
timation first was found to best correlate with dynamic con-
trast-enhanced MR imaging.”” Thus, the conventional method
with 2-step fitting was adopted to calculate the IVIM parame-
ters for the differentiation of sinonasal lesions. In this prelim-
inary study, we found that IVIM was a more effective tool than
conventional DWI in the differentiation of benign and malig-
nant sinonasal lesions. Additionally, the reproducibility of D,
DX, and fvalues derived from IVIM was excellent; this finding
was consistent with that of Jia et al,'® suggesting that IVIM
could also be a reliable method for discerning benign from
malignant lesions in the sinonasal area.

Our study showed that the D value was significantly lower
in malignant sinonasal tumors than in benign lesions. Sumi et
al** reported that the D values of malignant salivary gland
tumors were significantly different from those of benign tu-
mors. Similar findings were also reported in other malignan-
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FIG2. Comparisons of the mean ADC (A), D (B), D* (C), and f (D) values between benign and malignant sinonasal lesions using the Student t test.

Triple asterisks indicate P < .001; double asterisks, P < .01.

Table 3: Comparisons of ADC, D, D*, and f values between benign
and malignant sinonasal lesions®

Benign Lesions Malignant Lesions P

Parameters (n=56) (n=75) Value
ADC (X10 > mm?%/s) 11630354  0.862*0.258  <.00l
D (X 10> mm?¥/s) 1322 + 0347 0.677 = 0299  <.001

D* (X10>mm?/s)  90.470 = 40756 86.445 + 22.865 474
f (%) 16.656 *+ 4.274 19.211 = 4.066 .001

® Except for the P values, data are expressed as the mean * SD.

cies in other body organs, such as the breast’" and prostate.””
These findings may be explained by hypercellularity in malig-
nant lesions that reduced the microstructure diffusion space of
water molecules, resulting in a decrease in the D value. Hence,
the D value can be highly valuable for differentiating benign
and malignant sinonasal lesions. D* and fare perfusion-related
parameters derived from IVIM, which are significantly corre-
lated with microvessel density, a surrogate marker of angio-
genesis.”” The D* value is determined as the signal intensity
ratios of blood capillaries and is considered linked to perfu-
sion, which, in turn, may be dependent on tumor microvessel
density.'” Additionally, D* was reported to be proportional to
the mean capillary segment length and average blood velocity;
thus, it is reflective of tumor vascularity.'” In our present
study, we found no significant difference in the D* value be-
tween benign and malignant sinonasal lesions, which was in
satisfactory agreement with previous studies.”**> However,
our D* estimation in sinonasal lesions was not consistent with
those reported by Kim et al’® for pancreatic pathologies and
Sumi et al** for salivary gland tumors, which may be due to the
low signal-to-noise ratio and the relatively poor measurement
reproducibility of D*.*" As for the fvalue, it measures the frac-
tional volume of capillary blood flowing in each voxel and has
direct correlations with the extent of normal angiogenesis with
intact vessels in terms of basement membrane thickness and
pericyte coverage.””*® Therefore, f may be an indicator of vas-
cular permeability. In the current study, we found that the f
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value was significantly higher in malignant lesions than in be-
nign sinonasal lesions, a finding in accordance with those in
previous studies on head and neck tumors.'”>'?*>*° With the
application of dynamic contrast-enhanced imaging, Xian et
al’” found that malignant sinonasal tumors were usually asso-
ciated with high permeability and high perfusion, which was in
good agreement with our results. However, some malignant
sinonasal lesions, such as lymphomas, can have a low f value
because of low levels of vessel density within scarce amounts of
stromal tissue.'” Moreover, some benign sinonasal lesions can
also be associated with a high perfusion level. For example,
small vessels with ectasia are frequently observed in the Antoni
B areas of schwannomas, resulting in a high fvalue.'”

Three parameters, ADC, D, and f, were significant for differ-
entiating benign from malignant sinonasal lesions. The ROC
analysis with 10-fold cross-validation showed that the cross-vali-
dated AUG, sensitivity, specificity, and accuracy levels of the D
value were significantly higher than those of the fand ADC values.
As previously reported, cellularity and microcirculation influence
ADC measurements in a diametrically opposite direction.*® How-
ever, most malignant tumors had both hypercellularity (low
diffusivity) and hypervascularity (high perfusion fraction). D,
known as the pure molecular diffusion coefficient, can represent
cellularity more precisely, can reduce the bias by avoiding micro-

circulation contributions,''*

and, therefore, can better differen-
tiate benign and malignant sinonasal lesions. Additionally, the
combination of D and f values derived from IVIM can provide a
better diagnostic performance than the ADC value, indicating
that IVIM could be a more efficient method than conventional
DWI for the differentiation of sinonasal lesions.

There are some limitations to our study. First, given the wide
variety of histologic types and the small number of each type of
benign and malignant sinonasal lesion, selection bias was inevita-
ble, so our findings still need larger prospective studies to further
validate them. Additionally, as in previous studies,''? inflamma-

tory polyps were included in our study. These typically are not a



FIG3. Inverted papillomain a71-year-old man. A mass was predominantly located in the right ethmoid sinus with involvement of the right nasal
cavity (blue arrow), demonstrating heterogeneous hypo- (necrosis) to isointensity (tumor cells) on TIWI (A), iso- (tumor cells) to hyperintensity
(necrosis) on T2WI (B), and heterogeneously intense enhancement on contrast-enhanced TIWI (C), compared with normal-appearing gray
matter. The mass showed isointensity on the DWI (blue arrow) (D) compared with normal-appearing gray matter. On the ADC map (E), the mass
showed a slightly high signal intensity with an ADC value of 1425 X 102 mm?/s (red polygonal ROI). On IVIM images, the mass appeared
obviously iso- to hyperintense on the D map (F) with a D value of 0.871 X 10~ mm?/s and appeared isointense on the D* (G) and f maps (H) with
D*and f values of 61.048 X 10> mm?/s and 25.651%, respectively (red polygonal ROIs). Hematoxylin-eosin staining (I) confirmed the mass as an

inverted papilloma (original magnification, X100; scale bar, 250 um).

diagnostic dilemma because they usually do not demonstrate
solid masslike enhancement, bone change, or masquerade as tu-
mors. However, most inflammatory polyps included in our study
were hemorrhagic and/or necrotic polyps (19/28), which some-
times may be difficult to discriminate from malignant sinonasal

lesions on conventional CT and MR imaging. Second, the ROI
placement for the measurement of conventional DWI and IVIM
parameters could not be correlated with fragmental histologic
specimens on a site-to-site basis. Third, due to the artifacts from
air in the sinuses, there may be some distortions in the measured
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FIG 4. Squamous cell carcinoma in a 53-year-old man. A mass was predominantly located in the left ethmoid sinus with involvement of the
ipsilateral orbit, nasal cavity, and sphenoid sinus (blue arrow), demonstrating heterogeneous hypo- (necrosis) to isointensity (tumor cells) on
TIWI (A), iso- (tumor cells) to hyperintensity (necrosis) on T2WI (B), and heterogeneously intense enhancement on contrast-enhanced TIWI (C),
compared with normal-appearing gray matter. The mass showed heterogeneously hypo- to hyperintensity on the DWI (blue arrow) (D)
compared with normal-appearing gray matter. On the ADC map (E), the mass showed hypointensity with an ADC value of 0.872 X 10> mm?/s
(red polygonal ROI). On IVIM images, the mass appeared dramatically hypointense on the D map (F), with a D value of 0.533 X 10> mm?/s, hypo-
toisointense on the D* map (G), and iso- to hyperintense on the f map (H), with D* and f values of 77.473 X 10> mm?/s and 22.966%, respectively
(red polygonal ROIs). Hematoxylin-eosin staining (/) confirmed the mass as a squamous cell carcinoma (original magnification, X 200; scale bar,

50 um).

volume that may result in measurement bias. Thus, conventional
DWI and IVIM data acquired using readout-segmented echo-
planar imaging using parallel imaging and 2D navigator-based
reacquisition may be helpful to reduce the artifacts and distor-
tions.'>*" Fourth, the value of all these parameters, including
ADC, D, D*, and f, in the differentiations of pathologic types of
sinonasal tumors was not evaluated because of the limited num-
ber of each type of sinonasal lesion. Finally, because IVIM param-
eters could be affected by the calculation method, the threshold
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values proposed in our study may not be generalizable to other
institutions or other methods of IVIM calculation. This issue
needs to be investigated in further studies.

CONCLUSIONS

Our preliminary study shows that the ADC value from conven-
tional DWT and the D and f values from IVIM may be helpful
for discriminating markers in the differentiation of benign and
malignant sinonasal lesions. Furthermore, the combination of



Table 4: Diagnostic performance of single parameters (ADC, D and f) and combined parameters (ADC+f, ADC+D, D+f, and ADC+D+f)
for the differentiation of benign and malignant sinonasal lesions using receiver operating characteristic curve analysis with 10-fold

cross-validation

TV AUC Cross-Validated AUC Sensitivity Specificity Accuracy Precision F Score
ADC 0.919 0.754 0.735 0.800 0.547 0.686 0.684 0.738
D 0.715 0.907 0.899 0.841 0.816 0.831 0.866 0.853
f 16.995 0.676 0.656 0.723 0.472 0.610 0.627 0.723
ADC+f — 0.910 0.907 0.857 0.792 0.831 0.857 0.857
ADC+D - 0.944 0.914 0.813 0.778 0.797 0.813 0.813
D+f - 0.938 0.935 0.914 0.813 0.873 0.877 0.895
ADC+D+f - 0.951 0.944 0.900 0.833 0.873 0.887 0.894

Note:—TV indicates threshold value.

FIG5. ROC curves with 10-fold cross-validation of single- parameter
models (including ADC, D, and f) and multiparametric models (includ-
ing ADC+f, ADC+D, D+f,and ADC+D+f) in the contrast-enhancing
lesions for differentiating benign from malignant sinonasal lesions.

D and f values demonstrates significantly higher sensitivity,
specificity, and accuracy than the ADC value, revealing that
IVIM appears to be a more valuable tool than conventional
DWTI for distinguishing benign from malignant sinonasal le-
sions. Further prospective studies are needed to confirm these
findings.
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Imaging of Anaplastic Thyroid Carcinoma

S. Ahmed, ““‘M.P. Ghazarian, ““'M.E. Cabanillas, ““*M.E. Zafereo, ““’M.D. Williams, “*'T. Vu, “'D.F. Schomer, and “*/).M. Debnam

ABSTRACT

SUMMARY: Anaplastic thyroid carcinoma is fatal if unresectable. However, improved survival has been reported after gross total
resection and multimodality therapy. In this report, we describe the contrast-enhanced high-resolution CT characteristics of anaplastic
thyroid carcinoma in 57 patients. Anaplastic thyroid carcinoma presented as a large neck mass with necrosis in 82% of cases. The tumors
demonstrated common extrathyroidal extension (91%). Sixty-two percent of tumors demonstrated calcification. Visceral space invasion
involved the esophagus (62%), trachea (57%), and larynx (29%). Carotid artery encasement was present in 42%, and 43% involved the internal
jugular vein. Sixty-three percent had lateral compartment lymphadenopathy; 58% of these nodes were necrotic, and 11% were cystic. No
metastatic nodes had calcification. Central compartment lymphadenopathy was seen in 56% of cases, and lateral retropharyngeal lymph-
adenopathy was detected in 12%. Knowledge of these imaging features aids in guiding the approach to the initial tissue diagnosis with either

fine-needle aspiration or core biopsy, assessing the feasibility of surgical resection, and determining prognosis.

ABBREVIATIONS: ATC = anaplastic thyroid carcinoma; CECT = contrast-enhanced CT; DTC = differentiated thyroid cancer

Anaplastic thyroid carcinoma (ATC) accounts for 1%-2% of
all thyroid malignancies, but results in over 50% of deaths
from thyroid cancer.'” Despite modern therapies, it remains a
highly aggressive disease with one of the worst prognoses among
all malignancies. Historically, mean survival was approximately
only 5 months,* and 1-year survival was 20%, with 2-year survival
at approximately 10%.> With recent advances in multidisci-
plinary care, median survivals have improved, though most pa-
tients do not achieve ultimate cure of their disease.” Women are
affected slightly more than men at a ratio of 1.5:1, with a peak
incidence in the sixth and seventh decades of life.”* ATC is known
to arise through 2 mechanisms: de novo or from dedifferentiation
of well-differentiated thyroid cancer.”'°

ATC is characterized by local invasiveness and extensive ne-
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crosis."" The typical presentation is that of a rapidly enlarging
neck mass, often in older patients, prompting contrast-enhanced
CT (CECT) evaluation.'” Doubling time for ATC tumor volume
can be as low as 1 week.""? Symptoms of mass effect upon the
trachea and larynx are usually seen at initial presentation. Direct
invasion of adjacent structures, including muscle, trachea, larynx,
esophagus, and recurrent laryngeal nerve, is common. In addi-
tion, nodal metastases are seen in up to 40% of patients at diag-
nosis.'* Distant metastases are present in 43% of patients upon
presentation, with the most common locations being the lung
(78%), adrenals (24%), liver (20%), and brain (18%)."* Of iden-
tifiable causes, death is most commonly the result of advanced
pulmonary metastatic disease (35%), followed by airway compro-
mise (16%), tumor-related hemorrhage (14%), and cardiac fail-
ure (11%).5

In distinction to differentiated thyroid cancer (DTC) and
medullary thyroid cancer, all cases of ATC are staged by the Amer-
ican Joint Committee on Cancer TNM system as stage IV disease
because of its aggressive nature and poor prognosis.*® Stage IVA
denotes primary tumor without extrathyroidal extension and is
considered resectable disease. Stage IVB denotes tumor extension
beyond the thyroid without distant metastasis and may or may
not be resectable depending on the extent of local invasion. Stage
IVCindicates distant metastatic disease. Given improved survival
with early multimodality treatment® and increased use of head
and neck imaging, it is important for radiologists to be familiar
with the imaging features of ATC to avoid delays in diagnosis. In
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addition, defining the extent of disease, including local invasion
and metastatic adenopathy, is critical for appropriate manage-
ment of the patient.

The imaging literature on ATC is limited, with most reports
from before the advent of multidetector CT.">'° To our knowl-
edge, the single article in the radiology literature describing the
imaging findings of ATC with multidetector CT included only 9
cases and did not address the frequency of organ invasion, vascu-
lar encasement, and cervical lymphadenopathy.'7 Therefore, the
purpose of our study was to accurately describe the CECT features
of ATC at presentation in a large number of patients presenting to
a tertiary cancer referral center.

MATERIALS AND METHODS

Under an institutional review board—approved protocol, the in-
stitutional data base was queried for patients with the diagnosis of
anaplastic thyroid cancer between June 2004 and February 2017.
Patients without CECT imaging before any therapy for ATC or
those with suboptimal image quality were excluded. Fifty-seven
patients with biopsy-proved ATC and CECT before therapy were
included in this retrospective review. Patients underwent imaging
on a 4—16-detector LightSpeed CT scanner (GE Healthcare, Mil-
waukee, Wisconsin), with axial 1.25-3 mm collimation at 120
kVp and 160—400 mA, after injection of 125 mL of Omnipaque
350 (GE Healthcare) at 3 mL/s with a 90-second delay.

FIG1. Anaplastic thyroid carcinoma characteristics.

Two neuroradiologists (S.A. and either ].M.D. or T.V.), each
with a Certificate of Added Qualification and subspecialty interest
in head and neck imaging, reviewed all CECT images by consen-
sus. Images were evaluated for the presence of the following: 1)
extent of tumor involvement within the thyroid; 2) size of tumor
(anteroposterior and transverse dimensions in the axial plane); 3)
margins; 4) extrathyroidal extension; 5) tumor morphology; 6)
presence of calcifications; 7) esophageal invasion; 8) tracheal in-
vasion; 9) laryngeal invasion; 10) carotid encasement; 11) internal
jugular vein involvement; and 12) intrathoracic extension. The
presence of central compartment, lateral compartment, and lat-
eral retropharyngeal lymphadenopathy was documented. Lateral
and central compartment lymphadenopathy were assessed for
calcification, necrosis, and cystic change.

RESULTS
Of the 207 patients with the diagnosis of ATC, 60 patients had
pretherapy imaging. Three of the 60 patients were excluded for
poor image quality. Of the 57 patients reviewed in our study, 30
patients were men and 27 patients were women. The patient ages
ranged between 21 and 82 years (mean, 64 years; median, 65
years). The mean size of the primary tumor was 5.1 X 4.5 cm with
a median size of 5.0 X 4.5 cm (anteroposterior X transverse).
Figure 1 shows the baseline imaging characteristics of the primary
tumor in our patient population, and representative images from
1 of our study patients are shown in Fig
2. The tumor involved 1 lobe of the thy-
roid in 26 patients (46%), and both
lobes were involved in 31 patients
(54%). Tumor margins were ill-defined
in 47 patients (82%) and well-defined in
10 patients (18%).
Extrathyroidal extension of the tu-
mor was present in 52 of 57 patients
(91%). The tumor morphology was
mixed solid and necrotic in 47 patients
(82%), with the remainder being solid.
No lesions were purely cystic. Calcifica-
tion was present in 62% of cases (35/57).
Of those tumors with calcification,
coarse calcification was the most com-

FIG2. A 60-year-old man with history of neck pain for Tmonth and neck CT demonstrating a large left neck mass biopsied as anaplastic thyroid
cancer, stage IVC. A, CECT demonstrates a heterogeneously enhancing solid tumor involving the left thyroid lobe and isthmus, with extension
to the tracheoesophageal groove and esophageal invasion (arrow). B, Tumor encases the internal carotid artery (large white arrow), and there
is direct extension to the prevertebral space, supraglottis (small white arrow), oropharynx, and floor of mouth (black arrow). C, FDG-PET shows
intense radiotracer uptake within the left neck tumor with extension to the mediastinum, and there, nodal metastasis to the right neck. D,
Pretreatment sonography with Doppler demonstrates a hypoechoic, solid, diffusely infiltrative mass involving the left lobe with increased

vascular flow.
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FIG 3. Anaplastic thyroid carcinoma propensity for organ invasion and vascular involvement.

FIG4. A 60-year-old man with enlarging right neck mass and hoarseness for 2 months with core
biopsy demonstrating ATC, stage IVC. A, Graphic demonstrating the critical areas of evaluation to
characterize the local invasiveness of an aggressive thyroid mass. B, Solid, heterogeneously en-
hancing right lobe tumor invades the trachea and esophagus, with leftward displacement of the
midline structures, and encasement of the right ICA (arrow). C, Histologic features show enlarged,
pleomorphic giant cells with hyperchromatic nuclei growing in sheets consistent with ATC. Ne-
crosis with inflammation is common in these tumors as seen in the upper portion of this picture
(hematoxylin-eosin tissue section at 200X magnification). D, After systemic therapy, the tumor
mass has significantly decreased in size, with increased central necrosis, and improved overall
local invasiveness. The right ICA is no longer encased (white arrow), and the tumor is now

separable from the esophagus (black arrow).

mon (20/57), followed by punctate/stippled calcification (19/57)
and 5 cases of eggshell calcification (some tumors had more than
1 type of calcification).

Figure 3 shows the frequency of direct organ invasion and
vascular involvement by ATC. The organ with the highest pro-
pensity for invasion was the esophagus (63%), followed by the
trachea (57%) and the larynx (29%). Vascular involvement by the
primary tumor was also commonly present, with carotid artery
encasement in 42% of cases and internal jugular vein involvement
in 43%. Direct intrathoracic extension of ATC was present in
almost half the cases (24/57).

Lateral compartment lymphadenop-
athy was seen in 63% of our cases, and
these metastatic nodes were frequently
necrotic (58%), but none contained
calcification. Cystic nodes were un-
common (11%). Central compart-
ment lymphadenopathy was seen in
56% of cases; 59% of these nodes were
necrotic, and only 3 nodes had calcifi-
cation (9%), with 2 being cystic (6%).
Lateral retropharyngeal adenopathy was
seen in 7 patients (12%).

DISCUSSION

Although ATC carries a dismal progno-
sis, improved survival can be achieved in
select cases with a gross total resection in
combination with chemotherapy/tar-
geted therapy and radiation therapy.
Therefore, precise tumor localization is
imperative in determining and assessing
treatment options. The primary factors
that limit the possibility of meaningful
surgery for a patient with ATC are ca-
rotid artery encasement (42% in our
study), significant laryngeal and tracheal
(57% and 29% in our study) or esopha-
geal involvement (63% in our study),
significant mediastinal extension, or sig-
nificant regional or distant metastases.
Although laryngotracheal and esopha-
geal resections may be considered for
less biologically aggressive tumors, these
more complex surgeries and reconstruc-
tions are rarely attempted for patients
with ATC because of the morbidity of
the surgery in the setting of an overall
very poor prognosis. Carotid encase-
ment, which was present in 42% of our
cases, would be considered inoperable.
Similarly, reporting vascular involve-
ment is also critical for the oncologist to
counsel patients because this radio-
graphic finding indicates the potential
forlocal hemorrhage and death. Figure 4
demonstrates the typical imaging ap-
pearance of ATC at presentation in a patient who was initially
deemed inoperable. After positive response to chemoradiation
therapy, the carotid encasement and deep organ invasion were
significantly improved. In a retrospective review of 121 patients
with ATC, age <60 years, tumor size <7 cm, and less extensive
disease at presentation were independently associated with de-
creased disease-related mortality.'® Increased survival is associ-
ated with surgical resection when feasible, younger age, smaller
tumor size, higher dose of radiation therapy, absence of distant
metastases at presentation, coexistence of papillary thyroid can-
cer, and management by using multimodal therapy.>'® A retro-
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FIG5. A, Lymphoma: CECT demonstrates a homogeneously enhancing mass diffusely enlarging
the right thyroid lobe (small arrows) without calcification or necrosis. There is displacement of
midline structures without organ invasion. Enlarged right level IV node (large arrow) enhances
homogeneously without calcification, necrosis, or cystic change. B, Papillary thyroid carcinoma:
CECT demonstrates a heterogeneously enhancing right thyroid lobe mass (black arrow) with foci
of calcification and without necrosis, displacing the midline structures toward the left without
organ invasion. Metastatic right level IV node (white arrow) demonstrates calcification and cystic
change. C, Anaplastic thyroid carcinoma: CECT demonstrates a necrotic right thyroid lobe mass
(small white arrow) directly invading the esophagus (large white arrow) and internal jugular vein
(black arrow), and there is encasement of the common carotid artery.

FIG 6. A 64-year-old woman with fine-needle aspiration of left level IV node demonstrating
anaplastic thyroid carcinoma, stage IVB. Patient subsequently underwent thyroidectomy, and
surgical pathology demonstrated anaplastic thyroid carcinoma arising within papillary thyroid
carcinoma. A, Preoperative CECT demonstrates heterogeneously enhancing nodule within the
left thyroid lobe with calcification likely corresponding to the pre-existing papillary thyroid
carcinoma (black arrow). Necrotic tumor within the anteromedial aspect of the left lobe (small
white arrow) may be invading the trachea and likely corresponds to the anaplastic component
seen at final pathology. Metastatic left level IV node demonstrates a necrotic focus (large white
arrow). B, There is tumor thrombus within the internal jugular vein (arrows). C, Patient underwent
total thyroidectomy and bilateral neck dissection, including resection of the left internal jugular
vein.

importance in ATC recently. This is be-
cause of the recent finding of a basket
trial with a BRAF/MEK inhibitor com-
bination (dabrafenib/trametinib) with
very high initial response rate in BRAF-
mutated ATC. A high index of suspicion
for ATC when encountering a rapidly
enlarging thyroid mass in an older per-
son, and proceeding with a core biopsy
aimed at solid non-necrotic areas, im-
proves diagnostic material to triage pa-
tients earlier for therapy. At our institu-
tion, core biopsy of suspected ATC or
thyroid lymphoma is performed under
ultrasound guidance by using a 19-
gauge introducer needle and a 20-gauge
biopsy gun.

In addition to high-quality CECT of
the neck, the initial staging work-up for
ATC would also include whole body im-
aging with PET-CT to exclude distant
metastatic disease, brain MR imaging,
and chest CT.>"" Figure 1 demonstrates
the typical CT imaging features of ATC
at presentation, including a large ne-
crotic mass involving both lobes of the
thyroid with poorly defined margins, ex-
trathyroidal extension, and local inva-
sion. These imaging features are uncom-
mon in DTC and raise the concern for a
higher-grade thyroid carcinoma (poorly
differentiated or anaplastic). Figure 5 il-
lustrates the differentiating CT features
of papillary thyroid cancer, lymphoma,
and ATC in patients with thyroid masses

spective review by Mohebati et al” showed a 1-year survival of
54% with gross total resection of the primary tumor versus 28%
with gross residual and 8% with no surgery.

When encountering a large thyroid mass, the primary concern
remains DTC, which represents >90% of all thyroid cancers. The
differential diagnosis also includes ATC and thyroid lymphoma
(particularly when the presentation is a rapidly growing neck
mass), and other primary thyroid malignancies (poorly differen-
tiated thyroid carcinoma or medullary thyroid cancer), and less
commonly metastasis to the thyroid. Sonography is the preferred
initial technique for evaluating a neck mass of thyroid origin;
however, patients with a rapidly enlarging neck mass and symp-
toms that might include hoarseness and dysphagia (as seen in
ATC) frequently undergo initial evaluation with CECT. Sonogra-
phy, however, is useful in guiding percutaneous biopsy for rapid
diagnosis. The sonographic appearance of ATC is nonspecific and
typically reveals a large, heterogeneous, hypoechoic, solid mass
with vascularity.'' Accurate diagnosis of ATC can be achieved
with fine-needle aspiration in 84% of cases.”® However, at our
institution, core biopsy is preferred because of the extensive ne-
crosis typically seen with ATC and also to facilitate adequate tissue
for molecular testing.* Molecular testing, though not recom-
mended in professional guidelines at this time, has gained critical
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of similar size at presentation. DTC is most commonly seen on
CECT as a solid, homogeneous, hypoattenuating nodule. Calcifi-
cations may be seen in both papillary thyroid cancer (32%) and
ATC (62% in our cohort).”" Thyroid lymphoma typically pres-
ents with a rapidly enlarging anterior neck mass and symptoms of
mass effect, similar to ATC. Differentiation of lymphoma from
ATC is important for both prognosis and treatment implications,
and when this rare entity is suspected, flow cytometry can be
performed on a fresh fine-needle aspiration sample for diagnosis.
Ishikawa et al'® described 3 features on CT that differentiated
primary thyroid lymphoma from ATC with statistical signifi-
cance. These included the presence or absence of calcification and
necrosis and heterogeneous or homogeneous attenuation.'>*'
ATC contained calcification and necrosis and had heterogeneous
attenuation. Thyroid lymphoma, in contrast, was homogeneous
without calcification or necrosis.'> Our findings in ATC (Figs 2
and 3) align with those described in ATC by Kim.>' Core biopsy is
helpful in the characterization of both ATC and lymphoma.
Metastatic lymphadenopathy from ATC is frequently ne-
crotic, and nodal necrosis was present in 58% of cases in our
study. Lymphadenopathy from DTC can be homogeneously en-
hancing and solid or cystic. Cystic nodes were uncommon in our



study of ATC and were likely related to metastasis from coexisting
DTC. DTC lymph nodes are rarely necrotic.”' Thus, it is impor-
tant for biopsy purposes to target a viable tumor focus, but be-
cause ATC and papillary thyroid cancer may coexist™* (Fig 6), the
lesions with higher-grade imaging features would be preferen-
tially selected for biopsy. If a lymph node is biopsied and initial
fine-needle aspiration triage indicates DTC in a patient with
CECT imaging of concern for ATC, another biopsy of the thyroid
mass would be indicated. Alternatively, if lymph node biopsy re-
turns ATC, no additional sampling of the thyroid mass would be
necessary.

CONCLUSIONS

The presence of a rapidly enlarging necrotic thyroid mass should
raise concern for ATC, particularly when there is local organ in-
vasion and necrotic cervical lymphadenopathy. Awareness of
these imaging features of ATC allows for radiographic distinc-
tions to favor ATC over a well-differentiated thyroid carcinoma
or thyroid lymphoma and potentially expedite diagnosis. The fre-
quent local and regional imaging findings, in particular the tumor
extent and association with critical structures in the neck, empha-
size the role for high-quality CECT imaging. Knowledge of these
imaging features will aid in guiding the approach to initial tissue
diagnosis with either fine-needle aspiration or core biopsy, assess-
ing if surgical resection is feasible, and determining prognosis.
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Multiparametric Analysis of Permeability and ADC Histogram
Metrics for Classification of Pediatric Brain Tumors by
Tumor Grade

S. Vajapeyam, ““'D. Brown, ‘““P.R. Johnston, ““/K.I. Ricci, “’M.W. Kieran, “/H.G.W. Lidov, and ““'T.Y. Poussaint

%

ABSTRACT

BACKGROUND AND PURPOSE: Accurate tumor grading is essential for treatment planning of pediatric brain tumors. We hypothesized
that multiparametric analyses of a combination of permeability metrics and ADC histogram metrics would differentiate high- and
low-grade tumors with high accuracy.

MATERIALS AND METHODS: DTl and dynamic contrast-enhanced MR imaging using T1-mapping with flip angles of 2°, 5°,10°, and 15°,
followed by a 0.1-mmol/kg body weight gadolinium-based bolus was performed on all patients in addition to standard MR imaging.
Permeability data were processed and transfer constant from the blood plasma into the extracellular extravascular space, rate
constant from the extracellular extravascular space back into blood plasma, extravascular extracellular volume fraction, and
fractional blood plasma volume were calculated from 3D tumor volumes. Apparent diffusion coefficient histogram metrics were
calculated for 3 separate tumor volumes derived from T2-FLAIR sequences, T1 contrast-enhanced sequences, and permeability
maps, respectively.

RESULTS: Results from 41 patients (0.3-16.76 years of age; mean, 6.22 years) with newly diagnosed contrast-enhancing brain tumors (16
low-grade; 25 high-grade) were included in the institutional review board—approved retrospective analysis. Wilcoxon tests showed a
higher transfer constant from blood plasma into extracellular extravascular space and rate constant from extracellular extravascular space
back into blood plasma, and lower extracellular extravascular volume fraction (P < .001) in high-grade tumors. The mean ADCs of FLAIR and
enhancing tumor volumes were significantly lower in high-grade tumors (P < .001). ROC analysis showed that a combination of extravas-
cular volume fraction and mean ADC of FLAIR volume differentiated high- and low-grade tumors with high accuracy (area under receiver
operating characteristic curve = 0.918).

CONCLUSIONS: ADC histogram metrics combined with permeability metrics differentiate low- and high-grade pediatric brain tumors
with high accuracy.

ABBREVIATIONS: AROC = area under receiver operating characteristic curve; DCE-MRI = dynamic contrast-enhanced MR imaging; FL = 3D tumor volume from
T2-FLAIR images; EES = extracellular extravascular space; K, = rate constant from EES back into blood plasma; K" = transfer constant from blood plasma into EES;
PG = 3D tumor volume from Tl-contrast-enhanced images; ROC = receiver operating characteristic; v, = extracellular extravascular volume fraction; v, = fractional
blood plasma volume

Primary brain tumors have an incidence rate of 5.67 per
100,000" in children younger than 19 years of age and remain
the most common cause of disease-related death in children.
Accurate assessment of tumor grade is critical for diagnosis
and treatment planning, especially with recent advances in
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genomic and molecular subtyping of tumors and targeted
treatments for different subtypes. Conventional MR imaging
remains the technique of choice for diagnosis and treatment;
however, advanced imaging techniques such as perfusion and
diffusion imaging have also proved useful for physiologic char-
acterization of tumors.

Dynamic contrast-enhanced MR imaging (DCE-MRI) pro-
vides information on the vessel permeability and microvascula-
ture in brain tumors and has been used extensively in adults in
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tumor grading,””> but less frequently in children.®” DTI pro-
vides information about tumor cellularity and is useful for
characterization of tissue, tumor grading, tumor response to
treatment, and distinction of tissue types.® ADC histogram
analysis provides a comprehensive analysis of the volumetric
diffusion characteristics of the tumor and has been used to
predict survival in both adults'® and children.""

We retrospectively analyzed DCE-MR imaging and DTI data
from children presenting with a brain mass during 3 years at
Boston Children’s Hospital and examined the permeability
and ADC histogram metrics as predictors of tumor grade. We
hypothesized that a combination of DCE-MR imaging and
ADC histogram metrics would improve the accuracy of tumor
grading on MR imaging.

MATERIALS AND METHODS

Subjects

Children who presented with a brain mass from 2013 to 2017 who
had DCE-MR imaging and DTT studies were included. The study
was performed with the approval of the institutional review board
of the Dana Farber Cancer Institute.

MR Imaging Acquisition

All MR imaging studies were performed on a 3T scanner (Skyra;
Siemens, Erlangen, Germany). Standard MR imaging in all pa-
tients consisted of sagittal T1, axial T2, precontrast axial T2-
FLAIR, axial DTI (TR = 6500 ms, TE = 88 ms, slice thickness = 2
mm, b-values of 0 and 1000 s/mm?, 30 gradient directions), and
postcontrast T1 images. All patients underwent a DCE-MR imag-
ing protocol as follows: 1) variable flip angle echo-spoiled gradi-
ent-echo T1-mapping sequences using flip angles of 15°, 10°, 5°,
and 2°; TR = 5seconds; TE = minimum; FOV = 240 mm; section
thickness = 5 mm; and 2) DCE-MR imaging sequence consisting
of 50 phases, 7 seconds apart, flip angle = 15°, TR = 4 seconds,
TE = minimum. FOV, section thickness, and scan locations were
identical to those in the T1-mapping sequences. A single bolus of
gadobutrol (0.1-mL/kg body weight) was injected 20 seconds af-
ter the start of scanning at an injection rate of 2 mL/s.

DCE-MR Imaging Postprocessing

DCE-MR images were transferred to a VersaVue workstation (In
vivo, Gainesville, Florida) for automated processing using Om-
niLook software. Voxelwise T1 maps were generated from the
variable flip angle images, and the 2-compartment Tofts model*
was used to generate voxelwise values of the pharmacokinetic pa-
rameters, namely the transfer constant from the blood plasma
into the extracellular extravascular space (K"*"), rate constant
from extracellular extravascular space back into blood plasma
(K,p), extracellular extravascular volume fraction (v,), and frac-
tional blood plasma volume (v,,).

The model of Weinmann et al'®

was used for blood plasma
concentration. ROIs were drawn on each section of the tumor
around contrast-enhancing portions of the tumor by an imaging
data analyst or by a PhD scientist and verified by a Certificate of
Added Qualification—certified neuroradiologist, and the mean
(over voxels) and SDs of each of the variables were recorded. Only

enhancing tumors were included in the analysis.

ADC Histogram Analysis
Due to their superior anatomic contrast, axial BO images from the
DTI sequence were registered to the axial T2-FLAIR images using
the mutual information algorithm in FSL (http://www.fmrib.ox.
ac.uk/fsl)'* and the same transformation matrix used on the ADC
maps to register them to the T2-FLAIR images. Axial postcontrast
images were also separately registered to T2-FLAIR using the
same methodology. 3D ROIs comprising the 3D tumor volume
from T2-FLAIR images (FL) and the 3D tumor volume from T1-
contrast-enhanced images (PG) were automatically generated us-
ing the thresholding feature in Fiji (http://fiji.sc/),'> an Open
Source (https://opensource.org/) distribution of Java modules
along with Image] software (National Institutes of Health,
Bethesda, Maryland). The ADC values of the voxels in the 3D
tumor volume from T2-FLAIR images (FL), and PG ROIs were
then used to generate the FL and PG ADC volumes, respectively.
These volumes were thresholded using a uniform range of
600-2600 X 10~ ° mm?/s to automatically exclude cyst, necrosis,
and hemorrhage. FL and PG ADC histograms were then gener-
ated using a uniform bin width of 7.8 mm?/s to facilitate compar-
ison of shape descriptors of the histograms. Histogram metrics
used for statistical analysis were the number of peaks (unimodal
or bimodal), mean, SD, skewness, and kurtosis of these histo-
grams. In the case of tumors showing bimodal ADC histograms,
the lower peak was measured for mean and SD, and skewness and
kurtosis were not recorded.

DCE-MR imaging and ADC histogram analyses were blinded
to tumor grading results.

Statistical Methods

Low- and high-grade tumor groups were compared for permea-
bility variables and ADC histogram metrics using the Wilcoxon
test and ¢ test using the NPARIWAY and ¢ test procedures of SAS
(SAS Institute, Cary, North, Carolina).'® Corresponding to the ¢
test, estimates and 95% confidence intervals for the difference
between means were calculated.

Receiver operating characteristic (ROC) curves and their areas
(AROC) were estimated for highly statistically significant vari-
ables in the permeability set (v,, K", Kep), ADC histogram set
(FL_ADC_mean, PG_ADC_mean), and the 6 pairs of variables
comprising 1 variable from each set. Focus was on the v, and
FL_ADC_mean pair because these variables and their relation-
ship were considered the most stable.

The ROC curve shows the trade-off between the true-positive
rate (classifying the tumor of a patient with a high-grade tumor as
high-grade) and false-positive rate (classifying the tumor of a pa-
tient with alow-grade tumor as high-grade). The AROC estimates
the average true-positive rate over all possible false-positive rates
and is also an estimate of the probability of correctly classifying a
random pair of patients, 1 from the low-grade group and 1 from
the high-grade group.

In addition to point estimates, Wald-based tests (correspond-
ing to the null hypothesis that the true AROC is 0.5) and 95%
confidence intervals for the AROC were calculated. All estimates,
confidence intervals, and tests were nonparametric and were cal-
culated using the LOGISTIC procedure of SAS.
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Table 1: Group comparisons: low- versus high-grade tumor

Low-Grade High-Grade  Mean Mean Lower Upper P Value ba P Value
Variable (Mean) (Mean) Diff SE 95% CL  95%CL (T Test) (Wilcoxon) (Wilcoxon)

Krrans (minﬂ) 0.14 150 136 0.45 0.46 227 .004 16.72 <.001
Kep (min™") 118 8.85 767 199 3.64 170 <.001 18.98 <.001
Ve 0.22 0.13 —0.09 0.02 —0.13 —0.05 <<.001 13.41 <.001
vy 0.05 0.05 0.00 0.01 -0.02 0.02 764 0.23 .630
FL_ADC_mean (X10~¢ mm?/s) 1458 1022 —436 8447 —607 —265 <.001 15.65 <.001
FL_ADC_SD (><1076 mmz/s) 336.8 285.0 —51.8 36.01 —125 21.06 158 .56 454
FL_ADC_skew 0.45 124 0.80 0.26 0.27 132 .004 7.55 .006
FL_ADC_kurt 128 197 0.70 0.73 —0.79 218 347 1.58 208
PG_ADC_mean (X106 mm?%/s) 1472 1066 —406 1007 —610  —203 <.001 1.70 <.001
PG_ADC_SD (X10~¢ mm?%/s) 261.0 308.4 4746 4047  —344 1293 248 193 165
PG_ADC_skew 0.69 130 0.61 0.30 0.01 121 .047 2.26 133
PG_ADC_kurt 2.51 2.31 —0.20 0.93 —2.09 170 .835 0.34 .560

Note:—Diff indicates difference; SE, standard error; CL, confidence limit; skew, skewness; kurt, kurtosis.

RESULTS

Sixty-three patients were identified. Six patients had final diagno-
ses that were not brain tumors, 10 had nonenhancing tumors and
were excluded from DCE-MR imaging analysis, and 6 patients
were excluded due to motion or susceptibility artifacts. The re-
maining 41 patients were included.

Twenty-three children were boys, and 18, girls (age range,
0.30-16.76 years; median age, 4.76 years; mean age, 6.22 years).
There were 31 infratentorial and 10 supratentorial tumors, and all
except 2 were newly diagnosed.

Forty patients had enhancing biopsy-confirmed tumors, and 1
had a diffuse midline glioma located in the pons presumed to be
high-grade. World Health Organization grades 1-2 were consid-
ered low-grade, whereas grades 3—4 were considered high-grade.
Of these tumors, 16 were confirmed low-grade (7 pilocytic astro-
cytomas, 5 low-grade gliomas, 1 mature teratoma, 1 atypical me-
ningioma, 1 low-grade ganglioglioma, and 1 low-grade mixed
germ cell tumor). Twenty-five tumors were high-grade (12
medulloblastomas, 4 glioblastomas, 4 anaplastic ependymo-
mas, and 1 each of atypical teratoid/rhabdoid tumor, embryo-
nal tumor not otherwise specified, choroid plexus carcinoma,
embryonal tumor with rhabdoid features, and diffuse midline
glioma). Not all final diagnoses were given as the World Health
Organization 2016 classification because some cases did not fit
well into this classification at the time of diagnosis.

Molecular subtyping was successful in 11 of the 12 patients
with medulloblastoma, yielding 3 sonic hedgehog/SHH-acti-
vated, 2 wingless/WNT-activated, and 6 classified as group 3 or 4.

There was no statistically significant difference in mean ages
between the low-grade (mean, 7.28 years; median, 5.31 years) and
the high-grade cohort (mean, 5.54 years; median, 4.57 years) (P =
.552).

Group comparisons of all permeability and ADC histogram
variables are shown in Table 1. Of the pharmacokinetic variables
analyzed, K" and K, were significantly higher in high-grade
tumors compared with low-grade tumors (P < .001), and v, was
significantly lower in the high-grade group (P < .001).

Ofthe ADC histogram metrics analyzed, the mean ADC of the
T2-FLAIR tumor volume (FL_ADC_mean) and the PG tumor
volume (PG_ADC_mean) were significantly higher for low-grade
tumors (Fig 1) compared with high-grade tumors (P < .001)
(Fig 2). Low-grade tumors also showed a tendency for lower
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skewness for T2-FLAIR tumor volume (FL_ADC_skew, P =
.006). None of the other variables showed statistically signifi-
cant group differences between low- and high-grade tumors.
Six high-grade tumors showed bimodal T2-FLAIR ADC histo-
grams, and 4 showed bimodal PG ADC histograms, while all
the ADC histograms for low-grade tumors had just a single
peak.

No group differences were found among the molecular sub-
types in the medulloblastoma cohort (P = .294).

ROC analysis of the 5 highly statistically significant variables
(Ktrans, K. Ve, FL_ADC_mean, and PG_ADC_mean) showed
that all displayed high sensitivity and specificity in discriminating
low- and high-grade tumors, with AROC values above 0.82 (P <
.001) as seen in Table 2. AROC values for v, and FL_ADC_mean
were 0.843 and 0.870, respectively, while the AROC estimate for
the 2-variable combination of these metrics was 0.918 (Fig 3).
Focus was on this pair because the individual variables and their
relationship were considered the most stable.

The Spearman correlation between v, and FL_ADC_mean
across the 41 tumors was 0.49 (P = .001). Correlation within the
low- and high-grade groups was not significant.

DISCUSSION

Multiparametric imaging of pediatric brain tumors provides
physiologic information beyond standard MR imaging. Koob et
al” recently reported increased accuracy in differentiating grades [
and IV pediatric brain tumors using a combination of diffusion

1'” showed im-

and DSC perfusion metrics. Similarly, Morana et a
proved prognostic capability by combining DWI, arterial spin-
labeling, and PET data in pediatric diffuse astrocytic tumors.
Other studies have demonstrated the advantage of combinations
of DWI, DSC perfusion, MR spectroscopy, and PET data in study-
ing pediatric brain tumors.'®*° To our knowledge, this is the first
study to demonstrate a multiparametric approach using DCE and
ADC histogram metrics in pediatric brain tumors.

While DSC and arterial spin-labeling perfusion metrics have

21-23 there are

been reported for pediatric brain tumor grading,
fewer studies using DCE-MR imaging.” Our results show that
among the DCE-MR imaging parameters, K", K, and v, all
successfully distinguished low- and high-grade tumors, and this
result is consistent with our report from a smaller cohort.® High-

grade tumors exhibited higher values of K"™*"* and K, indi-



FIG 1. A 6-year-old boy with a low-grade pilocytic astrocytoma. The upper row shows the T2-weighted image (A), T2-FLAIR image (B), post-
contrast Tl-weighted image (C), ADC map (D), and the ADC histogram of the FLAIR tumor volume (E), respectively. The lower row shows the K"
map (F), K, map (G), v, map (H), v, map (/), and the ADC histogram of the enhancing tumor volume (), respectively. The enhancing tumor volume
was defined as the nodular enhancement of the solid component for pilocytic astrocytomas. Note the low K" and K, and the high v, values
in this low-grade tumor. The mean ADC of the FLAIR tumor volume is 1821 X 10~ mm?/s and 1808 X 10~ ¢ mm?/s for the enhancing tumor
volume.

FIG 2. A 5-year-old boy with parietal anaplastic ependymoma. The upper row shows the T2-weighted image (A), T2-FLAIR image (B), postcon-
trast Tl-weighted image (C), ADC map (D), and the ADC histogram of the FLAIR tumor volume (E), respectively. The lower row shows the K'™"
map (F), K., map (G), v, map (H), v, map (), and the ADC histogram of the enhancing tumor volume ()}, respectively. Note the high K™ and K,
and the lower v, values in this higF\-grade tumor. The histogram of the FLAIR tumor volume is bimodal. The mean ADC of the lower peak of the
FLAIR tumor volume is 867 X 10~ ¢ mm?/s and 1262 X 10~ mm?/s for the enhancing tumor volume.

Table 2: Predictors of AROC moral edema had significantly shorter

95% 95% T P overall survival rates, supporting our
Predictor AROC SE Lower CL Upper CL Value Value hypothesis that lower v, corresponds
R 0883  0.052 0781 0984 740 <001 (o4 higher grade and more aggressive
Kep 0.908 0.047 0.815 1.0 8.59 <.001 tumor.
Ve 0.843 0.066 0.713 0.972 5.19 <.001 . .
FL_ADC_mean 0870  0.055 0762 0.978 674 <001 Of the ADC histogram metrics
PG_ADC_mean 0.820 0.066 0.691 0.949 4.86 <001  we tested, FL_ADC_mean and PG_
Ve + FL_ADC_mean 0.918 0.043 0.834 1.0 9.8 <.001  ADC_mean showed significant differ-

Note:—CL indicates confidence limit. ences between low- and high-grade tu-

mors, with lower ADC corresponding to

cating leaky vessels. This finding is consistent with the angio-
genesis seen in high-grade tumors caused by neoangiogenic
proteins such as vascular endothelial growth factor. Our find-
ing of lower v, in high-grade tumors differs from reports in
adult glioblastomas,”**?® likely due to the multiple different

1,26

high-grade tumor types in children. Jensen et al,”® however,

found that adult patients with gliomas with lower v, in peritu-

high-grade tumors. Lower ADC indicates high tumor cellularity
and has been associated with shorter survival as well.”'' ADC
histogram skewness and kurtosis did not show the same signifi-
cant differences. Although the number of ADC histograms with
bimodal peaks was too small for statistical analysis (6 for FL_
ADC_mean and 4 for PG_ADC_mean), all tumors exhibiting bi-
modal peaks were high-grade. High-grade tumors often yield bi-
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FIG 3. A, Scatterplot of v, versus FL_ADC_mean for all 41 cases analyzed. High-grade tumors are shown in red, and low-grade, in black. 8, ROC
curve for v, (AROC = 0.843). C, ROC curve for FL_ADC_mean (AROC = 0.870). D, ROC curve when v, and FL_ADC_mean are combined
(AROC = 0.918). Note the improved accuracy shown for the multiparametric predictor, reflected in the increased AROC.

modal ADC distributions due to the presence of peritumoral
edema.” "

We did not detect any group differences among the molecular
subtypes of medulloblastoma, which may be due to the small sam-
ple size. Recent studies have reported other distinguishing MR

imaging features of some of these subtypes,”” >’

and a larger fu-
ture sample size may show differences in permeability and ADC
histogram metrics among the subtypes. We would postulate that
the group 3 tumors, which are ill-defined and have the poorest
prognosis,”” would have high K**™* and K, and low v, with low
mean ADC histogram values.

Because v, is a measure of the extracellular extravascular space
and ADC is also indicative of extracellular space, we tested for a
correlation between ADC and v,. ADC and v, were highly corre-
lated across the entire cohort (P = .001). Although a previous
study was unable to find voxelwise correlations between v, and
ADC in adult gliomas,’" our findings suggest a link between the
mean values in pediatric brain tumors, possibly due to the differ-
ent tumor types seen in children.

Permeability metrics assess tumor microvasculature, whereas
ADC histogram metrics assess tumor cellularity. We hypothesized
that these modalities may provide complementary information to
assist in tumor grading and tested combinations of permeability
and ADC variables as predictors of tumor grade using ROC
curves. A combination of v, and FL_ ADC_mean showed a higher
AROC (0.918) compared with v, (0.843) or FL_ADC_mean
(0.870) alone. Thus, multiparametric analysis may yield the best
predictors of tumor grade in pediatric brain tumors.

One limitation of the study is the relatively small number and
heterogeneity of tumors studied. Larger numbers of individual
tumor types are necessary to validate these findings across all tu-
mor types. The addition of PET' and MR spectroscopy”'® has
also shown promise and may benefit future analyses. Future pro-
spective work could include other multiparametric approaches
incorporating ADC histogram and T1 permeability to differenti-
ate molecular and genomic subtypes of pediatric brain tumors.

CONCLUSIONS

The permeability metrics K™, K, and v, and the ADC histo-
gram metrics FL_ADC_mean and PG_ADC_mean were able to
distinguish low- and high-grade pediatric brain tumors with a
high degree of accuracy. A multiparametric approach combin-
ing permeability and ADC histogram metrics improves the ac-
curacy of pediatric brain tumor grading with high sensitivity
and specificity.
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ORIGINAL RESEARCH
PEDIATRICS

Prenatal Factors Associated with Postnatal Brain Injury in
Infants with Congenital Diaphragmatic Hernia

R. Radhakrishnan, ““S.L. Merhar, ““’'W. Su, “'B. Zhang, ““'P. Burns, ““F.Y. Lim, and ““B.M. Kline-Fath

ABSTRACT

BACKGROUND AND PURPOSE: Approximately 60% of infants with congenital diaphragmatic hernia have evidence of brain injury on
postnatal MR imaging. It is unclear whether any brain injury is present before birth. In this study, we evaluated fetal MR imaging findings of
brain injury and the association of congenital diaphragmatic hernia severity with postnatal brain injury.

MATERIALS AND METHODS: Fetal MR imaging and postnatal brain MR imaging were retrospectively evaluated in 36 cases of congenital
diaphragmatic hernia (from 2009 to 2014) by 2 pediatric neuroradiologists. Brain injury on postnatal MR imaging and brain injury and
congenital diaphragmatic hernia severity on fetal MR imaging were recorded. Correlations between brain abnormalities on fetal and
postnatal brain MR imaging were analyzed. Postnatal brain injury findings correlating with the severity of congenital diaphragmatic hernia
were also assessed.

RESULTS: On fetal MR imaging, enlarged extra-axial spaces (61%), venous sinus distention (21%), and ventriculomegaly (6%) were identified.
No maturational delay, intracranial hemorrhage, or brain parenchymal injury was identified on fetal MR imaging. On postnatal MR imaging,
67% of infants had evidence of abnormality, commonly, enlarged extra-axial spaces (44%). Right-sided congenital diaphragmatic hernia was
associated with a greater postnatal brain injury score (P = .05). Low observed-to-expected lung volume was associated with postnatal
white matter injury (P = .005) and a greater postnatal brain injury score (P = .008). Lack of liver herniation was associated with normal
postnatal brain MR imaging findings (P = .03).

CONCLUSIONS: Fetal lung hypoplasia is associated with postnatal brain injury in congenital diaphragmatic hernia, suggesting that the
severity of lung disease and associated treatments affect brain health as well. We found no evidence of prenatal brain parenchymal injury

or maturational delay.

ABBREVIATION: CDH = congenital diaphragmatic hernia

As many as 60% of infants with congenital diaphragmatic her-
nia (CDH) show evidence of brain injury on MR imaging
performed before discharge from the neonatal intensive care
unit."® We and other investigators have shown that postnatal
factors in the neonatal intensive care unit, including the use of
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extracorporeal membrane oxygenation, the need for inotropes,
lack of oral feeding at discharge, and placement of a gastrostomy
tube before hospital discharge are associated with evidence of

1,6.

brain injury on MR imaging."®” In addition, a large diaphrag-
matic defect, persistent pulmonary hypertension, and the pres-
ence of liver herniation into the chest are associated with a greater
degree of brain injury postnatally.” Despite evidence of postnatal
brain injury in these infants, the presence and extent of brain
injury in utero are unclear. Prior work by Danzer et al’ suggested
brain maturational delay in infants with CDH. However, this
finding has not been reported in other studies, and we found no
evidence of delayed maturation on postnatal brain MR imaging in
our prior study of infants with CDH."

Evaluating fetal brain MRIs in this population could provide
more information on the timing of injury and the possibility of in
utero onset of maturational delay. Understanding the association
of lung MR imaging biomarkers of CDH severity with brain in-
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jury could also provide valuable information when counseling
parents. The goal of our study was to evaluate the presence of
prenatal brain injury on fetal MR imaging in infants with CDH
and the association of CDH severity assessed on fetal MR imaging
with postnatal brain injury. We hypothesized that infants with
CDH would have no evidence of prenatal brain injury and that
CDH severity would correlate with later brain injury.

MATERIALS AND METHODS

Patient Selection

This retrospective review was approved by the institutional
review board of Cincinnati Children’s Hospital Medical Cen-
ter. We identified infants with CDH born between 2009 and
2014 who had postnatal MR imaging of the brain and fetal MR
imaging available for review. This cohort overlaps that in our
previous study’ but is not identical. If the infant had >1 fetal
MR imaging performed, both examinations were reviewed, but
the most recent fetal MR imaging was used for statistical anal-
ysis. Fetuses with prenatally diagnosed CDH referred to our
institution typically have undergone fetal MRIs at least once in
the early third trimester to estimate lung volumes. Frequently,
asecond trimester fetal MR imaging is performed at the time of
referral as a part of the routine diagnostic work-up to aid pa-
tient counseling.

Image Review

Fetal imaging and postnatal brain MR imaging were reviewed by 2
pediatric neuroradiologists (R.R., B.M.K.-F.) at separate time
points and blinded to the postnatal brain imaging outcome. Fetal
MR imaging was performed at 1.5T, on either a Signa (GE Health-
care, Milwaukee, Wisconsin) or an Ingenia (Philips Healthcare,
Best, the Netherlands) system. Fetal MRIs included T2 single-shot
fast-spin-echo images of the brain in 3 planes: axial, sagittal, and
coronal (interleaved slices without a gap, 3-mm thickness at <24
weeks’ gestation, and 4-mm thickness at >24 weeks’ gestation).
At least 2 stacks in each plane were obtained to the radiologist’s
satisfaction. The smallest FOV possible was used. T1-weighted
imaging of the fetal brain and body was performed at a slice thick-
ness of 5 mm. Diffusion imaging was performed intermittently
before but routinely after 2012.

Findings recorded on the fetal MR imaging were germinal ma-
trix hemorrhage, the presence of restricted diffusion when per-
formed, ventriculomegaly, and enlarged extra-axial spaces. En-
largement of the extra-axial spaces was determined when the
distance between the inner margin of the calvaria and the frontal
or parieto-occipital region was greater than the values for gesta-
tional age.*” Ventriculomegaly was diagnosed when the maxi-
mum width of the lateral ventricles at the level of the atrium mea-
sured >10 mm.'® The presence of maturational delay, engorged
dural venous sinuses, and parenchymal signal abnormality was
recorded by a senior neuroradiologist (B.M.K.-F.). Brain matura-
tion was assessed comprehensively on T2-weighted images by
comparison with a published and widely used timeline of brain
development, germinal matrix involution, myelination, and cor-
tical infolding/sulcation.'" Brain maturation was dichotomously
graded as normal or delayed. Figure 1 highlights a few of the matu-
rational changes that were assessed.

FIG1. A, Coronal T2-weighted image of a fetus with CDH at 24 weeks
demonstrating expected maturation with the presence of the inter-
hemispheric and Sylvian fissure (dashed arrow), but with an otherwise
smooth appearance of the frontal lobes. There is expected visualiza-
tion of the migrating neurons as evidenced by alternating dark and
bright bands in the cerebral parenchyma (arrows) corresponding,
from inside out, to the ventricular zone/germinal matrix, periven-
tricular fiber rich zone, intermediate zone, subplate zone, and cortical
plate. B, Coronal T2-weighted image of a 32-week fetus with CDH
showing age-appropriate maturation with the presence of the supe-
rior and inferior frontal sulci (arrows) and the inferior temporal sulcus
(dashed arrow). The 5 layer pattern of migration is no longer present.

Postnatal imaging was performed on a 1.5T MR imaging scan-
ner (Signa or Ingenia) or a 3T MR imaging scanner (Achieva;
Philips Healthcare), or a small-bore-extremity 1.5T MR imaging
scanner adapted for neonatal imaging in the neonatal intensive
care unit. Postnatal imaging sequences used were T1-weighted (sag-
ittal volume-gradient T1 or sagittal and axial spin-echo T1), axial and
coronal T2-weighted, axial susceptibility-weighted and axial diffu-
sion-weighted imaging, or diffusion tensor imaging in 12-15 direc-
tions. Postnatal brain MRIs were reviewed independently by 2 pedi-
atric neuroradiologists (B.M.K.-F.and R.R.), blinded to fetal imaging
and clinical factors except gestational age at time of imaging. Con-
flicts were resolved by consensus. A composite postnatal brain injury
score was obtained to include ventriculomegaly; extra-axial space
enlargement; injury to the cortex, white matter, and basal ganglia;
and intraventricular, parenchymal, and cerebellar hemorrhage on a
system modified by previous work by Danzer et al™'? and Tracy et al®
and published by our group (Table 1).! Markers of CDH severity,
including lung volumes, side of CDH, the presence of intrathoracic
liver, and the presence of congenital heart disease (from the patient’s
chart) were recorded.

Lung-volume measurements were performed by specifically
trained image analysis technologists in a prospective fashion using
a free-standing Vitrea workstation (Vital Images, Minnetonka,
Minnesota). In our institution, lung volumes are typically mea-
sured on coronal T2-weighted images. We assessed 2 commonly
used measures of severity of lung hypoplasia:

Percentage Predicted Lung Volume = Total Lung Volume/
Predicted Lung Volume X 100, as described by Barnewolt et al, 13
where Predicted Lung Volume = Total Thoracic Volume — Me-
diastinal Volume.

Observed-To-Expected Lung Volume = Total Lung Volume/
Expected Lung Volume, where Expected Lung Volume =
0.0033 X (Gestational Age in Weeks)*®*® based on the formula
by Rypens et al.'*

The size of the diaphragmatic defect was assessed on the basis
of surgical notes, classified according to the Congenital Diaphrag-
matic Hernia Study Group classification from A to D, with A
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Table 1: Postnatal brain injury scoring system®

MRI Score
MRI Finding 0 1 2 3 4
Ventriculomegaly <10 mm 10-15 mm >15 mm Obstructive
Extra-axial spaces <5mm 5-10 mm >10 mm
Intraventricular hemorrhage None Grade 1 Grade 2 Grade 3 Grade 4
Parenchymal hemorrhage (not grade 4 Absent Present
intraventricular hemorrhage)
Cerebellar hemorrhage None <3 foci, <5-mm size >3 foci or >5-mm size
White matter injury None <3 foci, unilateral >3 foci or bilateral Multiregional
Cortical injury None Single Multiple Extensive
Basal ganglia injury None Single Multiple Extensive

2 Postnatal brain injury graded on a published scale.’

being a small defect and D reflecting diaphragmatic agenesis."”
For our analysis, we dichotomized the diaphragmatic defect size,
with A or B being small and C or D being a large defect.

Statistical Analysis

Descriptive statistics were performed to describe the characteris-
tics of the prenatal and postnatal variables. Total injury scores
were compared among different levels of categoric variables using
1-way ANOVA. The relationship among categoric variables was
assessed by a x” test or Fisher exact test. The Pearson correlation
was used to evaluate the correlation among continuous variables.
Associations between prenatal antecedents, such as the presence
of brain injury and the severity of diaphragmatic hernia, and post-
natal brain injury findings were analyzed using multivariate linear
regression models. The association between any brain injury and
the risk factors was assessed using logistic regression models. All
analyses were performed with SAS, Version 9.4 (SAS Institute,
Cary, North Carolina). P < 0.05 was considered statistically
significant.

RESULTS

Fifty-six infants with CDH had postnatal imaging, of whom 36
infants (17 girls) had fetal MRIs and were included in the study.
Sixty-two fetal MRIs had been performed on these 36 infants.
Twenty-six infants had 2 fetal MRIs, and 10 had 1 fetal MRI. Fetal
MRI was performed between 20 and 36 weeks’ postmenstrual age.
Thirty-five infants had at least 1 fetal MRI in the third trimester,
and only 1 infant had a single fetal MRI in the second trimester.

On fetal MR imaging, enlarged extra-axial spaces were the
most common brain finding, seen in 22/36 MRIs (Fig 2). Other
less common findings were the presence of venous sinus disten-
tion (Fig 3) and ventriculomegaly (Table 2). Ventriculomegaly
was mild, seen only on the early MR imaging in 2 infants and
resolved on the subsequent third trimester MR imaging. There
were no cases of maturational delay, intracranial hemorrhage, or
brain parenchymal injury identified on fetal MR imaging. Find-
ings related to CDH severity are listed in Table 3.

On postnatal MR imaging, 24/36 infants had findings of brain
injury (Table 4). The average brain injury score was 1.8 = 1.8. The
most common postnatal MR imaging finding was enlarged extra-
axial spaces. Postnatal enlargement of extra-axial spaces was asso-
ciated with a larger defect size (P = .003), right diaphragmatic
hernia (P = .026), lower percentage predicted lung volume (P =
.02), and enlarged extra-axial spaces on the last fetal MR imaging
(P =.02).
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FIG 2. Axial T2-weighted images of two 32-week fetuses with CDH
with enlarged extra-axial spaces as marked by arrows (A) and normal
extra-axial spaces (B).

FIG 3. Coronal T2-weighted images of a 34-week fetus with CDH (A)
with engorged dural venous sinuses (arrows) and a comparison 34-
week fetus without CDH (B) without dural venous sinus engorgement.

Table 2: Brain injury on fetal MRI

Pattern of Injury® No. (%)
Enlarged extra-axial spaces 22 (61)
Venous sinus distention 9(21)

Ventriculomegaly 2(6)

Germinal matrix hemorrhage None
Diffusion abnormalities None
Parenchymal abnormalities None
Delayed sulcation None

n = 36.

Right-sided CDH was significantly associated with postnatal
ventriculomegaly (OR,7.67; 95% CI, 1.36—43.14; P = .02) and a
greater postnatal brain injury score (mean, 2.5 = 2 for right-sided
CDH versus mean, 1.54 = 1.73 for left CDH, P = .05). Low ob-
served-to-expected lung volume was associated with postnatal
white matter injury (P = .005). Lack of liver herniation was asso-



ciated with normal postnatal brain MR imaging findings (P =
03).

The postnatal brain injury score was almost moderately cor-
related (Pearson correlation coefficient = —0.44, P = .008) with
fetal observed-to-expected lung volume (Fig 4).

DISCUSSION

Our data show that prenatal imaging assessment of the severity of
congenital diaphragmatic hernia is associated with brain injury
on postnatal predischarge MR imaging. We also show that most
fetuses had enlarged extra-axial spaces on the MR imaging per-
formed in late gestation. The cause of this abnormality is unclear,
and none of the factors of the severity of congenital diaphragmatic
hernia (side, size of defect, percentage predicted lung volume,
observed-to-expected fetal lung volume) correlated with this

Table 3: Findings related to CDH severity on fetal MRI
CDH Severity Markers®
Mean (range) of percentage predicted
lung volume
Mean (range) of observed-to-expected
lung volume (o/e TLV)

23.4% (11.7%—64%)

0.44 (019-0.69)

No. of infants with right-sided 10 (28%)
diaphragmatic hernia

No. of infants with liver herniation into 19 (53%)
chest

No. of infants with large diaphragmatic 21(58%)
defect

Note:—o/e TLV indicates observed to expected total lung volume.
in = 36.

Table 4: Findings of brain injury on postnatal MRI

Pattern of Injury® No. (%)
Enlarged extra-axial spaces 16 (44)
Intraventricular hemorrhage 7(19)
Ventriculomegaly 6(17)
Cerebellar hemorrhage 6(17)
White matter injury 6(17)
Parenchymal hemorrhage 2(6)

*n = 36.

FIG 4. Postnatal brain injury score correlated negatively with observed to expected total lung
volume on the latest fetal MR imaging (Pearson correlation coefficient = —0.44, P = .008).

finding. It is possible that the presence of some degree of venous
hypertension due to mass effect by the congenital diaphragmatic
hernia and resultant alterations in CSF dynamics might play a role
in the presence of this finding prenatally. In a study by Tracy et al,”
in fetuses with CDH, there were only 2 fetuses with enlarged ex-
tra-axial spaces, one of which had normalized in the third trimes-
ter. It is surprising that the incidence of enlarged extra-axial
spaces in their study differed substantially from ours, and this may
relate to methods of measurement of extra-axial space enlarge-
ment. As mentioned in the “Materials and Methods” section, we
based our measurements on previously published criteria by
Watanabe et al.” The same measurement was also used in another
study of fetuses with congenital heart disease, in which the au-
thors found enlarged extra-axial spaces and mild ventriculo-
megaly as the most common abnormality, seen in 70%." The en-
largement of the extra-axial spaces in the congenital heart disease
study was attributed to a combination of delayed maturation and
altered CSF dynamics.® However, in our cohort of fetuses with
CDH, we did not find any sulcation delay, and we propose some
degree of venous sinus hypertension due to intrathoracic mass
effect affecting CSF resorption as a cause of the enlarged extra-
axial spaces.

Another finding that would support central venous compres-
sion in the chest from the diaphragmatic hernia would be the
prominent dural sinuses, which we identified in 9 fetuses. We
realize that while there are no specific measures of fetal dural
venous sinus distention, this specific finding was graded in a
blinded fashion by an expert fetal neuroimager (B.M.K.-F.) with
12 years’ experience. In spite of lack of strict objective criteria,
dural venous sinus engorgement has also been suggested by other
fetal imaging colleagues in informal discussion. Most interesting,
the presence of dural venous sinus distention did not correlate
with postnatal evidence of brain injury; therefore, the clinical im-
plication of this finding is unclear. It is possible that we failed to
demonstrate significant correlations with postnatal brain injury
due to the small sample size. Future investigations that would help
to better understand venous flow and CSF dynamics could be
directed at measurement of central ve-
nous pressures on echocardiograms in
fetuses and infants with CDH.

The transient mild ventriculomegaly
that we identified in 2 fetuses in the third
trimester is of uncertain etiology. Tracy
et al® did not identify ventriculomegaly
in their cohort of fetuses with CDH. This
may, therefore, be an incidental finding.

We identified significant relationships
of the severity of lung hypoplasia with
postnatal brain injury. The severity of lung
hypoplasia is known to be associated with
postnatal pulmonary artery hyperten-
sion,'® greater use of extracorporeal mem-
brane oxygenation, and greater neonatal
mortality.'” Spaggiari et al'® specifically
found that observed to expected total lung
volume obtained by MR imaging and in-
trathoracic liver were associated with pul-
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monary artery hypertension, but not right CDH."'® This information
would aid in prenatal counseling because the risk of brain injury may
also be increased in severe lung hypoplasia.

Other important information gained from this study is the
relative timing of brain injury in infants with CDH. Lack of brain
parenchymal injury prenatally and evidence of brain parenchy-
mal injury after a CDH operation suggest that brain injury likely
occurs after birth in these infants as they transition out of fetal
circulation. Furthermore, in a series of infants with CDH, Tracy
et al® showed that the findings of the first postnatal head sonog-
raphy before surgical correction of CDH were usually normal; this
result would indicate that most brain parenchymal injury oc-
curred later in the neonatal period, possibly during the time in the
neonatal intensive care unit or the operation. In addition, the use
of extracorporeal membrane oxygenation may also be a postnatal
contributing factor for brain injury as we identified in our previ-
ous neonatal study. This timeline for the occurrence of brain in-
jury in CDH could aid in developing appropriate guidelines for
neuroprotective neonatal and surgical care at the time of greatest
vulnerability to injury.

Due to the retrospective nature of the study, we were not able
to control for other factors unrelated to CDH that might have
played arole in the fetal imaging findings in these infants. Detailed
maternal history was not always available for review. The size of
the fetal brain is much smaller than the neonatal brain, and subtle
abnormalities may not be perceptible at this stage with routine
anatomic MR imaging. Diffusion tensor imaging may provide
additional details on microstructural brain injury in these fetuses
with CDH. Due to our small sample size, we may have failed to
demonstrate other significant associations between the severity of
CDH and prenatal and postnatal brain injury. However, we at-
tempted to reduce bias and improve confidence in our findings by
blinded review of fetal and postnatal brain MR imaging findings,
as well as CDH severity. Our data show that postnatal brain injury
is related to the severity of lung hypoplasia in CDH identified
prenatally. The timing of major parenchymal brain injury is likely
perinatal or neonatal, and not prenatal.

CONCLUSIONS

We provided a detailed assessment of the association of prenatal
brain MR imaging findings and CDH severity with postnatal MR
imaging evidence of brain injury. Enlarged extra-axial spaces in
the third trimester were found to be the most common abnormal-
ity prenatally. Postnatal brain injury was influenced by a measure
of prenatal pulmonary hypoplasia (o/e TLV). Absence of matura-
tional delay or major parenchymal injury on fetal MR imaging
suggests that these forms of brain injury are likely related to peri-
natal/early neonatal events rather than in utero injury.

Disclosures: Stephanie Merhar—UNRELATED: Grants/Grants Pending: KL2, Com-
ments: 5KL2TR001426 — 03, KL2 award for neuroimaging and motor outcomes, Prin-
cipal Investigator, Merhar; Travel/Accommodations/Meeting Expenses Unrelated
to Activities Listed: Pediatrix meeting, Orlando Florida, February 2017. Beth Kline-
Fath—UNRELATED: Payment for Lectures Including Service on Speakers Bureaus:
Applied Radiology Webinar, Comments: $1500.
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ORIGINAL RESEARCH
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T2 Relaxometry MRI Predicts Cerebral Palsy in Preterm Infants

L-W. Chen, ““S.-T. Wang, ““/C.-C. Huang, ‘“'Y.-F. Tu, and “*'Y.-S. Tsai

O=

ABSTRACT

BACKGROUND AND PURPOSE: T2-relaxometry brain MR imaging enables objective measurement of brain maturation based on the
water-macromolecule ratio in white matter, but the outcome correlation is not established in preterm infants. Our study aimed to predict
neurodevelopment with T2-relaxation values of brain MR imaging among preterm infants.

MATERIALS AND METHODS: From January 1,2012, to May 31, 2015, preterm infants who underwent both T2-relaxometry brain MR imaging
and neurodevelopmental follow-up were retrospectively reviewed. T2-relaxation values were measured over the periventricular white
matter, including sections through the frontal horns, midbody of the lateral ventricles, and centrum semiovale. Periventricular T2 relax-
ometry in relation to corrected age was analyzed with restricted cubic spline regression. Prediction of cerebral palsy was examined with
the receiver operating characteristic curve.

RESULTS: Thirty-eight preterm infants were enrolled for analysis. Twenty patients (52.6%) had neurodevelopmental abnormalities, in-
cluding 8 (21%) with developmental delay without cerebral palsy and 12 (31.6%) with cerebral palsy. The periventricular T2-relaxation values
in relation to age were curvilinear in preterm infants with normal development, linear in those with developmental delay without cerebral
palsy, and flat in those with cerebral palsy. When MR imaging was performed at >1month corrected age, cerebral palsy could be predicted
with T2 relaxometry of the periventricular white matter on sections through the midbody of the lateral ventricles (area under the receiver
operating characteristic curve = 0.738; cutoff value of >217.4 with 63.6% sensitivity and 100.0% specificity).

CONCLUSIONS: T2-relaxometry brain MR imaging could provide prognostic prediction of neurodevelopmental outcomes in premature
infants. Age-dependent and area-selective interpretation in preterm brains should be emphasized.

ABBREVIATIONS: BSID-Il = Bayley Scales of Infant and Toddler Development, 2nd ed; BSID-IIl = Bayley Scales of Infant and Toddler Development, 3rd ed; CP =

cerebral palsy; DD = delayed development; ROC = receiver operating characteristic curve

Premature infants are at high risk of cognitive and behavior
problems. It remains a challenging issue in 50%-60% of
extremely preterm infants despite the advances in neonatal
critical care.' Although late preterm infants born between 33
and 37 weeks of gestational age are considered low-risk, the
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neurodevelopmental scales still fall behind compared with
term controls.’

MR imaging is considered a good tool for early diagnosis of
brain injury in prematurity, but the conventional qualitative ap-
proach remains subjective.”* The incidence of macroscopic cys-
tic-necrotic periventricular leukomalacia has markedly declined,
and new forms of microscopic focal or diffuse nondestructive
white matter injury are emerging.” However, this microscopic
necrosis and gliosis is not readily detected by conventional MR
imaging.®

T2 relaxometry, also called T2 mapping, is a quantitative
T2-weighted MR imaging that demonstrates the physical prop-
erties of brain-water, enabling objective measurement of tissue
characteristics based on the water-macromolecule ratio in
white matter. In very preterm infants, T2 relaxometry has been
applied to discriminate diffuse excessive high signal intensity
in white matter at term-equivalent age.” However, the changes
of T2 relaxometry in preterm periventricular WM injury and

AINR Am J Neuroradiol 39:563—-68 Mar 2018 www.ajnr.org 563


http://orcid.org/0000-0002-4013-8333
http://orcid.org/0000-0001-8737-8185
http://orcid.org/0000-0002-9003-7186
http://orcid.org/0000-0002-9498-6178
http://orcid.org/0000-0002-0898-9250

FIG 1. Manually drawn periventricular white matter on 3 axial sections through the frontal horns,
midbody of the lateral ventricles, and centrum semiovale. The circular ROl area is 5-8 mm?. The

4 T2-mapping values of each section are averaged for calculation.

further correlation to neurodevelopmental outcomes have not
been established.*”

In contrast to the physiologic decrease of cerebral water in
healthy infants, WM injury leading to delayed myelination and
tissue destruction may present with free water retention and pro-
long the T2 value on brain MR imaging.® Our study hypothesizes
that there are distinct patterns of T2 relaxometry according to the
neurodevelopmental status. Furthermore, this study provides a
model of outcome prediction with T2-relaxometry brain MR im-
aging in premature infants.

MATERIALS AND METHODS

Participants

From January 1, 2012, to May 31, 2015, preterm infants (born at
<37-week gestational age) who underwent T2-relaxometry brain
MR imaging at younger than 1 year of age were included. The
demographic data and clinical indications of brain MR imaging
were retrospectively reviewed. We excluded patients with major
neurologic underlying diseases, such as congenital cerebral mal-
formation, hypoxic-ischemic encephalopathy, shaken baby syn-
drome, and neonatal/infantile epilepsy. Patients who had neuro-
developmental follow-up for >12 months in the hospital were
enrolled for analysis. The institutional review board of National
Cheng Kung University Hospital approved the study.

Neuroimaging Studies

The patients were scanned on an Achieva 1.5T MR imaging scan-
ner (Philips Healthcare, Best, the Netherlands). The infants were
swaddled and administered oral chloral hydrate (50 mg per kilo-
gram) before MR imaging. The pulse sequences included axial
TI1WI, axial T2WI, FLAIR, DWI], and T2 relaxometry. T2 relax-
ometry was performed using an ultrafast turbo gradient spin-
echo sequence (TSE factor, 5; TR/TE, 3500/20, 40, 60, 80, 100 ms;
twenty-eight 4-mm-thick axial sections without a slice gap; FOV,
200 X 200 mm?; matrix, 224 X 200; voxel size, 0.9 X 1 mm; band-
width, 73.7 Hz/pixel; acquisition time 4 minutes 50 seconds).

Three sections of periventricular white matter, including axial
sections through the frontal horns, midbody of the lateral ventri-
cles, and centrum semiovale, were selected for analyses (Fig 1).”'°
A circular ROI with 5- to 8-mm? area was positioned for measure-
ment. For sections through the frontal horns and midbody of the
lateral ventricles, ROIs were placed over the periventricular white
matter of the anterior and posterior ventricular poles. For the
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centrum semiovale, ROIs were placed
over 2 sites in each hemisphere. The 4
T2-mapping values of each section
were averaged. When there were cystic
lesions in the periventricular white
matter, the ROIs were placed over the
nearby parenchymal tissue rather than
the fluid component within the cysts.
The measurements were performed
twice by 1 pediatric neurologist and
once by 1 radiologist, generating intra-
rater and interrater reliabilities. Data
of the 3 measurements were averaged
for final analyses.

Neurodevelopmental Outcomes

Neurodevelopmental evaluations were performed at the out-
patient clinics by pediatric neurologists, who decided the eli-
gibility for tests with the Bayley Scales of Infant and Toddler
Development, 2nd ed (BSID-II) or 3rd ed (BSID-III). Delayed
development (DD) was defined with a motor or language scale
of <70 with the BSID-II or a cognitive, motor, or language
scale of <85 with the BSID-IIL."'" Cerebral palsy (CP), apart
from the pure DD, was defined as severe impairment of motor
function with spasticity due to nonprogressive disturbances in
the brain."

Statistical Analysis

The T2-quantification values of periventricular white matter in
relation to age were fitted with semi-log plots and further ana-
lyzed with restricted cubic spline regression in preterm infants
with normal development, DD without CP, and CP. The compar-
ison between the CP and non-CP groups was performed with the
X test for categoric variables and the Mann-Whitney U test for
numeric variables, evaluating the differences in average attenua-
tion values and the adjusted attenuation values. To predict CP
with T2 relaxometry, we assessed the logistic regression with the
backward selection method and the receiver operating character-
istic (ROC) curve.'” Cut-point estimation, 95% confidence inter-
val, and areas under the ROC curve were calculated. Sensitivities
and specificities at cutoff points were determined with the
Youden index. The level of significance was set at P << .05. The
intrarater reliability was represented with the intraclass correla-
tion, which was rated as fair at 0.40—0.59, good at 0.60—0.74, and
excellent when >0.74."* The interrater reliability was represented
with the interrater agreement k coefficient and was defined as
moderate at 0.41-0.60, good at 0.61-0.80, and very good at
0.81-1.00."

Statistical analysis was performed using commercially
available software (MedCalc for Windows, Version 14.8.1;
MedCalc Software, Mariakerke, Belgium.) The age-versus-T2-
quantification graphs and semi-log lines were plotted with
GraphPad Prism 5 software (GraphPad Software, San Diego,
California). Restricted cubic spline regression and prediction
models of CP were performed with SAS statistical software
(SAS Institute, Cary, North Carolina).



FIG 2. T2-relaxation values versus age among patients with normal development, delayed development without cerebral palsy, and cerebral
palsy. T2 quantification in periventricular white matter declines with age. Periventricular white matter through sections of the frontal horns of
the lateral ventricles (A), midbody of the lateral ventricles (B), and centrum semiovale (C). DD indicates delayed development (without cerebral

palsy); PV, periventricular.

RESULTS

During the study period, 57 preterm infants underwent 60 brain
MR imaging examinations with T2 relaxometry before 1 year of
age. For patients who had >1 brain MR imaging, only the first
study was analyzed. Nineteen patients were excluded because of
congenital cerebral malformation (n = 6), neonatal/infantile ep-
ilepsy (n = 5), loss to follow-up (n = 4), hypoxic-ischemic en-
cephalopathy (n = 2), shaken baby syndrome (n = 1), and poor
imaging quality (n = 1). Thus, 38 patients were enrolled for
analysis.

The average gestational age was 31.8 * 3.4 weeks (range, 24.0—
37.0 weeks), and the mean birth weight was 1675.7 = 771.4 g
(range, 505-3554 g). Among the 38 preterm infants, 7 were girls
and 31 were boys. Five patients had brain MR imaging due to CNS
symptoms, and the other 33 patients without clinical symptoms
had brain MR imaging for abnormalities on screening brain
sonography. CNS symptoms included isolated seizure (n = 2),
CNS infection (n = 1), facial palsy (n = 1), and precocious pu-
berty (n = 1). Abnormalities on screening brain sonography in-
cluded persistent periventricular hyperechogenicity (n = 18),
periventricular leukomalacia (n = 7), ventriculomegaly (n = 6),
porencephalic cyst (n = 1), and absence of the septum pellucidum
(n=1).

Neurodevelopment was followed for a mean of 31.7 = 9.9
months (range, 12.0-50.2 months). Among the 38 patients, 29
were evaluated with the BSID-III, and 3, with the BSID-II. The
BSID examinations were performed at a mean age of 21.1 * 7.1
months; (range, 7.0-34.0 months). The remaining 6 patients, for
whom BSID tests were not arranged, were confirmed as having
normal neurodevelopmental statuses by pediatric neurologists
during scheduled visits. Among the 38 patients, 20 (52.6%) had
developmental disorders, including 8 (21%) with pure DD with-
out CP and 12 (31.6%) with CP.

Brain MR imaging was performed at a mean of 2.8-month cor-
rected age, ranging from 1.3 months before term to 9.4 months of
age. The intrarater correlation coefficients corresponding to periven-
tricular white matter ranged from 0.73 to 0.78, indicating good-to-
excellent intraobserver reliability. The interrater agreement coeffi-
cients among regions of white matter ranged from 0.57 to 0.73,
suggesting moderate-to-good reliability between the 2 observers.

The age-dependent curve of T2-relaxometry values versus
corrected age is shown in Fig 2. In infants with normal neurode-

FIG 3. Restricted cubic spline regression analysis of T2 relaxometry
versus age in the midbody periventricular white matter. T2-quantifi-
cation values in relation to age are curvilinear, linear, and flat among
normal development (black line), delayed development (red line), and
cerebral palsy (blue line) in preterm infants, respectively. PV indicates
periventricular.

velopment and patients with DD, T2-relaxometry values de-
creased with age. However, the T2-quantification values in the CP
group did not show a rapid decline, especially in the periventricu-
lar white matter around the midbody of the lateral ventricles and
centrum semiovale. Further analysis with restricted cubic spline
regression showed that T2 relaxation values at the periventricular
white matter in relation to age were curvilinear in normal devel-
opment, linear in DD, and flat in CP (Fig 3).

For age-specific analysis of CP prediction, patients were re-
classified into 2 groups according to MR imaging before or after

1917 There was only 1 patient who

1-month corrected age (Table).
developed CP among the 10 neonates who underwent MR imag-
ing examinations before 1 month of age. T2 mapping had no
statistically significant impact on prediction of CP in this group.
Twenty-eight patients had MR imaging performed after 1-month
corrected age (mean corrected age of MR imaging, 4.2 * 2.1
months), and there were 11 patients diagnosed with CP. There

was no difference in sex, gestational age, birth body weight, and
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Demographic data of birth history, birth condition, and T2 relaxometry values at 3 different sections of periventricular white matter®

<1 m/o CGA at MRI (n =10)

>1 m/o CGA at MRI (n = 28)

Non-CP CP Non-CP CP P Value

No. 9 1 17 1

Sex, M/F 9:0 1:0 12:5 9:2 823
GA (wk) 323 *31 37.0 319 £34 309+ 36 397
BBW (gm) 1586.6 = 746.4 2160 1863.3 = 862.8 141.1 £ 675.0 158
DOIC (+) (No.) 4/9 0 9/17 /8 137
PROM (+) (No.) 2/9 0 5/17 /8 673
Ist Apgarb score 46=*25 9 49 *24 63=*15 217
2nd Apgarb score 6.7 *22 10 7.7 =21 82+08 .800
CGA at MRI (mo) —04*+05 —05 40=*17 39+27 410
PV frontal 4125 £M6.5 458.8 194.8 = 241 M1+797 814
PV midbody 4264 + 852 410.8 1913 £16.9 226.8 = 110.6 .036°
Centrum semiovale 4913 £ 201.0 382.6 186.9 = 28.0 252.8 £ 925 086

Note:—m/o indicates month old; CGA, corrected gestational age; GA, gestational age; BBW, birth body weight; DOIC, delay of initial crying; PROM, premature rupture of

membrane; PV, periventricular.

?Data are mean = SD unless otherwise indicated.

©The Apgar score is an assessment of overall newborn well-being.
P value < .05.

FIG 4. Receiver operating characteristic curves of T2 relaxometry on
the sections through the midbody of the lateral ventricles.

birth condition between the patients with and without CP in this
group. The periventricular T2-relaxometry value around the
midbody of the lateral ventricles was significantly higher in pa-
tients with CP (P = .036). The area under the ROC curve for
predicting CP with T2-relaxation values in the midbody periven-
tricular white matter was 0.738 (95% CI, 0.538 —0.885) with ROC
analysis. The sensitivity and specificity for diagnosing CP using
the optimized cutoff point of the T2 relaxometry value (>217.4)
were 63.6% and 100%, respectively (Fig 4).

DISCUSSION

With the advances of neonatal intensive care, macroscopic cystic
periventricular leukomalacia has been replaced by other forms of
white matter lesions, including microscopic necrosis and diffuse
white matter injury, both of which are prone to be underesti-
mated in conventional qualitative MR imaging.'® T2 relaxometry
is a fast scan to quantify tissue characteristics, providing an objec-
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tive measurement of the watery contents of the brain.* Our study
found that white matter maturation patterns were different de-
pending on the neurologic outcomes because T2 relaxometry
showed curvilinear decline in preterm infants with normal develop-
ment, linear decline in those with DD, and was flat in those with CP.

T2-relaxation values descended rapidly in the first few months
due to the fast myelination process during the first year of life.'”*°
This rapid decline of T2 relaxometry observed in normal brain
maturation corresponded to the curvilinear decline in our pre-
term infants with normal development. In this study, the altered
T2 relaxometry patterns in the CP group illustrated slower decline
of T2 quantification, with relatively lower T2 values in the early
stage of WM injury and higher T2 values in the later stage.

The T2-relaxation values in periventricular WM in 2.4T MR
imaging ranged from 214 to 247 ms when healthy premature in-
fants were scanned at 37 weeks of postconceptional age, suggest-
ing the watery characteristics of brain tissue in premature infants
at the perinatal stage.”' In our study of infants with CP, the dam-
aged WM revealed lower T2 relaxation than the normal watery
WM in the neonatal period and higher T2 relaxation values than
the normal myelinated WM in later infancy. Previous animal
studies found that T2WT hypointensity in the early stage of cere-
bral WM injury was related to pathologic microcysts and diffuse
noncystic gliosis, and our observation of lower T2 values at the
early stage of WM injury in infants with CP may reflect the patho-
logic changes.”**’

During a normal developmental process, the anterior caps and
posterior periventricular bands in the deep white matter around
the lateral ventricles are associated with the denseness of migrat-
ing neurons and white matter fibers converging from different
regions of the hemisphere.”* The T2W1 signals could vary accord-
ing to the neuronal cells and fiber composition; however, all these
caps and periventricular bands should not be obvious after 40
weeks of gestational age.'** Furthermore, the brain free water in
the deep cerebral white matter starts to decrease physiologically
after 1 month of life.!” As a result, to diminish the effects of caps/
periventricular bands and water decline interferences, we re-
grouped the patients according to MR imaging before or after
1-month corrected age for analysis of CP prediction.



In our observation, T2-relaxation values of the midbody
periventricular white matter could predict CP when MR imaging
was performed after 1-month corrected age. In preterm infants,
T2 relaxometry of >217.4 predicted CP with 63.6% sensitivity
and 100.0% specificity. When predicting outcomes with the sig-
nals on T2-quantification MR imaging, infants’ ages should be
considered cautiously. Although not a very early neuroimaging
indicator compared with other studies using term-equivalent
age MR imaging,” our T2-quantification model could still en-
hance the clinical judgment in high-risk preterm infants be-
cause the diagnosis of cerebral palsy might sometimes be
equivocal before 18 months of age.'?

The study was limited by the retrospective design and small
sample size. Prediction of outcomes with MR imaging before
1-month corrected age could not be achieved because of the small
study population. In the study, only preterm infants who had
clinical indications for brain MR imaging were included; thus,
there was selection bias resulting in the higher rates of CP and DD
in our series.'” The significance of T2 quantification in preterm
cerebral development should be further verified through univer-
sal studies in both high- and low-risk preterm infants. The tools of
developmental evaluation in the study included BSID-II and
BSID-III. Although there was discrepancy between the 2 editions,
the correlation of BSID-II and BSID-III in preterm infants has
been addressed in other investigations.'' The analyses of develop-
mental performance with categoric outcomes further excluded
the direct comparison between BSID-II and BSID-III scores.

In our work, T2 relaxometry was estimated with 5 TEs (20, 40,
60, 80, 100 ms); however, the maximum TE of 100 ms may not be
long enough for accurate measurements in premature infants’
brains. The value for the T2 relaxometry would be underesti-
mated when using few echoes and an insufficient TE. For better
estimation, previous studies suggested that 32 echoes with multi-
exponential fits were optimal to define the T2-decay curve; how-
ever, the long scanning time may be a restriction for young in-

227 The precision of T2-relaxometry measurements could

fants.
be diminished due to partial volume effects because the spatial
resolution was limited in the study. The T2-quantification values
might be expanded because of mixed periventricular white matter
and adjacent CSF within the ROIs. Early quantitative MR imaging
in thin slices with autocalculation computer programs may pro-
vide more precise prediction than the results in our study.”?®
However, the simple manual measurement of T2 relaxometry in
specific white matter areas could still be useful clinically.

Our study focused on the neuroimaging-neurodevelopmental
correlations, and the clinical events regarding the perinatal com-
plications were not analyzed. Further comprehensive studies of
T2-quantification MR imaging in a large population of preterm
infants could provide more illustrative information on the inter-
action of perinatal clinical events, neuroimaging variations, and
long-term neurobehavioral outcomes.

CONCLUSIONS

T2-relaxometry brain MR imaging could be of prognostic value in
preterm infants. The maturation patterns of periventricular white
matter differed according to neurodevelopmental outcomes. T2
relaxation values over the midbody periventricular white matter

at >1-month corrected age could predict CP. T2-relaxometry
brain MR imaging provides neuroimaging-outcome correlation
among preterm infants, especially when interpreted with age-spe-
cific and area-selective considerations.
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Expression Changes in Lactate and Glucose Metabolism and
Associated Transporters in Basal Ganglia following
Hypoxic-Ischemic Reperfusion Injury in Piglets

Y. Zheng and ““X.-M. Wang
O=

ABSTRACT

BACKGROUND AND PURPOSE: The neonatal brain has active energy metabolism, and glucose oxidation is the major energy source of
brain tissue. Lactate is produced by astrocytes and released to neurons. In the central nervous system, lactate is transported between
neurons and astrocytes via the astrocyte-neuron lactate shuttle. The aim of this study was to investigate the regulatory mechanisms
of energy metabolism in neurons and astrocytes in the basal ganglia of a neonatal hypoxic-ischemic brain injury piglet model.

MATERIALS AND METHODS: A total of 35 healthy piglets (3-5 days of age; 1.0-1.5 kg) were assigned to a control group (n = 5) or a
hypoxic-ischemic model group (n = 30). The hypoxic-ischemic model group was further divided into 6 groups according to the
'H-MR spectroscopy and PET/CT scan times after hypoxia-ischemia (02, 2—6, 612, 12-24, 24—48, and 4872 hours; n = 5/group).
'H-MR spectroscopy data were processed with LCModel software. Maximum standard uptake values refer to the maximum standard
uptake values for glucose (or FDG). The maximum standard uptake values of the basal ganglia—to-occipital cortex ratio were
analyzed. The expression levels of glucose transporters and monocarboxylate transporters were detected by immunohistochemical
analysis.

RESULTS: Lactate levels decreased after aninitial increase, with the maximal level occurring around 2— 6 hours following hypoxia-ischemia.
After hypoxia-ischemia, the maximum standard uptake values of the basal ganglia and basal ganglia/occipital cortex initially increased then
decreased, with the maximum occurring at approximately 6—12 hours. The lactate and glucose uptake (basal ganglia/occipital cortex
maximum standard uptake values) levels were positively correlated. The expression levels of glucose transporter-1and glucose transport-
er-3 were positively correlated with the basal ganglia/occipital cortex. The expression levels of monocarboxylic acid transporter-2 and
monocarboxylic acid transporter-4 were positively correlated with lactate content.

CONCLUSIONS: The results indicate that lactate and glucose transporters have a synergistic effect on the energy metabolism of neurons
and astrocytes following hypoxic-ischemic reperfusion brain injury.

ABBREVIATIONS: ANLS = astrocyte-neuron lactate shuttle; BG = basal ganglia; GLUT = glucose transporter; HI = hypoxic-ischemic; MCT = monocarboxylic acid
transporter; OC = occipital cortex; SUV,,,, = maximum standard uptake values

Recent studies of the astrocyte-neuron lactate shuttle (ANLS)
suggest that lactate is generated and released by astrocytes in
the process of glucose metabolism and is further taken up and
metabolized by neurons as an oxidizing substrate in energy me-
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tabolism in the brain."” Lactate metabolism provides adenosine
triphosphate to neurons under hypoxic conditions.” The ANLS
requires monocarboxylic acid transporters on the plasma mem-
branes of both neurons and astrocytes for transfer of lactate, py-
ruvate, and other monocarboxylic acids, as well as acetoacetic
acid, B-hydroxybutyric acid, and so forth.* Astrocytes and neu-
rons express different monocarboxylate transporter (MCT) sub-
types, because astrocytes primarily express MCT-4 and neurons
primarily express MCT-2.” Lactate and its transporters play im-
portant roles in cell metabolism under hypoxic-ischemic condi-
tions.” The transport and uptake of lactate between astrocytes and
neurons are mediated by MCTs. Briefly, lactate is transported out
of astrocytes by membrane-bound MCT-4 and gathers in the ex-
tracellular compartment. Neurons then take up lactate through
membrane-bound MCT-2, which is then converted to acetone by
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FIG1. Changesin'H-MR spectroscopy spectra and lactate content in the BG within 72 hours after HI. 'H-MR spectroscopy spectra of the right
BG of the control and HI model groups at 02, 2—6, and 612 hours are shown as A-D (lactate peak is located at 1.33 ppm). The lactate peak in
the control group is low and flat (A) and peaked at 2—6 hours after HI (C). ROI selection (E): right BG (yellow solid red). The change in lactate
content after Hl is shown in F (we calibrated the results, assuming 80% brain-water content, 100% visibility of water signal, and 55.5 mol/L). The
asterisk represents a statistical difference compared with the 2- to 6-hour time point. HIBI indicates hypoxic-ischemic brain injury.

lactate dehydrogenase, and acetone is then metabolized aerobi-
cally via the citric acid cycle to produce energy.”””

Moreover, lactate is closely associated with glucose metabo-
lism, but a correlation with dynamic metabolic changes remains
unclear. In vivo glucose metabolism in the brain is evaluated by
['**F] fluorodeoxyglucose imaging. In this study, 'H-MR spec-
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troscopy in combination with [**F] FDG imaging was used to
observe changes in lactate and glucose levels at different time
points after hypoxic-ischemic (HI) in a piglet model. Histo-
logic analysis demonstrated the existence of a mutual regula-
tory mechanism of energy metabolism in astrocytes and neu-
rons after HI.



Levels of lactate, SUV

max?’

MCTs, and GLUTs in the control and HI model groups®

HI Model Group (n = 5/Group)

Control

Parameter (n=5) 0-2 hr 2-6 hr 6-12 hr 12-24 hr 24-48 hr 48-72 hr

Lactate 024 +0.25 7.82 =148 16.51 + 1.62° 13.01 +1.25° 321+ 121° 118 =174 123 +140
BG/OC 0.99 + 0.01 1.08 = 0.04° 117 = 0.06° 123 +0.02° 116 + 0.03° 1.04 = 0.04° 0.96 = 0.01
MCT-2 0.19 *+ 0.00 021+ 0.01° 0.22 = 0.01° 0.24 = 0.01° 0.27 = 0.01° 0.21+ 0.01° 0.19 = 0.00
MCT-4 0.21 = 0.01 0.24 +0.01° 0.25 = 0.01° 0.26 = 0.01° 0.27 = 0.01° 0.25 + 0.02° 0.22 +0.02
GLUT-1 0.14 = 0.02 0.16 *+ 0.04 0.20 *+ 0.05° 0.25 + 0.01° 0.24 + 0.03° 0.8 + 0.05 0.15 + 0.05
GLUT-3 0.13 * 0.00 0.13 + 0.01 016 + 0.01° 0.22 + 0.06° 018 + 0.01° 014 + 0.01° 014 = 0.01

Data are mean £SD.
bP < .05 versus the control group.

MATERIALS AND METHODS

Experimental Animals

A total of 35 healthy Yorkshire or Large White piglets (3—5 days of
age; 1.0-1.5 kg) were randomly divided into 7 groups of 5 piglets
each: a control group and 6 HI model groups. All animal experiments
satisfied the standards of the Regulations for the Administration of
Affairs Concerning Experimental Animals and Measures for the Ad-
ministration of Licenses Concerning Experimental Animals.

Establishment of the HI Model

Control Group. Room temperature was maintained at 28°C—
30°C. The animals were injected intramuscularly with 0.6 mL/kg
of Su-Mian-Xin (Veterinary Research Center, Jilin University,
Changchun, China).'® Each animal was mechanically delivered
100% oxygen with a TKR-200C small animal ventilator (Jiangxi
TELI Anesthesia & Respiration Equipment, Nanchang City, China)
using a 2.5-mm-diameter endotracheal tube. The parameters of the
ventilator were the following: inspiration-to-expiration ratio, 1:1.5;
respiratory rate, 30 breaths/min; pressure, 0.05—-0.06 MPa. A hand-
held TUFFSAT Pulse Oximeter (GE Healthcare, Milwaukee, Wis-
consin) was used to monitor heart rate and oxygen saturation. After
the neck skin was disinfected with iodophor, the jugular vein was
catheterized and an operation was performed to free the bilateral
common carotid arteries. Then, the incisions were sutured, and the
animals were placed in an incubator to maintain body temperature.

Model Groups.
groups underwent the same procedures as those in the control

During the first stage, animals in the model

group. In the second stage, following 30 minutes of stabilization,
artery clamps were used to block the bilateral common carotid
arteries. Simultaneously, the oxygen concentration administered
by mechanical ventilation was decreased to 6% (mixed in 94%
nitrogen; Dalian Special Gases, Dalian City, China), which was
maintained for 40 minutes and then increased to 100%. Both
clamps on the bilateral common carotid arteries were then re-
moved, blood flow was recovered, and the incisions were sutured.
Oxygen saturation and heart rate were monitored throughout the
procedure. Mechanical ventilation was stopped after spontaneous
breathing was restored.

There were 7 groups (n = 5 piglets each): a control group and
6 model groups. The 6 HI model groups were based on PET/CT
and MR spectroscopy scanning times after hypoxia-ischemia
(0-2, 2—6, 612, 12-24, 24—48, and 48—72 hours). The model
group was standardized, in which case, the HI time and surgical
procedure of each neonate piglet in the model group were the
same. The piglets in the control group underwent the same oper-
ation without HI process.

According to the preoperative, operative, and postoperative
monitoring of the hypoxic-ischemic brain injury model, partial pres-
sure of carbon dioxide in arterial blood was maintained in the range
of 4.5—6.5 kPa, and partial pressure of oxygen in arterial blood, in the
range of 813 kPa."!

After completion of PET/CT and MR spectroscopy at the des-
ignated time points, the piglets were immediately injected with
anesthetics. After the reaction disappeared (ie, loss of pain reflex
because of excessive anesthetic), the skull was opened along the
sutura craniun, and the spinal cord was cut at the medulla. The
whole brain was collected along with the cerebellum after
the piglet was decapitated.

"H-MR Spectroscopy Scanning and Data Processing
"H-MR spectroscopy scans were performed of control group and
at0-2, 2—6,6-12, 12-24, 24—48, and 48—72 hours after HI.
MR imaging was performed with an Achieva 3T TX system
(Philips Healthcare, Best, the Netherlands) equipped with a pencil
beam, second-order shim. Body coil emission and 8-channel sen-
sitivity encoding head coil reception were used. 'H-MR spectros-
copy was implemented with a point-resolved spectroscopy single-
voxel sequence with the following scanning parameters: TR/TE,
2000/37 ms; average number of signals, 64;and VOI, 10 X 10 X 10
mm. The right basal ganglia (BG) was chosen as the ROI. Shim-
ming and water suppression were automatically performed by the
scanner. '"H-MR spectroscopy results were analyzed using the
LCModel software package (http://www.lcmodel.com/)."”

PET/CT Studies
PET/CT scans were performed of control group and at 0-2, 2—6,
6-12, 12-24, 24—48, and 48—72 hours after HI.

PET Reagents

['®F] FDG was synthesized using the MINItrace positron-emit-
ting isotope production system (GE Healthcare) and a TracerLab
MX-FDG synthesizer (GE Healthcare). High-performance liquid
chromatography used for quality control showed that the radio-
active purity of ['*F] FDG was >99%.

Functional Imaging

['®F] FDG (3.7 MBq/kg; injection dose, 3.7-5.55 MBq) was ad-
ministered to the experimental animals in the model groups via
the jugular vein at different time points after HI. Feeding was
stopped 6 hours before administration to maintain low levels of
blood glucose. The radioactivity of the syringe before and after
injection was measured. PET/CT scanning (Discovery Elite
PET/CT system; GE Healthcare) was performed 50 minutes after
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FIG 2. ['®F] FDG PET/CT images in the control group (A) and the time points of 612, 12-24, and
48-72 hours in the HI model groups (B—D). Changes in the SUV,,,,, of the basal gangliaand BG/OC
ratio of the BG in the control and HI model groups (E—F). The BG and OC of the control group (4)
are clearly visible on [®F] FDG PET/CT images. [°F] FDG uptake was symmetrically distributed. At
612 hours after HI, the BG/OC ratio of the HI groups was greater than that of the control group
(B). At 1224 hours after HI, the BG/OC ratio in the BG was decreased compared with 612 hours
(C). The BG/OC ratio was further decreased after 4872 hours, and the BG and cortex showed
less clearance (D). The SUV,, ., of the basal ganglia and BG/OC ratio peaked at 612 hours after HI.
The hashtag represents a statistical difference compared with the 6- to 12-hour time points (E—F).
Changes in lactate levels and the BG/OC ratio after HI (G). The left vertical axis represents the
lactate content, and the right vertical axis represents the BG/OC ratio (G, the circle represents
the average value of lactate content; the diamond represents the average value of BG/OC).
Spearman correlation analysis showed that the lactate content was positively correlated with the
BG/OC ratio (r = 0.74, P < .001; H). HIBI indicates hypoxic-ischemic brain injury.

injection of the imaging agent. The PET
slice thickness was 3.25 mm. CT scan-
ning parameters included the following:
voltage, 80 kV; current, 50 mA; slice
thickness, 3.25 mm. A 3D model was
used in PET scanning.

Image Processing

PET/CT raw data were processed with
Volume Viewer software on an AW4.6
workstation (GE Healthcare). The bilat-
eral BG and occipital cortex (OC) on the
same side were selected as the ROI. The
size of the ROT of the BG was normalized
to 1.0 X 1.0 cm, and that of the OC, to
0.5 X 0.5 cm. The ROI was placed on the
BG and the OC by reference to the
CT images by 2 experienced radiolo-
gists. Maximum standard uptake values
(SUV ,,.,.) of the BG/OC ratios were de-
termined. The SUV . of the BG and
BG/OC ratio reflects the uptake of ['*F]
FDG in the BG.

Histologic Examination and
Immunohistochemical Analyses

The fixed brain tissue was sliced in the
coronal plane into 4-mm-thick sections.
Slices containing the BG and hippocam-
pus were used for immunohistochemi-
cal staining of MCT-2, MCT-4, glucose
transporter-1 (GLUT-1), and GLUT-3
using antibodies purchased from Abcam
(Bristol, England).

Statistical Analyses

All statistical analyses were performed
with SPSS Software for Windows (Ver-
sion 17.0; IBM, Armonk, New York).
Data are presented as the mean * SD.
Analysis of variance was used to ana-
lyze the data with equal variance fol-
lowed by post hoc analysis with the
least significant difference test. Spear-
man rank correlation analyses were
conducted, and correlation coeffi-
cients and boxplot data were used. A P
value < .05 was considered statistically
significant.

RESULTS

Change in Lactate in the BG across
Time after HI

"H-MR spectroscopy showed that after
HI, the lactate concentration increased
first and then decreased but was still

slightly higher than that of the control group at 48—72 hours (Fig 1

and Table).
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FIG 3. H&E staining of the BG in the control and HI model groups. A—£, H&E-stained images of the control group and the 6-, 24-, 48-, and 72-hour
time points of the HI model groups. Compared with the control group (A), we observed the following apparent pathologic changes: swelling in
some astrocytes (B), many astrocytes and some neurons apparently swollen with visible vacuoles and karyopyknosis (C), and astrocytes
apparently swollen and necrotic. Neurons also showed swelling and necrosis (D), the neuronal membranes were damaged, and nuclei were
swollen and weakly stained. These observations were made at X400 magnification (E).

PET/CT Results

The radioactivity concentration was symmetrically distributed
between the left and right hemispheres of the control group. The
bilateral BG and OC were clearly visible and showed increased
glucose metabolic activity, with radioactivity sparsely distributed
in the white matter (Fig 2). There were significant differences in
the SUV, . of the BG and BG/OC between 6 and 12 hours and
other time points (P < .01). The OC and BG were still visible at
12—48 hours after HI. At 48—72 hours, the brain structures were
less clear, and decreased metabolism was noted throughout the
whole brain.

Histologic Findings

H&E Staining and Expression Levels of MCT-2 and MCT-4 in the
BG after HI. H&E staining of the control group showed that the
neurons were neatly arranged with intact cell morphology, abun-
dant neuron plasma, and clear nucleoli. At 6 hours after HI, some
glial cells were swollen with pale cytoplasm and intact neurons. At
24 hours after HI, a large portion of the glial cells was swollen with
condensed nucleoli and the neurons were swollen and round with
pale cytoplasm and bubbles. At 48 hours after HI, the glial cells
were swollen and degraded, and the neurons were swollen with
scattered visible neuronal necrosis. At 72 hours after HI, the neu-
ronal cell membranes were broken and nuclei were swollen and
pale. At different time points after HI, the astrocytes and neurons
had sustained different degrees of damage (Fig 3).

After HI, the expression of both MCT-2 and MCT-4 in the BG
initially increased and then peaked at 12-24 hours (Fig 4). There
were significant differences in MCT-2 and MCT-4 expression lev-
elsat 12-24 hours, compared with the control group and the other
HI model groups (P < .01).

Expression Levels of GLUT-1and GLUT-3 in the BG after HI. The
expression levels of GLUT-1 and GLUT-3 increased just after HI
and peaked at 12-24 hours. The expression levels of both were
significantly different at 12-24 hours after HI from the other time
points (P < .01). GLUT-1 expression decreased after 12-24
hours, as did GLUT-3 expression (Fig 5).

DISCUSSION

The results showed that lactate levels had peaked at 2—6 hours
after HI and glucose peaked at 612 hours. The expression levels
of the MCTs and GLUTs increased after HI (peak at 12-24 hours)
and then decreased, and the study showed that astrocytes and
neuronal damage after HI were not synchronized. Astrocytes
damage occurred earlier and was more severe than neuronal dam-
age; these findings were consistent with those of our previous
Study. 10,13

It is likely more advantageous to detect lactate using '"H-MR
spectroscopy at the 3T field strength with a long TE of 288 ms
because lipid T2 is short and the TE of the lipid signal declines;
these features greatly distinguish lactate and lipid peaks. In 1.5T
field strength, a long TE of 144 ms usually shows an inverted
lactate peak, which is therefore also easy to separate from the lipid
peak. However, if a long TE (144 ms) is used with 3T, false-nega-
tive results may occur.'* In the present study, the use of a short TE
(37 ms) led to overlap of the lactate and lipid peaks, but use of
LCModel separated the overlapped lactate and lipid signals and
thus can still ensure the accuracy of the results.

In this study, the lactate content peaked at 2— 6 hours and then
gradually decreased. Several studies have shown that the increase
in lactate concentration lasted for some time after HI.'” Pellerin et
al'® proposed the ANLS hypothesis, which states that lactate, as a
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FIG 4. Expression levels of MCT-2 and MCT-4 in the BG in the control and HI model groups (A—H)
and change in expression levels of MCT-2 and MCT-4 in the BG after HlI (/) and correlation with
lactate content (/ and K). A—D, MCT-2 expression in the control group and at 6, 24, and 48 hours
after Hlin the HI model groups. MCT-2 was mainly stained brown in the membrane of the neurons
(A). Compared with the control group (A), MCT-2 staining at 6 and 24 hours after HI (B and C) was
darker and greater numbers of positive cells were observed. MCT-2 expression was reduced at 48
hours (D). E-H, MCT-4 expression in the BG of the control group and at 6, 24, and 48 hours after
HI in the model groups. MCT-4 was mainly expressed in the membranes of astrocytes (E). MCT-4
staining was darker at 6 and 24 hours after HI (F and G), compared with the control group (E).
MCT-4 expression was reduced at 48 hours after HI (H). The expression levels of MCT-2 and
MCT-4 were highest at 12-24 hours (/). Expression levels of MCT-2 and MCT-4 were positively
correlated with the lactate level (/ and K): MCT-2 (r = 0.47), MCT-4 (r = 0.38).

Studies have shown that neurons
can preferentially use lactate released
from astrocytes. At normal physio-
logic concentrations of extracellular
glucose and lactate, 79% of the energy
produced in neurons is from lactate
and 21% is from glucose. Moreover,
neurons can more rapidly use glucose
and lactate than astrocytes,”"** and his-
tologic results also confirmed that
neurons are damaged after astrocytes
are damaged.'® Therefore, as an en-
ergy substrate of aerobic metabolism
after HI, lactate has an important role
in the protection of neurons after
HL23—25

After HI, the energy produced by lac-
tate metabolism is not sufficient to
maintain the normal physiologic activ-
ity of neurons. The increased expression
levels of GLUT-1 and GLUT-3 and the
increased use of glucose constitute a
protective cellular response. The in-
crease in lactate and glucose can tempo-
rarily compensate for the lack of energy
in the brain in response to the needs of
anaerobic solution.'®>¢

HI promotes abnormal glucose me-
tabolism and is closely associated with
brain cell necrosis.”” A decrease in the
uptake of | '8F] FDG, to a certain degree,
often implies irreversible brain injury.*®
The results of the present study indi-
cated that following HI, glucose metab-
olism increased and the BG/OC ratio
peaked at around 6-12 hours. Glucose
metabolism then decreased with time,
and the uptake of ['®F] FDG in the
whole brain decreased up to 48-72
hours following HI. Lactate and glucose
are critical for energy metabolism and
interact closely with one another. After
HI, glycolysis produces lactate; and be-
cause the energy generated from anaer-

substrate of energy metabolism in neurons, was preferable to glu-
cose as an energy source of neurons.'” In the current study, the
regulation mechanism of lactate and glucose after HI was investi-
gated on the basis of the ANLS hypothesis. A high concentration
of lactate or hypoxia can induce activation of glycolytic en-

Zymesl&l‘)

and further upregulate MCTs. Immunohistochemical
analyses showed that after HI, the expression levels of MCT-2 and
MCT-4 also increased, peaked around 12-24 hours, and then de-
creased. MCT-4 is primarily expressed in astrocytes and has a
relatively low affinity for lactate, which facilitates the release of
lactate, while MCT-2 is primarily expressed in neurons and has a
high affinity for lactate; thus, characteristic kinetics are favorable

for the uptake of lactate.®
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obic metabolism is limited, the uptake and use of glucose by the
brain are enhanced to supplement the energy shortage caused by
HI. Therefore, an increase in lactate content is accompanied by an
increase in glucose uptake.

Within 24 hours after HI, increased glucose uptake can tempo-
rarily supplement energy deficiencies, the glucose uptake is
closely correlated with the upregulation of GLUTs at this stage.
Immunohistochemical analyses showed that GLUT-1 and
GLUT-3 synthesis increased after HI, peaked at 12-24 hours, and
then decreased after 24 hours. Because GLUT-1 is mainly ex-
pressed in vascular endothelial cells, its increase helps transport
glucose into the extracerebral space via the blood-brain barrier
and increases glucose levels in the brain.”” GLUT-3 is mainly ex-



FIG 5. Expression levels of GLUT-1 and GLUT-3 in the BG in control and HI model groups (A—H),
immunohistochemical staining of GLUT-1 and GLUT-3 in the BG within 72 hours after HI (/), and
correlation with BG/OC (/ and K). A-D, GLUT-1 expression in the control group and at 6, 24, and 48
hours after HI in the HI model groups. GLUT-1 was mainly expressed in vascular endothelial cells
(positive staining is shown as dark brown, rod-shaped structures) and astrocytes (A). Positively stained
endothelial cells and astrocytes increased at 6 and 24 hours (B and C) and decreased at 48 hours (D)
after HI. E-H, GLUT-3 expression in the control group and at 6, 24, and 48 hours after Hl in the Hl model

model can reflect lactate and hypoxia
stimulation of MCTs and GLUTs. Up
to the later stages of HI, necrosis of
neurons and astrocytes disrupts coor-
dination of the neuronal network
and causes energy exhaustion. This se-
ries of changes in biochemical pro-
cesses, including lactate, glucose, and
associated transporters, coregulate en-
ergy metabolism after HI.?*"

The size, cardiovascular system, and
brain maturity of neonate piglets and ne-
onate children are highly similar. There-
fore, the neonate piglet hypoxic-ischemic
brain injury model and hypoxic ischemic
encephalopathy are also similar.”> The
success rate of modeling using piglets born
within 24 hours is low with high mortality.
Piglets at 3—5 days of age can guarantee the
success rate and meet the perinatal/neona-
tal brain requirements. Older neonate pig-
lets do not meet the perinatal requirement
but are more like older neonate children.
Kyng et al”” used Danish Landrace piglets
within 24 hours after birth, while neonate
Yorkshire or Large White piglets 3—5 days
of age were used in the present study. In
this model, the bilateral internal ca-
rotid arteries were blocked and sup-
plied with low oxygen concentrations.
During the experiment, 2 piglets died,
one due to excessive anesthesia and a
second due to excessive blood loss.
Nonetheless, this model is highly repro-
ducible, with a high success rate and low
mortality. Reperfusion was simulated
during recovery of the blood supply,
which is conducive to a reperfusion
study.3 436 However, different anesthet-
ics and anesthesia methods have differ-

groups. GLUT-3 was mainly expressed in neurons (E). The staining of the neuronal membrane was

darker at 6 and 24 hours after HI (Fand G). The staining lightened, and positively stained cells decreased
at 48 hours after HI (H). GLUT-1and GLUT-3 expression levels were highest at 12-24 hours (/). Spearman
correlation analysis showed that the expression levels of GLUT-1and GLUT-3 were positively corre-
lated with the BG/OC ratio (/ and K): GLUT-1(r = 0.64); GLUT-3 (r = 0.75).

pressed in neurons, and the upregulation of GLUT-3 promotes
the transport of glucose from the extracerebral space into neu-
rons. This increased glucose uptake improves energy metabolism.
Upregulation of both GLUT-1 and GLUT-3 molecules temporar-
ily supplements the energy deficiency and the demands of anaer-
obic glycolysis under HI conditions.'® At 48 hours after HI, astro-
cytes showed swelling and degeneration, while swelling and
scattered necrosis of neurons was also observed. Up to 72 hours,
many neurons were necrotic. Expression levels of GLUT-1 and
GLUT-3 decreased after 24 hours. This decrease in GLUTs weak-
ens the capacity to transport glucose, which reduces the uptake of
['°F] FDG.

Immediately after HI, lactate production increased. The ANLS

ent effects on neonatal brain injury. Us-
ing halothane to anesthetize animals
may increase the degree of brain injury
in the model.”” Propofol has a neuropro-
tective effect, which can reduce the degree
of brain damage.3 839 I this study, Sumianxin was used as an anes-
thetic, and has the advantage of an effective anesthesia with smooth
induction and recovery. The anesthesia time of Sumianxin is short

and thus can reduce its impact on the model."”

CONCLUSIONS
These results suggest that lactate and glucose transporters have
coordinated regulation of energy metabolism following HI.
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ORIGINAL RESEARCH
PEDIATRICS

Using Correlative Properties of Neighboring Pixels to Improve
Gray-White Differentiation in Pediatric Head CT Images

T.P. Madaelil, “*’A. Sharma, ““'C. Hildebolt, and “*'M. Parsons

ABSTRACT

BACKGROUND AND PURPOSE: A lower radiation dose can have a detrimental effect on the quality of head CT images. The aim of this
study performed in a pediatric population was to test whether an image-processing algorithm (Correlative Image Enhancement) based on
the correlation among intensities of neighboring pixels can improve gray-white differentiation in head CTs.

MATERIALS AND METHODS: Sixty baseline head CT images with normal findings obtained from scans of 30 children were processed using
Correlative Image Enhancement to produce corresponding enhanced images. Gray-white differentiation in baseline and enhanced images
was assessed quantitatively by calculating the contrast-to-noise ratio and conspicuity in equivalent ROIs in gray and white matter. Two
masked readers rated the images for visibility of gray-white differentiation on a 5-point Likert scale. Differences in both quantitative and
qualitative measures of gray-white differentiation between baseline and enhanced images were tested for statistical significance. P
values < .05 were considered significant.

RESULTS: Image processing resulted in improvement in the contrast-to-noise ratio (from 1.86 = 0.94 to 2.26 = 1.00, P = .02) as well as
conspicuity (from 37.28 £ 11.56 to 46.4 = 11.5, P < .001). This was accompanied by improved subjective visibility of gray-white differentiation
as reported by both readers (P < .01).

CONCLUSIONS: Image processing using Correlative Image Enhancement had a beneficial effect on quantitative measures of gray-white
differentiation. This translated into improved perception of gray-white differentiation by readers. Further studies are needed to assess the

effect of such image processing on the detection of disease processes using head CTs.

ABBREVIATIONS: CIE = Correlative Image Enhancement; CNR = contrast-to-noise ratio; GWD = gray-white differentiation; SI = signal intensity

D ifferentiation of gray and white matter on head CT's is impor-
tant in the recognition of normal structures as well as iden-
tification of pathologic changes within brain parenchyma.' > Ac-
cordingly, it has long been used as a measure of the diagnostic
quality of head CT images.” The ease of gray-white differentiation
is adversely affected by the presence of noise, which, while being
inherent in the process of image generation, can be particularly
prominent when images are acquired at a lower radiation dose.
This is the case with pediatric head CTs, which, in response to
increased awareness and concern about radiation-induced harm,
are often acquired using aggressive dose reduction.*” A number
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of optimization techniques have been developed that aim to
maintain diagnostic quality while reducing radiation expo-
sure.'”"'” Many of these strategies such as tube current modula-
tion or use of iterative reconstruction techniques are applicable at
the level of image generation or reconstruction at the scan-
ner.' %> In addition, some image postprocessing techniques
have been proposed that can improve gray-white differentiation
on head CT images after they have been generated.'”

Correlative Image Enhancement (CIE, patent pending) is an im-
age-processing algorithm that aims to increase the conspicuity of
details of interest within digital images by targeted noise reduction
and contrast optimization.'®° Using both qualitative and quantita-
tive measures such as conspicuity and contrast-to-noise ratio (CNR),
we aimed to test whether CIE improved gray-white differentiation
(GWD) in pediatric head CT images with normal findings.

MATERIALS AND METHODS
This retrospective, institutional review board—approved, Health In-
surance Portability and Accountability Act—compliant study was ap-
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FIG1. Theseimages represent 9 contiguous pixels representing the same structure that spans these pixels. In an ideal noise-free image (A), these
9 pixels would have identical intensities. The presence of noise that invariably accompanies digital images causes intensities of some of these
pixels to be higher or lower than expected (B). Modifying the intensities of pixels (asterisk) on the basis of the preponderance of intensities (plus

sign) in their neighboring pixels can mitigate the effect of noise (C).

proved by the institutional review board at Washington University in
Saint Louis with a waiver of consent for using existing data.

Patient and Image Selection

We identified head CTs of 30 children (17 males, 13 females;
mean age, 7.5 = 5.6 years) performed during 1 month in 2014,
and with normal findings. These included 15 children scanned
with our routine “low-dose” head CT protocol with aggressive
dose reduction (100 kV[peak], 89 = 16 mA, 137 = 27 mGy X cm
dose-length product) and 15 children scanned with our “stan-
dard” protocol with less aggressive dose reduction (100 kVp,
302 £ 72 mA, 486 = 121 mGy X cm dose-length product). At our
institution, all head CTs of children are acquired using a low-dose
protocol except for patients with head trauma and those in the
intensive care unit. All scans had been performed with an FOV
range of 150-230 mm and slice thickness of 4 mm. From each
study, we selected 2 images, one across the basal ganglia and
the other through the centrum semiovale. These 60 baseline
images were converted into Portable Network Graphics format
for processing.

Image Processing

Image processing was performed by one of the coauthors using
CIE, an algorithm developed by him, within Matlab (MathWorks,
Natick, Massachusetts) to generate corresponding enhanced im-
ages. This coauthor did not participate in subsequent image or
statistical analysis. The algorithm modified the intensity of each
pixel in the image on the basis of its intensity and that of its
neighboring pixels relative to a threshold intensity defined by the
user. This threshold was chosen at a level in-between the intensi-
ties of normal-appearing white matter and gray matter. This pro-
cess aimed to simultaneously correct the variations in the pixel
intensities induced by noise (Fig 1) and to exaggerate the differ-
ence between the intensities of pixels around the chosen thresh-
old. The enhanced images thus created were saved as individual
files in Portable Network Graphics format. The size of baseline
and enhanced images was identical.

Quantitative Image Review
All baseline and enhanced images were converted into DICOM for-
mat using the JPEG to DICOM plugin for Osirix Lite (Pixmeo,
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FIG 2. Axial head CT image across the centrum semiovale before
(baseline image) and after (enhanced image) processing with CIE, with
equivalent ROIs used to measure gray and white matter intensities.
These measurements were used to calculate the conspicuity of gray
matter and CNR between gray and white matter.

Bernex, Switzerland) for quantitative analysis. Means (SI) and SDs of
the gray matter (gm) and the white matter (wm) intensities were
measured from equivalent ROIs in the baseline and enhanced images
(Fig 2). These measurements were then used to calculate gray matter
conspicuity and the CNR between gray and white matter using the
following formulae:

Conspicuity = S, — SLym/Slgy,

CNR = Sl,, — SI,/Noise

Noise = \/[[(SDg)* + (SD,m)?].

For images obtained at the ganglionic level, GM was sampled in
the putamen and white matter in the frontal lobe. For the supra-
ganglionic images, GM was sampled along the cerebral convexity
and the white matter within the centrum semiovale.

Qualitative Image Review

Two blinded readers (a board-certified neuroradiologist with 10
years of practice experience and a neuroradiology fellow) who did
not participate in the image processing rated the ease of percep-
tion of GWD in each image on a predefined 5-point scale ranging
from 1 (imperceptible GWD) to 5 (very easily perceptible GWD).



Readers also rated the presence of artifacts within the image on a
3-point scale (1, artifacts making the image nondiagnostic; 2,
some artifacts but the image is still diagnostic; 3, no artifacts pres-
ent). Images were presented to the readers in fixed display settings
that were identical for baseline and enhanced images.

Statistical Analysis

We analyzed the baseline data to assess the association between
the qualitative measure of GWD (mean GWD ratings provided by
2 readers) and quantitative measures (conspicuity and CNR) using
regression analysis. As part of this analysis, residuals were assessed for
normality with the Shapiro-Wilk W test. If residuals were normally
distributed (Shapiro-Wilk W, Pvalue > .05), least-squares regression
analysis was used to determine the product-moment correlation co-
efficient (r) and the coefficient of determination (r%). If residuals were
non-normally distributed (Shapiro-Wilk W, P =< .05), the Spearman
p rank correlation coefficient was calculated.

To test the effect of image processing on conspicuity and CNR,
we tested differences between variables on baseline and enhanced
images for normality with the Shapiro Wilk W test, and equality of
variances was tested with the F test. If data distributions were
normal (Shapiro-Wilk W, Pvalue > .05) and variances were equal
(F test, P value >.05), the 2-tailed ¢ test was used. If either or both
of the data distributions were non-normally distributed (Shapiro-
Wilk W, P value =< .05) and/or variances were not equal (F test, P
value = .05), the 2-tailed Mann-Whitney U test was used. Because
most comparisons involved non-normally distributed data, box-
plots of results were used to illustrate differences.

To assess the effect of image processing on the qualitative percep-
tion of GWD, we subtracted baseline GWD and artifact ratings from
corresponding enhanced ratings. Positive numbers indicated benefi-
cial effects of image enhancement, and negative numbers indicated
detrimental effects of image enhancement. The normality of the data
distributions for differences in ratings was tested with the Shapiro-
Wilk W test, and all distributions were non-normal (P < .05); there-
fore, minimum, maximum, and median values plus 25th and 75th
quantiles (quartiles) were used for descriptive statistics. In addition,
the number of positive and negative differences was determined. The
1-sample, signed rank test (2-tailed, with a test value of zero) was
used to assess the probability of obtaining the observed differences
(or more unlikely differences) if the null hypothesis that there was no
difference between baseline and enhanced images was true.

The effect of image processing was also assessed for subgroups
with 2 distinct radiation levels used.

P = .05 was considered statistically significant. Statistical anal-
yses were performed with JMP Pro Statistical Software, Release
12.0.1 (SAS Institute, Cary, North Carolina) and MedCalc Statis-
tics for Biomedical Research, Version 17.2, (MedCalc Software,
Ostend, Belgium; https://www.medcalc.org; 2017).

RESULTS

Correlation between Qualitative and Quantitative
Measures of GWD

At baseline, gray matter conspicuity was 37.3 * 11.6 with a base-
line CNR between gray and white matter of 1.9 = 0.9. The mean
GWD rating assigned by 2 readers on baseline images was 3.2 *
0.9. A positive correlation was observed between the mean GWD

FIG 3. Boxplots showing the distribution of gray matter conspicu-
ity (A) and CNR between gray and white matter (B) in 60 paired
head CT images with normal findings before (baseline) and after
(enhanced) processing with CIE. Both of these quantitative mea-
sures of gray-white differentiation demonstrated significant im-
provement following image processing (P < .001 for conspicuity;
P = .015 for CNR).

rating and both conspicuity (r = 0.29; 95% confidence limits,
0.035, 0.50; > = 0.08; P = .027) and CNR (p = 0.54; 95% confi-

dence limits, 0.33, 0.70; P < .001).

Effect of Image Processing on Quantitative Measures

of GWD

Image processing resulted in a significant (P < .001) increase in
the gray matter conspicuity from a value of 37.3 = 11.6 on base-
line images to 46.4 = 11.5 on enhanced images (Fig 3A). Similarly,
the CNR between gray and white matter on the enhanced images
(2.3 = 1.0) represented a significant increase from the corre-
sponding baseline value of 1.9 = 0.9 (Fig 3B, P = .02).

For patients scanned using standard protocol, conspicuity in-
creased from 38.3 = 12.3 at baseline to 47.5 = 11.2 (P < .001) on
enhanced images, and CNR increased from 2.3 * 1.0 at baseline to
2.8 = 0.9 (P = .024) on enhanced images. For the subgroup scanned
with the low-dose protocol, there was significant improvement (P =
.003) in conspicuity from a baseline value of 36.3 = 10.9 to 45.4 *
11.9 on enhanced images. While CNR increased by 24% from a base-
line value of 1.4 = 0.6 to 1.7 = 0.7 on enhanced images, differences
did not reach significance (P = .058).
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FIG 4. Clustered columns showing the distribution of qualitative GWD ratings assigned by 2
blinded radiologists to baseline and enhanced images on a 5-point Likert scale ranging from 1
(imperceptible GWD) to 5 (very easily perceptible GWD). The vertical axis shows the percentage
of all cases assigned a given GWD rating. A favorable shift toward higher GWD ratings was seen

with image processing for both radiologists (P << .01).

FIG 5. Axial head CT image across the insula obtained within 3 hours of stroke onset before (A)
and after (B) processing with CIE. Note that improved gray-white differentiation following image
processing makes it easier to perceive the loss of normal gray matter density in the insula (arrow),

corresponding to the infarction proved on subsequent DWI (C).

Effect of Image Processing on Qualitative Perception

of GWD

Reader 1 assigned a median GWD rating of 4 to baseline images
(range, 1-5; 25th quartile 3; 75th quartile 4) and a median GWD
rating of 5 to enhanced images (range, 2-5; 25th quartile 5; 75th
quartile 5). For reader 2, the median baseline GWD rating was 3
(range 1-5; 25th quartile 2; 75th quartile 3) and the median en-
hanced GWD rating was 3 (range, 1-5; 25th quartile 3; 75th quar-
tile 4). For both readers, these ratings constituted a significant
improvement in the GWD rating following image processing (Fig
4, P < .01). Improvement in the GWD rating was observed for
images obtained with standard protocol and for images obtained
with low-dose protocol (P < .01 for each reader in each group).
There was no difference in the artifact ratings of baseline and
enhanced images assigned by either reader (P = .11 for reader 1
and P > .99 for reader 2).

DISCUSSION
Increasing recognition of the adverse effects of radiation has
prompted efforts to reduce the radiation dose used to obtain di-

agnostic CT scans, especially in the pediatric population.”*' > A
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lower signal-to-noise ratio, resulting
from a reduction in the radiation dose,*!
can, however, adversely affect the visibil-
ity of gray-white matter differentiation
on pediatric head CTs. By demonstrat-
ing an objective improvement in CNR
and the conspicuity of GWD, our results
indicate that image processing using CIE
may help in mitigating some of the det-
rimental effects of the lower radiation
dose on head CT. The beneficial effect of
this image processing was observed even
in scans that were obtained with an ag-
gressive dose-reduction protocol. Our
results are similar to those of Bier et al,'?
who achieved improvement in GWD in
adult head CTs using a different image-
processing algorithm based on the fre-
quency-selective nonlinear blending.
Both studies are also similar in demon-
strating that such improvement in
GWD can be achieved without inducing
any appreciable artifacts. These image-
processing algorithms are, however, dis-
similar in that CIE, being based on the
continuity of structures, is technique-
neutral and has been used both for en-
hancing CT and MR images.*’

Radiologists routinely adjust the win-
dow and level of digital radiologic im-
ages to optimize the contrast needed for
easy visualization of details of interest
such as GWD.**” Such contrast opti-
mization, however, does not affect the
relative intensity values assigned to indi-
vidual pixels on the Hounsfield unit
scale and would not be expected to im-
prove the inherent CNR between gray and white matter. On the
other hand, our image-processing algorithm improved the GWD
by modifying relative assigned values of individual pixel intensity
for pixels representing gray and white matter as indicated by im-
proved CNR. The image algorithm used by Bier et al'> appears to
have a similar effect because they described the signal intensity
(SI) of cortical gray matter after image processing as approxi-
mately 60, a level that would not be expected for normal gray
matter on the Hounsfield unit scale. While previous authors de-
scribed this newly assigned intensity level in terms of Hounsfield
units, it may not be appropriate because the newly assigned inten-
sities may not align with the expected value of certain tissues on
the Hounsfield unit scale.

Both quantitative measures of GWD correlated with and trans-
lated into easier perception of GWD by both readers (Fig 4). This
may indicate that the beneficial effects of this tool may help readers of
different experience levels. Given the subjective nature of the GWD
rating scale, one reader rated the images more critically than the other
(Fig 4). These differences could either represent an actual difference
in the ease of GWD perception between readers or differences in the



expectation of best possible GWD achievable on head CT images.
While we are not able to postulate the exact cause for these differ-
ences, improved GWD perception was noted for each reader irre-
spective of their baseline ratings. Improved perception of GWD can
be expected to be helpful for diagnosing diseases in which it is lost
(such as ischemic infarction, encephalitis) as well as for diseases in
which gray matter is unduly thickened (such as malformations of
cortical development)."*?*" Using the same image-processing al-
gorithm that improved GWD on head CT images with normal find-
ings, previous investigators were able to improve the accuracies of
radiologists in diagnosing acute infarction and encephalitis on head
CTs."??%* Further studies are needed to test whether improved
gray-white differentiation afforded by CIE on head CT images can
translate into similar improved sensitivity for the detection of disease
processes such as ischemic infarcts (Fig 5).

In this feasibility study, the readers were not able to adjust the
window or level of the images. It is likely that the ability to opti-
mize window settings would have allowed radiologists to improve
the visibility of GWD in baseline images. However, improvement
in objective, quantitative measures indicates a favorable effect of
CIE beyond what would be achievable by window and level ad-
justments. Furthermore, enhanced images generated with this
image-processing algorithm could also be subject to further opti-
mization using window and level adjustment tools. While the al-
gorithm was applied to only 2 images from each patient’s scan, we
expect similar results if this algorithm were to be applied to the
entire set of images in head CT.

CONCLUSIONS

Image processing using an algorithm based on correlative prop-
erties of contiguous pixels improved the CNR between normal
gray and white matter in head CTs of children. This benefit was
also observed for scans obtained using a low radiation dose. Fur-
ther studies are needed to see whether these results can translate
into better detection of disease processes.

Disclosures: Aseem Sharma—UNRELATED: Consultancy: Biomedical Systems, Com-
ments: As a consultant, | serve as an independent reviewer for imaging studies per-
formed for research by third parties; RELATED: The algorithms used in this study were
coinvented by me. | have applied for a patent (pending) for these algorithms and
founded a company (Correlative Enhancement LLC) with the aim of future commercial-
ization of the IP.1am the sole proprietor of the company, and since the inception of the
company until now (including the time during which | processed the images for this
study), this company has not received funding from any external source. While | used the
algorithms to process the images for this study, | did not participate in image review,
image analysis, or the subsequent statistical analysis.
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ORIGINAL RESEARCH
PEDIATRICS

Looking Deep into the Eye-of-the-Tiger in Pantothenate
Kinase—Associated Neurodegeneration

).-H. Lee, ““’A. Gregory, ““'P. Hogarth, “'C. Rogers, and ‘'S ). Hayflick

ABSTRACT

BACKGROUND AND PURPOSE: A detailed delineation of the MR imaging changes in the globus pallidus in pantothenate kinase—
associated neurodegeneration will be helpful for diagnosis and monitoring of patients. The aim of this study was to determine the
morphologic spectrum of the “eye-of-the-tiger” sign and the topographic pattern of iron deposition in a group of patients with panto-
thenate kinase—associated neurodegeneration.

MATERIALS AND METHODS: Seventy-four MR imaging scans from 54 individuals with PANK2 mutations were analyzed for signal patterns
in the globus pallidus. Sixteen SWI data from 15 patients who underwent 1.5T (n = 7), 3T (n = 7), and 7T (n = 2) MR imaging were included
to visualize the iron topography.

RESULTS: The linear hyperintensity alongside the medial border of the globus pallidus was the earliest T2 signal change. This finding was
evident before SWI changes from iron deposition became visible. T2WI performed in early childhood mostly showed isolated hyperin-
tense signal. In adult patients, marked signal reduction within an earlier hyperintense center resulting from iron accumulation led to the loss
of signal difference between the central and surrounding areas. Signal hypointensity on SWI progressed from the medial to the lateral
portion of the globus pallidus with increasing age. The fiber connections between the medial globus pallidus and the anteromedial aspect
of the substantia nigra and subthalamic nucleus were markedly hypointense on SWI.

CONCLUSIONS: In pantothenate kinase—associated neurodegeneration, the globus pallidus MR imaging changes using SWI develop as
region-specific and age-dependent phenomena. Signal inhomogeneity was observed across the globus pallidus in pantothenate kinase—
associated neurodegeneration and should be considered when determining the concentration of iron.

ABBREVIATIONS: PKAN = pantothenate kinase—associated neurodegeneration; GP = globus pallidus; SN = substantia nigra; STN = subthalamic nucleus

eurodegeneration with brain iron accumulation is a hetero-
N geneous group of genetic diseases that shares the feature of
basal ganglia iron accumulation.' The diagnosis of neurodegen-
eration with brain iron accumulation is suspected by combining
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clinical features and MR imaging evidence of iron accumulation
in the brain." The most common neurodegeneration with brain
iron accumulation disorder is pantothenate kinase—associated
neurodegeneration (PKAN), caused by a mutations in the panto-
thenate kinase 2 (PANK2) gene.'

PKAN is usually suspected when the “eye-of-the-tiger” sign
on T2WT1 is present.>” It comprises a central region of signal hy-
perintensity, reflecting gliosis and edema, and surrounding hy-
pointensity caused by iron accumulation in the globus pallidus
(GP).** However, this specific MR imaging sign for PKAN may
be absent in early disease stages.’ Isolated GP hyperintensity on
T2WI may predate the appearance of surrounding hypointensity
related to iron accumulation.” Additionally, it appears to change
with time, obscuring an initially hyperintense center by the accu-
mulation of iron.® The eye-of-the-tiger sign has been reported to
occur as an imaging phenocopy in other conditions, such as neu-
roferritinopathy, carbon monoxide intoxication, multiple system
atrophy, and corticobasal degeneration, and in healthy adults.>>”* A
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detailed delineation of the radiographic changes in the GP in
PKAN, especially early in the disease, will be helpful for the
diagnostic evaluation.

In most cases of PKAN, iron accumulation is limited to the GP
and substantia nigra (SN), even in advanced stages.">* The de-
tection of iron depends on the MR imaging sequence used.* SWI
has shown higher sensitivity for visualization of brain iron than
conventional techniques, including T2W1.” Previous SWI studies
demonstrated iron-related signals in the GP and SN.'®'" SWI
also showed marked hypointense tracts connecting the GP and
SN.'>' However, their anatomic delineation and clinical signif-
icance have not yet been determined.

The aim of this study was to delineate the topographic spec-
trum of the eye-of-the-tiger sign and pathologic iron accumula-
tion using SWI in individuals with PKAN across the life span and
their disease course. On the basis of this analysis, we propose a
definition of the eye-of-the-tiger sign that is specific to PKAN.

MATERIALS AND METHODS

Brain MR imaging scans of patients with PKAN were obtained
from the Oregon Health & Science University and Pusan National
University Yangsan Hospital using protocols approved by the re-
spective institutional review boards. Seventy-four MR imaging
scans were collected on 54 patients with PKAN (mean age at first
MR imaging, 13.4 years; range, 9 months ~ 76 years) with PANK2
mutations from 49 families. Serial MR imaging scans were avail-
able for 14 patients: 9 patients with 2 serial scans and 5 patients
with 3 serial scans (mean time between scans, 2.08 years; range, 9
months ~ 5 years). MR imaging was performed with 1.5T (n =
51), 3T (n = 21),and 7T (n = 2) scanners. Two siblings under-
went both 3T and 7T MR imaging at the same time point. T2WIs
were available for all subjects; the corresponding axial TIWIs
were available in 48 MR images from 41 subjects.

To identify the eye-of-the-tiger sign on axial T2WI, we se-
lected 2 consecutive images at the level of and just above the level
of the anterior commissure (On-line Fig 1). The presence of a
visible round hyperintense center in the anteromedial aspect of
the GP at the level of the anterior commissure was considered a
key component of the eye-of-the-tiger sign. We divided typical
cases with the round hyperintense center into 2 groups according
to the surrounding signal intensity. The signal intensity of the
surrounding GP area was scored as isointense or hypointense rel-
ative to adjacent internal capsule (On-line Fig 1).> The MR imag-
ing findings were classified as “atypical” in the cases with marked
signal reduction within an earlier hyperintense center, which led
to the obscuring or loss of signal difference between the central
and surrounding areas.

Among 54 patients with PKAN, 16 SWI data from 15 patients
who underwent MRI at 1.5T (n = 7),3T (n=7),and 7T (n = 2)
were analyzed to determine the topography of iron accumulation
(On-line Table). One patient had 2 serial SW1s at 3T (patient 9).
SWI findings of 2 siblings have already been published (patients 7
and 13).'” We evaluated the following demographic and clinical
data: sex; age at clinical evaluation and MR imaging with SWI
acquisition; age at onset; family history; clinical features; clinical
subtype (classic or atypical based on age at onset and rate of dis-
ease progression according to the criteria of Hayflick et al*); and

584 Lee Mar2018 www.ajnr.org

PANK?2 mutation data (NM_153638.2). SWI sequences were de-
fined as those with low flip angles acquired with a gradient-echo
technique designed to accentuate susceptibility effects (TR, 27-50
ms; TE, 20—40 ms; flip angle, 12°-15° slice thickness, 2.0-3.0
mm). SWI was created by combining the magnitude and phase
images. SWI was viewed in the axial and coronal planes using
the open-source OsiriX Imaging Software (http://www.osirix-
viewer.com), which provided multiplanar reconstruction views.
SWI was used to identify the subthalamic nucleus (STN) and SN.
In coronal SWI, the SN lies inferior and medial to the STN.'? T2-
and T2*-weighted sequences were excluded from the analysis be-
cause they were not sufficiently sensitive to visualize the signal
changes in the SN and STN in detail for the determination of iron
topography. Five age- and sex-matched healthy individuals served
as controls at each field strength (1.5T and 3T).

Because this was a retrospective study, the scans were obtained
on different MR imaging scanners with corresponding sequence
parameters. Field strength and sequence parameters were taken
into account in determining normal-versus-abnormal signal in-
tensity characteristics. T2 or T1 signal intensity in the GP was
compared with that in the adjacent normal-appearing white mat-
ter. The globus pallidus becomes hypointense with respect to
white matter around the end of the first decade of life."* The signal
changes associated with myelination on TIWI and T2WT were
considered when evaluating MR imaging scans obtained during
infancy and early childhood. All MR images were anonymized
without clinical information and presented randomly during the
interpretation. To ensure consistency, the same rater (J.-H.L.)
rated the MR images. They were then reviewed by the second rater
(S.J.H.) to provide independent validation of the results. Any dis-
crepancy between raters was resolved by consensus.

RESULTS

The Eye-of-the-Tiger Sign on T2WI and TIWI

On T2WI, the eye-of-the-tiger sign with the hyperintense round
center was observed in 47 MRIs (63.5% of all MRIs) from 42
patients. Among them, 15 MRIs (mean age at MR imaging, 4.7
years; range, 3~7 years) from 13 patients were found to have an
isolated T2-hyperintense center without surrounding hypointen-
sity (Fig 1). At a higher resolution, these hyperintense centers
were not confined to the anterior GP but extended to the posterior
GP at thelevel just above the anterior commissure (On-line Fig 1).
The posteroinferior portion of the GP appeared isointense.
Thirty-two images from 30 patients (mean age at MR imaging,
15.1 years; range, 3~45) showed surrounding hypointensity re-
lated to excessive iron accumulation. The surrounding areas of
hypointensity tended to increase in size and decrease in signal
intensity with age (Fig 1).

None of 12 MR imaging scans from 8 patients younger than 3
years of age had a typical eye-of-the-tiger sign. The round hyper-
intense center in the anteromedial GP was observed at older than
3 years of age. Seven MRIs from 6 patients (mean age at MR
imaging, 2.15 years; range, 22 months ~ 3 years) showed linear
T2-hyperintensity that streaked along the medial border of the GP
(Fig 2). In 4 of those 6 patients, the round hyperintense centers
were visualized in the follow-up scans.

Eleven patients presented with atypical imaging features in



FIG 1. The eye-of-the tiger sign on T2WI and iron topography on SWI at 3T MR imaging (NL, P11, P12, P13) and 7T MR imaging (P15). On T2WI, the
round hyperintense center is reduced in size with extension of the surrounding hypointensity. A noticeable difference in signal hypointensity
between the medial and lateral segments of the globus pallidus tends to be obscured with increasing age (arrows). The reduction of signal
intensity in both the subthalamic nucleus and substantia nigra (P15, arrow) tends to be proportional to that of the GP. The fiber connections of
the medial GP with the SN and STN are dramatically visualized (P13, open arrow). NL indicates healthy control; P11/P12/P13/P15, the number of

patients in the On-line Table; y., years of age.

their 13 MR imaging scans (mean age at MR imaging, 27.1 years;
range, 5~76 years). All of them showed marked signal reduction
without clearly visible round hyperintensity in the GP (Fig 3). The
dark streak between the medial and lateral segments of the GP
extended anteriorly into the hyperintense center. In cases without
a hyperintense center, hyperintense streaking was frequently ob-
served in the central region.® Three patients did not show any
hyperintense focus within the GP. In these cases, T2-hypointen-
sity almost always extended into the genu of the internal capsule
(Fig 3). Bilateral GP calcification was observed in 3 among 7 pa-
tients who underwent brain CT. In 1 patient at 5 years of age, the
hyperintense center was obscured probably by calcification (Fig
3). The dark streak was observed within the hyperintense center in
the other patient at 4 years of age.

Signal changes were commonly observed on TIWI. There
were 48 of these MRIs reviewed. The region of T2-hyperinten-
sity appeared hypointense on TIWI in 25 MRIs (52%) from 24
patients (mean age at MR imaging, 12.6 years; range, 4~76
years) (On-line Fig 2). Thirty-two MRIs (66%) from 30 pa-
tients (mean age at MR imaging, 15.9 years; range: 4~76 years)
showed T1-hyperintensity in the region of T2-hypointensity.

Iron-Related Hypointense Signal on SWI

The clinical and imaging features from 15 patients with SWI are
summarized in the On-line Table. In our case series, signal hy-
pointensity on SWI with an isolated T2-hyperintense center was
first detected in a 3-year-old patient (Fig 2). In a patient with serial
MRIs, SWI hypointensity was not evident at 22 months of age.
The follow-up SWI at 4 years of age showed the typical pattern of
iron deposition accompanied by the appearance of an isolated
T2-hyperintense center in the GP. In patients with isolated T2-
hyperintensity, SWI showed marked iron-related hypointense
signal contiguous with the medial aspect of the GP (On-line Fig
3). There was a noticeable difference in signal intensity between
the medial and lateral segments of the GP (Fig 1). SWI signal
hypointensity was greatest medially. This SWT signal difference
across the GP tended to be obscured and lost as the surrounding
T2-hypointensity became more evident. The reduction of signal
intensity in both the STN and SN tended to be proportional to
that of the GP (Fig 1). SWI showed marked hypointense tracts
connecting the medial portion of the GP and the STN. The hy-
pointense connecting tracts ran medially through the crus cerebri
from the pars reticulata of the SN. They were more prominent in
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FIG 2. Early MRimaging changes in the globus pallidus. The linear T2-hyperintensity that streaks along the medial border of the GP is the earliest
T2 change (A, arrowhead). The round center in the anteromedial aspect is first observed at 3 years of age (B, left). Subtle hypointensity is also
detected on the susceptibility-weighted image (B, right). In patients with serial MRIs (C and D), iron-related hypointensity becomes definitely
evident by 4 years of age with the appearance of an isolated T2-hyperintense center (C). The surrounding areas decrease in signal intensity with
age (D). P8 and P9 indicate the number of patients in the On-line Table; m., months of age; y., years of age.

FIG 3. Atypical features of the eye-of-the-tiger sign. The hyperintense area in the anteromedial globus pallidus has totally disappeared at the
anterior commissural level (A, left) but is partly visible at just above that level (A, right, arrow). The dark streaks extend into the hyperintense
centers (B, left, arrow). The remaining component of hypointensity is observed as hyperintense stripes (B, right, short arrow). T2-hyperintensity
extends into the genu of the internal capsule (B, right, long arrow). The hyperintense areas are unusually located in the whole medial GP (C) and
posterior GP (D). The hyperintense center is obscured in a patient with GP calcification (E). y. indicates years of age.

the rostral and anterior portions of the SN. All hypointense areas
showed similar tendencies toward decreasing signal intensity with
age. MR imaging with a higher field strength provided better spa-
tial and contrast resolution. Two siblings underwent 7T MR im-
aging, which showed iron deposition in the SN and STN and their
connecting tracts more clearly.
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DISCUSSION
In this study, we demonstrated a wide morphologic spectrum of

the eye-of-the-tiger sign and the characteristic pattern of iron
deposition using SWI. However, this study is limited by a retro-
spective collection of cases, simple visual assessment without
quantitation, and intersite or interscanner variability in the MR



FIG 4. Graph shows the age distribution of the eye-of-the tiger sign classified into 3 categoric
patterns. “Hyper-center” indicates T2-hyperintense center of the GP; “hypo-surrounding,” the

surrounding area with T2-hypointensity; atypical, atypical features.

imaging sequence parameters. Despite these limitations, impor-
tant conclusions can be drawn from this large series.

The MR imaging signal pattern in the GP was found to differ
within subjects as their age increased and disease advanced, as well
as across subjects depending on the extent of surrounding hy-
pointensity resulting from iron accumulation. The typical eye-of-
the-tiger sign with surrounding hypointensity was observed in
only about half of the patients. T2ZWT performed in early child-
hood mostly showed the round center without surrounding hy-
pointensity (Fig 4). In adult patients older than 20 years of age, the
hyperintense center was often condensed, streaked, or entirely
lost, presumably due to increased iron accumulation. With the
increase and extension of iron deposition, the hyperintense center
varied in shape from small round to streaked. In addition to the
effects from iron, the T2-hyperintense area of the sign was prob-
ably obscured by diamagnetic calcium deposits in some cases.'*

The isolated hyperintense center on T2WT of the GP has been
described as the earliest MR imaging change in patients with
PKAN.? Additionally, we found it present as a linear T2-hyperin-
tense signal that streaks along the medial border of the GP in
children younger than 3 years of age. This finding was evident
before SWI changes from iron deposition became visible. The
current understanding of PKAN pathogenesis and the sequence
of cellular changes supports tissue edema and gliosis arising from
the primary metabolic insult and preceding the accumulation of
iron.'” Notably, in the early change, the posteroinferior portion of
the GP appeared isointense or without signal changes, suggesting
less tissue damage from a primary metabolic insult. The efficacy of
deep brain stimulation from previous reports also suggests that
this area may retain greater preservation of functional activity
than the anteromedial region of the GP.'®

The detection of the eye-of-the-tiger sign can be influenced by
MR imaging acquisition settings, such as axis plane or thickness.
The T2-hyperintense center in the anteromedial region is typi-

cally visible at the level of anterior com-
missure. The sensitivity for detecting the
sign depends on the MR imaging se-
quences. Signal changes reflecting gliosis
or iron deposits were also observed on
TIWI, though the sensitivity of TIWI
was much lower than that of T2WI. SWI
clearly depicted the increase and exten-
sion of iron deposition in the white mat-
ter, small structures such as the STN and
SN, and the corresponding area of T2-
hyperintensity. Even in cases of isolated
T2-hyperintense centers, SWI showed
the specific pattern of iron deposition.
This is because SWI is less affected by
factors such as myelin loss and changes
in water concentration than other con-
ventional sequences using T2 methods.”

In PKAN, the signal hypointensity
on SWI progressed from the medial to
the lateral portion of the GP with in-
creasing age and advancing disease. Al-
though rigorous serial follow-up data
are lacking, topographic spreading of
iron deposition does not clearly correlate with the duration or
severity of disease symptoms.”® Our observations are most con-
sistent with age-related patterns of iron deposition. In previous
investigations using in vivo MR imaging, iron deposition in-
creased with age in the GP, occurring first in the internal GP and
progressing from the medial to the lateral aspect during normal
brain development and aging.'” The region-specific pattern of
iron deposition in normal aging can be enhanced and observed in
pathologic conditions, such as parkinsonian variant multisystem
atrophy, in which iron deposits mostly in the posterolateral part
of the putamen are in line with the aging pattern.'®'’

The ability to quantify the iron content in the GP of patients
with PKAN would help to understand disease progression and
possibly monitor treatment response as disease-modifying agents
are developed. There have been attempts to quantify iron stores in
vivo in patients with PKAN, in which the surrounding hypoin-
tense area of the GP was usually used to determine the concentra-
tion of iron." *>?' However, most studies, including clinical trials
of the iron-chelating drug deferiprone in PKAN, used single or 2
consecutive, manually drawn ROIs of the 2D images without de-
lineating the exact boundaries of the GP.***? Signal inhomogene-
ity across the GP observed in this study should be considered
when determining the concentration of iron.

Involvement of the SN and STN in previous studies may have
been underestimated due not only to less sensitive sequences for
the detection of iron but also less spatial resolution to discrimi-
nate among structures.” SWI dramatically visualizes the para-
magnetic signals from iron deposition around the fiber connec-
tions of the GP with the SN and STN. The findings of increasing
iron deposition along these tracts in proportion to GP iron con-
tent, with a trend toward higher levels in their rostral connection
to the GP, may suggest an underlying spreading process.”* The
damage to white matter tracts could represent neural network
dysfunction. Similar paramagnetic susceptibility was detected in
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the pallidoreticular pathways after carbon monoxide intoxication
and was related to worse neuropsychiatric performance and a
greater likelihood of parkinsonism.? In a previous diffusion ten-
sor imaging study of PKAN, the alterations in white matter integ-

rity were more widespread, affecting mainly the connections be-

26

tween the basal ganglia and the frontal regions.”® However, the

correlation of white matter damage with clinical parameters in
patients with PKAN has not been fully elucidated.

CONCLUSIONS

The eye-of-the-tiger sign specific for PKAN was better defined
using SWI in combination with T2WI. The morphology of the
sign was found to differ depending on the extent of iron accumu-
lation. Iron-related SWI changes in the GP develop as region-
specific and age-dependent phenomena, which may contribute to
the better understanding of the disease process in PKAN.
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Sonographic Development of the Pericallosal Vascularization
in the First and Early Second Trimester of Pregnancy
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ABSTRACT

BACKGROUND AND PURPOSE: Anomalies of the corpus callosum are rare. Routine scanning in midtrimester of the pregnancy often fails
to identify defective development. The purpose of the study was to identify the pericallosal artery and all its main branching arteries
during early gestation from the first trimester onward, to measure the length of the pericallosal artery during its development, and to
establish a normal vascular map for each week of development.

MATERIALS AND METHODS: We performed a single-center prospective, longitudinal clinical study in 15 patients between 11and 22 weeks
of gestation. The origin and course of the different blood vessels were identified.

RESULTS: There was a linear association among gestational age, the biparietal diameter, and the length of the pericallosal artery. The
curvature of the developing pericallosal artery increases linearly with the gestational age and biparietal diameter, and 4 variations of
branching of the callosomarginal artery were observed.

CONCLUSIONS: The pericallosal artery and its branches can be identified and measured from 11 weeks on, and the pericallosal artery takes
its characteristic course. A defective course or an abnormal biometry of the pericallosal artery could be an early sonographic marker of
abnormal development of the corpus callosum.

ABBREVIATIONS: BPD = biparietal diameter; CC = corpus callosum; CMA = marginal callosal artery; L1 and L2 = the anterior and distal part of the pericallosal

artery to the highest point

he development of the corpus callosum (CC) starts with the

formation of the genu during the eleventh week of gesta-
tion and progresses in an anterior-to-posterior direction with
the development of the body and splenium.’ Finally, the most
anterior part, the rostrum, is formed.>> More recent neuro-
imaging studies have shown callosal connections originating
more centrally in the hippocampal primordium near and su-
perior to the anterior commissure.” The expansion of the lobes
makes the anterior border of the CC move progressively for-
ward to coincide with the enhanced anterior curvature of the
cingulate gyrus.” Finally, the rostrum and the genu connect the
frontal lobes, the body of the CC joins the posterior part of
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the frontal lobes and the parietal lobes, and the splenium
unites the temporal and occipital lobes.

Traditionally in the second trimester of pregnancy, the fetal
brain is examined in 3 axial planes.”® Absence of the cavum septi
pellucidi, an interruption of the cerebral falx, and absence of a
transverse hypoechoic communication between the 2 frontal
hemispheres are indirect sonographic signs of absence of the CC.

Because anomalies of the CC are rare (0.3%-0.7% to 2%-—
3%), their detection in a nonselected population remains diffi-
cult.””® Furthermore, routine axial scanning planes fail to identify
defective development of the CC before midgestation.>** How-
ever, direct and complete visualization of the CC and pericallosal
arteries can be established in the sagittal plane from 18 weeks on,'°
though the fetal position, maternal obesity, and oligohydramnios
may limit an optimal view in a sagittal plane.

High-resolution transvaginal sonography probes allow exam-
ining the central nervous system and diagnosing pathologic con-
ditions at aneuploidy screening at 11-14 weeks.'' ' Nevertheless,
in a retrospective analysis of >45,000 pregnancies scanned be-
tween the eleventh and thirteenth week of gestation, none of the
10 cases of agenesis of the corpus callosum were either suspected
or diagnosed."®
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FIG 1. Alis the segment originating from the internal carotid artery
and extending to the anterior communicating artery. A2 extends from
the anterior communicating artery to a region between the rostrum
and genu. The A3 segment courses around the genu to the rostral part
of the body. A4 and A5 segments are the continuation of the perical-
losal artery.

The CC is lined by the pericallosal arteries, which branch dis-
tally from the anterior cerebral artery. These vessels are divided
into 5 segments as presented in Fig 1.

Power Doppler flow demonstrates the normal distribution of
the pericallosal artery and its variant branching at the twentieth-
week sonographic examination and more recently even at the end
of the first trimester.'”

The sensitivity of screening for fetal CC agenesis using in-
direct sonographic signs such as an abnormally shaped or ab-
sent cavum septi pellucidi (or ventriculomegaly/colpocephaly
from midgestation onward) is poor™® and is not applicable in
the first trimester. Furthermore, dysgenesis of the CC could
escape detection because most of the aforementioned signs are
lacking.'”

Aim

In the absence of specific screening tools for and direct visualiza-
tion of the developing CC before midgestation, we hypothesized
that the progressive development of the pericallosal vasculariza-
tion precedes callosal development and might therefore act as a
marker for the early callosal development.

The blood supply of the corpus callosum is ensured by 2 arte-
rial systems. The carotid system supplies the pericallosal artery. A
part of the splenium is supplied by the vertebrobasilar system by
its terminal branches. These systems give rise to perforating
arteries that ensure the intrinsic vascularization of the corpus
callosum, creating a system of regular stitches around the fi-
bers of the corpus callosum.*"***** The formation of the cor-
pus callosum is associated with medial and upward rotation of
the cingulate gyrus, with consequent formation of the cingu-
late sulcus. When the CC does not form, the cingulate gyri do
not rotate and are small due to hypoplasia of the cingulum, and
the medial hemisphere sulci radiate to the third ventricle. An
abnormal pattern might be an early indirect sonographic
marker.

Therefore, dysgenesis of the corpus callosum could be re-
flected by a misshapen or abnormal course of the pericallosal
arteries and their branches.'®?° With this study, we aimed to
document the normal longitudinal development and variants
of the pericallosal vasculature from 11 to 22 weeks of gestation
using power Doppler flow and high-frequency sonography
probes.
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FIG 2. The callosomarginal artery is the largest branch of the perical-
losal artery. The main branches are the frontopolar artery (A.Fronto-
polaris), the anterior internal frontal artery, the middle internal frontal
artery, the posterior internal frontal artery, and the paracentral artery.
They may arise from the pericallosal artery or the CMA.

FIG 3. N-PA indicates the distance between the frontonasal junction
and the origin of the pericallosal artery; L-PA, the length of the peri-
callosal artery: a straight line connecting the most anterior and pos-
terior part of this artery; HP, the highest point of the curvature of the
pericallosal artery perpendicular to L-PA line; L1, the anterior part of
the L-PA distance to the HP; L2, the posterior part of the L-PA dis-
tance to the HP; ACA, anterior cerebral artery.

MATERIALS AND METHODS

We performed a single-center prospective, clinical study in-
cluding 15 patients referred for sonographic examination at
11-13 weeks of gestation. Patients were eligible in case of a
viable singleton pregnancy with a low first-trimester aneu-
ploidy risk (<1/1000), no subsequent chromosomal abnor-
malities or growth restriction, and no sonographic evidence
of fetal anomalies. Gestational age was determined by an early
dating scan.”"

Patients younger than 18 years of age or with multiple preg-
nancies were excluded. Eligible patients were invited for a
weekly or biweekly follow-up scan by a single Fetal Medicine
Foundation-— certified operator up to 22 weeks of gestation, the



time at which the fully developed corpus callosum could be
identified by sagittal scanning of the fetal brain.

All patients underwent a second-trimester sonography by an-
other sonographer who demonstrated a normal corpus callosum
in a midsagittal view.

Transabdominal sonography was performed with a Voluson E8
Expert, (GE Healthcare, Milwaukee, Wisconsin) with a transab-
dominal RAB 4—8 D transducer (GE Healthcare).

Number of observations in relation to gestational age. Mean
length of the pericallosal artery (millimeter) in relation to
gestational age (=SD)

Mean Length

Gestational Fetuses of Pericallosal

Age (wk) (No.) Artery (mm) SD
n 3 443 0.78
12 13 41 0.44
13 10 6.3 122
14 n 6.96 0.66
15 5 775 1.08
16 1 9.68 148
17 9 12.34 219
18 9 13.15 17
19 7 15.66 143
20 9 16.82 1.8
21 2 20.55 2.86
22 1 18.43 0.36

A complete fetal biometry and a first-trimester aneuploidy
screening were performed. The midsagittal plane used for iden-
tifying the nasal bone and nuchal translucency served as a tem-
plate for the high-definition power color Doppler investigation of
the pericallosal region in accordance with the as low as reasonably
achievable principles. Settings were the following: armonics-high,
speckle reduction imaging II 3, frequency mid, wall motion filter
low, pulse rate frequency 0.6 kHz, persistence high).

The thermal and mechanical indices were kept below 1 for
safety reasons according to the recommendations of the Bio-
Effects and Safety Committee of the International Society of Ul-
trasound in Obstetrics and Gynecology.”” The origin and the
course of the frontopolar artery, the ramus anterior, the ramus
medianus, the ramus posterior, the callosomarginal artery, the
paracentral artery, and the precunealis were identified (Fig 2).
Corresponding images and clips were digitally stored.

To define the natural course of the pericallosal arteries in re-
lation to the fetal head, we measured the distance between the
frontonasal junction and the origin of the pericallosal artery in
a sagittal plane. The length of the pericallosal artery was mea-
sured by drawing a straight line connecting the most anterior
to most posterior part of this artery as visualized by color
Doppler flow at 94 different time points. The mean and the
fifth and ninety-fifth percentiles were calculated for the length

FIG 4. The different branches of the pericallosal arteries at week 12, week 14, week 16 and week 18, respectively.
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FIG 5. The precuneal artery (arrow) can be observed from 16 weeks
onward, and this artery was visible in midtrimester in 80% of our fetuses.

FIG 6. Variants of the callosomarginal artery.

FIG7. Linear correlation between the developing pericallosal artery and gestational age (n = 94)

(r = 0.951) (P < .0001).
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of the pericallosal artery in relation to gestational age and bi-
parietal diameter (BPD).

We defined the rounded course of the pericallosal artery by
measuring the distance between the highest point of the curvature
of the pericallosal artery perpendicular to the straight line con-
necting the most anterior to most posterior part of this artery as
visualized by color Doppler flow. Subsequently, the length of
the pericallosal artery distance was divided into L1 and L2, the
anterior and distal part of the pericallosal artery to the highest
point (Fig 3). Each measurement was performed 3 times and
averaged. Mean values for the highest point, L1 and L2, with
the fifth and ninety-fifth percentiles, were calculated for each
gestational week.

To study the natural variation in the course and the origin
of the marginal callosal artery (CMA), we constructed a dia-
gram of the vascular development. The distances between the
origins of the different branches of the pericallosal artery were
measured for each gestational week. The assessment of the
variants in the origin of the CMA was performed according to
the Fisher classification.”?

Normal fetal development was confirmed by systematic
evaluation of the fetal anatomy and biometry (biparietal diam-
eter, occipitofrontal diameter, head circumference, abdominal
circumference, and femur length) and the presence of a nor-
mally developed corpus callosum and pericallosal artery at the
second-trimester sonography by another independent Fetal
Medicine Foundation operator. The pericallosal artery and its
branches were reassessed on the anonymized stored images at 3
and 6 months to calculate the interobserver variability.

Statistical analysis was performed with SAS 9.3 (SAS Institute,
Cary, North Carolina). Descriptive statistics are presented as
mean (*SD) or median (percentiles), depending on the normal-
ity of the data. Frequency tables with the Fisher exact test were
used to compare independent proportions. Linear regression be-
tween variables was performed, and the Pearson correlation coef-
ficient was reported, together with its 95% confidence interval.

Statistical significance was considered at
the .05 significance level. Bland-Altman
plots were used to evaluate the intraob-
server variability. The study was ap-
proved by the ethics board of the Uni-
versity Hospital Leuven, Belgium, and
all participating patients consented.

RESULTS

All 15 consenting and participating pa-
tients completed the study. A total of 94
transabdominal observations were per-
formed, with a median of 7 sonography
scans per patient (range, 3—8). One pa-
tient was seen on 3 occasions in early
pregnancy. Further management of her
pregnancy occurred in another center.
However, sonographic evaluation in the
third trimester did not reveal CNS ab-
normalities in any of these patients
(Table and Fig 4).



FIG 8. Linear correlation between the developing pericallosal artery and BPD (n = 94) (r = 0.932)

(P < .0001).

FIG 9. Height of the slope (millimeters) in relation to gestational age (n = 94) (r = 0.904) (P <

.0001). HP indicates highest point.

All patients delivered at term (mean, 39 weeks 1/7 days). The
mean maternal age was 31.2 = 4.4 years, and the mean body mass
index in this selected group of 15 patients was 24.3 * 3.2. The
mean BMI allowed a successful visualization of the blood vessels.
In 8/15 patients, the placenta was localized anteriorly. The peri-
callosal vasculature was assessed in short scanning episodes for an
additional total scanning time of <60 seconds in all cases. The
anterior part of the pericallosal artery could be observed in a sag-
ittal plane from a crown-rump length of >36 mm (corresponding
to 10 5/7 weeks of gestation).

In 4 of 15 patients with a sonogram at 11.0-11 6/7 weeks of
gestation, the presence of a pericallosal artery could be demon-
strated. At 12.0—12 6/7 weeks of pregnancy, the anterior part of
the pericallosal artery was visualized in all but 1 patient (14/15).

The anterior internal frontal artery, the
middle internal frontal artery, and the
posterior internal frontal artery were de-
tected in 93.33% (14/15), 66.66% (10/
15), and 26.66% (4/15) of patients,

respectively.
From 13 to 13 6/7 weeks onward,

the anterior internal frontal artery was
seen in all cases (14/14). The middle
internal frontal artery and posterior
internal frontal artery were seen in
85.7% (12/14) and 75% (9/12), respec-
tively. At 14-14 6/7 weeks, the middle
internal frontal artery was depicted in
all cases and the posterior internal
frontal artery was seen in 78.57% (11/
14). All the branches were demon-
strated from 15 completed weeks on-
ward in all patients. The precuneal
artery (Fig 5) was observed from 16
weeks onward in 46.6% (n = 7) and by
20 weeks in 73.3% (n = 11). In 20% of
the cases (n = 3), the middle and pos-
terior internal frontal arteries were
connected by a common trunk, the

most common variant.
Variations of branching of the cal-

losomarginal artery come in 4 differ-
ent types, of which the CMA starting
from the Al and the A4 segment was
not observed. From the CMA, 6 (40%)
started in the A2 segment and 8
(53.3%) originated in the A3 segment.
In 3 cases (20%), the CMA branched
before the ramus anterior; in 1 case
(6%), between the ramus anterior and
ramus medianus; in 4 cases (27%), be-
tween the ramus medianus and poste-
rior; and in 7 cases (47%), after the
ramus posterior (Fig 6).

We found a strong linear correlation
(P < .0001 in all cases) between the
length of the developing pericallosal ar-
tery and gestational age (n = 94) (r =
0.951) (Fig 7), BPD (n = 94) (r = 0.932) (Fig 8), head circumfer-
ence (n = 94) (r = 0.937), femur length (n = 94) (r = 0.933), and
crown-rump length (n = 23) (r = 0.796).

The distance from the nasofrontal junction to the origin of the
pericallosal artery and the curvature of the developing vasculature
documents its spatial development and that of the future CC.
Between 12 and 22 weeks of gestation, the origin of the pericallosal
artery distance increased linearly with gestational age (r = 0.905)
and the BPD (r = 0.867).

The curvature of the developing pericallosal vasculature was
defined by the highest point (Fig 9), L1 (Fig 10), and L2 (Fig 11),
all of which increased linearly with gestational age (r = 0.904;
0.935, and 0.944, respectively) and the BPD (r = 0.873; 0.926;
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FIG10. Increasing slope of the pericallosal artery (millimeters) in relation to gestational age. (n =

94) (r = 0.935) (P < .0001).

FIG 1. Decreasing slope of the pericallosal artery (millimeters) in relation to gestational age (n =

94) (r = 0.944) (P < .0001).

0.913). The highest point/L1 ratio, representing the slope of the an-
terior part of the pericallosal artery and hence the developing CC,
decreased slightly throughout the investigated timeframe.

We measured the distances between the different developing
branches across time. The frontopolar artery and the ramus ante-
rior, the ramus anterior and the ramus medianus, the ramus
medianus and the ramus posterior, the ramus posterior and the
callosomarginal artery, the callosomarginal artery and the para-
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central artery, and the paracentral artery
and precuneal artery illustrate the pro-
portional growth of the pericallosal
blood vessels. Intraobserver variations
of the length of the pericallosal artery
and the distances between the origins of
the different branches were not statisti-
cally significant.

DISCUSSION
Agenesis and dysgenesis of the corpus
callosum are the more frequent central
nervous system malformations associ-
ated with variable prognosis. In associa-
tion with chromosomal abnormalities,
genetic syndromes, and central nervous
system and non-CNS abnormalities, the
prognosis is invariably poor.** Isolated
complete agenesis, however, seems to
have a better prognosis than a partial or
hypoplastic corpus callosum."” A recent
meta-analysis of 27 studies on the out-
come shows a higher proportion of
chromosomal anomalies, more gross
and fine motor control affection, and a
higher percentage of epilepsy in the par-
tial agenesis group compared with the
complete agenesis of the CC group.*’
Today, diagnosis relies on a midtrimes-
ter sonographic examination potentially
revealing =1of the associated signs such
as mild ventriculomegaly, colpocephaly,
absent cavum septi pellucidi, upward
displacement of the third ventricle, tear-
drop configuration of the lateral ventri-
cles, or cystic dilation of the third ventri-
cle.”>*® However, these signs might be
subtle or missing.””>*® The presence of a
normal CC and its biometry has been
assessed by transabdominal and trans-
vaginal 2D and 3D sonography and with
fetal MR imaging from 18 weeks
Onward. 10,17,29-33

Indirect appreciation of the develop-
ing CC will be seen by demonstration of
the pericallosal artery and its branches.
Recently, color Doppler mapping docu-
mented the modified arterial vascular
supply with loss of the semicircular loop
in CC agenesis (Fig 12).>° In a partial agenesis of the CC, the
paracentral artery follows the anterior part of the CC but loses its
normal course when the CC vanishes. At this level, the artery
moves in an upward and posteriorly oblique direction (Fig
13)."2° The corpus callosum formation is associated with a me-
dial and upward rotation of the cingulate gyrus, with consequent
formation of the cingulate sulcus. In cases of an absent CC, the
cingulate gyri do not rotate and are small due to hypoplasia. In



cases of partial agenesis, we expect therefore a shorter length of the
pericallosal artery as well as a different branching pattern and
course. Knowledge of the development and variations in the dif-
ferent branches may enhance the diagnosis of partial agenesis of
the corpus callosum.

In the first trimester, the midsagittal plane of the fetal head
allows investigating the nasal bone and the nuchal translucency as
screening markers for Down syndrome and the intracranial trans-
lucency for the detection of open neural tube defects.”*> Adding
power color Doppler flow in fetuses at rest for short time intervals,
respecting thermal index and mechanic index, shows the devel-
oping pericallosal vasculature and its variants®®~® in the first tri-
mester either with 2D or 3D sonography.

Most first-trimester studies document either the presence or
the course and/or length of the pericallosal artery only. In a cross-
sectional study including 80 patients attending for first-trimester
aneuploidy screening, chorionic villus sampling, or amniocente-
sis, a reference range of the length of the pericallosal artery was

FIG 12. Pericallosal artery and branches in agenesis of the corpus
callosum.

FIG 13. Aberrant pattern of the pericallosal artery and its branches in partial agenesis of the

corpus callosum.

provided from 14 weeks onward in relation to BPD and gesta-
tional age.”® In agreement with Pati et al,”® we also detected a high
linear correlation (>0.9) between the length of the pericallosal
artery and gestational age and the BPD, respectively. However, in
that study, the developing vascular map was not analyzed. Con-

turso et al’®

viewed the pericallosal arteries in healthy fetuses at
11-13 weeks of gestation in 70 cases using 3D technology in the
first trimester of pregnancy.

Diaz-Guerrero et al’>” evaluated 150 fetuses between 11 and
14 weeks and failed to visualize the pericallosal artery in only 6
cases. Subsequently, 2 of these 6 cases were diagnosed with
agenesis of the corpus callosum in association with a chromo-
somal abnormality. In the 4 other fetuses, the pericallosal ar-
tery was not seen due to the fetal position and excessive fetal
movement.”” However, in addition to the biometry of the peri-
callosal artery, we favor evaluating the morphology of the vas-
culature of the pericallosal artery and its branches because it
might enhance the diagnosis of complete agenesis as well as
dysgenesis of the CC. This evaluation has already been de-
scribed in the second trimester of pregnancy.”® Therefore,
detailed knowledge of the arterial supply of the corpus callo-
sum might distinguish normal variants from deteriorated vas-
cularization associated with abnormal development of the
CC. 17,39

Limitations of our study are the small number of healthy
subjects, therefore the lack of an unhealthy case, and an aver-
age body mass index of 24, which does not always represent the
general population.

CONCLUSIONS
In a population of healthy fetuses, the pericallosal artery and its
branches can be consistently identified and measured from 11
weeks on. A defective course or an abnormal biometry of the
pericallosal artery could be an early sonographic marker for iden-
tifying abnormal development of the corpus callosum. Further
prospective evaluation of the vascularization and biometry of the
pericallosal artery in the late first trimes-
ter is needed for proof of this concept.
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Spinal Arteriovenous Vascular Malformations in Patients
with Neural Tube Defects

E. Giordan, ““'C. Bortolotti, ““’G. Lanzino, and ““'W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Neural tube defects, such as tethered cord, intradural lipoma, or myelomeningocele may coexist with
spinal vascular malformations. The coexistence of these 2 rare entities is suggestive of a causal relationship between them, which may lead
to further understanding of their pathogenesis. We present a series of 6 patients with epidural spinal arteriovenous fistulas associated with
neural tube defects.

MATERIALS AND METHODS: We retrieved cases of spinal vascular malformations associated with neural tube defects seen at our
institution. The clinical presentation, MR imaging/MRA and angiographic imaging, treatment outcomes, and long-term neurologic out-
comes were analyzed. Descriptive statistical analyses are reported.

RESULTS: Six patients with epidural arteriovenous fistulas and neural tube defects were included in this study. The mean age at presentation was
42 years, and the most common presenting symptoms were lower extremity weakness followed by sensory disturbances and bladder/bowel
dysfunction. In most cases (5/6), the fistulas were located at the sacral level. All cases were fed by the lateral sacral artery (6/6). Four patients had
prior spine surgery, but the fistula was in the operative bed in 2 cases. All fistulas were extradural with secondary intradural venous drainage. Five
patients underwent transarterial embolization with Onyx, and 1 patient had a treatment-related complication.

CONCLUSIONS: It is conceivable that there is a pathophysiologic link between neural tube defects and development of spinal vascular
malformations. Delayed neurologic deterioration or high conus signal in a patient with a neural tube defect should suggest the possibility

of such an association.

eural tube defects are relatively uncommon abnormalities of
N spinal cord and spinal column formation. They occur con-
sequent to failure or improper fusion of the neural tube during
embryologic development. Spinal epidural arteriovenous fistulas
or malformations are rare entities, which have been sporadically
associated with neural tube defects, though a formal association
between the 2 conditions has not yet been established. The coex-
istence of 2 uncommon conditions (ie, neural tube defect and
spinal vascular malformation) in the same patient may suggest a
causal relationship rather than mere coincidence. We present the
first series of spinal epidural arteriovenous fistulas associated with
neural tube defects along with an extensive review of the litera-
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ture. On the basis of this association, we suggest that these 2 rare
entities could share a common pathophysiologic origin.

MATERIALS AND METHODS

Patient Selection

We retrospectively reviewed all cases of spinal vascular malforma-
tions associated with neural tube defects evaluated at the Mayo
Clinic. Selection criteria included patients with lipomeningocele,
myelomeningocele, dermoid cyst, neuroenteric cyst, tethered cord,
intradural lipoma, and diastematomyelia with a coexisting epidural,
dural, or intradural arteriovenous fistula or malformation. Patients
who underwent a prior spinal surgery for spina bifida repair were
included in the study.

Image Analysis

MR imaging and angiographic findings were reviewed by a neurora-
diologist. All patients underwent spinal MR imaging and conven-
tional spinal angiography. The presence of flow voids, increased T2
hyperintensity, or spinal cord enhancement was documented. Se-
lective spinal angiography was performed in all cases to identify
the fistulous point, feeder location and number, and venous
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Summary of cases of spinal epidural arteriovenous fistula and neural tube defects

Presentation

Age Length of Prior
Case (yr), Fistula Sensory Bladder = Bowel/Sexual  Motor Clinical Long-Term Surgery (Type Associated
No. Sex Location Symptoms Dysfunction Dysfunction Symptoms FU(mo) Outcome of Surgery) NTD
1 46, M S Y Y N N 2 Unchanged N TC+IL
2 44,F L4 Y N N Y 3 Worsened Y (MMC repair) MMC
3 65,F S Y Y Y Y 4 Improved Y (laminectomy) TC + DS
4 64, M S Y Y Y Y 3 Improved N TC+IL
5 57,F S Y Y Y Y NA NA Y (MMC repair) MMC
6 64,F S Y N N Y 6 Improved Y (laminectomy) TC

Note:—N indicates no; Y, yes; NA, not applicable/not defined; NTD, neural tube defect; TC, tethered cord; IL, intrathecal lipoma; MMC, myelomeningocele; DS, diastemato-

myelia; FU, follow-up; S, sacrum.

draining pattern. Postoperative MRA or DSA was performed in all
patients undergoing treatment, to assess AVF obliteration. Post-
operative imaging follow-up ranged from 2 to 14 months.

Data Collection

The study sample was collected by reviewing the surgical and ra-
diologic data base. Patient history, clinical examination, radio-
logic findings, and follow-up information were obtained from
digital records. Both the modified Rankin Scale and the Aminoff
Motor Disability Scale scores were determined retrospectively.
The timing and presence of any spine operation were docu-
mented. Fistulas were considered possibly related to a prior oper-
ation if the fistula was in the operative bed. In cases of patients
who had an operation and development of a fistula at a distant
location (ie, lower sacral fistula following lumbar laminectomies
and so forth), the fistula was not thought to be related to the prior
surgery. Lesions were considered “missed” on imaging if there
was clear MR imaging evidence of a fistula and the patient was
treated for a different disease entity (ie, transverse myelitis, degen-
erative disease, neuropathy, and so forth). MR imaging evidence
of a fistula included high T2 cord signal in the presence of flow
voids with or without cord enhancement.

Statistical Analysis

No formal statistical comparisons were performed. Descriptive
results are presented as mean * SD for continuous variables and
number (percentage) for categoric variables. All data analyses
were performed using the statistical software package JMP 13.0
(SAS Institute, Cary, North Carolina).

RESULTS

Baseline Patient Characteristics and Clinical Presentation
Six patients included in this series had neural tube defects associ-
ated with spinal vascular malformations. In all cases, the malfor-
mations were classified as epidural fistulas (Table). Two patients
were men and 4 were women. The mean age at presentation was
56.6 years. The coexistence of tethered cord and intradural lipoma
was found in 4 cases (cases 1, 2, 4, and 5). One patient had a
disorder of cord formation with partial diastematomyelia with a
tethered cord, while 2 had myelomeningoceles.

Clinical presentations included the following: 1) sensory changes
in 6 patients, 2) bladder/bowel dysfunction in 4 patients, and 3) pro-
gressive motor weakness in 5. All patients experienced some degree of
neuropathic pain, sometimes bilateral with an ascending distribu-
tion. Symptom duration ranged from 1 to 12 months.
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Delayed Diagnosis and Prior Treatment

In 3 cases, the vascular malformations were missed at first imag-
ing, with a consequent delay in recognition ranging from 2
months to 2 years. The average time from symptom manifestation
to diagnosis was 8 months. Two patients in this series had under-
gone myelomeningocele repair during childhood and presented
decades later with an epidural AVF. Two additional patients un-
derwent laminectomies before diagnosis of the fistula, which were
remote from the site of the fistula. In 1 of these 2 patients, there
was clear imaging evidence of an underlying vascular malforma-
tion before the laminectomy.

Imaging Findings

Enlarged vascular structures and flow voids were detected on MR
imaging on the surface of the lower spinal cord in all patients. Five
patients had T2 signal changes in the conus. Cord enhancement
was detected in 3 patients.

Epidural arteriovenous fistulas were located at the sacral level
in all patients except for 1 case in which it was located at the L4
level. Fistulas were fed by 1 vessel in 4 patients and by 2 separate
arterial feeders in 2 patients. In all patients, the arterial feeder was
the lateral sacral artery arising off the internal iliac artery, 4 from
the left and 2 from the right. In 2 patients, both lateral sacral
arteries fed the fistula. In all cases, while the actual arteriovenous
shunt was extradural, secondary intradural venous drainage was
present. None of the patients had a history of spinal hemorrhage.

Treatment and Outcomes

Five patients underwent transarterial embolization of the epidu-
ral fistula with Onyx (Covidien, Irvine, California). Postoperative
MRA or DSA was performed in all cases within 24 hours to con-
firm closure of the fistula. One patient had a spinal cord infarct
and consequent severe paraparesis due to embolization of an arterial
feeder, which also supplied the anterior spinal artery. In 1 patient,
symptoms were mild and not ascribable to the arteriovenous shunt;
therefore, no invasive treatment was recommended.

Clinical and imaging follow-up ranged from to 2 to 14
months. Four patients clinically improved with regression of sen-
sory symptoms after treatment. However, recovery of bladder
and/or bowel function was slower compared with other motor
and/or sensory neurologic symptoms. One patient did not re-
cover urinary function completely. Following treatment, both the
modified Rankin Scale and Aminoff Motor Disability Scale scores
improved in 3 patients, were stable in 1, and worsened in the
patient who had a complication. Follow-up MR imaging showed



FIG 1. A, Sagittal T2-weighted spine MR imaging showing tethering of the spinal cord (lower
arrowheads). Note the conus tip at the L4-L5 level and flow voids throughout the spinal canal,
most prominent in the sacral canal (arrowheads), extending superiorly to approximately the T2
level. B, Right internal iliac artery angiogram demonstrates an arteriovenous shunt in the spinal
canal of the sacrum (black arrow). The feeding artery enters through the left S4 neural foramen.
C, Left internal iliac artery angiogram demonstrates an additional feeder to the arteriovenous
shunt (lower black arrow). Intradural draining veins (upper black arrow) are visible. D, Angiogram
obtained following embolization demonstrates a large cast of Onyx extending from the site of

fistula to the coronal venous plexus.

resolution of T2 hyperintensity in 5 cases. Spinal cord enhance-
ment decreased in 2.

Case Examples

Case 1. This 46-year-old man presented with a 2-decade history
of back pain and bladder dysfunction following a motor vehicle
collision (Fig 1). He had no history of an operation. Spine MR
imaging showed tethering of the spinal cord, with the tip of the

conus at the L4-L5 level. An intradural
lipoma was identified posteriorly in the
sacral canal, extending from S3 to S4,
with cutaneous components from L3 to
S4. There was mild displacement of the
left S3 and S4 nerve roots. Enhancing
vascularity throughout the spinal canal
extended superiorly to the T2 level with
numerous pial vessels along the poste-
rior surface of the spinal cord.

Due to MR imaging findings consis-
tent with a spinal vascular malforma-
tion, conventional spinal angiography
was performed, which demonstrated
an epidural arteriovenous fistula fed by
a lateral sacral artery branch, which
coursed through the left S4 neural fora-
men with a large draining vein coursing
superiorly up into the thoracic region as
well as some supply from the right lateral
sacral artery.

The patient underwent embolization
of the vascular malformation with Onyx
18. Postoperative angiography demon-
strated complete obliteration of the
fistula. Spinal MRA/MR imaging per-
formed 2 months later did not show any
evidence of residual fistula, and all T2
cord changes resolved. The patient re-
ported decreased back pain following
embolization, denying any new weak-
ness, numbness, or bowel and bladder
changes.

Case 2. This 44-year-old woman had a
history of spina bifida surgery (L2-S1
laminectomy) when she was 10 years of
age (Fig 2). The patient presented with a
3-year history of burning pain with pro-
gressive numbness ascending from her
feet to thighs. The pain worsened with
walking or lying in bed. Neurologic ex-
amination documented decreased tem-
perature, pinprick, and touch sensation.
The patient underwent spinal MR imag-
ing, which demonstrated an unusual
C1-C2 anomaly with absence of the
odontoid process. Tortuous surface vas-
cularity extended from the conus and
along the entire dorsal thoracic cord
with mild atrophy in the left upper cord (T3-T4). Signs of previous
L2 laminectomy for spina bifida correction were recognized along
with a prominent fatty placode in the posterior cord at the L4 5 level,
which was tethered to the conus. MRA showed prominent tortuous
dilated veins from the sacrum to the foramen magnum.

The patient underwent DSA with injection of the right internal
iliac artery, which demonstrated an epidural spinal arteriovenous
fistula fed by a branch of the lateral sacral artery. The fistula was
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FIG 2. A, Sagittal noncontrast CT demonstrates the absence of the odontoid process (white arrow). B, Sagittal T2-weighted MR imaging of the lumbar
spine shows tortuous dilated veins throughout the spinal canal. There is also a fatty placode in the posterior thecal sac at L4 -5 (arrowhead), with conus
tethering extending to the placode. C, Selective angiogram of the right lateral sacral artery (arrowhead) arising from the right internal iliac artery
demonstrates an epidural spinal fistula (lower black arrow) with intradural venous drainage (upper white arrow) along the coronal venous plexus. D,
Post-Onyx embolization x-ray image demonstrates an Onyx cast including the feeding artery, arteriovenous connection, and intradural draining vein.
E, Axial T2-weighted MR imaging demonstrates myelomalacia of the central conus (arrow), consistent with cord infarction.

located at L4-5 in the region of the fatty placode. A large epidural
vein ascended from this level and then coursed intradurally. The pa-
tient then underwent embolization with 3 mL of Onyx 18. Postoper-
ative MRA showed a decreased tortuous dilated vein within the spi-
nal canal.

The patient had a spinal cord infarction that led to postoperative
lower extremity bilateral paresis. In retrospect, the arterial feeder to
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the fistula also supplied a small anterior spinal artery. The patient was
admitted for a short rehabilitation in which she experienced progres-
sive improvement of her weakness. Spinal MRA 3 months later
showed that embolization resulted in significantly decreased vascu-
larity within the spinal canal with nearly imperceptible flow voids.
After 12 months, the patient continues to have significant diffuse
pain and impaired mobility due to lower extremity weakness.



FIG 3. A, Sagittal T2-weighted MR imaging demonstrates tethering of the spinal cord with the tip
of the conus at the L3—4 interspace (white arrow) before surgical release. There is high T2 signal
of the cord and a faintly visualized flow void (upper white arrow). B, Axial T2-weighted MR
imaging shows partial diastematomyelia in the lumbar spine without evidence of a fibrous band or
boney spur/bar. High cord signal is present in both hemicords. C, Right internal iliac artery spinal
angiogram demonstrates an epidural fistula arising from the right lateral sacral artery (white
arrow) with an intradural draining vein (arrowhead). D, Post-Onyx embolization angiogram dem-
onstrates an Onyx cast in the ventral epidural space of L5 (black arrow).

Case 3. This 65-year-old woman presented with stuttering/fluctu-
ating lower extremity weakness with associated bladder hesitancy
and bowel constipation (Fig 3). Spinal MR imaging at presentation
demonstrated a thickened and congested spinal cord with the conus
lying at the L3-L4 level. MR imaging showed some cord tethering
along with partial diastematomyelia at L2-L3. On the basis of these
imaging findings, which were obtained without contrast, the patient
underwent laminectomy for cord untethering. Postoperatively, the
patient declined to the point that she was no longer able to ambulate.
A further MR imaging of the cervical and thoracic spine showed
progression of the T2 signal abnormality and swelling within the
central thoracic cord. On the basis of these findings, she was given a
diagnosis of transverse myelitis and started on corticosteroids.

She then came to our institution for a second opinion. Spinal
angiography confirmed an epidural fistula arising from the right

lateral sacral artery. The feeding artery
entered through the right L5 neural fo-
ramen with the epidural draining vein
coursing down to the S1 nerve root
sleeve. The patient underwent transarte-
rial embolization of the feeding artery
with Onyx 18. Follow-up angiography
of the right internal iliac artery, left com-
mon iliac artery, middle sacral artery,
and bilateral L3 lumbar arteries demon-
strated no residual fistula. The patient’s
motor and sensory symptoms improved
at 9 months, while impaired bladder
control persisted. Spinal MRA and
MR imaging performed at 10 months
showed no residual fistula and signifi-
cant improvement in long-segment
cord edema.

DISCUSSION

Our case series of 6 patients with neural
tube defects and associated spinal vascu-
lar malformations demonstrated several
interesting findings. In all cases, the fis-
tula associated with the neural tube de-
fect was extradural and had secondary
intradural venous drainage. The main
arterial feeder was the lateral sacral ar-
tery in all 6 cases, and all fistulas were in
the sacral or lower lumbar region. In 2
cases, it is conceivable that the fistula
was a delayed complication of myelome-
ningocele repair performed at a young
age; however, in the other 4 cases, the
fistula was not associated with prior sur-
gery. Because these fistulas were extra-
dural and anatomically associated with
the neural tube defect, our findings sug-
gest that the association between the 2
pathologic conditions may share a
causal relationship rather than repre-
senting a mere coincidence. The find-
ings from our study are clinically relevant because they highlight
the importance of carefully studying the spinal vascularity in pa-
tients with neural tube defects who develop myelopathic symp-
toms during adulthood.

Spinal vascular malformations associated with neural tube de-
fects are uncommon, but several single case reports have been
reported suggesting a possible causal relationship. In our review
of the literature, we found 17 adults and 3 pediatric patients with
a combination of spinal vascular malformation and neural tube
defects (On-line Table).' " In accordance with our experience,
these lesions were discovered, in most cases, during midadult-
hood with symptoms often attributable to both the arteriovenous
fistula and tethered cord. Misdiagnosis and delay in symptom
recognition were common, as demonstrated in our case series.
Clinical presentations included sensory changes in 76% of pa-
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tients, bladder/bowel dysfunction in 67% of patients, and motor
weakness in 80%. Symptom duration was variable, ranging from 1
to 72 months. Arteriovenous fistulas were located at the sacral
level in 29% of cases and at the lower lumbar levels in 57%. Thirty-
eight percent of vascular malformations were classified as spinal
dural fistulas, whereas 62% were intradural arteriovenous fistulas
or malformations. Only 1 case of extradural vascular malforma-
tion was documented, though the lower incidence of epidural
shunts in the earlier reports may be related to less familiarity with
this condition, which is diagnosed with much more frequency
today due to advances in imaging and better understanding of the
pathologic shunts.”” In 60% of patients, the feeder was the lateral
sacral artery arising off the internal iliac artery, while the anterior
spinal artery fed the malformation in 20%. In most cases, intra-
dural venous drainage was documented. None of the patients pre-
sented with hemorrhage. Surgical treatment was the preferred
technique in 43% of reported cases, with embolization in 29%. In
the remaining third, a combined approach was chosen.

Some authors argue that the coexistence of neural tube defect
and vascular malformation is the result of incomplete regression
of mesenchymal tissue during the embryonic period. A premature
disjunction of the neural ectoderm from the cutaneous ectoderm
allows migration of the periaxial mesoderm into the developing
neural tube. This mesenchyme migration could prevent adequate
closure of the neural tube.” While the pluripotent mesoderm pri-
marily develops into fat, it may also develop into other tissues,
including striated muscle, cartilage, fibrous bands, and blood ves-
sels. Some authors argue that a failure to form the capillary com-
ponent of the mesoderm might lead to the formation of a direct
arteriovenous shunt.'" Other authors believe that mesenchymal
cells forming the primordial vascular plexus are involved in the
pathogenesis of arteriovenous fistulas with lipomyelomeningo-
cele or lipoma. Vascular differentiation in fat tissue is suppressed
by neural crest cells under normal conditions of development.
However, if the neural crest cells are defective, inhibition fails and
a lipoma may arise forming an AVM secondarily.'® It is specu-
lated that the lipoma itself and its tethering effect further impair
the venous drainage, resulting in venous hypertension and devel-
opment of fistula-related symptoms.

While in 4 of our patients the epidural fistula was not associ-
ated with a prior surgery, in 2 patients, the fistula was diagnosed
decades after surgical myelomeningocele repair. It is also conceiv-
able that in these cases, the epidural fistula formed because of
microvascular trauma during the reparative surgery, and the slow
progressive hemodynamic changes associated with the low-pres-
sure direct arteriovenous shunt may have only manifested clini-
cally several years later. Such an association between surgery and
extradural fistulas has been described.*** Some authors believe
that AVF formation following spinal surgery is improbable and
that a congenital association is more likely.'* However, any hy-
potheses regarding the pathogenesis of post-neural tube defect
repair AVFs are purely speculative, especially given the paucity of
cases in the literature. In cases in which the symptomatology
worsens after surgical correction of a neural tube defect, careful
study of the spinal vascularity is important.” For example, in 1
case in our series, a patient presented with a myelopathy and MR
imaging evidence of a spinal vascular malformation associated
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with a tethered cord and had exacerbation of the myelopathy
following the untethering procedure. It was at that point that the
fistula was discovered.

An epidural arteriovenous fistula associated with a neural tube
defect can have important treatment implications as well. As
demonstrated in our series, all patients with such malformations
had lateral sacral artery feeders. Thus, when inspecting MR imag-
ing before angiography, identification of a lumbar or sacral neural
tube defect should prompt the angiographer to inspect these ar-
teries first, possibly saving time during the spinal angiographic
procedure. In 2 cases, we found that an anterior spinal artery arose
from the lateral sacral artery. This is a relatively rare occurrence.
Prior cadaveric studies suggest that the presence of an anterior
spinal artery arising at the sacral level is <3%.>* This is important
because failure to identify an anterior spinal artery arising from
such a low level can have disastrous consequences as demon-
strated in case 2.

Limitations

Our study has limitations. This was a small case series on a rare
entity; thus, no statistical comparisons were made. Preoperative
imaging was not available for the 2 patients who were treated in
childhood for their myelomeningoceles; thus, we are unable to
determine whether the fistulas in these cases were present before
the operation. This study was a retrospective chart review, so it is
prone to various forms of bias, including selection bias. Last, there
is a wide range in the amount of posttreatment follow-up the
patients received.

CONCLUSIONS

In this report, we present the first series of epidural arteriovenous
fistulas associated with neural tube defects. The rare concurrence
of neural tube defects with spinal vascular malformations is some-
thing that should be considered when evaluating a patient with a
neural tube defect and myelopathy. The pathophysiology of these
entities is still a matter of debate, with most authors speculating
that these lesions form due to a defect in migration of embryologic
layers during neural tube formation. However, due to the paucity
of cases reported in literature and the small size of this case series,
all hypotheses are purely speculative. Nevertheless, the increas-
ingly reported association between 2 uncommon pathologic con-
ditions raises the strong possibility of a causal relationship be-
tween the two. When one evaluates these patients, attention
should be paid to identifying the anterior spinal artery arising
from a low-lying artery such as the lateral sacral artery.

Disclosures: Giuseppe Lanzino—UNRELATED: Consultancy: Medtronic/Covidien*.
Waleed Brinjikji—UNRELATED: Consultancy: Cerenovus; Employment: Marblehead
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REFERENCES

1. Chanthanaphak E, Pongpech S, Jiarakongmun P, et al. Filum termi-
nale arteriovenous fistulas: the role of endovascular treatment.
J Neurosurg Spine 2013;19:49-56 CrossRef Medline

2. Chatkupt S, Ruzicka PO, Lastra CR. Myelomeningocele, spinal arte-
riovenous malformations and epidermal nevi syndrome: a possible
rare association? Dev Med Child Neurol 1993;35:737—41 Medline

3. Cheung AC, Kalkanis SN, Ogilvy CS. Paraplegia after tethered cord
surgery: an uncommon combined anomaly of spinal arteriovenous


http://dx.doi.org/10.3171/2013.4.SPINE12685
http://www.ncbi.nlm.nih.gov/pubmed/23682806
http://www.ncbi.nlm.nih.gov/pubmed/8335163

11.

12.

fistula and sacral lipoma: case report. Neurosurgery 2005;57:E598;
discussion E598 CrossRef Medline

. Djindjian M, Ayache P, Brugieres P, et al. Sacral lipoma of the filum

terminale with dural arteriovenous fistula: case report. ] Neurosurg
1989;71:768-71 CrossRef Medline

. Erdogan C, Hakyemez B, Arat A, et al. Spinal dural arteriovenous

fistula in a case with lipomyelodysplasia. Br ] Radiol 2007;80:¢98—
100 Medline

. Gross BA, Du R. Spinal pial (type IV) arteriovenous fistulae: a sys-

tematic pooled analysis of demographics, hemorrhage risk, and
treatment results. Neurosurgery 2013;73:141-51; discussion 151
CrossRef Medline

. Hurst RW, Bagley LJ, Marcotte P, et al. Spinal cord arteriovenous

fistulas involving the conus medullaris: presentation, manage-
ment, and embryologic considerations. Surg Neurol 1999;52:95-99
CrossRef Medline

. Kendall BE, Logue V. Spinal epidural angiomatous malformations

draining into intrathecal veins. Neuroradiology 1977;13:181-89
CrossRef Medline

. Konig M, Hentsch A, Schmieder K, et al. Extraspinal dural arterio-

venous fistula in a patient with lipomyelodysplasia: value of MRI
and MRA. Neuroradiology 1999;41:579—83 CrossRef Medline

. Krisht KM, Karsy M, Ray WZ, et al. Extraspinal type I dural arterio-

venous fistula with alumbosacral lipomyelomeningocele: a case re-
port and review of the literature. Case Rep Neurol 2015;2015:526321
CrossRef

Lee JH, Chung CK, Choe G, et al. Combined anomaly of intramed-
ullary arteriovenous malformation and lipomyelomeningocele.
AJNR Am ] Neuroradiol 2000;21:595—600 Medline

Lim SM, Choi IS, David CA. Spinal arteriovenous fistulas of the
filum terminale. AJNR Am ] Neuroradiol 2011;32:1846—-50 CrossRef
Medline

. Macht S, Chapot R, Bieniek F, et al. Unique sacral location of an

arteriovenous fistula of the filum terminale associated with di-

14.

15.

16.

17.

18.

20.

21

22.

23.

AJNR Am J Neuroradiol 39:597-603 Mar 2018 www.ajnr.org

astematomyelia and lowered spinal cords. Neuroradiology 2012;54:
517-19 CrossRef Medline

Mavani SB, Nadkarni TD. Tethered cord due to caudal lipomenin-
gocele associated with a lumbar dural arteriovenous fistula. ] Neu-
rosurg Spine 2014;21:489-93 CrossRef Medline

Rajeev K, Panikar D. Dural arteriovenous fistula coexisting with a
lumbar lipomeningocele: case report. | Neurosurg Spine 2005;3:
386—89 CrossRef Medline

Rice JF, Jelsma RK. Combined arteriovenous malformation and in-
tramedullary lipoma: surgery and embolotherapy. AJNR Am ] Neu-
roradiol 1986;7:171-73 Medline

Sato M, Takigawa T, Shiigai M, et al. Spinal dural arteriovenous
fistula with lipomyelodysplasia. Neurol Med Chir (Tokyo) 2013;53:
107-09 Medline

Srinivasan A, Roy NK, Ghuman MS, et al. Spinal dysraphism mask-
ing the presentation of spinal dural arteriovenous fistula: a seren-
dipitous development or a congenital predisposition to an early-
onset variant of spinal dural arteriovenous fistula? Neurol India
2016;64:1380—81 CrossRef Medline

. Tubbs RS, Oakes WJ]. Lipomyelomeningocele and arteriovenous

malformation: case reports and a review of the literature. Childs
Nerv Syst 2006;22:628 =31 CrossRef Medline

Weon YC, Chung]JI, Roh HG, et al. Combined spinal intramedullary
arteriovenous malformation and lipomyelomeningocele. Neurora-
diology 2005;47:774-79 CrossRef Medline

. Wortsman J, Chui M, Gray T, et al. Spinal meningeal AVM supplied

from the internal iliac artery associated with tethered cord syndrome
in an adult: case report. ] Can Assoc Radiol 1983;34:323-25 Medline
Nasr DM, Brinjikji W, Clarke MJ, et al. Clinical presentation and
treatment outcomes of spinal epidural arteriovenous fistulas.
J Neurosurg Spine 2017;26:613—20 CrossRef Medline

Kroszczynski AC, Kohan K, Kurowski M, et al. Intraforaminal loca-
tion of thoracolumbar anterior medullary arteries. Pain Med 2013;
14:808-12 CrossRef Medline

603


http://dx.doi.org/10.1227/01.NEU.0000171028.96829.69
http://www.ncbi.nlm.nih.gov/pubmed/16145510
http://dx.doi.org/10.3171/jns.1989.71.5.0768
http://www.ncbi.nlm.nih.gov/pubmed/2809732
http://www.ncbi.nlm.nih.gov/pubmed/17638840
http://dx.doi.org/10.1227/01.neu.0000429848.91707.73
http://www.ncbi.nlm.nih.gov/pubmed/23615108
http://dx.doi.org/10.1016/S0090-3019(99)00038-5
http://www.ncbi.nlm.nih.gov/pubmed/10390182
http://dx.doi.org/10.1007/BF00344211
http://www.ncbi.nlm.nih.gov/pubmed/876450
http://dx.doi.org/10.1007/s002340050810
http://www.ncbi.nlm.nih.gov/pubmed/10447569
http://dx.doi.org/10.1155/2015/526321
http://www.ncbi.nlm.nih.gov/pubmed/10730659
http://dx.doi.org/10.3174/ajnr.A2612
http://www.ncbi.nlm.nih.gov/pubmed/21852379
http://dx.doi.org/10.1007/s00234-011-0899-2
http://www.ncbi.nlm.nih.gov/pubmed/21701867
http://dx.doi.org/10.3171/2014.5.SPINE13670
http://www.ncbi.nlm.nih.gov/pubmed/24971477
http://dx.doi.org/10.3171/spi.2005.3.5.0386
http://www.ncbi.nlm.nih.gov/pubmed/16302634
http://www.ncbi.nlm.nih.gov/pubmed/3082134
http://www.ncbi.nlm.nih.gov/pubmed/23438662
http://dx.doi.org/10.4103/0028-3886.193830
http://www.ncbi.nlm.nih.gov/pubmed/27841239
http://dx.doi.org/10.1007/s00381-005-0039-6
http://www.ncbi.nlm.nih.gov/pubmed/16555082
http://dx.doi.org/10.1007/s00234-005-1336-1
http://www.ncbi.nlm.nih.gov/pubmed/16136266
http://www.ncbi.nlm.nih.gov/pubmed/6668301
http://dx.doi.org/10.3171/2016.9.SPINE16618
http://www.ncbi.nlm.nih.gov/pubmed/28186472
http://dx.doi.org/10.1111/pme.12056
http://www.ncbi.nlm.nih.gov/pubmed/23438301

35 YEARS AGO

Celebrating 35 Years of the AJNR
March 1983 edition

604 35Yearsago Mar 2018 www.ajnr.org



LETTERS

Concerns about a New Preterm MR Imaging Scoring System

e have read with interest the recently published article by

George et al.' Because more centers are performing brain
MR imaging in preterm infants before term-equivalent age
(TEA), there is indeed a need for a robust and validated scoring
system for both documenting injury and help in predicting out-
comes. Most of us are using either the score of Woodward et al” or
that of Kidokoro et al” when assessing the MR imaging performed
at TEA, but these scoring systems cannot be used before 36 weeks’
postmenstrual age (PMA).

In the article by George et al,' 83 preterm infants were studied
at a mean PMA of 32 weeks. The scoring system appears easy to
use, and 20 MRIs were scored initially by a neurologist with addi-
tional training in radiology and subsequently by a radiologist,
with overall good interrater reproducibility (intraclass correlation
coefficient [ICC], 0.82—0.97) but a low score for cortical gray
matter (0.08; ICC, 0.00—0.63). The T2-weighted MR images pro-
vided in the supplemental file are of excellent quality. However,
we do not agree with the interpretation given to some of them and
would like to bring this to the attention of the readers of this
journal.

In Fig 2, the image shown is scored as an example of grade 2
white matter injury (WMI). However, the symmetric smooth-
walled cysts adjacent to the ventricles are typical of subependymal
pseudocysts (SEPs), also referred to as connatal cysts, and they are
not in the white matter. They are not uncommon and are some-
times mistaken for cystic periventricular leukomalacia (c-PVL).**
There are several publications that help us make the distinction
between SEPs and c-PVL.®” First, SEPs are already present at birth
and readily visible on cranial sonography; they are below the roof
of the lateral ventricles (Fig 1); they are most often seen directly
adjacent to the ventricles in the frontal lobe; and the walls of the
cysts are smooth and when several are present, they look like a
string of beads on a parasagittal view. Distinguishing these cysts
from c-PVL or other cysts within the white matter is generally not
difficult, and itis very important because the neurodevelopmental
outcome of infants with SEPs is almost uniformly within the nor-
mal range, as reported by several groups, except when these cysts

http://dx.doi.org/10.3174/ajnr.A5466
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are markers for an underlying problem (eg, cytomegalovirus
[CMV] or a metabolic or other rare disorder).®* !

Another matter of debate is shown in Figs 11, 12, and 14, where
germinal matrix hemorrhages are scored as deep gray matter in-
jury. Again, we do not agree with the interpretation given and
consider that these images show hemorrhage within the germinal
matrix rather than injury being primarily in the central gray nu-
clei. It is possible that there is injury directly to the gray matter or
poor secondary growth, but it is not shown in these images. A
similar issue is seen in Fig 7 where low signal is seen on the margin
of the ventricle rather than being primarily in the white matter.

In this study of George etal' the number of infants with a grade
2 cystic WMI score, a deep gray matter injury score, or a linear
WM injury score is limited to 1, 8, and 7, respectively. Because
these numbers are small, we do not know whether they have much
of an impact on the use of their score. We do, however, think that
one should be aware of these diagnostic discrepancies. We are
especially concerned that SEPs are still being misinterpreted as
cystic WMI because only infants with the latter type of injury have
an adverse outcome, unless the SEPs are markers for an underly-
ing problem that needs specific investigation that may otherwise
not be performed if the cysts are interpreted as c-PVL.
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FIG 1. T2-weighted coronal (A), axial (B), and parasagittal (C) MR images showing smooth-walled subependymal cysts, mainly sited directly
adjacent to the anterior ventricular margins.
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REPLY:

e thank Professors Linda de Vries and Frances Cowan for
Wtheir interest in our recent publication, “Validation of an
MRI Brain Injury and Growth Scoring System in Very Preterm
Infants Scanned at 29- to 35-Week Postmenstrual Age.”" In their
correspondence, the authors expressed concern about our exam-
ple presented in On-line Fig 2, which they said we presented as
“grade 2 white matter injury (WMI).” They correctly pointed out
that the example shows connatal cysts and not cystic periventricu-
lar leukomalacia (PVL), an observation with which we entirely
agree. They were concerned that connatal cysts are “still being
misinterpreted as cystic WML.”

We would like to confirm that nowhere in our publication or
on-line material have we called this example in On-line Fig 2,
WMI. We have notlabeled it cystic PVL or inferred that in the text
or on-line material. The exact descriptions in the text are “white

» «

matter abnormality,” “cystic degeneration,” or “cystic lesion.” In
On-line Tables 1 and 2, this scoring category is called “cerebral
WM, cystic lesion.” The scoring system was descriptive and not
interpretive—that is, if a cyst was observed, then it was scored
without interpretation of the pathogenesis or etiology. This de-
scriptive approach was undertaken to improve the reproducibility
of the scoring system, especially in cases in which the pathogenesis
or etiology of a lesion was unclear. We agree that it is of para-
mount importance that clinicians do not interpret our example as
cystic PVL; thus, we have amended the caption of On-line Fig 2 to
“Bilateral connatal cysts, classified as cerebral WM, cystic lesion,
focal bilateral, score 2 (axial T2)” to ensure the utmost clarity.

The authors also commented on On-line Figs 11, 12, and 14, in
which they suggest that “germinal matrix hemorrhages are scored
as deep gray matter injury.” We agree that germinal matrix hem-
orrhages are evident in these images; however, from the available
images, we think that a secondary involvement of the deep GM
(head of caudate) is very likely and, in any case, cannot be ex-
cluded, hence our scoring of the images of these subjects as focal
bilateral deep GM signal abnormality. An additional coronal im-
age that relates to On-line Fig 12 is included here as On-line Fig
12B, to demonstrate caudothalamic groove germinal matrix hem-
orrhages, in which extension into the adjacent caudate head is
likely. The deep GM subscale score demonstrated strong associa-
tions with both motor and cognitive outcomes in our article.

We include 2 additional images from the same subject used in
On-line Fig 7, to clarify the involvement of WM in addition to the
germinal matrix hemorrhage in this case. We believe that signal
abnormality from the additional T1 images supplied, despite the
low quality, can support the presence of linear hyperintensity in-
volving the white matter next to the more evident germinal matrix
hemorrhage, along with a slightly enlarged ventricle.

We are not presenting this scoring system as a diagnostic tool
but rather as an assessment in which our methodology has dem-
onstrated predictive validity. Compared with MR imaging at
term-equivalent age in preterm infants, certain features are spe-
cific to the earlier imaging time point, such as hemorrhagic le-
sions, which present unique challenges to scoring. Our choice of
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being very sensitive in our scoring may have led to a tendency to
overestimate germinal matrix hemorrhages populating part of the
putamen and caudate, for example. We believe this is better than
the alternative of potentially underestimating the impact of ger-
minal matrix hemorrhages on adjacent tissue structures. We
think that our approach is sensitive and descriptive in a new and
challenging area and an important first step in developing robust
and validated MR imaging scoring tools for use in this population.
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LETTERS

Spinal Angiogram: A Treacherous Criterion Standard...

We read with great interest the article recently published in
the American Journal of Neuroradiology by Barreras et al'
entitled, “Analysis of 30 Spinal Angiograms Falsely Reported as
Normal in 18 Patients with Subsequently Documented Spinal
Vascular Malformations.” This very valuable article for the inter-
ventional neuroradiology and neurosurgical communities pres-
ents the causes of false-negative digital subtraction angiography
findings for the depiction of spinal dural arteriovenous fistulas
(SDAVFs). The authors found that the most frequent reason for
missing a SDAVF on spinal DSA (sDSA) was misinterpretation of
abnormal findings documented on the DSA (55.6%), followed by
nonexploration of the ROI (29.6%), and, finally, inadequate
opacification of the artery supplying the fistula (nonselective in-
jection) (14.8%).

We congratulate the authors for their effort in seeking the
reasons for false-negative DSA findings in the diagnosis of SDAVF
and for emphasizing the need for a rigorous protocol for spinal
DSA. While spinal DSA is the criterion standard examination for
the diagnosis of SDAVF,? it remains an operator-dependent ex-
amination, which can lead to false-negative results in a substantial
number of cases due to potentially avoidable operator-related
misinterpretations. Missing a SDAVF on DSA has a great impact
on a patient’s outcome because it may delay the treatment, thus
reducing the chance of recovery.

In addition to the recommendations suggested by the authors
(adoption of rigorous technical and training standards and sec-
ond opinion reviews), we would like to share our experience and
insist on the need for full spinal DSA, which includes systemati-
cally (from top to bottom and bilaterally) the following: costocer-
vical trunks, vertebral arteries, intercostal arteries, lumbar arter-
ies, medial sacral artery, iliolumbar arteries, and lateral sacral
arteries (superior and inferior). We insist that all these arteries
must be catheterized as selectively as possible. For instance, for the
lateral sacral arteries, the catheterization of the internal iliac artery
is not sufficient because proximal injection may lead to poor
opacification of the lateral sacral arteries (Fig 1). In the article of
Barreras et al," most of the missed fistulas (52.9%) were at or

Indicates article with supplemental on-line video.
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below the L4 level, which confirms the need for a complete spinal
DSA, including the lower spinal supplies.

Additionally, a cervical myelopathy may be observed in the
case of an intracranial AVF with perimedullary venous drainage.’
Thus, a cerebral DSA with internal and external carotid artery
catheterization and opacification should be performed second-
arily in case of a negative sDSA finding.

In most cases of missed SDAVFs in the article of Barreras et al,!
the fistula was documented on the DSA but misinterpreted. Some
conditions may enhance the quality of the images acquired during
the sDSA, such as the intravenous injection of hyoscine or gluca-
gon to reduce peristalsis-related artifacts or performing the sDSA
with the patient under general anesthesia with provoked apnea
during the runs to reduce the patient’s motion artifacts.

A peculiar anatomic variation may also be responsible for a
false-negative sDSA performed for SDAVF: a separate origin of
the dorsospinal branch from the segmental artery on the aorta.*
Indeed, the dorsospinal branch (which usually gives rise to the
radiculomeningeal branches) may not arise from the segmental
artery but instead originate from the aorta. This anatomic varia-
tion can be suspected when no physiologic blush of the vertebral
body is seen during the selective injection of the segmental artery
(because the branches feeding the ipsilateral hemivertebral body
are supplied by the dorsospinal trunk).

Furthermore, the catheterization of the origin of the segmental
artery may be responsible for vasospasm. In case of a low-flow
fistula, this spasm may reduce the flow toward the fistula, which
could be responsible for the nonvisualization of the SDAVE.

Moreover, we stress that metachronous double dural AVFs,’
even if rare, may be observed. Thus, clinical recurrence after
SDAVF treatment with negative sDSA findings at the SDAVF site
should suggest performing a complete sSDSA, looking for a second
fistula.

Finally, the authors do not mention the potential of noninva-
sive/semi-invasive techniques such as time-resolved MR angiog-
raphy® or intra-aortic CT angiography (IA-CTA).” These tech-
niques potentially provide an overall examination of the whole
spinal cord supply in a single acquisition. They may be valuable in
patients with atheromatous vessels with stenosis at the origin of
the intercostal/lumbar arteries, leading to difficult stable catheter-
ization and thus to poor vessel opacification (Fig 2). However,
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while time-resolved MRA is sensitive for the depiction of SDAVFs
(sensitivity as high as 81%°), the spatial resolution of this exami-
nation is limited and the precise location of the shunt point can-
not be evaluated on time-resolved MRA in some cases.® Concern-
ing IA-CTA, despite its potential for the depiction of SDAVFs
(sensitivity of 90%) and the valuable information it provides
regarding the location of the shunt point and its relationship with
the bone landmarks, this examination may also provide false-
negative results, mainly for SDAVFs supplied by branches from
the internal iliac arteries, due to the incomplete opacification of
the latter vessels by the contrast material injected directly in the
aorta (Fig 1).

In conclusion, interventional neuroradiologists and neurolo-
gists should keep in mind that a single negative spinal DSA finding
is not enough to rule out a spinal vascular malformation and
therefore should be repeated with enhanced acquisition protocol
if the clinical presentation is strongly suggestive of a SDAVEF.
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FIG 1. A 56-year-old man presenting with a progressive paraparesis lasting for a few months. Spinal cord MR imaging, sagittal T2-weighted
imaging (A), and contrast-enhanced TIWI (B) demonstrate T2 hyperintensity involving the thoracolumbar spinal cord and the conus medullaris
(A, white arrows), which may be suggestive of a SDAVF. However, no perimedullary vein enhancement on contrast-enhanced TIWI is seen (B).
A first digital subtraction angiography was performed with a negative result for SDAVF (not shown). However, the internal iliac arteries were not
catheterized during this first spinal DSA. A second sDSA was performed 3 months after the first one (C). The right internal iliac artery was
catheterized, but too proximally. The sDSA findings were interpreted as normal. A second look revealed a possible fistula fed by the right
superior lateral sacral artery (LSA) (C, arrow). D and E, Right internal iliac artery DSA in an anteroposterior projection. D, Early phase. E, Late phase,
large FOV. The tip of the catheter is located close to the origin of the right LSA. The presence of a SDAVF is confirmed, fed by the right superior
LSA (D, white arrow). The shunt point is located along the right ST nerve root (asterisk) with low-flow ascending venous drainage (D and E, black
arrows). Note the pre-anastomosis between a branch of the LSA (D, black arrowhead) and the medial sacral artery (D, white arrowheads).
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FIG 2. A 76-year-old man who had a previous embolization with coils and Onyx (Covidien, Irvine, California) for a right T7 SDAVF. Recurrence
of the clinical symptoms (gait disturbance) was observed >1year after the endovascular treatment. The spinal cord MR imaging (not shown) was
suggestive of a recurrence of the fistula. An sDSA was performed (A) and confirmed the recurrence of the fistula (asterisk indicates the shunt
point; black arrows, descending venous drainage), which was fed by the contralateral intercostal artery (left T7) via the retrocorporeal network
(A, white arrows). The patient was referred for surgery for the treatment of this recurrence. After surgical treatment, the patient experienced
a slight clinical worsening (ataxia). Within the 2 months after the surgical treatment, the patient continued to experience gradual clinical
worsening (worsening of the ataxia with walking being impossible). A full sSDSA was scheduled to rule out a recurrence of the SDAVF. The
selective injection of the left T7 intercostal artery showed no residual fistula (B). The right Té intercostal artery could not be catheterized
selectively due to ostium stenosis, and the injection was performed in front of the origin of the intercostal artery (C, early phase; D, late phase).
The sDSA findings were thus interpreted as normal. A spinal cord MR imaging was performed the day after the sDSA (E, sagittal T2WI; F, sagittal
contrast-enhanced TIWI) and showed postoperative changes associated with spinal cord hyperintensity, suggestive of venous edema (E, white
arrows). Equivocal posterior perimedullary serpiginous T2 hypointensities (E, arrowhead) presenting a doubtful enhancement were also seen (F,
arrowheads), possibly corresponding to perimedullary vein dilations. Time-resolved MR angiography (Time Resolved Imaging of Contrast
Kinetics, TRICKS; GE Healthcare, Milwaukee, Wisconsin), sagittal acquisition (G, early phase; H, late phase). Abnormal early perimedullary vein
enhancement was seen (H, white arrows) at the midthoracic level, suggestive of SAVF recurrence (On-line Video). A new sDSA was performed
with the patient under general anesthesia. Selective catheterization of the right T6é intercostal artery (/, early phase; J, late phase) confirmed the
recurrence of the spinal DAVF with early opacification of dilated perimedullary veins (I and J, black arrows).
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LETTERS

Beware of Multiphase CTA Interpretation

e read with interest the recent article by Byrne et al," which

describes the “delayed vessel sign” as a reliable indicator of
vessel occlusion. This is very useful, especially when trying to di-
agnose an embolic occlusion of a distal vessel.

According to the authors, the delayed vessel sign “refers to the
presence of an artery distal to the point of occlusion/stenosis that
is absent or poorly opacified on the initial angiographic phase but
becomes more opacified on the delayed phases, appearing denser
than the equivalent vessel on the opposite side.”

This interpretation, however, is incorrect in certain circum-
stances. When a distal vessel is occluded due to an embolus, the
opacification of that vessel up to the embolus is delayed because
there is a column of blood that slows down the transit of contrast
up to the point of occlusion. It is different from the “clot outline
sign,”2 described in the “Discussion,” which is instead related to
the antegrade opacification distal to a partially occlusive state.

Thus, even though in some cases, retrograde filling of the ves-
sel past its point of occlusion is clearly demonstrated (the sample
case on Fig 2), in others (Fig 1), the delayed opacification is in-
stead clearly related to the alternative concept explained above.
Indeed, in Fig 1, notice how, in the delayed late phase (Fig 1C), the
contrast has slightly progressed more distally compared with part
B of same figure, confirming that we are not looking at retrograde
opacification but, instead, at delayed antegrade opacification

http://dx.doi.org/10.3174/ajnr.A5499

proximal to the clot because there has been antegrade advance-
ment of a column of contrast in between these 2 phases. The
interpretation in this perspective now leads to a diagnosis of the
point of occlusion at a more distal location than the erroneous
interpretation of the authors. Also, this different interpretation, in
some patients, may lead to a different evaluation of the collateral
state and may eventually have a different prognostic predictive
value.

This comment is about an alternative additional explanation
of the findings and not the role of this technique, which, again, we
find very useful and for which we thank the authors.
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REPLY:

e thank Drs Raz and Shapiro for their interest in our study"
Wand appreciate the opportunity to address their comments.
While delayed antegrade filling is a potential mechanism for
the delayed vessel sign on multiphase CT angiography, we think
that retrograde filling is by far the most common mechanism of
delayed enhancement. In our article, we assessed maximum pial
collateral enhancement and found that it correlated with the
phase of appearance of the delayed vessel sign, which we believe
supports this interpretation. In addition, one of the most useful
aspects of identifying the delayed vessel is that the precise site of
occlusion is nearly always identified by tracing back along the
delayed vessel until enhancement abruptly decreases, again sug-
gesting delayed retrograde opacification.

We realize that it is difficult for readers to evaluate the rela-
tively small printed figures from the multiphase CTA study dem-
onstrated in Fig 1 of our article, but we strongly believe that it
supports a retrograde mechanism of delayed enhancement. All 3
parts of Fig 1 are from the same intracranial level. If you closely
examine the indicated delayed vessel in part C, it is subtly proxi-
mal to the delayed vessel in part B (ie, retrograde filling). We have

http://dx.doi.org/10.3174/ajnr. A5511
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reviewed the actual DICOM dataset and confirmed that there is
proximal occlusion to the delayed vessel in this patient (and a
subtle focal hyperdense vessel at the occlusion on the noncontrast
CT).

We acknowledge that an antegrade opacification mechanism,
due to advancement of a column of contrast between phases prox-
imal to an occlusion, should be considered when the delayed ves-
sel sign is encountered; however, we do not think it is a commonly
encountered scenario.
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