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the dentatorubrothalamic

tract within the

superior cerebellar peduncle

and rostral brain stem.

Top left, Axial caudal

midbrain image angled

10° anterosuperior to

posteroinferior relative to

the ACPC plane

demonstrates the tract
traveling the midbrain
to reach the decussation.

Top right, Coronal
oblique image that is

perpendicular to the long
axis of the hippocampus

at the level of the

ventral superior cerebellar

decussation shows a
component of the

dentatorubrothalamic tract
arising from the cerebellar
dentate nucleus, ascending
via the superior cerebellar

peduncle to the
decussation, and then

enveloping the contralateral

red nucleus. Bottom,
Parasagittal image
shows the relatively
long anteroposterior
dimension of this
tract, which becomes
less compact and
distinct as it ascends
toward the thalamus.
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LVIS

Intraluminal Support Device

The first and only stent with
Premarket Approval (PMA) for use in
stent-assisted coil embolization

Stent Deployment. Refined.

Braided Coil Assist Stents with
High Neck Coverage, Excellent Visibility

and Improved Conformability*

Low-profile Visualized Intraluminal Support

INDICATIONS FOR USE:

The LVIS® and LVIS® Jr. devices are indicated for use with neurovascular embolization coils in patients > 18 years of age for the treatment of wide-neck
(neck width = 4 mm or dome to neck ratio < 2) saccular intracranial aneurysms arising from a parent vessel with a diameter = 2.0 mm and < 4.5 mm.

Rx Only: Federal (USA) law restricts this device to sale by or on the order of a physician.

The HydroCoil® Embolic System (HES) and MicroPlex® Coil System (MCS) are intended for the endovascular embolization of intracranial aneurysms and
other 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 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.



AXS Infinity LS™ Plus Long Sheath

See insert for
and instructions for use.

INDICATIONS FOR USE
The AXS Infinity LS Plus Long Sheath is indicated for the introduction of interventional devices into
the peripheral, coronary, and neuro vasculature.

RX ONLY

CONTRAINDICATIONS
There are no known contraindications.

POTENTIAL ADVERSE EVENTS

Acute vessel occlusion

Air embolism

e Death

Distal embolization

Emboli

False aneurysm formation

Hematoma or hemorrhage at the puncture site
Infection

Intracranial hemorrhage

Ischemia

Neurological deficit including stroke

Vessel spasm, thrombosis, dissection or perforation

WARNINGS

Contents supplied STERILE using an ethylene oxide (EQ) process. Do not use if sterile barrier is

damaged. If damage is found, call your Stryker Neurovascular representative.

For single use only. Do not reuse, reprocess or resterilize. Reuse, reprocessing or resterilization may

compromise the structural integrity of the device and/or lead to device failure which, in tum, may

result in patient injury, illness or death. Reuse, reprocessing or resterilization may also create a risk

of contamination of the device and/or cause patient infection or cross-infection, including, but not

limited to, the transmission of infectious disease(s) from one patient to another. Contamination of

the device may lead to injury, illness or death of the patient.

After use, dispose of product and packaging in accordance with hospital, administrative and/or

local government policy.

1. Do not re-sterilize or reuse, intended for single use only. Re-sterilization and/or reuse may
result in cross contamination and/or reduced performance.

2. When the long sheath is exposed to the vascular system, it should be manipulated while under
high-quality fluoroscopic observation. Do not advance or retract the long sheath if resistance is
met during manipulation; determine the cause of the resistance before proceeding.

PRECAUTIONS

Store ina cool, dry, dark place.

Do not use kinked, damaged, or opened devices.

Use the device prior to the “Use By" date specified on the package.

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

Torquing or moving the device against resistance may result in damage to the vessel or device.
Maintain a constant infusion of appropriate flush solution.

If flow through the device becomes restricted, do not attempt to clear the lumen by infusion.
Remove and replace the device.

8. Examine the device to verify functionality and to ensure that its size and shape are suitable for
the specific procedure for which it is to be used.

The AXS Infinity LS Plus Long Sheath should be used only by physicians trained in
percutaneous procedures andjor interventional techniques.

10. Do not use if labeling is incomplete or illegible.
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AXS Vecta™ 71 Aspiration Catheter

See package insert for lete indi indi
and instructions for use.

INDICATIONS FOR USE

The AXS Vecta™ Aspiration System, including the AXS Vecta 71 Aspiration Catheter, Aspiration
Tubing Set, and VC-701 Clig Aspirator Pump, is indicated in the revascularization of patients with
acute ischemic stroke secondary to intracranial large vessel occlusive disease (within the internal
carotid, middle cerebral — M1 and M2 segments, basilar, and vertebral arteries) within 8 hours of
symptom onset. Patients who are ineligible for intravenous tissue plasminogen activator (IV t-PA) or
who failed IV t-PA therapy are candidates for treatment.

Stryker Corporation or its divisions or other corporate affiliated entities own, use or have applied for the following trademarks or service marks:

RX ONLY

DEVICE DESCRIPTION

The AXS Vecta Aspiration System consists of the AXS Vecta 71 Aspiration Catheter, the
Aspiration Tubing Set, and the VC 701 Clig Aspirator Pump.

The AXS Vecta 71 Aspiration Catheter is a single lumen, flexible, variable stiffness catheter. It has
aradiopaque marker band on the distal end and a Luer hub at the proximal end. The AXS Vecta 71
Aspiration Catheter shaft has a lubricious coating at the distal end to reduce friction during use.
The Scout Introducer may be used in conjunction with the AXS Vecta 71 Aspiration Catheter to
facilitate in the introduction of the AXS Vecta 71 Aspiration Catheter into distal vasculature and aid
in navigation to distal anatomy. The Scout Introducer has a lubricious coating at the distal end to
reduce friction during use. The inner lumen of the AXS Vecta 71 Aspiration Catheters is compatible
with the Scout Introducer, guide wires and micro catheters. The inner lumen of the Scout Introducer
is compatible with guide wires and micro catheters of an outer diameter of less than 0.044in.

Each package includes one AXS Vecta 71 Aspiration Catheter, one Scout Introducer, one
hemostasis valve, and two peel-away introducers. Dimensions of the AXS Vecta 71 Aspiration
Catheter and Scout Introducer are included on the individual device label. The AXS Vecta 71
Aspiration Catheters are available in 3 different lengths, the device configurations including the
length of the Scout packaged with each catheter and the recommended microcatheter length is
presented in the table below.

Catheter part number ‘1’\421 1 ‘1’\;21 1 ‘1’\1‘321 1
Catheter inner diameter (in) 0.071 0.071 0.071
Distal catheter outer diameter (in) 0.082 0082 0082
Catheter working length {cm) 115 125 132

Scout Introducer length (cm) 133 143 150
Recommended compatible

microcatheter length (cm) 150 160 160
Recommended compatible

microcatheter outer diameter (in) 0044max | 0044 max | 004 max
Recommended compatible guidewire

outer diameter (in) 0.038 max 0.038 max 0.038 max

The AXS Vecta Aspiration System is recommended for use in the following vessel size ranges
based on non-clinical testing:

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 representative.
For single use only. Do not reuse, reprocess or resterilize. Reuse, reprocessing or resterilization may
compromise the structural integrity of the device and/or lead to device failure which, in tum, may
result in patient injury, illness or death. Reuse, reprocessing or resterilization may also create a risk
of contamination of the device and/or cause patient infection or cross-infection, including, but not
limited to, the transmission of infectious disease(s) from one patient to another. Contamination of
the device may lead to injury, illness or death of the patient.
After use, dispose of product and packaging in accordance with hospital, administrative and/or
local government policy.
1. The AXS Vecta 71 Aspiration Catheter has not been evaluated for more than one (1) clot
retrieval attempt.
The AXS Vecta 71 Aspiration Catheter was evaluated for an average duration of direct
aspiration of 4 minutes.
This product is intended for single use only, do not re-sterilize or reuse. Re-sterilization and/or
reuse may result in cross contamination and/or reduced performance.
4. When the catheter is exposed to the vascular system, it should be manipulated while under
high-quality fluoroscopic observation. Do not advance or retract the catheter if resistance is
met during manipulation; determine the cause of the resistance before proceeding.
Operators should take all necessary precautions to limit x-radiation doses to patients and
themselves by using sufficient shielding, reducing fluoroscopy times, and modifying x-ray
technical factors where possible.

PRECAUTIONS

Store ina cool, dry, dark place.

Do not use kinked, damaged, or opened devices.

Use the device prior to the “Use By" date specified on the package.

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

Torqueing or moving the device against resistance may result in damage to the vessel or
device.

Maintain a constant infusion of appropriate flush solution.

If flow through the device becomes restricted, do not attempt to clear the lumen by infusion.
Remove and replace the device.

8. Examine the device to verify functionality and to ensure that its size and shape are suitable for
the specific procedure for which it i to be used.
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AXS Vecta 71 Aspiration Catheter Vessel size (mm) 9. The AXS Vecta Aspiration System should be used only by physicians trained in percutaneous
C11129.115 7 andjor interventional techniques
C11129.125 7 10. The Scout Introducer should be used with a guidewire and microcatheter inserted when in
C-11129-132 z 11. If using the AXS Vecta Aspiration System for thrombectomy, monitor the canister fluid level
CONTRAINDICATIONS and replace the canister if the fill level reaches 75% of the canister volume.
12. Administration of lants and anti should be until 24 hours
The AXS Vecta 71 Aspiration Catheter has not been evaluated for use in the coronary N .
Do not use automated high-pressure contrast injection equipment with the AXS Vecta 71 gm;k; AS’SOCi;UZ/r]ﬁ?\IgaAI) uidelnes and acute post stroke care should follow the American
Aspiration Catheter because it may damage the device. ) g 5 - .
13. Any neurological determination should be evaluated by urgent CT scan and other evaluations

POTENTIAL ADVERSE EVENTS

Acute vessel occlusion

Air embolism

Allergic reaction and anaphylaxis from contrast media
Arteriovenous fistula

Death

Device malfunction

Distal embolization

Emboli

False aneurysm formation

Hematoma or hemorrhage at the puncture site
Inability to completely remove thrombus

Infection

Intracranial hemorrhage

Ischemia

Kidney damage from contrast media

Neurological deficit including stroke

Risks associated with angiographic and fluoroscopic radiation including but not limited to:
alopecia, bums ranging in severity from skin reddening to ulcers, cataracts, and delayed
neoplasia

Vessel spasm, thrombosis, dissection or perforation

AXS Infinity LS, AXS Vecta, Stryker. All other trademarks are trademarks of their respective owners or holders.

Scout is a trademark of InNeuroCo, Inc.

Copyright © 2018 Stryker
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Trevo® XP ProVue Retrievers

See insert for and

instructions for use.

INDICATIONS FOR USE

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

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

The Trevo Retriever is indicated for use to restore blood flow in the neurovasculature by
removing thrombus for the treatment of acute ischemic stroke to reduce disability in patients
with a persistent, proximal anterior circulation, large vessel occlusion of the internal carotid
artery (ICA) or middle cerebral artery (MCA)-M1 segments with smaller core infarcts (0-50cc for
age < 80 years, 0-20cc for age > 80 years). Endovascular therapy with the device should start
within 6-24 hours of time last seen well in patients who are ineligible for intravenous tissue
plasminogen activator (IV t-PA) or who fail IV t-PA therapy.

COMPLICATIONS

Procedures requiring percutaneous catheter introduction should not be attempted by physicians
unfamiliar with possible complications which may occur during or after the procedure.

Possible complications include, but are not limited to, the following: air embolism; hematoma

or hemorrhage at puncture site; infection; distal embolization; pain/headache; vessel spasm,
thrombosis, dissection, or perforation; emboli; acute occlusion; ischemia; intracranial hemorrhage;
false aneurysm formation; neurological deficits including stroke; and death.

COMPATIBILITY

3x20mm retrievers are compatible with Trevo® Pro 14 Microcatheters (REF 90231) and Trevo®
Pro 18 Microcatheters (REF 90238). 4x20mm retrievers are compatible with Trevo® Pro 18
Microcatheters (REF 90238). 4x30mm retrievers are compatible with Excelsior® XT-27¢
Microcatheters (150cm x 6cm straight REF 275081) and Trevo® Pro 18 Microcatheters (REF 90238)
6x25mm Retrievers are compatible with Excelsior® XT-27% Microcatheters (150cm x 6cm straight
REF 275081). Recommended minimum vessel D for all Retriever sizes is 2.5mm. Compatibility of
the Retriever with other microcatheters has not been established. Performance of the Retriever
device may be impacted if a different microcatheter is used.

Balloon Guide Catheters (such as Merci® Balloon Guide Catheter and FlowGate® Balloon Guide
Catheter) are recommended for use during thrombus removal procedures.
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AP002078 v1.0 | Page 2 of 2

Retrievers are compatible with the Abbott Vascular DOC® Guide Wire Extension (REF 22260).
Retrievers are compatible with Boston Scientific Rotating Hemostatic Valve (Ref 421242).

SPECIFIC WARNINGS FOR INDICATION 1

 The safety and effectiveness of the Trevo Retrievers in reducing disability has not been

established in patients with large core infarcts (i.e. ASPECTS < 7). There may be increased risks,

such as intracerebral hemorrhage, in these patients.

The safety and effectiveness of the Trevo Retrievers in reducing disability has not been

established or evaluated in patients with occlusions in the posterior circulation (e.g., basilar or

vertebral arteries) or for more distal occlusions in the anterior circulation.

SPECIFIC WARNINGS FOR INDICATION 2

* Toreduce risk of vessel damage, take care to appropriately size Retriever to vessel diameter at
intended site of deployment.

SPECIFIC WARNINGS FOR INDICATION 3

* The safety and effectiveness of the Trevo Retrievers in reducing disability has not been

established in patients with large core infarcts (i.e., ASPECTS < 7). There may be increased

risks, such as intracerebral hemorhage, in these patients.

The safety and effectiveness of the Trevo Retrievers in reducing disabillity has not been

established or evaluated in patients with occlusions in the posterior circulation (e.g., basilar or

vertebral arteries) or for more distal occlusions in the anterior circulation.

Users should validate their imaging software analysis techniques to ensure robust and

consistent results for assessing core infarct size.

'WARNINGS APPLIED TO ALL INDICATIONS

* Administration of IV t-PA should be within the FDA-approved window (within 3 hours of stroke

symptom onset).

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

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

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

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

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

— Do not rotate or torque Retriever.

— Use caution when passing Retriever through stented arteries.

The Retriever is a delicate instrument and should be handled carefully. Before use and when

possible during procedure, inspect device carefully for damage. Do not use a device that shows

signs of damage. Damage may prevent device from functioning and may cause complications.

Do not advance or withdraw Retriever against resistance or significant vasospasm. Moving or

torquing device against resistance or significant vasospasm may result in damage to vessel

or device. Assess cause of resistance using fluoroscopy and if needed resheath the device

to withdraw.

as indicated according to investigator/hospital best practice.

14. As in all surgical interventions, monitoring of intra-procedural blood loss is recommended so

that appropriate management may be instituted.

Limit the usage of the AXS Vecta 71 Aspiration Catheter to arteries greater than the catheter's

outer diameter.

16. Excessive aspiration with the distal tip of the AXS Vecta 71 Aspiration Catheter covered by
the vessel wall may cause vessel injury. Carefully investigate location of the distal tip under
fluoroscopy prior to aspiration.

17. There is an inherent risk with the use of angiography and fluoroscopy.

18. When transporting the VC-701 Cliq pump, utilize the pump handle.

19. Do not use if labeling is incomplete or illegible.
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o If Retriever is difficult to withdraw from the vessel, do not torque Retriever. Advance

Microcatheter distally, gently pull Retriever back into Microcatheter, and remove Retriever

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

the Microcatheter, consider extending the Retriever using the Abbott Vascular DOC guidewire

extension (REF 22260) so that the Microcatheter can be exchanged for a larger diameter

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

catheter.

Administer anti- ion and anti-platelet medi per standard institutional guidelines.

 Users should take all necessary precautions to limit X-radiation doses to patients and
themselves by using sufficient shielding, reducing fluoroscopy times, and modifying X-ray
technical factors where possible.

PRECAUTIONS

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

Store in cool, dry, dark place.

Do not use open or damaged packages.

Use by “Use By" date.

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

autoclave.

* Do not expose Retriever to solvents.

Use Retriever in conjunction with fluoroscopic visualization and proper anti-coagulation agents

To prevent thrombus formation and contrast media crystal formation, maintain a constant

infusion of appropriate flush solution between guide catheter and Microcatheter and between

Microcatheter and Retriever or guidewire.

* Do not attach a torque device to the shaped proximal end of DOC® Compatible Retriever.
Damage may occur, preventing ability to attach DOC® Guide Wire Extension.

DOC i a trademark of Abbott Laboratories

l

Stryker Neurovascular
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strykerneurovascular.com
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Now you have 24 hours to make a
lifetime of difference in stroke patients like Nora

The Trevo Retriever is the only device cleared to

from time last seen well.

For more information, visit strykerneurovascular.com/trevo24hours

Trevo® XP

PROVUE RETRIEVER Y078 10




A Complete Coil Portfolio

Hydrogel Embolic Coils & Platinum Coils

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

Breakthrough Hydrogel Technology

® | ess Recurrence

® | ess Retreatment

® More Progressive Occlusion Sl

=
e
= 1
e
=
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Compared to platinum coils with comparable safety’
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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

For more information or a product demonstration, MicroVention Worldwide

contact your local MicroVention representative: Innovation Center Hal L 2
35 Enterprise
Aliso Viejo, CA 92656 USA

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

\ ‘ MicroVention Europe, S.A.R.L. PH +33 (1) 39 21 77 46
\ MicroVention Deutschland GmbH PH +49 211 210 798-0

microvention.com
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REVIEW ARTICLE

Understanding Subdural Collections in Pediatric
Abusive Head Trauma

D. Wittschieber, H. Pfeiffer, and ““’M.L. Hahnemann

O=

B. Karger,

ABSTRACT

SUMMARY: Life-threatening physical abuse of infants and toddlers is frequently correlated with head injuries. A common variant of the
abusive head trauma is the shaken baby syndrome. The present review article sheds light on subdural collections in children with abusive
head trauma and aims at providing a recent knowledge base for various medical disciplines involved in diagnostic procedures and legal
proceedings. To this end, the different subdural collection entities are presented and illustrated. The pathophysiologic background is
explained. Differential and age-diagnostic aspects are discussed and summarized by tabular and graphic overviews. Two problematic
constellations frequently occurring during initial CT investigations are evaluated: A mixed-density subdural collection does not prove
repeated trauma, and hypodense subdural collections are not synonymous with chronicity. The neuroradiologic analysis and assessment
of subdural collections may decisively contribute to answering differential diagnostic and forensic questions. In addition to more refer-
ence data, a harmonization of terminology and methodology is urgently needed, especially with respect to age-diagnostic aspects.

ABBREVIATIONS: AHT = abusive head trauma; BV = bridging vein; cSDH = chronic subdural hematoma; SDC = subdural collection; SDE = subdural effusion;

SDH = subdural hematoma; SDEm = subdural empyema; SDHy = subdural hygroma; SDHHy = subdural hematohygroma

I n light of serious physical, psychological, and legal conse-
quences, physical child abuse attracts increasing attention in
terms of health policy and health economy.' Head injuries rep-
resent the most frequent cause of lethal outcome and mainly re-
late to children within their first and second years of life.*® Cur-
rently, the term “abusive head trauma” (AHT) is used for any
nonaccidental or inflicted head injuries in pediatrics.”””

AHT has a worldwide incidence of 14-30/100,000 live births
among children younger than 1 year of age.>'"'> Additionally, a
high amount of underreporting has to be assumed because many
cases are not identified due to subclinical courses, nonspecific
symptoms, or missing medical consultation.'* Meta-analyses on
the outcome revealed an average mortality rate of around 20%
among children younger than 2 years of age.'” Survivors showed
severe disability (eg, tetraplegia, epilepsy, or blindness) in ~34%,
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and moderate disability (eg, hemiplegia, memory and attention
difficulties) in ~25% of the cases."”

The shaken baby syndrome—a common variant of AHT with
increasing general public awareness—is characterized by the fol-
lowing features that are neither obligatory nor evidentiary:

o Acute encephalopathy, being the clinical expression of traumatic
damage of the brain parenchyma accompanied by a wide spec-
trum of neurologic symptoms that depend on the intensity of the
trauma.

e Subdural collections with or without additional extra-axial
findings such as subarachnoid hemorrhage, arachnoid tear, or
bridging vein thrombosis.

e Retinal hemorrhages typically found in many locations, within
several layers, disseminated, widespread from the center to the
periphery, and with or without additional retinoschisis or in-
travitreal hemorrhage.

e Spinal trauma such as ligamentous injuries at the craniocervical
junction, or spinal sub- or epidural hematomas.

e No or only minimal injuries of the skin because skin bruises caused
by firm grip at the arms or the thorax of the child are rare.

e Missing or inadequate anamnesis—that is, no trauma reported
or report of just a minor trauma despite the presence of severe
brain injury.

With respect to other variants of AHT, further features of head
injury may occur, in particular, signs of blunt force (impact)
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trauma against the child’s head such as skin lesions or skull
fractures.

Relevant differential diagnoses such as metabolic disorders,
infectious and hematologic diseases, and birth trauma must be
excluded. However, these differential diagnoses usually cannot
explain the symptomatology of AHT as a whole. Diagnosing AHT
always requires the joint assessment of numerous investigation
results from pediatrics, ophthalmology, neurosurgery, laboratory
medicine, forensic medicine, and radiology.”'® Pediatric neuro-
imaging by CT and MR imaging plays a key role in this strat-
egy.”'®!” Traumatic brain injuries and extra-axial indicators of
AHT can be depicted and evaluated across time. Besides sub-
arachnoid hemorrhages, fluid collections within the subdural
space represent such extra-axial indicators of AHT.

SUBDURAL COLLECTIONS
The term “subdural collection” (SDC) is understood as a nonspe-
cific umbrella term comprising various, in part, successively
stagelike findings within the subdural space. The radiologic inves-
tigation of SDCs has the potential to contribute to important is-
sues such as type, number, and circumstances of the traumatic
force or the age of injury. Apart from the clinical and medicolegal
significance for the diagnosis of child abuse, SDCs may also be
relevant for criminological aspects because age estimation possi-
bly facilitates further limitation of the circle of suspects.
Differential diagnostics of the various SDC entities is a chal-
lenging topic for the radiologist. During the initial image-assess-
ment process, the more careful labeling as SDC may be more
reasonable than the possibly hasty determination of a special SDC
entity.'®'” Terminology and definition criteria of the SDC enti-
ties are inconsistent, even among experts. This issue may partly be
attributed to the frequent presence of mixed or transitional SDC
forms. However, the large body of literature allows the differenti-
ation of at least the following 6 entities.

Subdural Hematoma

In the context of AHT, subdural hematoma (SDH) is described as the
most common intracranial pathology in infants and toddlers.***
SDH, like all SDCs, may occur unilaterally or bilaterally.*” The con-
vexities of the cerebral hemispheres (Fig 1A), the falx cerebri, the
tentorium cerebelli, and the middle and posterior cranial fossae are
considered typical locations.** In many cases, SDHs have a key role as
a diagnostic marker only—that is, though they may represent an
important symptom of child abuse, their volumes are often small,
resulting in just a minor space-occupying effect.>*"***> Hence, fre-
quently, SDHs do not have a prognostic relevance for the extent of
brain damage.”* Depending on the developmental stage in which
subdural blood is visualized by neuroimaging, SDHs have a wide
variety of appearances (Table 1). The chronic SDH has a special po-
sition (see below: “Chronic Subdural Hematoma”).

Subdural Hygroma

The term subdural hygroma (SDHy) is classically reserved for pro-
teinaceous, clear, pink-tinged, or xanthochromatic collections
within the subdural space containing pure CSF or at least CSF-like
fluid; blood, blood products, or neomembranes are nonexistent by
definition (Fig 1B, -C).*>***” However, the smallest amounts of

blood within the SDHy cannot always be excluded and may become
noticeable on CT by a slightly higher density compared with CSF (see
below: “Subdural Hematohygroma,” “homogeneous variant”).

Subdural Hematohygroma

Subdural hematohygromas (SDHHys) are a combination of
blood (or blood products) and CSF (or CSF-like fluid).>***° A
homogeneous and a heterogeneous variant can be differentiated.

In many cases of an SDC diagnosed as SDHy, it may be
assumed that the SDC is actually the homogeneous variant of
the SDHHy (Fig 1D) because the blood component may some-
times be relatively small and/or very “young” (hyperacute);
furthermore, an intense mixture of blood and CSF may be
present.”” > Hence, in our experience, SDHy and SDHHYy are
used interchangeably or synonymously in radiology reports.

The heterogeneous variant of the SDHHy (Fig 1E, -F) indi-
cates 2 SDC components that coexist within the same subdural
compartment (eg, above a brain convexity); these components
may be clearly distinguished from one another (fluid-fluid levels
possible) and may appear hyper- and hypodense during CT in-
vestigations (mixed-density pattern).”>**?°? The hypodense
component is interpretable as the following:

1) Acute CSF collection (eg, due to an arachnoid tear, see be-
low: “Pathophysiology”)

2) Supernatant (and thus an integral part of blood) changed by
gravity (serum separation/blood sedimentation/hematocrit ef-
fect), in the sense of an SDH.

Of course, a mixed form of both variants is conceivable as well
(ie, simultaneous presence of CSF influx and blood sedimenta-
tion; see below: “Mixed-Density SDCs: Repeated Trauma?” and
Table 2, upper part).

Chronic Subdural Hematoma

Currently, from the pathophysiologic point of view, chronic
subdural hematoma (cSDH) is considered a separate SDC en-
tity.23 c¢SDH denotes a serosanguinous, petroleum-, or crank-
case-like fluid collection surrounded and sometimes loculated
(divided into compartments) by neomembranes (Fig 1G,
-1).>®33735 Neomembranes contain numerous new blood ves-
selsleading to accumulation of contrast agent in neuroimaging
studies.”>*” The presence of neomembranes represents an im-
portant criterion for distinguishing cSDH and SDHy. In con-
trast to the situation in adults, genuine cSDHs are relatively

rare in infants.?*?¢ %

Subdural Effusion and Subdural Empyema

These proteinaceous SDC entities are predominantly consid-
ered sequelae (in case of subdural effusion [SDE]) or compli-
cations (in case of subdural empyema [SDEm], eg, due to an
infected SDE) of bacterial meningitis or sinusitis.”*>? These
conditions usually do not cause diagnostic difficulties because
inflammatory symptomatology or a history of CNS infection is
typically present. Normally, SDEs and SDEms are nontrau-
matic, but in rare cases, SDEms may originate following pen-
etrating head trauma or craniotomy, which, of course, is usu-
ally known in the clinical setting.
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FIG 1. SDC entities in AHT cases. A, Acute SDH (nonenhanced CT): a 2-month-old boy with a small
hyperdense SDC over the left frontoparietal region (arrow) and hyperdense blood components
around the tentorium (arrowheads). B, SDHy (nonenhanced CT): a 2-month-old boy with wide, ho-
mogeneously hypodense (or CSF-isodense) SDCs over both frontoparietal regions; no neomembranes
or septa. C, SDHy (MR imaging, T2WI, TSE, nonenhanced): a 4-month-old boy with wide, homoge-
neously CSF-isointense SDCs over both frontoparietooccipital regions, markedly frontal due to the
supine position; no neomembranes or septa. D, SDHHy, homogeneous variant (MR imaging, T2WI, TSE,
nonenhanced): a 3-month-old boy with homogeneous SDCs over both frontoparietal regions. Com-
pared with CSF within the external and internal CSF spaces, the SDCs appear hypointense. Two intact
BVs can be found next to the superior sagittal sinus (arrow shows 1BV). E, SDHHy, heterogeneous
variant (nonenhanced CT): a 19-month-old boy with an SDC in the left frontoparietal region. The SDC
is composed of a thin, brain-sided, hyperdense component and a thin, dura-sided, hypodense com-
ponent that runs parallel to the former component (mixed-density pattern). In this case, the study also
revealed severe brain edema with a midline shift to the right side as well as hyperdense blood com-
ponents within the anterior and posterior interhemispheric fissures. F, SDHHy, heterogeneous variant
(MR imaging, FLAIR, nonenhanced): a 4-month-old girl with wide SDCs over both frontoparietooccipi-
tal regions. While the frontoparietal SDC proportions appear hypointense, the parietooccipital pro-
portions are iso- to hyperintense. The transitional zone between the 2 components is almost smooth;
fluid-fluid levels cannot be recognized unambiguously. G, Chronic SDH (nonenhanced CT): a7-month-
old boy with wide, hypodense SDCs over both frontoparietal regions and subtle formation of sub-
dural neomembranes on the left side (arrows). H, Chronic SDH (MR imaging, TIWI, gradient-echo
sequence, enhanced by contrast agent): same case as in G. Confirmation of the presence of subdurally
located septa and chamber formations. In contrast to the nonenhanced TIWI (not shown), this con-
trast agent—enhanced study revealed focal signal enrichment located at the neomembranes (arrows).
I, Chronic SDH (MR imaging, T2WI, TSE, nonenhanced): a 4-month-old boy with numerous subdural
septa and neomembranes. Note the different signal intensities and multiple fluid-fluid levels within
subdural chamber formations, especially in the right occipital region.

PATHOPHYSIOLOGY
AHT is predominantly caused by acceleration-deceleration
trauma, blunt force trauma (impact), or a combination of these

mechanisms.®”*° In acceleration-deceleration trauma, the child ~ mechanisms:
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is usually held firmly at the thorax or up-
per arms and is then shaken. These rapid
movements result in repeated accelera-
tion and deceleration of the child’s head
due to missing postural control. Shear-
ing and rotational forces may cause se-
vere injuries within the brain tissue, de-
termining prognosis. In addition, small
and medium-sized blood vessels within
the cranial cavity, particularly the bridg-
ing veins (BVs) that mainly run through
the subarachnoid space, may rupture in
part or completely. Approximately 50
BVs (diameter, 0.05-3.07 mm) connect
the cortical veins of the cerebral and cer-
ebellar surface with the large venous si-
nuses, thereby penetrating the inner part
of the dura mater.*' Typically, injuries
of the BVs cause extra-axial hemor-
rhage, predominantly within the sub-
arachnoid and subdural spaces.””*!**

BVs show a different wall thickness at
different locations. While the BV wall
measures 50-200 um within the sub-
arachnoid space, the BV segments that
penetrate the dura mater may have a
wall thickness of only 10 wm and do not
show additional external strengthening
by connective tissue.*”> Thus, increased
vulnerability of dural BV portions is
assumed.”® The resulting hemorrhage
from the injured BVs fosters opening of
the subdural space. This pathologic space
does not exist under physiologic condi-
tions and has been recognized as an intra-
dural lesion caused by cleavage of the in-
nermost part of the dura mater, the dura
border cell layer‘22’4°’47 Nevertheless, the
traditional term “subdural” is still widely
in use; thus, BV hemorrhage leads to what
is generally referred to as SDH.

Due to shearing forces, the arach-
noid membrane may also tear (eg, in
the vicinity of strained BVs or at Pac-
chionian granulations).>>*® If this is
the case, transfer of CSF from the sub-
arachnoid space to the subdural space
is possible. Thus, an SDHy or SDHHy
may develop additionally or subse-
quently (yellow box in Fig 2).?72%%°
The laceration of the arachnoid mem-
brane may function as a valve preventing
backflow of CSE.**° Besides this rapid

mechanism, occurring within a few minutes or hours, delayed for-
mations of SDHys and SDHHys, requiring up to several days, have
been observed as well.>” Etiopathologically, there are 2 causative



Table 1: Classic SDH stages in CT and MRI (at 1.5T)*

Stage

Characteristics Hyperacute Acute Early Subacute Late Subacute Chronic

Assumed time range®  Min: 0 hr Min: 1day Min: 2 days Min: 1wk Min: 2 wk
Max: 24 hr Max: 3 days Max: 2 wk Max: 3 wk
NECT® L/ 1 1 < !
MRI (T1) < < 1 1 1
MRI€ (T2) i I </1 1 1
Hb state Oxy-Hb Desoxy-Hb Met-Hb Met-Hb Ferritin/hemosiderin
Hb localization Intracellular  Intracellular Intracellular Extracellular Extracellular
Fe oxidation state Fe?* Fe?* Fe’* Fe** Fe**
Pathophysiology Unclotted Clotted blood, Max clot retraction, Lysis of erythrocytes, thereby In contrast to intraparenchymal
blood clot retraction erythrocytes predominantly increase of extracellular met-Hb, hematomas, removal of ferritin

(still) intact, oxidative
denaturation of the

desoxy-Hb into met-Hb

and hemosiderin within the
extra-axial space is accelerated
due to the missing blood-brain
barrier (therefore 1 in T2)

start of disintegration to heme
and globin, Fe*" is stored

within the macromolecule ferritin
and the phagocytic product
hemosiderin, respectively

Note:—NECT indicates nonenhanced CT; Hb, hemoglobin; 1, hyperdense/hyperintense; |, , hypodense/hypointense; <>, isodense/isointense; Min, minimum; Max, maximum;
Desoxy-Hb, Desoxy-Hemoglobin; Oxy-Hb, Oxy-Hemoglobin; Met-Hb, Met-Hemoglobin.

2 According to Hedlund,” Vezina,*® Lee et al*' Duhem et al,*

Tung,®® Cramer et al,** Bradley,*> and Bergstrém et a

1‘66

® Due to insufficient data base, the time intervals stated do not represent absolute borders—that is, the ranges may be exceeded or undercut in single cases.

¢ Density/signal intensity compared with cortical brain tissue.

Table 2: Mixed-density and hypodense SDCs—2 typical problem constellations during the initial CT investigation®

CT Finding Differential Diagnosis

Pathophysiology Forensic Relevance

Heterogeneous hypo- and hyperdense
SDC (mixed-density pattern)
1) Hyperacute + acute
SDH

2) Acute SDH

3) SDHHy

4) Acute + chronic SDH

Homogeneous iso- to hypodense SDC
1) Hyperacute SDH
2) Acute SDH + anemia

3) SDHy,/SDHHy

4) Late subacute SDH
5) cSDH

Unclotted and clotted blood

Compacted clot with serum separation

“Acute blood” and CSF, eg, due to BV

Acute hemorrhage within a

Unclotted blood
Clotted blood with decreased number

CSF or CSF + acute blood

Lysis of erythrocytes
Serosanguinous fluid

Compatible with 1
hemorrhagic event
Assumed EoA: 0-24 hr
Compatible with 1
hemorrhagic event
Assumed EoA: 1-3 days
Compatible with 1
hemorrhagic event
Assumed EoA: 1 day—min
1wk
Compatible with 2 (or more)
hemorrhagic events
Assumed EoA: 0—min. 2 wk

injury and concomitant arachnoid tear

pre-existing cSDH/SDHy

Assumed EoA: 0-24 hr

Assumed EoA: 1-3 days

of erythrocytes

Assumed EoA: 1 day—min.
1wk

Assumed EoA: 1-3 wk

Assumed EoA: min. 2 wk

Note:—EoA indicates estimate of age; min, minimum.
2 According to Hymel et al,*° Hedlund,” Vezina,® and Tung et al.*°

1) Influx of CSF or CSF-like fluid as a result of a posttraumatic,
reactive, vasomotoric (diffusion) disorder within surrounding
meningeal structures. This is assumed to occur particularly with
decreased intracranial pressure and through the mediation of
CytokineS.Z()>22>33>34>5l>52

2) Pathologic accumulation of intradural CSF that is assumed
to move physiologically within the dural venous plexus from the
subarachnoid space to the venous sinuses.*”

Likewise, the further development toward ¢SDH is not yet
completely understood. However, it seems clear that an outer
subdural neomembrane (at the dural side) is primarily formed. Its
formation commences at the innermost cell layer of the dura ma-
ter cleaved by the SDC. Subsequently, an inner subdural
neomembrane (on the arachnoid side) is formed so that, finally,
both neomembranes surround the SDC.>*"® Particularly the
thicker outer neomembrane is highly vascularized. Leakage of

these fragile new blood vessels is held responsible for additional
influx of blood, proteins, and fluid and, thereby, for the increase
in size of the cSDH.?>**>° Formation of septa is considered a
consequence of repeated rebleeding events and may lead to cham-
ber-like structures with multiple fluid-fluid levels appearing dif-
ferently with regard to density or signal intensity (Fig 11).”” A
pathologically expanding SDHy or SDHHY is considered the pre-
cursor of the cSDH (blue box in Fig 2).>**>?7***° The direct
conversion of an acute SDH into a cSDH is infrequently observed
in adult cases only and could not be simulated in animal

: 58,59
experlments.zo’ 859

AGE DIAGNOSTICS

General Aspects

Given the inherent heterogeneity of traumatization and the
resulting diversity of SDC appearance and SDC combinations,
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SDH

SDHy SDHHy SDHHy
(hom.) (het.)

eral lack of consensus concerning meth-
odology (missing guidelines) unsurpris-
ingly results in inconsistent assessments
among radiologists as shown re-
cently.®”°® These studies reflect the poor
data situation and demonstrate the
broad and overlapping time intervals of
SDH stages, which represent a general
argument against age estimation of

SDCs.”%®

\S

However, the application of a “min-
imum age concept” might be an im-
provement towards an age-diagnostic

assessment of the SDC, despite overlap-

resorption/resolution.

precise dating of SDCs based on neuroimaging alone is unre-
alistic. However, this issue does not mean that any time-related
statements on SDCs are impossible. Hence, it seems appropri-
ate to use more reserved terms such as “age estimation” or
“staging.”®®

There is general consensus that when interpreting initial
imaging studies (mostly CT), SDC features should be de-
scribed merely (eg, hypodense, isodense, hyperdense, or
mixed-density pattern).”>*® The possibly rash labeling with
temporal assignments such as “acute” or “chronic” should be
avoided.”?® In case of the sedimentation of an SDH (or SDHHY),
evaluating the sediment instead of the supernatant has been
recommended.”’

Table 1 shows a compilation of the classic SDH stages based on
relatively few data found in the literature.”***°'*°® CT and MR
imaging are regarded as complementary methods, which are both
indispensable.”®**

At present, this insufficient data situation is the most limiting
factor preventing more accurate age estimation by neuroimag-
ing.”” Resilient reference data on SDH stages can rarely be ob-
tained due to the difficult validation of the time of trauma and the
highly variable severity of the injuries. Thus, the combination of
insufficient reference data, little specific experience (eg, due to
usually low AHT case numbers in nonuniversity institutions),
heterogeneous pathophysiologic/anatomic knowledge, and gen-
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FIG 2. Simplified schematic drawing of the development of cSDHs via SDHys/SDHHys according
to Hymel et al,?° Hedlund,”* Wittschieber et al,”” Zouros et al,’Lee et al,** and Lee.*® The findings
within the yellow box demonstrate the possible SDC entities following AHT that can often be
found during initial cross-sectional neuroimaging. A portion of these cases develops further
toward the findings shown within the blue box. With time, these SDC entities may then develop
into a cSDH (purple box). The pictographs schematically visualize the CT morphologic appearance
of the respective SDC. Green indicates the dura mater; orange, the arachnoid membrane; the
space in between, the subdural space; hom., homogeneous; het., heterogeneous; t, time; R,

. SDHy SDHHy SDHHy
¥ {hom.) (het.) ping time intervals of stages. The princi-
N - P pleis as follows: If a stage X (eg, “chronic”)
_ is found, according to available study data,
a minimum time Y (eg, 2 weeks) has
P~ elapsed since the trauma has occurred.
The fact that the maximum duration of

cSDH

P) the antecedent stage often overlaps the

earliest occurrence of the next stage does
not affect the forensic statement (eg, that
the SDC is at least 2 weeks old).

The observation of SDC development
could be another possibility to increase the
accuracy of age estimations of SDCs. To
this end, repeated cranial imaging investi-
gations (serial neuroimaging) are re-
quired, as long as the clinical state of the
patient allows these procedures.”*>"**7¢

Thus, more reliable age-diagnostic as-
sessments of SDCs necessitate more reference studies and special
training programs, imparting specific diagnostic experiences. These
would also require a harmonization of methodology and terminol-
ogy as a precondition. Furthermore, focusing on the density or signal
intensity of SDCs alone represents only 1 approach. Other imaging
findings might have the potential to support the age estimation of
AHT cases in the future—that is, parenchymal shear injuries, bridg-
ing vein thromboses/venous injuries, brain edema, subdural
neomembranes (see also below: “Hypodense Subdurals: Acute or
Chronic?”), the size of the SDC, or other signs of brain dam-
age.”>**’! However, as long as large systematic studies on these top-
ics are missing, being cautious with time-related statements on SDCs
is recommended.

Mixed-Density SDCs: Repeated Trauma?

In initial CT investigations, SDCs frequently show a mixture of
hyper- and hypodense proportions (so-called mixed-density pat-
tern) (Fig 1E). This pattern is significantly more frequent in AHT
than in accidental head trauma.’®’* In the past, the dogma was
that such a pattern would represent a combination of “new” and
“old” blood, indicating repeated trauma. Today, this view has
changed. At least 4 different scenarios have been proposed as expla-
nations for the mixed-density pattern, and 3 of them may be deduced

from only 1 single traumatic event (Table 2, upper part).***



Table 3: Possible distinguishing criteria between SDHy and cSDH in neuroimaging®

Criterion SDHy

cSDH Remarks

Neomembranes/septa/ No Yes
chamber formations

Structure/composition  Rather homogeneous (CSF-like)

Coexisting brain edema  Possible

At first, often rapidly progredient
in growth; subsequently, mostly
regredient in growth or static

Growth behavior

Very CSF-like, between 3.5 and
1.5 HU®®

Density

Rather heterogeneous/complex
(evidence for blood products
and CSF)

Unlikely

Rather static/only slowly
progredient in growth

Slightly higher density than CSF
due to admixture of blood
components, between 6.4
and 24.6 HU®®

MRI more sensitive than CT

IV contrast may improve the detection
of neomembranes

First formation of neomembranes
macroscopically visible after ~10 days;”
when using MR imaging contrast after
~2-4 weeks*?

Late (chronifying) SDHys may also have
first thin neomembranes (transitional
phase to cSDH, terminologic gray zone)

Heterogeneity of different cSDH fluid
areas by neomembrane-associated
chamber formations

Brain edema = rather acute/subacute

Requires serial neuroimaging

Requires standardized measurements
of densities

CSF = 5-10 HU

SDHHys with low blood fraction and
high dilution with CSF are likely to
show HU values just above 10 HU
as well; thus, differentiation between
SDHy and SDHHy may be difficult

2 According to Hedlund?? Wittschieber et al,?” Vezina,?® Zouros et al,*” Case,** Bergstrom et al,°® and Walter et a

Scenario 4 (“acute-on-chronic” variant in Table 2) can often
be excluded when an acute severe shaking event is suspected be-
cause acute rebleeding from cSDH-associated neomembranes is
not associated with the typical acute symptomatology of
AHT.*>** Then, additional MR imaging and serial neuroimaging
may provide more information.®®*’

In the context of the mixed-density pattern, it has been pro-
posed that SDCs with 2 different densities in “2 distant locations”
may be considered indicators of a so-called “age-different pat-

tern»s(),73

—that is, a hypodense frontoparietal SDC in combina-
tion with a hyperdense SDC in the posterior fossa, or a hypodense
frontoparietal SDC associated with hyperdense clots at the ver-
tex.°” Those patterns were reported to be strongly associated
with confessions of repeated episodes of violence against the
child, suggesting that at least 2 traumatic events occurred. How-
ever, there are numerous reports of hypodense SDCs that formed
very early after the reported traumatic event (partly even within a
few hours), namely without an additional trauma and also on the
contralateral side of a hyperdense SDC observed ini-
tially.>>27-28370%7% One possible explanation for those observa-
tions may be arachnoid tears resulting in CSF accumulations
within the subdural space corresponding to acute formation of an

SDHy or SDHHy.

Hypodense Subdurals: Acute or Chronic?

The presence of isolated iso- to hypodense SDCs is another typical
problem in CT investigations of SDCs (Fig 1B). At least 5 possi-
bilities of interpretation, besides SDHy and SDHHy, compose
nearly all time-related SDH stages from hyperacute to chronic

).22

(Table 2, lower part Hence, a reliable diagnosis and age esti-

|74

mation of the SDC are frequently not possible without additional
MR imaging and serial neuroimaging, respectively. The diversity
of differential diagnoses shown in Table 2 illustrates that the di-
agnosis of a chronic process (¢cSDH) may be hasty.

Finally, in many cases, the question is whether the diagnosis is
SDHy or ¢SDH. While the former is compatible with both a rapid
and a delayed process, the latter, in fact, suggests a traumatic event
that occurred weeks ago. Several distinguishing criteria have been
proposed (Table 3) to address this question.”>*”>%?%°%7* The
most important criterion is the presence of subdural neomem-
branes, septa, or chamber-like formations characterizing cSDHs.
In neuropathology, the first formation of neomembranes is de-
scribed as macroscopically visible after ~10 days.”* Their radio-
logic detection may be challenging and often requires MR imag-
ing, sometimes even supported by intravenous contrast. In those
cases, the presence of neomembranes is described after ~2—4
weeks.”

CONCLUSIONS

SDCs in infants and toddlers represent frequently occurring
indicators of AHT. The radiologic analysis and assessment of
SDCs remain a challenging task because different SDC entities
may appear radiologically very similar at different develop-
mental stages.

As long as no harmonization of terminology, methodology,
and age diagnostic criteria of SDCs exists and as long as the scien-
tific data situation has not improved, only rough time-related
statements on SDCs will be possible. However, such statements
may be helpful if a “minimum age concept” is applied. For exam-

AJNR Am J Neuroradiol 40:388-95 Mar 2019 www.ajnr.org 393



ple, it is possible to exclude that wide hypodense SDCs with

neomembranes formed 2 days ago as suggested by a witness.

In summary, as consensually corroborated by a number of

leading medical societies,”” the close cooperation and joint eval-

uation by clinicians, radiologists, and forensic experts remains

essential in cases of suspected AHT.
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PRACTICE PERSPECTIVES

Imaging of Patients with Suspected Large-Vessel Occlusion at
Primary Stroke Centers: Available Modalities and a

Suggested Approach

M.A. Almekhlafi, “’W.G. Kunz, “/B.K. Menon, ““R.A. McTaggart, “/M.V. Jayaraman, ““'B.W. Baxter, ““'D. Heck, ““'D. Frei,
C.P. Derdeyn, ““'T. Takagi, ““’A.H. Aamodt, ““I.M.R. Fragata, ““’M.D. Hill, “’A.M. Demchuk, and ““’M. Goyal
k|
ABSTRACT

SUMMARY: The overwhelming benefit of endovascular therapy in patients with large-vessel occlusions suggests that more patients will

be screened than treated. Some of those patients will be evaluated first at primary stroke centers; this type of evaluation calls for

standardizing the imaging approach to minimize delays in assessing, transferring, and treating these patients. Here, we propose that CT

angiography (performed at the same time as head CT) should be the minimum imaging approach for all patients with stroke with suspected

large-vessel occlusion presenting to primary stroke centers. We discuss some of the implications of this approach and how to facilitate

them.

ABBREVIATIONS: CSC = comprehensive stroke center; DIDO = door-in-door-out time interval; EVT = endovascular thrombectomy; LAMS = Los Angeles Motor
Scale; LVO = large-vessel occlusion; PSC = primary stroke center; Ppsc2Pcsc = picture at the primary stroke center to puncture at the comprehensive stroke center

time

Ischemic stroke due to large-vessel occlusion (LVO) substan-
tially contributes to morbidity and mortality. Despite the im-
provements in systems of care and the development of effective
interventions, a minority of eligible patients receive acute thera-
pies.! To increase patients’ access to treatment, stroke centers are
certified as primary (ie, capable of administering intravenous
thrombolytics) and comprehensive (ie, capable of administering
thrombolytics and endovascular thrombectomy [EVT]).

The evidence for the benefit from EVT in patients with LVO is
overwhelming, with a number needed to treat of 2.6 to reduce
functional disability on the modified Rankin Scale by at least 1
level.” This benefit is evident across all subgroups and is indepen-
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dent of age, stroke severity, or the extent of early ischemic changes
on imaging. This effect makes most patients with LVO potentially
eligible for EVT within 6 hours from onset. While early treatment
is associated with greater benefit,”> EVT is still associated with
better outcomes in selected patients in the 6- to 24-hour time
window.*> Therefore, it is critical that all potential EVT candi-
dates be screened for LVO rapidly and then rushed to compre-
hensive stroke centers (CSCs) for EVT.

Because many patients will first arrive at primary stroke cen-
ters (PSCs), the improvement of workflow processes at PSCs to
identify EVT candidates is a priority. To achieve this, we recom-
mend that all patients triaged as having potential LVO (eg, the Los
Angeles Motor Scale [LAMS] score® is =4) receive a standardized,
1-stop imaging with noncontrast head CT and CTA at the same
time to confirm the presence of LVO and initiate the transfer
process. Key challenges to this approach include reliable head CT
interpretation and detection of LVO on CTA by nonexpert read-
ers. Advanced imaging, such as multiphase CTA or CTP, can help
overcome challenges related to variability in head CT interpreta-
tion. Multiphase CTA simplifies LVO detection even for nonex-
pert readers” and provides collateral assessment and core/penum-
bra estimation.®” While evidence from the Efficacy and Safety of
MRI-Based Thrombolysis in Wake-Up Stroke trial supports MR
imaging—based selection of patients with unknown time of on-
set,'” CT-based paradigms are more widely available and faster
and have fewer contraindications compared with MR imaging,
making them more appropriate for the PSC setting."’

Herein, we discuss the driving principles behind our proposed
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imaging approach at PSCs and how they relate to the core con-
cepts of stroke therapy. These recommendations are not meant to
be binding, but they aim to engage physicians from all relevant
disciplines in both PSCs and CSCs and policymakers in a discus-
sion to streamline the imaging approach in patients with sus-
pected LVO in PSCs.

Appropriateness of Transfer

A critical PSC-related challenge is the appropriateness of transfer-
ring patients with suspected LVO. We have recently debated this
topic and proposed a classification scheme to assess the appropri-
ateness of patient transfer for EVT.'” Some of the clinical and
imaging characteristics of patients who are not candidates for
transfer include those with the following:

1) Completed infarct in which recanalization will be both fu-
tile and risky"”

1) High likelihood of reperfusion with intravenous thrombo-
Iytic therapy (distal occlusion, small thrombus, favorable throm-
bus characteristics)'**'>

3) Severe comorbidities or poor premorbid status.

While PSCs should err toward overtransferring rather than
undertransferring because of the significant effect size of EVT, the
above-mentioned characteristics highlight the role of advanced
imaging in modern stroke care.

Time Matters

Fast treatment is essential for good stroke outcome. This is em-
phasized in the pooled analyses in the highly effective reperfusion
using multiple endovascular devices (HERMES) collaboration.’
Hence, one must balance the time spent on obtaining and inter-
preting imaging and the value and relevance of the information it
provides. At the CSC level, use of CTA has been linked to shorter
onset-to-treatment times.'® The need for and feasibility of rou-
tinely performing advanced imaging at PSCs are less clear. While
it will exhaust the limited resources of PSCs if CTA is performed
on all patients with stroke without discrimination, there are mer-
its to performing CTA in all patients with suspected LVO (based
on the LAMS, NIHSS, presence of cortical signs, and so forth) at
the same time as head CT. Patients not suspected of having LVO
such as those with minor stroke symptoms or those who are not
candidates for EVT, for example due to pre-existing disability or
functional impairment, could be assessed with head CT alone as
an initial step.

One approach to advanced imaging at the PSC level is to pro-
tocol the technique on the basis of the time from symptom onset.
Patients who present early (<6 hours) from onset undergo head
CT/CTA, while those arriving at later times (6—24 hours from
onset) or those with suspected LVO stroke on awakening also
undergo CTP. Ultimately, a standardized, protocol-driven ad-
vanced imaging pathway is likely to be the most efficient strategy
in triaging patients at the PSC.

Technique and Technical Support Matter

For advanced imaging to be used at PSCs, imaging protocols need
to be well-developed, and qualified technologists need to be avail-
able to perform them around the clock. Results should be con-
veyed promptly to the managing physicians for the transfer pro-

cess to be initiated rapidly. Also, images need to be accessible to
the CSC team. These prerequisites may pose challenges for the
PSC, given their limited resources, especially outside of the work-
ing hours. Teleradiology consult with CSCs may be a potential
solution by using image transfer or a sharing platform or the
cloud. Alternatively, automated postprocessing software can be
used to immediately alert physicians to the presence of potential
thrombectomy candidates. Such software needs to be fast and
adequately tested, and personnel involved need to be trained to
recognize factors that may result in erroneous interpretation (eg,
patient motion). Another pitfall common to images obtained at
the PSC is the risk of decay (progression of infarction during
transfer), requiring repeat imaging based on a variety of clinical
characteristics (Figure).'”

Door-In-Door-Out Is Critical

Workflow time metrics influence the outcomes of patients with
LVO stroke who initially present to PSCs (Figure). These include
the time from arrival at the PSC emergency door to the start of
intravenous thrombolytic therapy (door-to-needle time), the
time from arriving at the PSC door until the patient leaves the PSC
for a CSC (door-in-door-out time interval [DIDO]), and the time
from imaging at the PSC to the arterial puncture time at the CSC
(Ppsc2Pisc).'® Some of these metrics depend on the efficiency of
workflow in the PSC (door-to-needle time, DIDO), while the
Ppsc2Psc integrates the time needed for transfer and that of any
additional imaging performed at the CSC. The DIDO metric has
become the chief measure for efficient management of patients
with LVO stroke within PSCs. Shortening the DIDO is feasible
and results in a shorter time to groin puncture.'” A target DIDO
of =45 minutes was achieved by McTaggart et al.'® Health care
systems should aim to achieve a DIDO as short as safely possible in
their stroke network based on the available resources.

The same paramedic team that brings the patient to the PSC
should accompany the patient during imaging and transfer to the
CSCif needed, to achieve an ultrashort DIDO. This arrangement
has many advantages, including the continuity of care, because
the same personnel at the first medical contact will be more likely
to pick up any improvement or deterioration. This approach will
save time and reflect positively on patient outcomes. One disad-
vantage is making certain that ambulance team is unavailable for
other emergencies during that entire time. However, if an ultra-
short DIDO can be implemented and consistently achieved, the
door-to-decision time at the PSC will be extremely short and it
will be an incentive for the paramedics to remain at the patient’s
side. To facilitate this ultrashort DIDO, the decision to transfer to
a CSC will need to be made directly after CTA once the presence of
proximal occlusion is confirmed. The complete interpretation of
NCCT and CTA with formal written reports can follow later and
should not be required for transfer. Built-in software for automated
ASPECTS interpretation, LVO detection, and perfusion imaging (for
patients with a late window) will expedite this process.

In summary, to maximize the workflow efficiency and deci-
sion-making at the PSC level, the same paramedic crew should
accompany the patient from first medical contact, during the stay
in PSC, and to the CSC if needed. Imaging modalities at the PSC
should do the following:
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Timeline of Stroke Management

Primary Stroke Center

Clinical Assessment

= T %Q& Imaging Assessment
i Decision to Deliver IVT

b
>

Comprehensive Stroke Center

0 0
Decision to Transfer for EVT (iiﬁ;ht(es:r:;e
« P DIDO Time > Transfer Time >
) Aim for: P, 2P Time Angio

- keeping EMS for continued transfer

- minimizing imaging to decision time
Consider time spent on imaging:
(acquisition, interpretation, post-processing)

— NCCT + sCTA
— NCCT + mCTA

Repeat imaging depending upon time
from first imaging to CSC arrival*

——  NCCT + CTP (+ CTA)

FIGURE. The workflow of patients with LVO stroke arriving first at a primary stroke center. Once patients arrive at the PSC, steps that can introduce
delay in the door-in-door-out time interval include clinical and imaging assessments and the time spent on each of the various imaging modalities (the
length of the arrows corresponds to the relative duration needed to complete, process, and interpret each technique). Following imaging, the decisions
to administer intravenous thrombolytics (IVT) and whether to transfer to comprehensive stroke centers for endovascular thrombectomy can intro-
duce some delay. Transfer to CSCs is preferably done by the same Emergency Medical Service (EMS) team that brought the patient to the PSC. Once
the patient arrives at a CSC, repeat imaging can be considered in selected patients (*), given the low likelihood of recanalization of LVO with intravenous
thrombolytics and the variability of CT ASPECTS decay. Repeat imaging at the CSC will further delay the time interval from imaging at the PSC to arterial
puncture. mCTA indicates multiphase CTA; sCTA, single-phase CTA; angio, angiography.

Imaging options, advantages, and limitations at primary stroke centers

Imaging Modality Pros

Cons

Plain CT only Highly time-efficient

Exact occlusion site
Basic assessment of collaterals
Roadmap for EVT procedure

CT plus single-phase
CTA (arch to vertex)

CT plus multiphase CTA
of timing)

Diagnosis of LVO in inexperienced readers

Easier detection of distal occlusions’
No additional contrast needed
Can be done on any modern scanner

CT plus CTP

absence of LVO??

Robust collateral assessment (independent

Easier identification of patients eligible for EVT
Easier identification of stroke mimics in the

Detection of LVO is not reliable.

Dense MCA sign is not reliable*

Variability in ASPECTS reading, especially in the very early
time window?'

Considerable risk of collateral underestimation if
acquisition timed too early

Distal occlusions might be missed; challenges with training
and maintaining competence for technologists in
low-volume community settings

Collateral assessment may require training

More sensitive to patient motion

Time-consuming; may create a bottleneck in a workflow
wherein the paramedic team that brings the patient in
is the same team that takes the patient to the CSC

Limited comparability of CTP results across protocols and
postprocessing software>*

Higher contrast and radiation dose needed

CTP pitfalls®®

Cost of additional postprocessing software, optional

1) Rule out intracerebral hemorrhage

2) Identify large-vessel occlusion

3) Identify a large-infarction core (eg, ASPECTS <6 or core
>50 mL; consider eloquence of the affected or spared brain re-
gions) and the infarction dynamics/decay (collaterals versus the
effect of the Ppg2Prgc)-
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The Table compares the various imaging options at the PSC level.

DISCUSSION

The choice of imaging technique at the PSC implies a certain
threshold for CSC transfer based on the information that each
technique provides. A minimalist imaging approach may set



lower thresholds for transfer that consider all suspected patients
but come at the expense of relatively high inappropriate transfers.
The use of perfusion imaging implies strict thresholds based on
the presence of a target mismatch to allow the transfer. This per-
fusion mismatch paradigm comes at the expense of excluding
patients with proved benefit from EVT as shown by the Multi-
center Randomized Clinical Trial of Endovascular Treatment for
Acute Ischemic Stroke in the Netherlands®® and the Trial and Cost
Effectiveness Evaluation of Intra-arterial Thrombectomy in
Acute Ischemic Stroke,”” which selected patients on the basis of
NCCT and the presence of proximal occlusion. Thus, the 2018
American Stroke Association guidelines did not recommend
the use of perfusion imaging for selecting patients for EVT in the
<6-hour time window.”® Advanced imaging also comes at the
expense of DIDO.

The imaging approaches in a given institution are dependent
on its available resources, expected patient volume, the distance to
the CSC (the closer the CSC, the less the need to perform ad-
vanced imaging at the PSC), and the availability of an imaging-
sharing platform with the CSC. The imaging approach can be
revisited, depending on the door-to-needle time and DIDO, and
according to infrastructure and resources. In addition, the ap-
proach needs to be tailored to the patient’s onset time.

We support the implementation of vascular imaging at the
PSC level as a goal that all stroke systems of care should achieve.
While it is estimated that around 10%—-20% of LVOs will recana-
lize with intravenous thrombolytics en route to the CSC,?? the
rate of ASPECTS/collateral decay is not known. One study de-
scribed ASPECTS decay in 19.6% of patients transferred to CSCs
for EVT.>>?' This was noted in patients with poor baseline
ASPECTS and poor collateral flow and higher baseline stroke se-
verity, irrespective of the onset-to-imaging time or the duration of
the transfer.

While we propose that CT and CTA need to be the basis of
imaging in all patients with suspected LVO, the limitations of
these imaging modalities need to be considered. In addition to the
points discussed earlier (Table), the reliability of CT ASPECTS in
the early time window (<3 hours) may lead to excluding/includ-
ing inappropriate transfers for EVT.”' A training Web site for
ASPECTS is available to tackle many of the perceived challenges
related to CT (and CTA) interpretation in the acute stroke setting
(www.aspectsinstroke.com). Single-phase CTA assessment of
collaterals could be clouded by poor injection timing. Here, mul-
tiphase CTA has a clear advantage. While the Evaluation Study of
Congestive Heart Failure and Pulmonary Artery Catheterization
Effectiveness trial enrolled patients up to 12 hours on the basis of
CTA (or multiphase CTA) collaterals,** patient selection based on
collateral imaging has not been directly compared with perfusion
imaging for selecting patients in the 6- to 24-hour time window.
Prospective cohorts have shown that multiphase CTA fared better
than CTP in selecting patients within 6 hours from onset.®

Future Directions and Conclusions

The advent of EVT in patients with LVO has opened the field for
innovation and technology. One promising aspect is the use of
automated aids for decision-making.”®> Some of the developed
software tools were found to be noninferior to interpretation of

the ASPECTS by a neuroradiologist.”* There is innovation in the
prehospital detection of LVO. The volumetric impedance phase
shift spectroscopy (VIPS) device (Cerebrotech Medical Systems,
Pleasanton, California) has shown >90% sensitivity and specific-
ity for detecting severe strokes.>® If this technology or similar ones
reliably identify patients with LVO in the field, it will provide the
opportunity for rational, direct transfer of some patients to
nearby CSCs, eliminating the need for stopping at PSCs.

In conclusion, EVT has proved efficacy for a wide range of
patients with LVO stroke and in selected cases up to 24 hours from
onset. While PSCs have increased the proportion of patients with
stroke receiving thrombolytic therapy, delays can be encountered
until patients with LVO are identified and transferred from the
PSC to the CSC. Therefore, any extra steps need to be carefully
weighed. The use of CTA (especially multiphase) at the PSC level
has many advantages in expediting the transfer of appropriate
patients to CSCs. However, the routine implementation of CTA
requires resources and training in addition to the infrastructure
for sharing images with CSCs.
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ORIGINAL RESEARCH
ADULT BRAIN

3T MRI Whole-Brain Microscopy Discrimination of Subcortical
Anatomy, Part 1: Brain Stem

MJ. Hoch, ““M.T. Bruno, ““A. Faustin, “/N. Cruz, “*'L. Crandall, “*'T. Wisniewski, ““’O. Devinsky, and ““T.M. Shepherd

Mo-Sek]

ABSTRACT

BACKGROUND AND PURPOSE: The brain stem is compactly organized with life-sustaining sensorimotor and autonomic structures that
can be affected by numerous pathologies but can be difficult to resolve on conventional MR imaging.

MATERIALS AND METHODS: We applied an optimized TSE T2 sequence to washed postmortem brain samples to reveal exquisite and
reproducible brain stem anatomic MR imaging contrast comparable with histologic atlases. This resource-efficient approach can be
performed across multiple whole-brain samples with relatively short acquisition times (2 hours per imaging plane) using clinical 3T MR
imaging systems.

RESULTS: We identified most brain stem structures at 7 canonical axial levels. Multiplanar or oblique planes illustrate the 3D course and
spatial relationships of major brain stem white matter pathways. Measurements of the relative position, course, and cross-sectional area
of these pathways across multiple samples allow estimation of pathway location in other samples or clinical subjects. Possible structure-
function asymmetries in these pathways will require further study—that is, the cross-sectional area of the left corticospinal tract in the
midpons appeared 20% larger (n = 13 brains, P < .10).

CONCLUSIONS: Compared with traditional atlases, multiplanar MR imaging contrast has advantages for learning and retaining brain stem
anatomy for clinicians and trainees. Direct TSE MR imaging sequence discrimination of brain stem anatomy can help validate other MR
imaging contrasts, such as diffusion tractography, or serve as a structural template for extracting quantitative MR imaging data in future
postmortem investigations.

ABBREVIATIONS: ACPC = anterior/posterior commissure; CST = corticospinal tract; CTT = central tegmental tract; ML = medial lemniscus; MLF = medial

longitudinal fasciculus; SUDC = sudden unexplained death of childhood

he human brain stem is phylogenetically the oldest brain re-
gion, serving critical integrative functions and linking the spi-
nal cord, cerebellum, basal ganglia, limbic system, and neocortex.
The brain stem consists of numerous small fiber tracts and nuclei
that regulate sensory, motor, and autonomic functions." Small
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lesions due to diverse disorders (eg, multiple sclerosis,” neo-
plasm,” infection,” or neurodegeneration’) can cause devastating
consequences due to the compact juxtaposition of vital structures.
Furthermore, the brain stem also contains anatomic targets for
functional neurosurgery.”” Conventional MR imaging does not
provide adequate contrast or spatial resolution of many brain
stem substructures to define their involvement in specific clinical
cases or direct precise surgical targeting.

Because clinical 3T MR imaging cannot reliably discriminate
many small brain stem structures, clinicians and researchers must
infer brain stem anatomy relative to craniocaudal position, a few
identifiable internal features, and surface topography. Suscepti-
bility-weighted MR imaging® demonstrates some additional in-
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ternal features that can improve indirect localization, but images
from this sequence are also vulnerable to distortion from the skull
base. Ultra-high-field in vivo MR imaging® ' and advanced dif-

fusion methods'?*?

also improve discrimination of more brain
stem structures. Diffusion methods though are vulnerable to spa-
tial distortions, require long acquisition times, and depend on
modeling assumptions that are difficult to validate directly in hu-
man tissue.'®'® Ultra-high-field MR imaging is limited by in-
creased geometric distortion and signal loss at the skull base and is
only available at major academic centers with dedicated technical
support staff.

MR imaging microscopy can help characterize dissected, iso-

920 and can illustrate

lated ex vivo human brain stem samples
detailed anatomy for teaching and guiding image interpretation
in living subjects. These acquisitions require long scan times (>12
hours) using small dedicated radiofrequency coils that cannot
accommodate the whole brain and are limited to single or few
specimens. Furthermore, image contrast may be altered relative to
typical clinical MR imaging in living subjects by MR imaging water-
relaxation changes associated with higher field strengths," the post-
mortem interval,”” and formaldehyde fixation.>>"** We recently de-
veloped a rapid 3T postmortem anatomic MR imaging protocol*® to
screen postmortem whole brains in sudden unexplained death of
childhood (SUDC).*” This protocol washes the brain thoroughly,
then uses optimized-but-conventional MR imaging sequences, a 3T
MR imaging system, and a head coil available at most institutions.
The optimized 2D TSE sequence, in particular, produces exquisite
anatomic contrast for subcortical structures in all 3 planes, compa-
rable with neuroanatomic atlases with histologic stains.”*>' Here we
demonstrate how the optimized TSE sequence can precisely delin-
eate brain stem anatomy across multiple samples.

MATERIALS AND METHODS

Sample Procurement and Preparation

Whole-brain samples were obtained from an institutional review
board (New York University)—approved and Health Insurance
Portability and Accountability Act—compliant multisite research
study, the SUDC Registry and Research Collaborative,’ which
used ex vivo MR imaging screening before gross pathologic as-
sessment, brain cutting, and histopathology for forensic investi-
gation. For each subject, the postmortem brain was removed in-
tact by the local medical examiner; then, it was immersion-fixed
in a 4% formaldehyde solution for at least 21 days to reach near
equilibrium with presumed fixative-induced nervous tissue T2
changes.”* The brain was shipped to our institution and was then
washed continuously in water for 48 hours to eliminate MR im-
aging relaxation changes from the free aldehyde fixative solu-
tion.>” Individual brains with MR imaging data included for the
figures and tables in this study (n = 13) met the following criteria:
1) transected at or below the pyramidal decussation; 2) no MR
imaging or pathological abnormality (outside the hippocampus)
identified by a board-certified neuroradiologist and neuropathol-
ogist respectively; 3) no T1-hyperintense fixation bands in the
brain stem or diencephalon structures due to variable fixation
penetration®’; and 4) a prerefrigeration postmortem interval of
<24 hours.””
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FIG 1. Parasagittal and coronal T2-weighted MR images of the post-
mortem human brain stem. A, Canonical axial brain stem levels
parallel to the anterior/posterior commissure plane that are found in
Fig 2 are represented with the solid lines and On-line Fig 1 with the
dashed line. Only selected brain stem substructures are labeled in
coaligned sagittal and coronal images to orient the reader relative to
the craniocaudal axial slice positions. The On-line Table provides a
complete list of labeled anatomy for all figures, indicated by the
numbers in parentheses in the legends. Note the trochlear nerve
(asterisk, C) only seen in some brains.

Whole-Brain MR Imaging Protocol

Each brain was immersed under water within a custom 3D-
printed container specifically designed to conform to a 64-chan-
nel head and neck coil on a 3T Magnetom Prisma MR imaging
scanner (Siemens, Erlangen, Germany). Sealed water-filled dis-
posable powderless latex medical gloves were gently wedged be-
tween the container and brain to prevent motion and to optimize
the coil-filling factor. Scout sequences identified the brain posi-
tion; then, 2D high-resolution TSE MR imaging sequences of the
whole brain were obtained in coronal, sagittal, and axial planes
relative to the anterior/posterior commissure (ACPC) plane. In
selected cases, additional images were obtained in oblique planes
to illustrate specific anatomic relationships within the brain stem.
T2-weighted TSE sequence parameters were the following: TR =
5380 ms, TE = 53 ms, echo-train length = 7, echo spacing = 10.8
ms, bandwidth = 415 Hz/pixel, slice thickness = 0.8 mm, 116
slices (no interslice gap), in-plane resolution = 0.35 X 0.35 mm,
concatenations = 2, averages = 10, total time = 2 hours (full
protocol available on request). Optimization of sequence param-
eters for contrast resolution within the brain stem, diencephalic
structures, and cerebral hemispheres using TSE sequences with
3T MR imaging is reported separately.”

MR Imaging Data Anatomic Analysis

For each subject, we characterized brain stem detail at 7 canonical
axial levels for anatomy and reproducibility parallel to the ACPC
plane’”: rostral and caudal midbrain; rostral, middle, and caudal
pons; and rostral and caudal medulla (Fig 1). The MR images were
labeled with standard nomenclature.>>***° Only tracts and nuclei
identified in all samples by consensus between 2 board-certified
neuroradiologists are reported. We measured 4 major brain stem
white matter tracts (the corticospinal tract [CST], medial lemnis-
cus [ML], medial longitudinal fasciculus [MLF], and the central
tegmental tract [CTT]) for shape and cross-sectional area in the



FIG 2. Axial modified T2-weighted TSEimages at 6 canonical levels of
the postmortem brain stem orientated parallel to the anterior/pos-
terior commissure plane. Upper row: A, cranial midbrain; B, caudal
midbrain. Middle row: C, cranial pons; D, caudal pons. Lower row: E,
cranial medulla, F, caudal medulla. Improved image contrast from the
modified TSE sequence directly demonstrates even small structures
like the medial longitudinal fasciculus (16). Note the sensory decussa-
tion of the medial lemniscus in the caudal medulla (asterisk, F). The
motor decussation is demonstrated in Fig 3.

axial plane at the caudal midbrain, middle pons, and cranial me-
dulla levels. The area was derived from the formula for an ellipse
in all structures and reproducibility was assessed by repeating
measurements of the left and right CST in the cranial medulla and
midpons on 3 separate days for 3 randomly selected brains. We
compared the right and left CST cross-sectional areas for possible
asymmetries using an unpaired 2-tailed ¢ test. The craniocaudal
extent of these pathways was measured; then, the 3D course of the
tracts was precisely defined. The cranial limit of the CST was de-
fined as its superiormost extent in the cerebral peduncle before
joining the posterior limb of the internal capsule. The cranial
extent of the ML was its fibers before entering the thalamus. The
inferior limit of the CST and ML was the inferior margins of their
respective medullary decussations. The visualized MLF and CTT
remained within the brain stem. The inferior half of the dentato-
rubrothalamic tract within the superior cerebellar peduncle also
was analyzed at midbrain levels.

RESULTS

Axial images of the brain stem at 7 canonical anatomic levels are
shown in Fig 2 and On-line Fig 1, with labeled substructures (see
The On-line Table for the complete list of labeled substructures).
While brain stem anatomy is typically shown in the axial plane,
Fig 1 also demonstrates selected sagittal and coronal views with
axial section positions on the sagittal image. On-line Fig 1 dem-
onstrates the reproducibility of anatomic contrast for 4 selected
brains at both the caudal midbrain and middle pons levels. Videos
of the brain stem in 3 planes are provided in On-line Videos 1-3.

All numbered structures could be directly identified for each subject
by both board-certified neuroradiologists. The mean postnatal age
for the subjects included in this study was 32.1 = 6.1 months.

We briefly describe the course, orientation, and shape of 5
major white matter pathways based on the 13 whole-brain speci-
mens (all measurements are reported as mean = SD). The num-
bers in parentheses refer to the numbers of the brain structures
listed in the On-line Table. The corticospinal tract (28) (Fig 3) is
the major motor pathway controlling the voluntary movements
of the limbs and trunk. The CST at the midbrain level is 1.3 % 0.1
cm lateral to the midsagittal plane and descends within the cere-
bral peduncle (24) from the posterior limb of the internal capsule
ata 31° = 7° angle from superolateral to inferomedial in the cor-
onal plane. The center of the tract is 0.6 = 0.05 cm deep to the
ventral surface and 0.4 = 0.09 cm lateral to the midsagittal plane
at the midpons, while maintaining a rounded shape before con-
verging fibers descend to the medullary pyramids (34) at a less
steep superolateral-to-inferomedial 14° * 2° angle. The pyramids
form the ventral surface of the medulla and are 0.26 = 0.04 cm
lateral to the midsagittal plane. The CST descends at a 5° = 2°
anterosuperior-to-inferoposterior angle relative to the long axis
of the brain stem in the sagittal plane. CST signal intensity re-
mains T2-hypointense even with tract dispersion in the pontine
levels (Fig 2).

After the internal arcuate fibers (37) decussate, the medial
lemniscus (9) (Fig4) is in the central paramedian medulla with an
elongated ovoid shape and its long axis oriented anterior to pos-
terior on axial images. The ML is a sensory pathway conveying
fine touch, vibration, and proprioception of the skin and joints.
As the ML ascends, its long axis rotates at 56° = 11°, 80° = 9°,
115° = 13° and 130° = 4° angles relative to the midsagittal plane
at the caudal pons, middle pons, cranial pons, and caudal mid-
brain levels, respectively. The tract is located 0.3 = 0.05 cm and
0.8 = 0.06 cm lateral to the midsagittal plane at the pons and
midbrain levels, respectively. In the sagittal plane, the ML ascends
ata4° = 1°anteroinferior-to-posterosuperior angle relative to the
long axis of the brain stem at the medulla but pivots posteriorly
18° = 5° at the pontomedullary junction and pivots again poste-
riorly 17° = 3° at the midbrain. The ML maintains uniform signal
intensity until the fibers become less distinct just before terminat-
ing in the ventral posterolateral thalamic nucleus (50).

The medial longitudinal fasciculus (16) (Fig 5) is a small tear
drop—shaped tract just deep to the rhomboid fossa, 0.05 = 0.01
cm lateral to the midsagittal plane. The MLF coordinates connec-
tions among the oculomotor, trochlear, and abducens nuclei for
control of conjugate eye movements. The tract ascendsata 5° * 2°
angle posteroinferior to anterosuperior relative to the long axis of
the brain stem on sagittal images in the medullary and pontine
levels. At the midbrain, the tract takes a 20° = 6° ventral turn to
terminate along the walls of the inferior third ventricle (58). At its
cranial termination, the MLF signal becomes less conspicuous.
On axial midbrain slices, the MLF is 0.16 = 0.02 cm lateral to the
midsagittal plane with the long axis oriented at 137° £ 7° antero-
medial to posterolateral.

Fibers descending from the red nucleus (3) to the ipsilateral
inferior medullary olive (35) are within the central tegmental tract
(26) (On-line Fig 2), located 0.3 = 0.04 cm lateral to the midsag-
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FIG 3. Demonstration of the corticospinal tract (asterisk) throughout the brain stem. A, Parasag-
ittal image depicts the corticospinal tract descending within the brain stem from the cerebral
peduncle to the upper cervical cord. B, Coronal image shows the course of the corticospinal tract
from the posterior limb of the internal capsule to the most superior aspect of the medullary
pyramids. Note in the diencephalic junction, the close relationship of the corticospinal tract to
the optic tract (45) laterally and the subthalamic nucleus (46) medially. Oblique coronal (C) and
oblique axial (D) images highlight the decussation of the corticospinal tracts at the cervicomed-
ullary junction. C, The paramedian dark lines are the medial lemniscus (9), which is superficial to
the corticospinal tract on this oblique axial image.

FIG 4. Demonstration of the medial lemniscus (asterisk) throughout the brain stem. A, Coronal
image shows the change in the long-axis orientation of the medial lemniscus from anteroposte-
rior to transverse as it ascends the medulla to the pontomedullary junction. B, Parasagittal image
highlights the terminations of the medial lemniscus in the ventral posterolateral thalamic nucleus
(50). C, Axial image angled anteroinferior to posterosuperior 20° relative to the ACPC plane
through the inferior colliculus (6) shows the relationship of the medial lemniscus to the spino-
thalamic tract (12) and lateral lemniscus (22) at the lateral tegmentum.

less distinct just before entering the supe-
rior cerebellar decussation (25) but then
have very T2-hypointense signal in the de-
cussation. The center point of the superior
cerebellar decussation is 1.5 = 0.1 cm in-
ferior to the ACPC plane and 0.3 = 0.06
cm deep to the interpeduncular fossa sur-
face. The dentatorubrothalamic tract acts
to coordinate the initiation, planning, and
timing of movement.

The Table provides measurements of
5 major craniocaudally oriented white
matter tracts at selected axial levels of the
brain stem for all 13 brains. The MLF
(16) was the smallest tract in the cross-
sectional area at the midbrain, pons, and
medulla levels (eg, transverse dimen-
sion, <0.8 mm). The long axis of the ML
in the axial plane rotates as the tract as-
cends (9), but the ML showed the least
variation in the cross-sectional area
within the 3 levels. The CST (28) had the
largest cross-sectional area and was larg-
est in the midpons where the fibers in-
termix with the pontocerebellar fibers
(47). The mean transaxial cross-sec-
tional area of the left CST was 20% larger
than the right CST in the medulla (1.5-
mm? difference, P = .099) and pons
(5.7-mm? difference, P = .063). The left
and right CST cross-sectional areas were
measured for 3 brains at 4 separate ses-
sions at the same cranial medulla and
midpons levels to assess repeatability;
within-subject SDs were 0.8 and 1.6 mm?,
respectively. There were no additional ob-
servable left-right asymmetries in the
other measured major white matter tracts.

Major brain stem nuclei were also
consistently identified directly (On-line
Fig 4). At the cranial midbrain level, the
red nucleus (3), substantia nigra (5), and
superior colliculus (62) were seen. The
oculomotor nucleus (60) was best visu-

ittal plane. The tract is round and maintains a less distinct hypoin-
tense signal compared with the other major tracts described here.
The CTT courses inferiorly and parallel to the long axis of the
brain stem in the sagittal plane until a 10° = 2° anterior bend to
meet the inferior olive. The CTT contains ascending taste fibers
from the solitary nucleus, whereas the descending fibers are part
of a feedback circuit (dentatorubro-olivary) responsible for mod-
ulating motor activity.

The inferior half of the dentatorubrothalamic tract (On-line
Fig 3) ascends to the superior cerebellar peduncle (7) ata 27° =+ 3°
inferoposterior to the anterosuperior angle in the sagittal plane.
On axial images, the superior cerebellar peduncle has a parabolic
configuration with an inner concave angle of 114° * 8°. The apex
is 0.6 = 0.07 cm lateral to the midsagittal plane. The fibers become
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alized with an oblique axial plane tipped 20° superiorly anterosupe-
rior to posteroinferior relative to the ACPC plane (Fig 5), but the
Edinger-Westphal nucleus was not identified. The trochlear nucleus
could not be discriminated from the medial longitudinal fasciculus
(16) in the caudal midbrain, but its fascicles were identifiable for
some brains in the coronal plane (Fig 1). The mesencephalic trigem-
inal nucleus (23) was seen with an oblique axial image angled 10°
superiorly anterosuperior to posteroinferior relative to the ACPC
plane (On-line Fig 2). The interpeduncluar nucleus (53) was most
clearly identified on an oblique axial image 20° superior rela-
tive to the ACPC plane through the level of the inferior colliculi
(6) (Fig 4). At the cranial pons, the locus coeruleus was not
identified in any subject.



The midpons contains the spinal sensory (48) and motor nu-
clei (66) of the trigeminal nerve. The trigeminal motor nucleus
was best seen at the cranial-midpons level junction just medial to
the superior cerebellar peduncles (7). The trigeminal sensory spi-
nal nucleus was not reliably seen in the pons in all brains but could
be identified at the cervicomedullary junction (Fig 3). The facial
nucleus was not seen, but its fascicles (67) were identified in the
midpons within the respective genu and colliculus bordering the
abducens nucleus (17). The superior olivary complex (31) was
identified at the lower pons level, posterolateral to the medial
lemniscus (9) (Fig 2). Within the medulla, the inferior olivary
nucleus (35) was clearly seen, but the dorsal and medial accessory
olivary nuclei and ambiguous nucleus were not. Cochlear (19)
and vestibular (36) nuclear group positions were seen along the
lateral and dorsal medullary surface, but their subnuclei could not
be discerned. The dorsal motor nucleus of the vagus (57) and the

hypoglossal nucleus (40) could be identified on axial images and

FIG 5. Demonstration of the medial longitudinal fasciculus (asterisk)
throughout the brain stem. A, Sagittal image depicts the dorsal course
of the medial longitudinal fasciculus from its origin in the cranial me-
dulla just superior to the hypoglossal nucleus (40) to the level of the
red nucleus (3). B, Coronal oblique image that is perpendicular to
the long axis of the hippocampus (structure not shown) at the level of
the posterior commissure shows the terminations of the tract in the
inferior walls of the third ventricle (58). This coronal image also high-
lights vertical columns of the central midbrain from lateral to medial:
lateral lemniscus (22), superior cerebellar peduncle (7), central teg-
mental tract (26), and medial longitudinal fasciculus (asterisk). C, Axial
cranial midbrain image angled anterosuperior to posteroinferior 20°
relative to the ACPC plane highlights the close relationship of the
medial longitudinal fasciculus to the oculomotor nucleus (60).

further directly distinguished on a parasagittal image at the level
of the medial longitudinal fasciculus (Fig 5). The cunate (41) and
gracile (42) nuclei in the caudal dorsal medulla were identified
giving rise to the internal arcuate fibers (37).

DISCUSSION

This modified TSE sequence provided detailed images of brain
stem anatomy using whole postmortem brains and a widely avail-
able clinical 3T MR imaging system. Previous studies have used
ultra-high-field MR imaging, dissected and isolated brain stem
samples, specialized radiofrequency coils, and/or relatively long
acquisition times.>**® Anatomic image contrast was generated di-
rectly from the MR imaging sequence without mathematically com-
plex, off-line, model-based reconstructions as required for relax-
ation-mapping™” or advanced diffusion-based contrasts.'>** Such
techniques have been difficult to validate.'® This postmortem MR
imaging protocol directly visualizes many small brain stem structures
such as the MLF (<1 mm in transverse dimension) that are beyond
the spatial resolution or detection limits of current state-of-the-art
diffusion-weighted imaging techniques.”'> Furthermore, direction-
encoded color images of diffusion anisotropy cannot discriminate
adjacent structures with parallel craniocaudal orientations (eg, verti-
cal columns within the midbrain; Fig 5B). Conversely, T2-weighted
contrast reported here cannot discriminate all brain stem structures
identified with histology such as distinguishing the dentatorubrotha-
lamic projections from the red nucleus they envelope (On-line Fig
3C). T2-weighted contrast detects but cannot resolve the individual
crossing or interdigitating fiber bundles of the sensory, motor, or
superior cerebellar peduncle decussations (Figs 2F, 3D, and On-line
Fig 3B, respectively). Future work will evaluate potential synergies for
brain stem structure resolution when this TSE contrast is combined
with diffusion, susceptibility, and other MR imaging contrasts at 3T
(or ultra-high-field MR imaging). This optimized TSE sequence also
produces exquisite contrast resolution of subthalamic, thalamic, and
basal ganglia structures that will be described in a separate compan-
ion report.

For clinicians, it is challenging to learn and retain brain stem
anatomy because internal structures are only discriminated on
stained histology slides, unlike imaging performed in clinical
practice. We must mentally juxtapose structures discriminated by
specific histology stains onto MR images on the basis of mostly the
craniocaudal position and brain stem surface features. Here,
knowledge and mental maps of brain stem neuroanatomy may be
facilitated because this postmortem protocol provides anatomic
discrimination of brain stem structures comparable with histol-

28-31

ogy atlases, yet it is derived from a commonly used clinical

Selected measurements for 5 major brain stem white matter tracts at 3 canonical axial planes®

Cranial Medulla Mid Pons Caudal Midbrain
Tract  Fig < AP TV Area AP TV Area AP TV Area
CST(L) 3 517+48 29+06 37+05 88+26°> 66*10 65+07 339*68" 61+x06 35+05 171+30°
CST(R) 3 517+48 27+03 33+04 73+14> 57+09 62+08 282+81° 61+08 32+08 155+52°
ML 4 469*35 56*+08 06*01 2906 12+04 46*+07 47*19 20+04 30*04 49*14
MLF 5 396*+34 10*x03 05*.06 05%*0.2 14+03 0801 09*+02 32*£04 07*01 19 £05
CTT 6 377*40 26*04 16*03 34*08 1702 2104 29*08 32*x03 36*04 91%15

Note:—CC indicates craniocaudal; AP, anteroposterior; TV, transverse; Fig, figure; L, left; R, right.
2 Units are millimeters or square millimeters, and data are mean = SD, with 13 SUDC samples.
5 All measurements of the right and left corticospinal tracts were compared separately. Cross-sectional areas trended toward small statistical differences in the medulla (P =

.099) and pons (P = .063), but not the midbrain (P = .361).
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MR imaging sequence and contrast mechanism (albeit with
higher spatial resolution). MR imaging data facilitate the creation
of user-controllable videos to evaluate the orientation and evolu-
tion of specific pathways throughout the brain stem (On-line Vid-
eos 1-3). Furthermore, multiplanar images or series can illustrate
specific brain stem tracts or key anatomic relationships in novel
ways—that is, the oblique coronal plane perpendicular to the long
axis of the hippocampus, just deep to the rhomboid fossa, illus-
trates functional cell columns of cranial nuclei V, VI, VII, VIII, X,
and XII (On-line Fig 4). It would be technically challenging and
resource- and time-intensive to obtain such images from histo-
logic sections of individual human brain stem samples; hence,
previous histologic or MR imaging—based brain stem images em-

19:20:33 The postmortem MR imag-

phasized idealized axial views.
ing protocol can be applied quickly and inexpensively across
many samples without tissue consumption. This feature should
enhance the experiential component of learning by exposing
trainees to more individual variations in brain stem anatomy
(On-line Fig 1).

The ability to directly visualize specific brain stem structures in
multiple individual brains also facilitates creation of normative
coordinates for structures in specific fiducial planes and surfaces
that can be used in clinical studies. For example, our data from
SUDC brains predict that a lesion in the midbrain tegmentum,
0.1, 0.3, or 0.8 cm lateral to the midsagittal plane, would involve
the MLF, CTT, or ML, respectively. We estimated the size and
cross-sectional areas of several major brain stem tracts (Table).
We observed a trend (P < .10) toward ~20% larger cross-sec-
tional areas for the left corticospinal tract in the pons and medulla
(Table). While handedness is less established in young children,*
functional asymmetries in brain stem structures may alter the
numbers of axons, degree of myelination, and/or myelin compac-
tion that could affect TSE MR imaging contrast. These asymme-
tries may change during childhood. The potential corticospinal
tract asymmetries and brain stem pathway coordinates and sizes
will require further future investigation in adult brains without
neurologic disease and documented handedness. Future work
could also produce a group-based brain atlas and/or a normative
data base of brain stem structures across different ages and sex.
These data could assess changes to brain stem structure with aging

1013 or could be used as a structural tem-

or subcortical dementias
plate for extracting other forms of quantitative MR imaging data
in postmortem investigations.

The use of pediatric brains from an SUDC study is a limitation
for the measurements reported in this study. Deformity or relax-
ation of the posterior fossa structures from procurement, agonal
hydration status, or brain changes associated with formaldehyde
fixation also may affect the external validity of these results. While
repeatability measures of the cross-sectional area in this prelimi-
nary study were lower than the differences observed among tracts
or between the right and left CST, manual measurements are
prone to error from image noise, slice orientation, and rater bi-
ases. Measurements in the sagittal plane may also be confounded
by variable posterior angulation of the lower brain stem created
during specimen procurement. Assignments of brain stem struc-
tures were made by consensus between 2 board-certified neuro-
radiologists using standard reference texts based on histologic
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staining”®"'; inter- or intraobserver variability for structure iden-
tification was not assessed. TSE signal intensity correlated in-
versely with myelin staining in the histology of different brain
samples; however, the biophysical basis for gradations of T2-
weighted signal variation in the brain stem will require further
investigation. Histology sampling and specific stains were re-
stricted to the SUDC forensic investigation. MR imaging relax-
ation parameters of these ex vivo brains differ from those in vivo

due to the postmortem interval,** formaldehyde fixation and tis-

23-25 44,45

sue penetration, incomplete myelination, or subtle un-

recognized SUDC pathology.*® Preliminary experiments sug-
gested that true 3D T2-weighted MR imaging acquisitions*” did
not produce such exquisite contrast resolution of the brain stem,
but this will be the subject of future investigation.

CONCLUSIONS

An optimized TSE T2 sequence applied to washed postmortem
brain samples revealed exquisite and reproducible brain stem an-
atomic MR imaging contrast comparable with histologic atlases.
The current results suggest that intrinsic nervous tissue T2 differ-
ences could potentially generate sufficient contrast to also identify
brain stem structures in vivo. It will be challenging to feasibly
adapt this MR imaging protocol to living subjects, yet this would
greatly enhance its applicability to neuroanatomy training, clini-
cal practice, and future research.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Dynamic Contrast-Enhanced MRI Reveals Unique Blood-Brain
Barrier Permeability Characteristics in the Hippocampus in the

). Ivanidze, ““’M. Mackay, ““’A. Hoang, “*').M. Chi,

ABSTRACT

K. Cheng,

Normal Brain

P.C. Sanelli
O=

C. Aranow, ““B. Volpe, ‘““’/B. Diamond, and

SUMMARY: We report a prospective dynamic contrast-enhanced MR imaging analysis of region-specific blood-brain barrier permeability

in 5 healthy subjects. By means of standardized postprocessing and ROl sampling methods, the hippocampi revealed significantly elevated

area under the dynamic contrast-enhanced curve and significantly increased blood-brain barrier permeability metrics (volume transfer

constant and volume in the extravascular extracellular space) from model-based quantitation. These findings suggest unique blood-brain

barrier permeability characteristics in the hippocampus, which are concordant with previous animal studies, potentially laying the ground-

work for future studies assessing patient populations in which hippocampal pathology plays a role.

ABBREVIATIONS: BBBP = blood-brain barrier permeability; DCE = dynamic contrast-enhanced; K" = volume transfer constant; SLE = systemic lupus erythem-

atosus; VE = volume in the extravascular extracellular space

he utility of in vivo BBB permeability (BBBP) assessment using

dynamic contrast-enhanced MR imaging has been demon-
strated in a wide range of diseases, including cerebrovascular isch-
emia and Alzheimer disease. The extended Tofts algorithm describes
awell-perfused 2-compartment model, allowing bidirectional trans-
port of contrast between the intravascular space and extravascular
extracellular space and quantitative assessment of BBBP parameters,
including volume transfer constant (K"*") or intravascular space-
to-extravascular extracellular space flux per tissue volume, and vol-
ume in the extravascular extracellular space (VE).

In humans, region-specific BBBP data are limited and hetero-
geneous, given region-specific differences in microvascular archi-
tecture and in BBB-related protein expression profiles."” The
hippocampus exhibits unique anatomic and physiologic proper-
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ties” and unique perfusion characteristics with dual arterial blood
supply from the anterior and posterior circulation.” Recent hu-
man studies in systemic lupus erythematosus correlated cognitive
decline with region-specific abnormal findings in the hippocam-
pus with FDG-PET.” Additionally, animal studies have revealed
increased protein expression of CD36, matrix metalloproteinase-13,
and osteopontin correlated with increased hippocampal BBBP,® and
dynamic contrast-enhanced (DCE)-MR imaging—derived baseline
contrast enhancement curves were highest in the hippocampi in con-
trol subjects.” The purpose of our study was to evaluate region-spe-
cific BBBP metrics in healthy human subjects.

MATERIALS AND METHODS

Subject Cohort

In this prospective institutional review board (Department of Radi-
ology, Northwell Health)—approved study, 6 subjects underwent
DCE-MR imaging and clinical and neuropsychological evaluations
under an ongoing National Institutes of Health/National Institute of
Allergy and Infectious Diseases protocol, 1IPO1A1073693. Exclusion
criteria were active or prior neuropsychiatric symptoms; use of anti-
depressant, antipsychotic, or anxiolytic drugs; or a history of exces-
sive alcohol or illicit drug use.

Data Acquisition

All subjects underwent DCE-MR imaging on a 3T magnet (Siemens
Prisma, Erlangen, Germany). MR imaging sequences included 3D-
TIWI (0.9 X 0.9X 0.9 mm resolution, 256 X 256 X 240 matrix size,
and 0.9-mm slice thickness), axial T2ZWI, FLAIR, and susceptibility-
and diffusion-weighted imaging according to standard departmental
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FIG 1. Illustration of ROI placement in a representative subject. ROls were placed onto coregistered axial TI-weighted images in the following
regions: hippocampus (A), orbitofrontal (), prefrontal (C), and anterior putamen/caudate and posterior putamen/thalamus (D). Mirror ROIs
were placed for bilateral sampling. Region-specific DCE curves were generated.
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FIG 2. DCE curves in healthy control subjects, stratified by brain region. The hippocampi dem-
onstrate statistically significantly higher areas under the curve compared with all other regions,

indicating higher BBB permeability under normal conditions.

protocols. Whole-brain permeability imaging was performed using a
DCE technique with 22-slice axial 3D spoiled gradient-recalled TIWI
sequences at 0.5 X 0.5 X 5 mm resolution and 80 cine phases using
TR = 25 ms, TE = 3.8 ms, FOV = 24 mm.

Data Analysis
Postprocessing into K**** (mL/100 g/min), VE (mL/100 g), and
CBF (mL/100 g/min) parametric maps was performed using Olea
Sphere (Olea Medical, La Ciotat, France) with the Tofts extended-
permeability model by trained research personnel. The postpro-
cessing technique was standardized with the arterial input func-
tion placed at the center of the cavernous internal carotid artery.
A standardized method was used for selective ROI placement by
trained research personnel directly supervised by a board-certified
neuroradiologist (with 19 years of experience). ROIs were placed
onto coregistered axial T1-weighted images sampling the hippocam-

pus, orbitofrontal and prefrontal regions,
anterior putamen/caudate (including the
globus pallidus and anterior limb of the
internal capsule), and posterior putamen/
e thalamus (including the globus pallidus
and posterior limb of the internal capsule)
O— (Fig 1), and meticulous care was taken nf)t
to include vascular structures, the choroid

plexus, ventricles, CSF, and skull. ROIs

s=tiefvanial with CBF values of >100 mL/100 g/min
were excluded from the statistical analysis
=Posterior to minimize contributions from vascular

Putamen/GP/Thatamus structures.® Mirror ROIs were placed, and

e G DA region-specific DCE curves were gener-
ated. The average size of the ROIs sam-
pling each brain region was the following:
hippocampus, 45 mm?; orbitofrontal, 454
mm?; prefrontal, 654 mm?; anterior puta-
men/caudate, 280 mm?; and posterior pu-

tamen/thalamus, 530 mm?>.

Statistical Analysis

For statistical analysis, region-specific
K™ VE, and CBF means and SDs were
computed. ANOVA was performed to
determine statistical differences. The mean DCE curves for each
brain region were generated. The area under the curve was com-
puted in reference to the baseline before contrast arrival. The
mean area under the curve was compared among brain regions
using pair-wise t test statistics. P values <.05 were considered
statistically significant.

RESULTS
Five subjects were included in the statistical analysis, with a total
of 50 region-specific ROIs. One subject was excluded from statis-
tical analysis due to motion degradation precluding postprocess-
ing. The average age was 34.2 £ 10.5 years. All neuropsychological
screening scores were within the normal range.

When we compared the generated mean DCE curves for each
brain region across all subjects, the hippocampus demonstrated
increased BBBP compared with all other regions (Fig 2). The mul-
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tiple pair-wise  test comparisons revealed statistically significant
higher areas under the curve for the hippocampus compared with
the orbitofrontal (P < .001) and prefrontal (P < .001) regions,
anterior putamen/caudate (P < .002), and posterior putamen/
thalamus (P < .001). This pattern was also observed across the
individual subject data and was maintained even when brain re-
gions were separated by right and left sides.

The model-based quantitative data in the hippocampus region
yielded a mean K™ 0£0.019 * 0.049 and a mean VE of 0.008 *
0.016, respectively. In contrast, the other sampled brain regions
demonstrated a mean K™ of 0 + 0 and mean VE of 0 =+ 0 for
both K™ and VE. ANOVA revealed a significantly increased
BBBP in the hippocampal region compared with all other brain
regions (P = .03). Additionally, the hippocampi demonstrated
the highest variability in quantitative data.

DISCUSSION

The BBB plays a critical role in limiting the entry of blood-derived
toxins, pathogens, and cells into the brain. Our study investigated
region-specific BBB permeability in healthy subjects, suggesting
unique characteristics in the hippocampal region derived from
the model-based quantitative analysis and area under the DCE
curve. The DCE curve comprises 4 phases: 1) the initial rapid rise
of the curve, depending on tissue perfusion flow rate; 2) the early
peak, depending on tissue blood volume; 3) the downslope, de-
pending on leakage into the interstitium; and 4) the later plateau
phase, depending on the interstitial volume after return of the
contrast agent into the blood compartment.” Most important, the
area under the DCE curve is affected by both perfusion (CBV,
CBF) and permeability (K", VE) characteristics.

A review of the literature revealed that increased BBBP in the
hippocampus has been previously demonstrated with DCE-MR
imaging in control subjects in a mouse model of BBB disruption,
in which histologic assessment of BBB integrity served as the ref-
erence standard.” Because the hippocampal microvasculature is
supplied from both the anterior and posterior circulation,* hypo-
thetic explanations have related the increased susceptibility of the
hippocampus to cerebrovascular autoregulatory dysfunction that
has been similarly described in the sympathetic vascular innerva-
tion of the posterior circulation.'® Most important, there is mo-
lecular evidence for elevated expression of biomarkers of BBB
disruption in the hippocampus.®

Another potential contributory factor is the concept of selec-
tive neuronal vulnerability of hippocampal neurons, which de-
scribes hippocampal neurons in the cornu ammonis 1 region as
most sensitive to neurodegeneration cascades occurring in Alz-
heimer disease'' and demonstrating heightened sensitivity to ox-
idative stress,'? cerebral ischemia,'” and toxic-metabolic and in-
flammatory processes.'* This selective neuronal vulnerability can
manifest in deficient DNA repair, calcium dysregulation, and glu-
tamate hyperactivity in hippocampal neurons.'” Age-related hip-
pocampal BBB breakdown has been demonstrated in individuals
with mild cognitive impairment as well.'® In a mouse model of
Alzheimer disease, microvascular impairment was found as a con-
sequence of increased B amyloid deposition.'” In patients with
systemic lupus erythematosus, anti-DNA and anti-N-methyl-D-
aspartate—receptor antibodies crossing the BBB were associated

410 Ivanidze Mar 2019  www.ajnr.org

with abnormal findings on hippocampal imaging and memory
dysfunction. '8 Furthermore, there is evidence that these antibod-
ies were found to contribute to hippocampal neuronal apoptosis
in patients with neuropsychiatric systemic lupus erythemato-
sus.”'? However, BBBP characteristics in the hippocampus com-
pared with other distinct brain regions have not been previously
described in healthy individuals, to our knowledge.

Even though our pilot study was adequately powered for the
primary analysis, caution should be exercised not to overinterpret
these results, given the small sample size demonstrating unique
BBBP characteristics in the hippocampus. Given the challenge in
avoiding choroid plexus contamination to obtain absolute ROI
sampling of the hippocampal region, meticulous attention or in-
novative methods or both are warranted in further studies evalu-
ating BBBP characteristics of the hippocampus in healthy and
diseased subjects. Our findings are concordant with previous an-
imal and human studies assessing hippocampal BBBP in neuro-
degenerative and neuroinflammatory diseases because increased
baseline hippocampal vulnerability suggests that BBB disruption
in the hippocampus may potentially contribute to early patho-
physiologic disease manifestations. Most important, larger cohort
studies in healthy individuals are needed to further substantiate
these findings.

CONCLUSIONS

We evaluated region-specific DCE-MR imaging— derived BBBP in
healthy subjects, which suggests unique BBBP characteristics in
the hippocampus, concordant with prior animal studies. This
work may help further our understanding of specific brain re-
gions susceptible to neurologic diseases affecting the BBB. Larger
scale prospective studies evaluating hippocampal BBBP charac-
teristics are needed to confirm these findings and potentially in-
corporate them into diagnostic and therapeutic strategies.
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ORIGINAL RESEARCH
ADULT BRAIN

Disorder in Pixel-Level Edge Directions on TIWI Is Associated
with the Degree of Radiation Necrosis in Primary and
Metastatic Brain Tumors: Preliminary Findings

P. Prasanna, ““'L. Rogers, ““T.C. Lam, “/M. Cohen, “”A. Siddalingappa, ““'L. Wolansky, “’M. Pinho, ““A. Gupta, ““K . Hatanpaa,
A. Madabhushi, and ““'P. Tiwari
% =2

ABSTRACT

BACKGROUND AND PURPOSE: Co-occurrence of local anisotropic gradient orientations (COLLAGE) is a recently developed radiomic
(computer extracted) feature that captures entropy (measures the degree of disorder) in pixel-level edge directions and was previously
shown to distinguish predominant cerebral radiation necrosis from recurrent tumor on gadolinium-contrast TIWI. In this work, we sought
to investigate whether COLLAGE measurements from posttreatment gadolinium-contrast TIWI could distinguish varying extents of
cerebral radiation necrosis and recurrent tumor classes in a lesion across primary and metastatic brain tumors.

MATERIALS AND METHODS: On a total of 75 gadolinium-contrast TIWI studies obtained from patients with primary and metastatic brain
tumors and nasopharyngeal carcinoma, the extent of cerebral radiation necrosis and recurrent tumor in every brain lesion was histopatho-
logically defined by an expert neuropathologist as the following: 1) “pure” cerebral radiation necrosis; 2) “mixed” pathology with coexis-
tence of cerebral radiation necrosis and recurrent tumors; 3) “predominant” (>80%) cerebral radiation necrosis; 4) predominant (>80%)
recurrent tumor; and 5) pure tumor. COLLAGE features were extracted from the expert-annotated ROIs on MR imaging. Statistical
comparisons of COLLAGE measurements using first-order statistics were performed across pure, mixed, and predominant pathologies of
cerebral radiation necrosis and recurrent tumor using the Wilcoxon rank sum test.

RESULTS: COLLAGE features exhibited decreased skewness for patients with pure (0.15 = 0.12) and predominant cerebral radiation
necrosis (0.25 * 0.09) and were statistically significantly different (P < .05) from those in patients with predominant recurrent tumors,
which had highly skewed (0.42 * 0.21) COLLAGE values. COLLAGE values for the mixed pathology studies were found to lie between
predominant cerebral radiation necrosis and recurrent tumor categories.

CONCLUSIONS: With additional independent multisite validation, COLLAGE measurements might enable noninvasive characterization
of the degree of recurrent tumor or cerebral radiation necrosis in gadolinium-contrast TIWI of posttreatment lesions.

ABBREVIATIONS: COLLAGE = co-occurrence of local anisotropic gradient orientations; CRN = cerebral radiation necrosis; Gd-C = gadolinium-contrast; RT =

recurrent tumor; TCIA = The Cancer Imaging Archive

urrently >200,000 patients in the United States annually un-
dergo chemoradiation as a standard-of-care treatment in pri-
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mary and metastatic brain tumors.' Following chemoradiation
treatment, these patients typically undergo regular MR imaging
(usually comprising TIWI, T2WI, FLAIR) for monitoring signs of
tumor recurrence. A major clinical challenge in evaluating these
posttreatment MR images is the differentiation of these lesions as
recurrent tumor (RT) or cerebral radiation necrosis (CRN).”
CRN is an irreversible radiation-induced injury caused by aggres-
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sive radiation treatment and is challenging to diagnose on con-
ventional MR imaging due to its close visual resemblance to tu-
mor recurrence. The differentiation is further complicated by the
simultaneous presence of varying proportions of CRN and recur-
rence/residual tumor confounding the diagnosis on imaging.
Currently, the only definitive diagnosis of CRN rather than RT is
via surgical intervention, followed by extensive histopathologic
evaluation for establishing the extent of CRN or tumor recurrence
in a lesion. On the basis of the extent of CRN intermixed with
tumor, lesions can be characterized on histopathology as “pure”
CRN (complete absence of tumor tissue), “predominant” CRN
(>80% CRN), predominant RT (>80% tumor, <20% CRN),
and “mixed” CRN (between 30% and 70% CRN). The current
criterion standard diagnostic test for evaluating lesions posttreat-
ment is surgical resection followed by extensive pathologic eval-
uation. Existing advanced noninvasive imaging protocols (ie, MR
spectroscopy and PET) are known have interreader variability
and have reported poor specificity in distinguishing RT from
CRN.**

Recently, a few radiomics (computational feature-extraction
approaches) studies in conjunction with routinely available MR
imaging sequences have attempted to capture lesion heteroge-
neity for survival prediction and response assessment in brain
tumors.” Specifically, gray-level co-occurrence matrix-based
features from active tumor regions were found to be predictive

of brain tumor survival by Sottoriva et al."®

Gray-level co-
occurrence matrix-based features have also been shown to be
discriminative of phenotypes in glioblastoma.'® It has been
shown by Rathore et al*° that peritumoral radiomic signatures
could predict recurrence in glioblastoma and have further im-
plications in personalized radiation therapy planning. While
several of these recent studies have shown success in using
radiomic analysis for survival prediction, only a few studies**'
have explored distinguishing posttreatment changes (ie, CRN and
pseudoprogression) from tumor recurrence using radiomic analysis.

In Prasanna et al,® we presented a new radiomic feature,
co-occurrence of local anisotropic gradient orientations
(COLLAGE), that computes entropy (quantitative measure-
ment that captures the degree of disorder) in voxelwise gradi-
ent orientations on routine gadolinium-contrast (Gd-C)
TIWI. Specifically, we demonstrated that the COLLAGE en-
tropy feature allowed differentiation between predominant
CRN and predominant RT, with elevated expression of COLLAGE
(reflective of high disorder in intensity gradients) being associated
with tumor, and lower COLLAGE values, with RN.? However, our
study” and other studies®” that have previously attempted to distin-
guish CRN from RT on imaging have been limited to investigating
cases that were histologically identified as either predominant CRN
or predominant tumor. This limitation is because posttreatment
brain tumor lesions are rarely pure and largely exhibit a heteroge-
neous appearance owing to the prevalence of both CRN and tumor
(referred to as mixed pathology).

The objective of this study was to reliably characterize different
lesion pathologies of CRN and RT on routinely acquired post-
treatment Gd-C T1WI using radiomics. On the basis of our pre-
vious observations using COLLAGE in predominant CRN/RT
cases,’ in this feasibility study, we sought to investigate whether

COLLAGE measurements are capable of distinguishing extreme
(pure) from mixed pathologies for CRN and RT.

Specifically, in this study, we explored the association of
COLLAGE measurements on posttreatment Gd-C T1WI with the
extent of CRN and recurrent tumors across a cohort of 75 patients
histologically confirmed and treated for nasopharyngeal carci-
noma, primary, and metastatic brain tumors. Instances of pure
CRN were obtained from patients with nasopharyngeal carcino-
ma'’; CRN is an adverse effect of radiation in nasopharyngeal
carcinoma because brain is a bystander during treatment. The
manifestation of CRN in nasopharyngeal carcinoma, unlike in
brain tumors, is unadulterated (pure) because there is no known
malignant tumor presence in these brain lesions. Additionally,
treatment-naive brain tumor MR imaging from aggressive brain
tumors (ie, grade IV glioblastoma) represents instances of pure
tumor on imaging.

We investigated the following: 1) if and how first-order statis-
tics (mean, median, skewness, and kurtosis) of COLLAGE mea-
surements differ across different grades of pure, predominant,
and mixed CRN and recurrent tumor in primary and metastatic
tumors, and 2) whether these statistics provide improved discrim-
ination across different pathologies of RT and CRN than using
just MR imaging intensities alone.

MATERIALS AND METHODS

Study Population

For this study, we accrued imaging scans of patients who had been
diagnosed and treated for primary/metastatic brain tumors and
nasopharyngeal carcinoma. The studies of patients with brain tu-
mor were collected at the University Hospitals, Cleveland (site 1)
and University of Texas Southwestern (site 2), while the nasopha-
ryngeal carcinoma studies were obtained from the Tuen Mun
Hospital, Hong Kong (site 3), with all cohorts accrued between
1990 and 2014.

Preoperative MRIs of subjects with glioblastoma used under
the “pure tumor” category were made available for public down-
load from The Cancer Imaging Archive (TCIA). TCIA is an open
archive of cancer-specific medical images and associated clinical
metadata established by the National Cancer Institute and collab-
orating institutions in the United States. A total of 10 MR imaging
studies were randomly chosen from the TCIA cohort to be used as
controls for pure tumor cases to maintain class balance across all
categories.

A total of 75 studies were histologically confirmed with different
degrees of CRN and tumor (categorized as pure, predominant, or
mixed) in a lesion, details of which are provided in the Table. Inclu-
sion criteria for studies across the 3 sites were the following: 1) the
availability of 1.5 or 3T Gd-C T1WI, and 2) the pathology specimen
obtained by resection or by at least 2 biopsies via stereotactic guid-
ance for disease confirmation.

For sites 1 and 2, following the standard dose of concomitant
radiation and chemotherapy, the patients who presented with
suspicious posttreatment lesion artifacts, indicative of CRN or
RT, were identified. Forty-two cases were accrued from site 1,
consisting of 22 primary tumors identified as 12 predominant
tumors and 10 cases of predominant CRN, and 20 metastatic
tumors identified as 12 predominant tumors and 8 cases of pre-
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Patient cohorts with corresponding diagnosis as identified by an expert neuropathologist

on postsurgical specimens

For site 3, disease confirmation was

obtained by histologic diagnosis by an

. §|;c; No., ' . Per::jnta%e gI:)N/E Tumor z°‘ of expert who analyzed the presence of

Sit:;tla lagnosis ategory as Identifiec by Expert ases pathologic features of CRN such as fi-

Primary tumors Predominant tumor <20% CRN, >80% tumor 12 brinoid and coagulatlve necrosis. For

Predominant CRN >80% CRN, <20% tumor 10 limited cases in which confirmation

Metastatic tumors Predominant tumor <20% CRN, >80% tumor 12 was not feasible using histologic anal-
Predominant CRN >80% CRN, <20% tumor 8

Site 2

Primary tumors Predominant tumor
Predominant CRN
Mixed
Predominant tumor

Predominant CRN

Metastatic tumors

<20% CRN, >80% tumor 4
>80% CRN, <20% tumor 1
30% CRN, >70% tumor 2
<20% CRN, >80% tumor 1
>80% CRN, <20% tumor 1

0

ysis, radiographic monitoring on fol-
low-up MR images was used for dis-
ease confirmation.

Preprocessing
To account for variability in pixel reso-

Mixed 50% CRN, 50% tumor 1(50%)  lutions across the studies, we resampled

Site 3 every MR imaging slice to a uniform
TCII\IAPC Pure 100% CRN 13 pixel spacing of 1 X 1 mm?. Similarly,
Glioblastoma Pure 100% Tumor 10 every MR imaging volume was interpo-

Note:—NPC indicates nasopharyngeal carcinoma.

dominant CRN. Similarly, 10 studies were accrued from site 2,
with 7 primary and 3 metastatic tumors. Of the 7 cases of primary
tumors, 4 had predominant tumor, 1 case was predominant CRN,
and 1 case each had mixed pathologies of 30% and 75% CRN,
respectively. The 3 metastatic cases consisted of 1 case each of
predominant tumor, predominant CRN, and mixed pathologies.

Site 3 consisted of patients with pure CRN (1 = 13) originally
diagnosed with nasopharyngeal carcinoma who were symptom-
atic of CRN in the temporal lobe. Patients were treated with a
standard dose of radiation therapy, 66—70 Gy in 33-35 fractions
for radical treatment of nasopharyngeal carcinoma. The medial
temporal lobe received nearly 100% of the prescribed dose to the
nasopharynx. MR images were obtained for patients who devel-
oped CNS symptoms or as a part of the regular work-up for sus-
pected local recurrence of nasopharyngeal carcinoma.

Studies from site 1 have previously been used in the initial
development of the COLLAGE descriptor.® Similarly, studies
from site 2 have been used as an independent validation set by
Prasanna et al.®

All MR images were acquired in axial sections with a 1.5T or
3T scanner. We acquired T1-weighted postcontrast images with
the following parameters: For sites 1 and 2, the mean TR and TE
were 250 and 2.48 ms, respectively. For site 3, the corresponding
values were 620 and 20 ms, respectively.

Confirmation of Disease Presence

For sites 1 and 2, the patient cohort was selected by performing a
retrospective review of neuropathology in all patients with brain
tumors who underwent a surgical intervention for a recurrent or
progressive Gd-C T1WI-enhancing lesion identified during fol-
low-up at 9 months (or later) after the initial radiation therapy.
Follow-up MR images within 0-21 days before the second resec-
tion or multiple biopsies (for disease confirmation) were used for
analysis. Histology was rereviewed by a neuropathologist (M.C. at
site 1 and K.H. at site 2) blinded to the original diagnosis and type
of RT, to quantify the percentage of CRN and RT. Histopatho-
logic diagnosis was based on World Health Organization criteria,
which included factors like the degree of pleomorphism, mitoses,

and vascular proliferation among others.' "'
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lated to a 3-mm slice thickness. We then
corrected every study for intensity
nonstandardness, which refers to the inherent drift in MR imag-
ing signal intensities during acquisition, an artifact causing im-
age-intensity values within tissue-specific compartments to vary
across sites, scanners, and even within multiple repeat scans of a
single patient. Correction for intensity nonstandardness was im-
plemented using the approach as described in Madabhushi and
Udupa'® and implemented in Matlab R2016a (MathWorks,
Natick, Massachusetts). Specifically, we used a piecewise contin-
uous histogram-matching method (bins = 255, points = 64) for
normalizing the multi-institutional MR imaging studies. Ad-
ditional preprocessing involving skull stripping was per-
formed'” via the skull-stripping module in 3D Slicer (http://
www.slicer.org).15 Then, lesions were annotated on Gd-C T1WI
by 2 radiology experts (L.W., A.S.) on the slice that presented the
maximum lesion conspicuity. The 2 radiologists (L.W., A.S.)
worked in conjunction to establish a consensus to define an ROI
that was used for further analysis.

Feature Extraction and Statistical Analysis

Within the ROI identified by consensus across the expert radiol-
ogy readers on Gd-C TIWI, COLLAGE measurements were ex-
tracted on a per-pixel basis for all the pixels within the ROL
Briefly, COLLAGE involves extracting the dominant gradient ori-
entation along the X and Y directions for every pixel via principal
component analysis.'® A co-occurrence matrix is then computed
for every pixel within the neighborhood to capture co-occurring
arrangements of the dominant gradient orientations. Thirteen
different second-order measurements (such as energy, entropy,
and variance) are then computed from this co-occurrence matrix
of the dominant gradient orientations. We chose to focus on en-
tropy because it captures the disorder of pixel gradient orienta-
tions on a per-pixel basis. In Prasanna et al,” we showed that the
entropy values for the localized orientations were high for tumor,
while the values were low for benign pathologies (ie, CRN). A
detailed description of the algorithm and methodology for com-
puting 3D COLLAGE can be found in Prasanna et al.® For our
analysis, every image voxel within the enhancing lesion was as-
signed a COLLAGE entropy value. We subsequently extracted 4



different first-order statistics of the features (mean, SD, skewness,
and kurtosis) across all the voxels within the most conspicuous
lesion per study. For each of the 4 statistics, the range of values was
rescaled between 0 and 1. Each study was hence represented by a
4 X 1 feature vector, comprising the 4 statistics of COLLAGE
entropy within that ROL

Comparison of COLLAGE Radiomic Features across
Different Grades of Radiation Necrosis and Recurrent
Tumor in Primary and Metastatic Tumors

Statistics of COLLAGE values (mean, SD, skewness, and kurtosis)
were compared for the pure CRN pathology against mixed and
predominant CRN/recurrent tumor pathologies, using the Wil-
coxon rank sum test, independently across primary and meta-
static tumors. We included COLLAGE statistics from the TCIA
glioblastoma studies to represent the pure tumor class, while
comparing pathologies within the primary tumor cohort. The
statistics obtained from COLLAGE were also compared with
those obtained from average Gd-C T1WI intensity values across
different CRN and recurrent tumor pathologies.

Classification Analysis to Distinguish CRN from RT

Using Pure and Predominant CRN and Tumor

COLLAGE Features

A random forest classifier was trained separately on primary and
metastatic cases, in a leave-one-out cross-validation setting. First,
COLLAGE features from only predominant CRN/tumor (from
site 1) were used within the training cohort. Next, we incorpo-
rated the pure CRN signatures (from site 3) into the training set
and repeated the classifier analysis separately for primary and
metastatic tumors. It was ensured that all the folds within leave-
one-out cross-validation contained pure CRN studies within the
training set. Receiver operating characteristic curves were ob-
tained for the training set analysis along with the corresponding
areas under the curve.

We used the classifier trained with both pure and predominant
COLLAGE features and evaluated its performance on the pre-
dominant cases on the held-out cases from site 2 (n = 10). Three
studies from site 2 thathad mixed degrees of CRN and tumor were
excluded from the test set because the samples in the training
cohort were not exposed to mixed degrees of CRN. However, the
statistics obtained from the COLLAGE values for these studies
were compared with those obtained from the training cohort and
were reported.

RESULTS

Compatrison of COLLAGE Radiomic Features across
Different Grades of Radiation Necrosis and Recurrent
Tumor in Primary and Metastatic Tumors

The original Gd-C T1WI intensity values were not found to be
statistically different across predominant CRN, predominant tu-
mor, pure CRN, and pure tumor groups for the primary cohort
(Fig 1A). While mean, SD, and kurtosis statistics of COLLAGE
did not demonstrate significant differences, the corresponding
COLLAGE skewness values were found to be statistically sig-
nificantly different (P < .05) across the 3 categories (excluding
pure tumor in which the results were not statistically signifi-
cantly different from predominant CRN) as shown in Fig 1C,
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FIG 1. Box-and-whisker plots showing the distributions of TIWI signal
intensities and skewness of COLLAGE entropy values for pure and
different grades of CRN for primary and metastatic cases, respec-
tively. A and B, The signal intensities in primary and metastatic cases,
respectively. C and D, The COLLAGE skewness values for the same
cases. C, The green star and circle represent the cases from site 2 with
75% CRN and 30% CRN, respectively. D, The green star represents the
case from site 2 with 50% CRN. P values for the pairs of groups exhib-
iting statistically significant difference are also shown.

with higher skewness values suggesting a skewed distribution
toward elevated COLLAGE entropy. Most interesting, for pri-
mary tumors, COLLAGE skewness values were lowest for pure
CRN with amean of0.15 = 0.12 and 0.25 = 0.09 for predominant
CRN, 0.42 * 0.21 for predominant recurrence, and 0.27 = 0.07
for pure tumor, respectively. The values were statistically signifi-
cantly different between predominant CRN and predominant tu-
mor recurrence with P = .005, between pure CRN and predomi-
nant tumor recurrence with P = .001, and between pure CRN and
predominant CRN with P = .05.

Qualitative results of COLLAGE feature maps of pure CRN,
predominant CRN, and predominant tumor reflecting corre-
sponding changes in radiomic values are shown in Fig 2.
COLLAGE values for both mixed pathology studies were found to
lie between predominant CRN and tumor categories. The study
with 75% CRN (the green star in Fig 1C) had a low skewness value
0f0.013 compared with the one with 30% CRN (the green circle in
Fig 1C) with a skewness value of 0.285.

Similarly, for the metastatic cases, the intensity values (Fig 1B)
and mean, SD, and kurtosis of COLLAGE features were found not
to be statistically significantly different across the 3 groups. How-
ever, COLLAGE skewness values (ranging between 0 and 1) were
significantly different, with the lowest values for pure CRN with a
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FIG 2. Gd-C TIWI for CRN from nasopharyngeal carcinoma (A), predominant (>80%) CRN (B), predominant recurrent tumor (<20% CRN) (C),
and glioblastoma (0% CRN) (D), and the corresponding COLLAGE entropy maps of the ROlIs (E-H).

mean of —0.41 * 0.22 and 0.61 = 0.33 for predominant CRN,
and 0.72 * 0.14 for predominant recurrence, respectively.
COLLAGE values were statistically significantly different only be-
tween pure CRN and predominant recurrence with P = .003, and
not across predominant and pure CRN. The study in site 3 with
50% CRN (green star in Fig 1D) had a skewness value of 0.4.

Classification Analysis to Distinguish CRN from RT

Using Pure and Predominant CRN and Tumor

COLLAGE Features

For primary brain tumor cases, the area under the curve for the
classifier, using COLLAGE features from both pure CRN and pre-
dominant studies in the training cohort, was found to be 0.67,
while for metastatic tumors, the area under the curve was 0.66.
The corresponding accuracies at the optimal operating point were
found to be 68.2% and 65%, respectively. However, the area un-
der the curve using only the COLLAGE features from predomi-
nant studies was found to be 0.64 for primary and 0.56 for meta-
static tumors. The corresponding accuracies at the optimal
operating point were found to be 59.1% and 65%, respectively.
On the independent test set at site 2, a total of 4 of 5 primary
tumor cases with predominant CRN/tumor were correctly classi-
fied. For the metastatic tumor cases, 1 of the 2 cases was correctly
classified.

DISCUSSION

COLLAGE, a recently developed radiomic feature, has previously
been shown to be effective in distinguishing predominant recur-
rent brain tumors from cerebral radiation necrosis on MR imag-
ing® and also in predicting a pathologic complete response to
neoadjuvant chemotherapy in breast cancer.'” In this work, we
attempted to interrogate differences in COLLAGE values on post-
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treatment Gd-C T1WT across different posttreatment pathologies
in brain tumors by associating the extent of CRN and tumor with
the corresponding expression levels of COLLAGE. We present
our findings of associations of COLLAGE features across patho-
logically proved pure, predominant, and mixed categories of CRN
and tumor.

While in the metastatic cohort, statistically significant differ-
ences were observed only between pure CRN and predominant
recurrence, COLLAGE values in the primary cohort were statisti-
cally significantly different between predominant CRN and pre-
dominant recurrence, pure CRN and predominant recurrence,
and pure CRN and predominant CRN. Over and above the results
reported in Chao et al,” the findings in this work suggest that
COLLAGE may potentially characterize the spectrum of pathol-
ogies of CRN and RT on posttreatment Gd-C TIWTI, as confirmed
on the corresponding histopathology.

Furthermore, our results show that COLLAGE entropy values
were skewed toward higher values for the predominant tumor
cases compared with the pure CRN or predominant CRN for both
primary and metastatic tumors (Fig 1). The difference in skewness
may be attributed to the low COLLAGE values in lesions having
lower concentrations of CRN, likely characterizing relatively inactive
necrotic tissue. Given that tumors have increased heterogeneity,'® it
is intuitive that COLLAGE features tend to be overexpressed, result-
ing in higher skewness, while radiation necrosis, which tends to have
a more coherent microarchitecture, results in a muted COLLAGE
response and consequently lower skewness values.

The reason for lower COLLAGE skewness in predominant RT
than in pure RT is likely the presence of more heterogeneous
tissue pathologies in the predominant RT group. Predominant
RT often exhibits tissue heterogeneity owing to the varying pres-



ence of radiation-induced vascular hyalinization, telangiectasia,
and zonal necrosis. This tissue heterogeneity is possibly mani-
fested on the imaging scale and may therefore be captured by the
skewness of COLLAGE entropy. A similar trend was observed in
the variance of the skewness values in the boxplots, with low vari-
ance in COLLAGE observed in pure tumor compared with pre-
dominant RT.

Our further
COLLAGE features from pure CRN in the training set resulted in
improved classification performance of the predominant CRN/
RT, compared with using COLLAGE features from the predomi-
nant CRN/RT alone. These findings are consistent from a ma-

results demonstrate that incorporating

chine learning perspective, wherein an ideal classifier is expected
to be exposed to the entire spectrum of cases—that is, a learning
set comprising features corresponding to “pure CRN and no can-
cer” and mixed classes comprising co-existing CRN and cancer.

There were a few limitations of this feasibility study. Our co-
hort was retrospectively acquired as a part of a study that was
concluded in 2016. Because we limited the analysis to pathologi-
cally proved grades of CRN/RT, the sample size was relatively
small. While our retrospective cohort contained pathologically
proved CRN and RT cases, it lacked cases that were histologically
confirmed to be pure metastatic brain tumor. Hence, we could
not perform a similar analysis on the metastatic cases, as was per-
formed on the cases with primary brain tumors. Furthermore,
differences in radiation therapy protocols in CNS tumors (both
primary and metastatic) and nasopharyngeal carcinoma were not
considered in the analysis. The analysis was limited to only Gd-C
TIWI in this study and did not consider other routine or ad-
vanced imaging protocols. No independent large-scale validation
of the findings was performed as a part of this study.

CONCLUSIONS

In this feasibility analysis, we presented the initial results of using
a new radiomic feature, COLLAGE, to capture the extent of cere-
bral radiation necrosis and recurrent tumor on posttreatment
Gd-C TIWI We identified associations of COLLAGE features
with the extent of CRN and RT on Gd-C TIWI on a unique cohort
of patients histologically confirmed and treated for nasopharyn-
geal carcinoma, and primary and metastatic brain tumors. These
preliminary findings suggest that COLLAGE may be potentially
capturing subtle differences across different pathologic categories
of RT and CRN (pure, predominant, and, to some extent, mixed)
on posttreatment Gd-C TIWI. Learning such signatures, follow-
ing extensive multisite validation, may, in the future, help in im-
proved discrimination of CRN and RT, which still remains an
extremely challenging clinical problem in neuro-oncology. In fu-
ture work, we intend to prospectively validate our preliminary
findings on a larger, multi-institutional cohort.

Disclosures: Leo Wolansky—UNRELATED: Other: Guerbet grant to the University of
Connecticut.* Anant Madabhushi—UNRELATED: Board Membership: Inspirata;
Consultancy: Inspirata; Grants/Grants Pending: Inspirata, PathCore, Comments: in-
volved in 3 National Cancer Institute grants with Inspirata and 1 U24 grant (National
Cancer Institute) with PathCore*; Patents (Planned, Pending, or Issued): Patents are

licensed to Inspirata through Rutgers and Case Western*; Royalties: Royalties are
paid out to Case Western and Rutgers by Inspirata and Elucid Bioimaging*; Stock/
Stock Options: Elucid Bioimaging, Inspirata. Pallavi Tiwari—RELATED: Grant: The
Dana Foundation, Ohio Third Frontier, | Corps.* *Money paid to the institution.

REFERENCES
1. Lee YW, Cho HJ, Lee WH, et al. Whole brain radiation-induced
cognitive impairment: pathophysiological mechanisms and
therapeutic targets. Biomol Ther (Seoul) 2012;20:357-70 CrossRef
Medline
2. Chao ST, Ahluwalia MS, Barnett, GH et al. Challenges with the diag-
nosis and treatment of cerebral radiation necrosis. Int ] Radiat On-
col Biol Phys 2013;87:449-57 CrossRef Medline
3. Verma N, Cowperthwaite MC, Burnett MG, et al. Differentiating
tumor recurrence from treatment necrosis: a review of neuro-on-
cologic imaging strategies. Neuro Oncol 2013;15:515-34 CrossRef
Medline
4. Kashimura H, Inoue T, Beppu T, et al. Diffusion tensor imaging for
differentiation of recurrent brain tumor and radiation necrosis af-
ter radiotherapy: three case reports. Clin Neurol Neurosurg 2007;
109:106—10 CrossRef Medline
5. Prasanna P, Patel ], Partovi S, et al. Radiomic features from the peri-
tumoral brain parenchyma on treatment-naive multi-parametric
MR imaging predict long versus short-term survival in glioblastoma
multiforme: preliminary findings. Eur Radiol 2017;27:4188-97
CrossRef Medline
6. Prasanna P, Tiwari P, Madabhushi A. Co-occurrence of Local Aniso-
tropic Gradient Orientations (CoLIAGe): a new radiomics descrip-
tor. Sci Rep 2016;6:37241 CrossRef Medline
7. Tiwari P, Prasanna P, Wolansky L, et al. Computer-extracted texture
features to distinguish cerebral radionecrosis from recurrent brain
tumors on multiparametric MRI: a feasibility study. AJNR Am |
Neuroradiol 2016;37:2231-36 CrossRef Medline
8. Larroza A, Moratal D, Paredes-Sénchez A, et al. Support vector ma-
chine classification of brain metastasis and radiation necrosis
based on texture analysis in MRI. ] Magn Reson Imaging 2015;42:
1362-68 CrossRef Medline
9. Asao C, Korogi Y, Kitajima M, et al. Diffusion-weighted imaging of
radiation-induced brain injury for differentiation from tumor re-
currence. AJNR Am ] Neuroradiol 2005;26:1455—60 Medline
10. Lam TC, Wong FC, Leung TW, et al. Clinical outcomes of 174 na-
sopharyngeal carcinoma patients with radiation-induced temporal
lobe necrosis. Int ] Radiat Oncol Biol Phys 2012;82 e57—65 CrossRef
Medline
11. Martins AN, Johnston JS, Henry JM, et al. Delayed radiation necrosis
of the brain. ] Neurosurg 1977;47:336—45 Medline
12. Burger PC, Vollmer RT. Histologic factors of prognostic signifi-
cance in the glioblastoma multiforme. Cancer 1980;46:1179-86
CrossRef Medline
13. Madabhushi A, Udupa JK. New methods of MR image intensity
standardization via generalized scale. Med Phys 2006;33:3426—34
CrossRef Medline
14. Ségonne F, Dale AM, Busa E, et al. A hybrid approach to the skull
stripping problem in MRI. Neuroimage 2004;22:106—75 Medline
15. Pieper S, Halle SM, Kikinis R. 3D Slicer. Biomedical Imaging: Nano to
Macro, 2004. IEEE International Symposium on. IEEE, 2004:632—35
16. Jolliffe I. Principal Component Analysis. International Encyclopedia
of Statistical Science. Springer: Berlin, Heidelberg; 2011:1094-96
17. Braman NM, Etesami M, Prasanna P, et al. Intratumoral and peritu-
moral radiomics for the pretreatment prediction of pathological
complete response to neoadjuvant chemotherapy based on breast
DCE-MRI. Breast Cancer Res 2017;19:57 CrossRef Medline
18. Sottoriva A, Spiteri I, Piccirillo SG, et al. Intratumor heterogeneity in
human glioblastoma reflects cancer evolutionary dynamics. Proc
Natl Acad Sci U S A 2013;110:4009—14 CrossRef Medline

AINR Am J Neuroradiol 40:412-17  Mar 2019  www.ajnr.org 417


http://dx.doi.org/10.4062/biomolther.2012.20.4.357
http://www.ncbi.nlm.nih.gov/pubmed/24009822
http://dx.doi.org/10.1016/j.ijrobp.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23790775
http://dx.doi.org/10.1093/neuonc/nos307
http://www.ncbi.nlm.nih.gov/pubmed/23325863
http://dx.doi.org/10.1016/j.clineuro.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16793199
http://dx.doi.org/10.1007/s00330-016-4637-3
http://www.ncbi.nlm.nih.gov/pubmed/27778090
http://dx.doi.org/10.1038/srep37241
http://www.ncbi.nlm.nih.gov/pubmed/27872484
http://dx.doi.org/10.3174/ajnr.A4931
http://www.ncbi.nlm.nih.gov/pubmed/27633806
http://dx.doi.org/10.1002/jmri.24913
http://www.ncbi.nlm.nih.gov/pubmed/25865833
http://www.ncbi.nlm.nih.gov/pubmed/15956515
http://dx.doi.org/10.1016/j.ijrobp.2010.11.070
http://www.ncbi.nlm.nih.gov/pubmed/21300460
http://www.ncbi.nlm.nih.gov/pubmed/894340
http://dx.doi.org/10.1002/1097-0142(19800901)46:5<1179::AID-CNCR2820460517>3.0.CO;2-0
http://www.ncbi.nlm.nih.gov/pubmed/6260329
http://dx.doi.org/10.1118/1.2335487
http://www.ncbi.nlm.nih.gov/pubmed/17022239
http://www.ncbi.nlm.nih.gov/pubmed/15219578
http://dx.doi.org/10.1186/s13058-017-0846-1
http://www.ncbi.nlm.nih.gov/pubmed/28521821
http://dx.doi.org/10.1073/pnas.1219747110
http://www.ncbi.nlm.nih.gov/pubmed/23412337

ORIGINAL RESEARCH
ADULT BRAIN

Accurate Patient-Specific Machine Learning Models of
Glioblastoma Invasion Using Transfer Learning
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ABSTRACT

BACKGROUND AND PURPOSE: MR imaging—based modeling of tumor cell density can substantially improve targeted treatment of
glioblastoma. Unfortunately, interpatient variability limits the predictive ability of many modeling approaches. We present a transfer
learning method that generates individualized patient models, grounded in the wealth of population data, while also detecting and
adjusting for interpatient variabilities based on each patient’s own histologic data.

MATERIALS AND METHODS: We recruited patients with primary glioblastoma undergoing image-guided biopsies and preoperative
imaging, including contrast-enhanced MR imaging, dynamic susceptibility contrast MR imaging, and diffusion tensor imaging. We calcu-
lated relative cerebral blood volume from DSC-MR imaging and mean diffusivity and fractional anisotropy from DTI. Following image
coregistration, we assessed tumor cell density for each biopsy and identified corresponding localized MR imaging measurements. We then
explored a range of univariate and multivariate predictive models of tumor cell density based on MR imaging measurements in a
generalized one-model-fits-all approach. We then implemented both univariate and multivariate individualized transfer learning predic-
tive models, which harness the available population-level data but allow individual variability in their predictions. Finally, we compared
Pearson correlation coefficients and mean absolute error between the individualized transfer learning and generalized one-model-fits-all
models.

RESULTS: Tumor cell density significantly correlated with relative CBV (r = 0.33, P <.001), and TI-weighted postcontrast (r = 0.36, P < .001)
on univariate analysis after correcting for multiple comparisons. With single-variable modeling (using relative CBV), transfer learning
increased predictive performance (r = 0.53, mean absolute error = 15.19%) compared with one-model-fits-all (- = 0.27, mean absolute
error = 17.79%). With multivariate modeling, transfer learning further improved performance (r = 0.88, mean absolute error = 5.66%)
compared with one-model-fits-all (r = 0.39, mean absolute error = 16.55%).

CONCLUSIONS: Transfer learning significantly improves predictive modeling performance for quantifying tumor cell density in
glioblastoma.

ABBREVIATIONS: FA = fractional anisotropy; GBM = glioblastoma; LOOCV = leave-one-out cross-validation; MD = mean diffusivity; OMFA = one-model-fits-all;
rCBV = relative CBV; Tl + C = Tl-weighted postcontrast; TCD = tumor cell density; TL = transfer learning; EPI+C = post-contrast T2*WI

S urgical debulking and radiation therapy represent first-line
treatments for glioblastoma (GBM), which rely heavily on im-
age guidance to delineate tumor from adjacent nontumoral brain.
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Contrast-enhanced MR imaging currently serves as the clinical
standard for image guidance, but its diagnostic accuracy remains
limited. Specifically, contrast-enhanced MR imaging localizes
contrast-enhancing tumor for surgical resection and/or biopsy
but poorly identifies nonenhancing invasive tumor in the sur-
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rounding T2-weighted/FLAIR abnormality.'” This invasive tu-
mor segment can represent a substantial proportion of overall
burden for many GBM tumors and contributes to recurrent dis-
ease and poor survival if left unresected.*® In addition to surgical
guidance, contrast-enhanced MR imaging also fails to localize
nonenhancing tumor during dosimetric radiation treatment
planning. To compensate, most radiation oncologists must apply
submaximal doses across the entire nonenhancing T2/FLAIR vol-
ume, which risks toxicity to normal brain and undertreatment of
nondetected bulk tumor.”® These issues underscore the need to
improve the image-based detection and targeted treatment of the
nonenhancing tumor segment in GBM.

Advanced MR imaging techniques can help characterize non-
enhancing tumor by measuring an array of biophysical features
that complement contrast-enhanced MR imaging. These include
tissue cell density (TCD) on diffusion-weighted imaging,>” white

210,11 204 mi-

matter infiltration on diffusion tensor imaging,
crovessel morphology on dynamic susceptibility contrast perfu-
sion MR imaging.>'*"'* Multiple studies have used image-guided
biopsies to compare these advanced MR imaging features with
TCD in a spatially accurate manner.”>”'"'>* These studies
have revealed promising trends between MR imaging signal and
tumor abundance but also surprising discrepancies in correlations
among studies. For instance, some groups have reported that higher
TCD correlates negatively with lower fractional anisotropy (FA) on
DTI, presumably from greater white matter tract disruption.>"" Yet,
opposite (positive) correlations between FA and tumor content have
also been reported.”’ Similarly, published studies have differed on
whether TCD correlates negatively or positively with mean diffusiv-
ity (MD) measures on DWL”'"'*!'? These discrepancies present ob-
vious challenges for developing generalized MR imaging—based
models to prospectively quantify TCD and extent of invasion.

We hypothesized that the relationship between MR imaging
signal (for any given contrast) and regional TCD demonstrates
patient-to-patient variability within a given cohort. This may un-
derlie the aforementioned discrepancies among published reports
in the literature. In this study, we set out to quantify interpatient
variability and determine whether it can strengthen the predictive
accuracy of MR imaging—based models for quantifying TCD and
invasion. Specifically, we have developed a transfer learning (TL)
approach that quantifies concordance and variability of MR im-
aging—histologic relationships across patients. TL builds 1 model
for each patient to account for potential interpatient variabilities
in MR imaging—histologic relationships, while coupling the esti-
mation processes of each patient-specific model to allow knowl-
edge transfer between models. As proof of concept, we trained
and cross-validated this TL approach in a cohort of patients with
primary GBM using multiparametric MR imaging and spatially
matched image-guided biopsies. Our overarching goal was to op-
timize predictive models that guide targeted treatment for the
problematic nonenhancing tumor segment of GBM.

MATERIALS AND METHODS
Acquisition and Processing of Clinical MR Imaging and
Histologic Data

Patient Recruitment. We recruited patients with clinically sus-
pected primary GBM undergoing preoperative stereotactic MR

imaging for first-line surgical resection before any treatment, as
per our institutional review board protocol at Barrow Neurolog-
ical Institute. All patients provided written and informed consent
before enrollment. The patient cohort presented here has also

been described in previous studies.”®

Preoperative MR Imaging Acquisition Protocol. We acquired
preoperative 3T MR imaging (Sigma HDx; GE Healthcare, Mil-
waukee, Wisconsin) within 1 day of stereotactic surgery, includ-
ing T2-weighted, T1-weighted precontrast, and T1-weighted

>¢1%T1 4 C images were ac-

postcontrast (T1 + C) sequences.
quired after completion of dynamic susceptibility contrast perfu-
sion MR imaging following a total Gd-DTPA dosage of 0.15
mmol/kg.>*"* In brief, for the DSC protocol, we administered an
IV preload dose (0.1 mmol/kg of Gd-DTPA) to minimize T1-
weighted leakage errors, after which we administered a second IV
bolus injection (0.05 mmol/kg of Gd-DTPA) during the 3-minute
DSC acquisition (gradient-echo echo-planar imaging: TR/TE/flip
angle = 1500/20 ms/60°, matrix = 128 X 128, thickness = 5
mm).”*'* We derived postcontrast T2*WI (EPI+C) from the
initial-source DSC volume.™?* DTI acquisition consisted of spin-
echo EPI (TR/TE = 10,000/85.2 ms, matrix = 256 X 256, FOV =
30 c¢m, thickness = 3 mm, 30 directions, array spatial sensitivity
).3,6

encoding technique, b=0, 1000

Surgical Biopsy. Neurosurgeons used T1 + C and T2-weighted
imaging to guide stereotactic biopsies following the smallest pos-
sible diameter craniotomies to minimize brain shift, as previously
described.>® On average, we collected 5-6 tissue specimens from
each tumor, selecting targets =1 cm apart from both T1 + C
enhancing regions and nonenhancing T2-weighted hyperintense
regions (so called brain-around-tumor) in pseudorandom fash-
ion from different poles of the enhancing lesion periphery while
avoiding centrally necrotic regions on the basis of the clinical
feasibility as per clinical protocol. Enhancing and nonenhancing
regions were distinguished on the basis of visual assessment by the
neurosurgeon at the time of surgical biopsy and/or resection, as
per clinical protocol. The target volume of each biopsy sample was
approximately 125 mg. The neurosurgeons recorded biopsy loca-
tions via screen capture to allow subsequent coregistration with
multiparametric MR imaging datasets. The neurosurgeon visually
validated stereotactic imaging locations with corresponding in-
tracranial anatomic landmarks, such as vascular structures and
ventricle margins, before recording specimen locations.

Histologic Analysis and TCD Measurements from Image-Local-
ized Biopsies. Tissue specimens (volume = 125 mg) were flash
frozen in liquid nitrogen in the operating suite and stored in a
—80°C freezer until subsequent retrieval for embedding in an
optimal cutting temperature compound and sectioning (thick-
ness = 4 mm) in a —20C® cryostat (Microm-HM-550; Richard-
Allan Scientific Company, Canton, Michigan) using a Microtome
Blade (Thermo Scientific, Waltham, Massachusetts).>® Hema-
toxylin-eosin—stained slides were reviewed blinded to diagnosis
by our neuropathologist (J.M.E.) to assess tumor content. Taking
into account all visible cells (neurons, inflammatory cells, reactive
glia, tumor cells, and so forth), we estimated the percentage of
tumor nuclei (ie, tumor cells relative to all visible cells) (0%—
100%), rounded to the nearest fifth percentile, and recorded it for
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each tissue sample as a +5% range of TCD (eg, 30%—40%, 75%—
85%, and so forth).>® This method served as a compromise be-
tween the resolution of TCD measurements and the precision of
the neuropathologist’s estimates.

Image Signal Normalization, DSC and DTI Analysis, Image Coreg-
istration, and ROl analysis. We normalized the signal for T1 + C,
T2-weighted, and EPI+C image datasets using the Simple Insight
Segmentation and Registration Toolkit (SimpleITK, Version
1.0.1; http://www.simplei'[k.org/)24 in Python (Version 3.6.2;
https://www.python.org/). The CurvatureFlow ITK algorithm
was applied to remove image noise,”” and the N4ITK algorithm to
correct for image-intensity nonuniformity bias that could be due
to factors such as local magnetic field heterogeneity.>® Following
these corrections, the CSF of the lateral ventricles was used as a
reference tissue to normalize the intensity distributions of each
dataset using a previously described linear scaling process.>” For
DTI, we generated mean diffusivity and fractional anisotropy
maps.” For DSC, we generated relative cerebral blood volume
(rCBV) maps using IB Neuro (Imaging Biometrics, ElIm Grove,

28,29

Wisconsin), using leakage correction and white matter nor-

>¢1% We coregistered all images using ITK tools

malization.
(https://itk.org/) and IB Suite (Imaging Biometrics), using the
DTI B, anatomic volume as the coregistration target.>>'* A
board-certified neuroradiologist (L.S.H.) placed ROIs (8 X 8 vox-
els) for all coregistered multiparametric MR imaging datasets at
the stereotactic biopsy locations.”®'* We selected this ROI size
(0.93 X 0.93 cm) to encompass a broader area relative to the
expected biopsy dimensions (125 mg). This selection helped to
offset any potential minor shifts in biopsy localization (at the time
of tissue sampling) that might otherwise result in misregistration.
We measured mean signal values within ROIs for all MR imaging
contrasts to correlate with spatially matched estimates of TCD
from corresponding biopsies.

Statistical Analysis and Predictive Modeling

Univariate Statistical Analysis and Predictive Modeling. To
broadly survey potential associations between MR imaging signal
and TCD, we performed univariate analysis using linear regression
and Pearson correlations for each contrast (eg, T1 + C, rCBV, and so
forth) against spatially matched biopsies across the entire patient co-
hort. We used the false discovery rate to adjust for multiple testing.”®
To quantify intersubject variability, we also plotted MR imaging sig-
nal-versus-TCD in each patient separately.

Multivariate Statistical Analysis and Predictive Modeling Using
the Conventional One-Model-Fits-All Approach. To evaluate
the potential complementary function of multiple combined MR
imaging contrasts to characterize TCD, we performed multivari-
able linear regression to correlate MR imaging contrasts with his-
tologic quantification of TCD across all biopsies and patients with
GBM.'®?* This entailed the conventional approach in which a
single static multivariable model was applied uniformly to all bi-
opsy samples within the cohort (ie, one-model-fits-all [OMFA]).
We evaluated a range of combined MR imaging contrasts to create
various linear regression OMFA models. For instance, a model
using signal intensities on rCBV, MD, and FA would be defined by
the following: F(x) = ax1 + bx2 + ¢x3 + d, where the predicted
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TCD, F(x), was a linear function of signal intensity on rCBV, MD,
and FA maps (x1, x2, and x3, respectively).

Transfer Learning Predictive Modeling. Interpatient variability is
a known limiting factor for many types of predictive models. For
instance, a single model applied uniformly across all patients
within a cohort (ie, one-model-fits-all) is unable to adjust for
likely interpatient variabilities in MR imaging—histologic rela-
tionships. In contrast, individual models developed for each pa-
tient using only that patient’s data (ie, one-model-each-patient)
are unable to benefit from general population patterns and thus
inherently have small sample sizes.

TL represents a compromise between the 2 aforementioned
approaches. TL is a subfield of Machine Learning (ML), with var-
ious algorithms having been developed to allow knowledge trans-
fer in jointly building different-but-inherently related mod-
els.”’?> We have previously published a TL algorithm under the
Bayesian framework.”® With our TL algorithm, 1 model is built
for each patient, but a Bayesian framework is used to bias the
model parameter-estimation process toward the population pat-
tern in the case in which the individual data are not sufficient to
precisely determine the individual’s variation. In essence, the
population pattern represents a generalized model, and TL uses
each patient’s own MR imaging and biopsy data to modify that
generalized model to more appropriately fit that particular indi-
vidual patient. Thus, TL models can account for potential vari-
abilities in MR imaging—histologic relationships across different
patients, while also coupling the estimation processes of each pa-
tient-specific model to allow knowledge transfer between models.
We detailed TL theory and methodology in the On-line Appendix
and in our previous publication.

Leave One-Out Cross-Validation. To reduce overfitting, we used
leave-one-out cross-validation (LOOCYV) for all OMFA and TL
model training. Briefly, all samples except 1 (randomly selected in
each patient) were used to train the predictive model, while the
excluded sample served as the test case to generate predicted TCD.
We repeated this iteratively so that all 82 samples served as the test
case.””* We then plotted model-predicted TCD against actual
TCD for all biopsies to determine cross-validated Pearson corre-
lation coefficients and mean absolute error rates (the difference
between predicted versus actual TCD) for each model.

RESULTS

Patients and Biopsy Samples

We collected 82 image-recorded biopsy samples (median = 4/pa-
tient, range = 2—14) from 18 patients with primary GBM (9:9 =
female/male, median age = 60 years, range = 18—81 years). We
collected =3 biopsies from 14/18 patients. In total, 33 biopsy sam-
ples originated from regions of nonenhancement (ie, brain-
around-tumor), with 14 of 18 patients contributing at least 1 bi-
opsy from nonenhancing regions. The remaining 49 biopsy
samples originated from enhancing tumor regions.

OMFA Univariate and Multivariate Correlations between
TCD and MR Imaging

We performed univariate analysis (Table 1) across all 82 samples
comparing TCD with the 6 MR imaging features individually. We



Table 1: Univariate correlations for spatially matched MRI
features vs TCD (n = 82 biopsies, 18 patients)

Table 2: OMFA vs transfer learning for various MRI model
predictors®

Pearson OMFA, TL, LOOCV
Correlation P FDR-Corrected LOOCV (r), (r), and

MRI Feature Coefficient (r) Value P Value Predictors for Model and MAE MAE
T+ C +0.36 <.001 .01 rCBV 027 1779 0.53 1519
T2WI +0.13 25 .38 rCBV, EPI + C 025 18.03 0.63 1.65
rCBV? +0.33 <.001 .01 rCBV, FA 034 1724 058 131
EPI + C —0.02 .85 .85 rCBV, MD 028 1774 0.60 193
FA —0.24 .03 .06 rCBV, T1 + C 033 1669 0.69 115
MD +0.03 78 .85 rCBV, T2WI 026 1796 0.59 1230
Note:—FDR indicates false discovery rate; EPI + C, post-contrast T2*WI. rCBV, FA, MD 032 1747 0.66 .93
@ Statistical significance after correcting for multiple comparisons. rCBV, Tl + C, T2WI 035 16.61 075 9.03
rCBV, T1 + C, FA 039 1655 073 9.07
rCBV, T1 + C, MD 035 1677 074 941
found significant correlations for T1 + C (r = 0.36, P < .001), rCBV, T2WI, FA 032 1747 0.64 1094
rCBV (r = 0.33, P < .001), and FA (r = —0.24, P < .03), though rCBV, T2WI, MD 026 18.02 064 115
only T1 + C and rCBV remained significant after correcting for rCBV, Tl + C, FA, MD 037 1678 085 673
multiple comparisons (P = .01). Our observed T1 + C correla- CIET, UL, [ bl 030 1768 069 1095
nuitp P aats : ‘ rCBV, T1 + C, T2WI, FA 037 1679 073 941
tion with TCD supports the long-held assumption that regions of rCBY. T1 + C. T2WI. MD 034 1688 078 7.0l
MR imaging enhancement (and higher T1 + C signal) generally rCBV, T1 + C, T2WI, FA, MD 035 17.05 088 566
correspond with higher tumor content compared with peripher- rCBV, Tl + C, T2WI, FA,MD,EPI + C 034 1717 086 6.09

ally nonenhancing regions (with lower T1 + C signal).’® This
assumption underlies the clinical rationale for guiding surgical
cytoreduction based on MR imaging enhancement. However, be-
cause nonenhancing regions, by definition, lack MR imaging en-
hancement, then T1 + C would presumably have much lower
correlation with TCD within nonenhancing regions containing
invasive tumor content. In fact, separate subgroup analysis
(On-line Table) showed much lower correlation values between T1
+ Cand TCD when restricted to only nonenhancing biopsy sam-
ples. Meanwhile, the same subgroup analysis showed more con-
sistent rCBV correlations across enhancing and nonenhancing
biopsy subgroups, suggesting the potential utility of rCBV as a
biomarker for both tumor segments. We also address any poten-
tial risks of overfitting by performing LOOCV to estimate the
predictive performance of rCBV for quantifying TCD. Using the
generalized one-model-fits-all approach, we generated a single
variable linear regression model, with rCBV as the sole predictor
input, and plotted predicted-versus-actual TCD (n = 82 sam-
ples). This generalized OMFA approach (based on rCBV alone)
demonstrated poor performance, with a low correlation coeffi-
cient (r = 0.27) and high error (mean absolute error = 17.79%)
(Table 2). We then evaluated other MR imaging features (com-
bined with rCBV) using multivariable linear regression analysis.
Regardless of the combination of MR imaging features (with
rCBV), the generalized multivariate OMFA models failed to sig-
nificantly improve performance (Table 2).

Individualized Patient Plots and Interpatient Variability

To investigate interpatient variability, we separately plotted MR
imaging signal versus TCD for each of the 14 (of 18) patients who
contributed =3 separate biopsies (which allowed for LOOCYV, as
described in the Materials and Methods section above). The other
4 contributed <3 biopsies, which was insufficient for LOOCV
analysis. Patient-by-patient plots are also shown in On-line Figs
1-6. Of the MR imaging correlations with TCD, rCBV demon-
strated the greatest consistency across patients, with 13/14 pa-
tients (92.5%) having a positive correlation (r > 0.00), though
these varied in strength from patient to patient (range of r = 0.07

Note:—MAE indicates mean absolute error.

# OMFA models were generated on the basis of linear regression analysis. Both (r) and
MAE were determined using LOOCV to plot model-predicted TCD against actual
TCD from spatially matched biopsies (n = 82).

to 0.95) (On-line Fig 1). Conversely, FA correlations showed
greater variability (r = —0.75 to +0.78), with only 57.1% (8/14)
of patients having negative correlations with TCD (versus 42.9%
with positive correlations) (On-line Fig 2). MD correlations were
also highly variable (range, r = —0.96 to +0.78), with 50% of
patients split between negative and positive correlations (On-line
Fig 3). These data suggest that while certain MR imaging features
may be highly correlated with tumor content in a particular pa-
tient (or subset of patients), other patients may exhibit weaker or
even opposite correlations that mask the overall effect in group
analysis. We recognize that some of these individual plots may
have small sample sizes that limit the statistical confidence of the
correlation coefficients. Therefore, the individual plot coefficient
values themselves should be viewed with this limitation in mind.
At the same time, the directionality of the individual correlation
plots (ie, positive-versus-negative) appears to show distinct pop-
ulation trends, and we intend to use the results here to illustrate
some of the interpatient variabilities that may exist between TCD
and imaging measurements. These interpatient variabilities mo-
tivate the use of the transfer learning approach detailed in the next
section.

Transfer Learning

On the basis of the results from univariate analysis and individual
scatterplots, we prioritized rCBV for training of TL and con-
strained knowledge transfer from patients with an arbitrary
threshold for correlation between rCBV and TCD (r = 0.10). By
means of LOOCYV, the TL model with rCBV as the sole model
predictor improved the correlation between predicted-versus-ac-
tual TCD (r = 0.53, P <.001, n = 82), compared with the gener-
alized OMFA model, which also used rCBV as the sole predictor
(r=0.27 using LOOCV) (Table 2). We then quantified incremen-
tal gains from adding other MR imaging contrasts to the rCBV-
based TL model. As shown in Table 2, individualized transfer
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FIG 1. Transfer learning improves predictive performance for quantifying TCD. Scatterplots show the correlations between actual (y-axis)
versus-model-predicted (x-axis) tumor cell densities using multivariable modeling (rCBV, T1 + C, MD, and FA) and the generalized (A) OMFA
versus the individualized (B) TL approaches. Blue and red dots denote biopsy samples from enhancing (n = 49) and nonenhancing (n = 33)
regions, respectively. Regression lines and Pearson correlations (r) are shown for all 82 samples (black lines and text) versus only the 33
nonenhancing samples (red lines and text). Correlations using TL are significantly higher compared with the generalized OMFA approach.

learning models consistently improved correlation coefficients
and mean error rates compared with corresponding generalized
OMFA models. Figure 1 shows the scatterplots for actual-versus-
predicted TCD using the highest performing TL model, which
incorporated rCBV, T1 + C, FA, and MD as model predictors.
After LOOCV, this model achieved a Pearson correlation of r =
0.88 (P < .001) across all samples (n = 82), which further in-
creased among nonenhancing T2/FLAIR samples alone (r = 0.94,
P < .001, n = 33). By comparison, the generalized OMFA ap-
proach, using the same model predictors, achieved much lower
correlation coefficients for all samples (r = 0.39, n = 82) and
nonenhancing samples alone (r = 0.09, n = 33). As shown in Fig
2, the TL model can be used to generate color overlay maps of
predicted TCD that correspond with actual TCD from spatially
matched biopsies throughout different nonenhancing regions in
the same GBM tumor.

DISCUSSION

In this study, we correlated a panel of MR imaging features with
regional tumor cell density using image-guided biopsies and spa-
tially matched MR imaging measurements. In particular, the ad-
vanced MR imaging features (ie, TCBV, MD, FA) have been widely
published for their potential to characterize TCD within the non-
enhancing tumor segment of GBM. On univariate analysis, we
found that rCBV was the only advanced MR imaging feature to
significantly correlate with TCD after correcting for multiple
comparisons (P = .01) (besides the conventional MR imaging
feature T1 + C). This low-moderate positive correlation (r =
0.33, P < .001) remains concordant with other published studies
on rCBV,'®?° which have all consistently reported positive cor-
relations with TCD. In contrast, our analysis showed no signifi-
cant correlation for MD. The correlation for FA (r = —0.24)
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showed a P value of .06 after correcting for multiple comparisons,
which trends toward significance. These results are not entirely
discordant with the literature because past studies have lacked
general consensus on how MD and FA correlate with TCD. For
instance, Stadlbauer et al'" and Price et al® reported negative cor-
relations between FA and TCD, while Beppu et al*' reported pos-
itive correlations. Similarly, Ellingson et al” and Chang et al'®
reported negative correlations between MD and TCD, while
Stadlbauer et al'' reported positive correlations.

We hypothesized that the correlations observed in our study (as
well asin theliterature) may be impacted by interpatient variability in
how MR imaging signal relates to TCD. To gain insight to this vari-
ability, we analyzed individualized plots of MR imaging signal versus
tumor content within our cohort. In keeping with trends in the liter-
ature, rCBV correlations were highly consistent with regard to direc-
tion, with 92.5% of patients showing positive correlations. We did,
however, observe a wide range of correlation strengths (range, r =
+0.07 to +0.95), which explains the low-moderate group correla-
tion. In contrast to rCBV, we observed highly variable correlations
for both FA (range, r = —0.75 to +0.78) and MD (range, r = —0.96
to +0.78), with conflicting directions across patients. These discrep-
ancies echo the discordance among studies in the literature and un-
derscore the challenge of using a one-model-fits-all approach to gen-
eralize heterogeneity across patients.

TL addresses this challenge by estimating models for each pa-
tient by iteratively identifying patient similarity and leveraging it
for robust model building using a Bayesian framework.” Our
results strongly suggest that TL should prioritize rCBV, given its
high interpatient consistency and statistically significant correla-
tions in univariate analysis. This assertion is supported further by
the consistency of reported rCBV correlations in the litera-



FIG 2. TL maps and multiple biopsies in a 71-year-old patient with primary GBM. TL-based color map overlay on a T2-weighted image (A) shows
predicted regional TCD ranging from 0% to 100% (blue to red) throughout the segmented tumor region (based on the T2-weighted signal
abnormality). Histologic analysis of the top biopsy (purple boxes B and C) yielded 90% TCD, corresponding to red regions of high TL-predicted
TCD (purple box, A). TL-based color map (D) from a more caudal T2-weighted slice shows blue regions of low TL-predicted TCD (blue/green,
purple box), corresponding to 25% TCD on histologic analysis of the bottom biopsy (purple boxes, E and F).

ture.'®*° The application of TL to an rCBV-based model predic-
tor significantly improved correlation (r = 0.53) compared with
the one-model-fits-all approach (r = 0.27). TL further improved
performance when combining rCBV with other MR imaging fea-
tures in a multivariate fashion (r = 0.88), particularly for the
nonenhancing T2/FLAIR samples (r = 0.94). This represents a
substantial increase in performance compared with the conven-
tional one-model-fits-all approach in our study (r = 0.30) (Table
2) and those previously published.'®**

Of note, the TL method presented here requires MR imag-
ing and histologic input from at least 2 image-localized biop-
sies (per patient) to make predictive inferences for the remain-
ing “unknown” (ie, unbiopsied) regions throughout each
patient’s tumor. Our analysis shows that these patient-specific
inputs dramatically increase predictive performance for quan-
tifying regional TCD on an individualized basis. While retro-
spective in nature, these results offer proof of concept that TL
can help prospectively guide surgical biopsy and/or resection

in a patient-specific manner. As part of our intraoperative
workflow, we are currently integrating real-time neuropa-
thologists’ estimates of TCD (adding ~2-3 minutes of analysis
per sample) from frozen surgical specimens to support pro-
spective TL-based neurosurgical guidance. These real-time es-
timates allow active updating of the TL model intraoperatively,
accomplished in <5 minutes given standard computing hard-
ware, to guide surgical targeting for the remaining unresected
tumor regions. Future prospective studies in a larger cohort of
patients will also allow us to evaluate how the tissue-sampling
methodology (eg, number and distribution of biopsy loca-
tions) in individual patients might be optimized to improve
predictive accuracy and model uncertainty. Additionally, indi-
vidualized TL-based models can also guide dosimetric radia-
tion planning in the postoperative setting. By delineating re-
gional populations of residual nonenhancing tumor in the
otherwise nonspecific T2/FLAIR segment, individualized TL-
based maps will facilitate more nuanced radiation-planning
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strategies to prescribe higher doses with increasing TCD while
sparing the dose to normal nontumoral brain.

We recognize several limitations to this study. First, like all
other previously published reports, our study lacks a dedicated
validation set. In fact, the conventional approach in the literature
has been to report correlation coefficients from training data
alone, which are prone to overfitting.”>”'"'>~** By comparison,
our study is the first to use more rigorous cross-validation testing
(through LOOCV) to offset potential risks of overfitting, whereby
each biopsy sample in our cohort is treated as an “unseen” or
unknown case to test predictive performance.” While cross-vali-
dation strengthens our confidence in these initial findings, pro-
spective validation in future studies will ultimately be needed.
Second, we have used neuropathologists’ estimates of TCD as the
benchmark measure of tumor content. We believe that this rep-
resents a more clinically relevant metric compared with total cell
density, which can comprise both tumoral and nontumoral com-
ponents (eg, astrocytes, microglia).”'°

Nonetheless, we are currently pursuing automated quantifica-
tion of cellular density in our histologic samples.'® This type of
standardization will help facilitate TL implementation across dif-
ferent institutions in the future. Finally, we recognize that image
distortions and brain shift following craniotomy could lead to
misregistration errors. To compensate, neurosurgeons used small
craniotomy sizes to minimize brain shift and also visually vali-
dated stereotactic image location with intracranial neuroanat-
omic landmarks to help correct for random brain shifts. Rigid-
body coregistration of multiparametric imaging also helped
reduce possible geometric distortions.>*'*'® Overall, our experi-
ence suggests that combined misregistration is approximately 1-2
mm from both brain shift and registration techniques, which is
similar to that from previous studies using stereotactic needle
biopsy.'' To help minimize the effects of these potential misreg-
istration errors, we selected larger ROI sizes relative to the ex-
pected biopsy tissue volumes. Thus, any minor shifts in the re-
corded biopsy locations (at the time of tissue sampling) would, in
all likelihood, remain colocalized to the specified ROL.

CONCLUSIONS

We present an MR imaging—based transfer learning approach
that optimizes individualized models of TCD and extent for pa-
tients with GBM. These models show particularly high predictive
performance for the nonenhancing infiltrative tumor segment
that is problematic to the diagnosis and treatment of GBM. Par-
ticularly, relevant clinical applications include surgical guidance
for the extent of resection and dosimetric radiation targeting of
nonenhancing residual tumor during postoperative adjuvant
care.
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Neuroimaging-Based Classification Algorithm for Predicting
1p/19g-Codeletion Status in IDH-Mutant Lower Grade Gliomas

P.P. Batchala, ““'T.J.E. Muttikkal, *“).H. Donahue, ‘“).T. Patrie, ““'D. Schiff, “*’C.E. Fadul, ““E.K. Mrachek, “*'M.-B. Lopes, “*R. Jain, and
S.H. Patel
s =
ABSTRACT

BACKGROUND AND PURPOSE: Isocitrate dehydrogenase (IDH)-mutant lower grade gliomas are classified as oligodendrogliomas or
diffuse astrocytomas based on 1p/19g-codeletion status. We aimed to test and validate neuroradiologists’ performances in predicting the
codeletion status of IDH-mutant lower grade gliomas based on simple neuroimaging metrics.

MATERIALS AND METHODS: One hundred two IDH-mutant lower grade gliomas with preoperative MR imaging and known 1p/19q status
from The Cancer Genome Atlas composed a training dataset. Two neuroradiologists in consensus analyzed the training dataset for various
imaging features: tumor texture, margins, cortical infiltration, T2-FLAIR mismatch, tumor cyst, T2* susceptibility, hydrocephalus, midline
shift, maximum dimension, primary lobe, necrosis, enhancement, edema, and gliomatosis. Statistical analysis of the training data produced
a multivariate classification model for codeletion prediction based on a subset of MR imaging features and patient age. To validate the
classification model, 2 different independent neuroradiologists analyzed a separate cohort of 106 institutional IDH-mutant lower grade
gliomas.

RESULTS: Training dataset analysis produced a 2-step classification algorithm with 86.3% codeletion prediction accuracy, based on the
following: 1) the presence of the T2-FLAIR mismatch sign, which was 100% predictive of noncodeleted lower grade gliomas, (n = 21); and 2)
a logistic regression model based on texture, patient age, T2* susceptibility, primary lobe, and hydrocephalus. Independent validation of
the classification algorithm rendered codeletion prediction accuracies of 81.1% and 79.2% in 2 independent readers. The metrics used in the
algorithm were associated with moderate-substantial interreader agreement (k = 0.56—0.79).

CONCLUSIONS: We have validated a classification algorithm based on simple, reproducible neuroimaging metrics and patient age that
demonstrates a moderate prediction accuracy of 1p/19g-codeletion status among IDH-mutant lower grade gliomas.

ABBREVIATIONS: IDH = isocitrate dehydrogenase; IDHmut-Codel = 1p/19g-codeleted IDH-mutant LGGs, oligodendrogliomas; IDHmut-Noncodel = noncode-
leted IDH-mutant LGGs, astrocytomas; LGG = lower grade glioma; MLR = multivariate logistic regression; PPV = positive predictive value; TCGA = The Cancer Genome
Atlas; TCIA = The Cancer Imaging Archive; WHO = World Health Organization

he revised World Health Organization (WHO) 2016 classifi-
cation of diffuse gliomas integrates isocitrate dehydrogenase
(IDH) gene status and whole-arm codeletion of chromosome
arms 1p and 19q with histologic findings to classify grades IT and
11 diffuse lower grade gliomas (LGGs)."” More than 80% of
LGGs are IDH-mutant; of those, 37%-50% carry the 1p/19q
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codeletion.” The 1p/19q-codeleted IDH-mutant LGGs (oligo-
dendrogliomas; IDHmut-Codel) show better overall survival
compared with noncodeleted IDH-mutant LGGs (astrocytomas;
IDHmut-Noncodel) and are more sensitive to adjuvant chemo-
therapy with procarbazine, lomustine, and vincristine.””’

The integration of genomic data in the updated WHO classi-
fication of LGGs has accelerated efforts to noninvasively predict
genetic signatures of diffuse gliomas using neuroimaging tech-
niques. While numerous studies have identified neuroimaging
features that correlate with 1p/19q-codeletion status in LGG sub-
types,® *® many were performed before the 2016 WHO update,
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FIG 1. A 38-year-old man with a left frontal lobe diffuse astrocytoma, IDH-mutant and 1p/19g-
noncodeleted, showing characteristic imaging features. A, On T2WI, the mass is homogeneously
hyperintense, sharply marginated, and without significant cortical infiltration. B, FLAIR sequence
shows central suppression of signal compared with the T2WI, except for a peripheral rim (ie,
T2-FLAIR mismatch sign). C, T2*WI shows lack of susceptibility blooming.

FIG 2. A 54-year-old woman with a left frontal lobe oligodendroglioma, IDH-mutant and 1p/19g-
codeleted, showing characteristic imaging features. A and B, T2WI and FLAIR demonstrate a
heterogeneous and poorly marginated mass with significant cortical infiltration and no T2-FLAIR
mismatch sign. C, T2*WI shows regions of striking susceptibility blooming.

affecting their patient-selection process (ie, no accounting for
IDH status). Moreover, these studies have applied variable imag-
ing metrics and neuroimaging analysis, rendering it difficult to
assess the relative and combined diagnostic performance of the
various neuroimaging metrics reported to be associated with 1p/
19q-codeletion status. Finally, simple metrics extrinsic to the gli-
oma (eg, hydrocephalus, midline shift) have not been tested. The
purpose of our study was to test and validate the combined accu-
racy of simple neuroimaging features to predict 1p/19q-codele-
tion status among cohorts of IDH-mutant LGGs.

MATERIALS AND METHODS

This was a Health Insurance Portability and Accountability Act—
compliant retrospective study conducted with the University of
Virginia Health System institutional review board approval.

The study consisted of 2 phases. First, analysis of a training
dataset yielded a multivariate classification algorithm for predict-
ing 1p/19q-codeletion status. Second, the classification algorithm
was validated using a separate dataset of cases and separate neu-
roradiologist readers.

Training Dataset Analysis

The cases composing the training dataset were accrued from The
Cancer Imaging Archive (TCIA), an LGG on-line data base.””
TCIA data base houses MR imaging data for 199 LGGs, with
molecular data (including IDH and 1p/19q statuses) available

through The Cancer Genome Atlas
(TCGA). The inclusion criteria were the
following: 1) LGG with histopathologic
assessment and grade, 2) LGG with an
IDH mutation, 3) LGG with known 1p/
19q-codeletion status, and 4) preopera-
tive MR imaging (or MR imaging after a
small-needle biopsy) containing imag-
ing sequences relevant to the below-
described neuroimaging classification.
IDH wild-type glioma (n = 42), cases
with incomplete molecular/pathologic
data (n = 2), and cases with insufficient
MR imaging data (n = 53) were ex-
cluded from the study, rendering 102
IDH-mutant LGGs included in the
training dataset.

Two neuroradiologists, with 5and 13
years of experience, blinded to the 1p/
19g-codeletion status, analyzed the MR
images from the training dataset in con-
sensus. They measured 14 neuroimag-
ing metrics: 1) primary lobe: yes/no cen-
tered on frontal lobe; 2) texture: more or
less than 75% of the tumor showing ho-
mogeneous signal intensity on TIWI/
T2WI; 3) margins: more or less than
75% of the tumor showing sharp/
circumscribed margins; 4) T2-FLAIR
mismatch sign: the presence or ab-
sence of complete/near-complete hy-
perintense signal on T2WI and rela-
tively hypointense signal on FLAIR except for a hyperintense
peripheral rim'?; 5) T2* susceptibility blooming: present or
absent; 6) contrast enhancement: present or absent; 7) cysts:
present or absent; 8) necrosis: present or absent; 9) maximum
tumor diameter (centimeter); 10) cortical infiltration: present
or absent; 11) peritumoral edema: present or absent; 12) glio-
matosis: yes/no involvement of =3 lobes; 13) midline shift
(centimeter); and 14) hydrocephalus: present or absent. Fig-
ures 1 and 2 show the characteristic imaging appearance of
IDHmut-Noncodel and IDHmut-Codel LGGs, respectively,
including a description of several of the above imaging metrics.
Univariate and multivariate logistic regression analysis of the
MR imaging characteristics and patient age for predicting the
1p/19q-codeletion status was undertaken. On the basis of these
results, a classification algorithm for 1p/19q prediction was
developed.

Validation Analysis

To validate the classification algorithm developed with the train-
ing dataset, two new neuroradiologists analyzed a separate insti-
tutional cohort of IDH-mutant LGGs. The same selection criteria
used for the training dataset were applied, and 106 IDH-mutant
LGGs consecutively accrued from an institutional neuro-oncolo-
gy/neuroradiology data base between 2010 and 2017 composed
the validation cohort. The neuroradiologists (reader A with 3
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years of experience, reader B with 19 years of experience), blinded
to the 1p/19q-codeletion status, independently reviewed the MR im-
ages of these cases. The readers analyzed the MR imaging metrics
relevant to the classification model with the same criteria used for the
training dataset. Interreader agreement for the neuroimaging metrics
and independent reader performance in predicting 1p/19q-codele-
tion status were determined.

Neuropathology

For TCIA/TCGA cohort, histopathologic assignment and molec-
ular classification were derived from supplemental material in
Ceccarelli et al,*° in 2016, and included somatic mutation analysis
of IDH]I or IDH2 from whole-exome sequencing and codeletion
of chromosome arms 1p and 19q from the SNP Array 6.0
(Affymetrix, Santa Clara, California).

For the validation cohort, the IDH and 1p/19q statuses were re-
trieved from the electronic medical record. Both markers were tested
in the Clinical Laboratory Improvement Amendments—certified
molecular pathology laboratory at our institution. IDH mutation sta-
tus was first determined by immunohistochemistry using an IDH1
R132H mutant-specific clinically validated antibody (DIA-H09; Di-
anova GmbH, Hamburg, Germany).”"** In immunohistochemistry
cases negative for IDHI R132H mutation, IDH mutation status was
assessed by the clinically validated DNA pyrosequencing assay.” 1p/
19q status was determined by fluorescence in situ hybridization on
paraffin-embedded tissue, using human probes localizing 1p, 1q,
19p, and 19q (Locus Specific Identifier 1p36/1q25 and 19p13/19q13
Dual-Color Probes; Vysis, Downers Grove, Illinois).

Statistical Analysis
The following is an abbreviated description of the statistical meth-
odology; a full description is included in the On-line Appendix.

Training Dataset. Univariate logistic regression analysis of the 14
MR imaging characteristics and patient age for predicting 1p/19q-
codeletion status was undertaken for the TCIA/TCGA-derived
training dataset. Because the presence of the T2-FLAIR mismatch
sign showed 100% positive predictive value (PPV) for the
IDHmut-Noncodel molecular subtype (see Results below), these
cases were segregated from the cohort. A multivariate logistic re-
gression using the remaining aforementioned predictor variables
was applied in a 2-step analytic process to the remaining cases in
the cohort (either negative for the T2-FLAIR mismatch sign or
had no T2-FLAIR match sign information available). First, a full
model was constructed with the goal of identifying predictor vari-
ables that contribute unique information about 1p/19qg-codele-
tion status based on a set of type IIl Wald x* tests at the a = .10
threshold. Second, a reduced model was constructed using only
the unique predictors of 1p/19q-codeletion status. The regression
equation of the reduced multivariate model was then used to
compute the predicted probability for codeletion status, and these
predicted probabilities were used to derive a classification algo-
rithm rule. The predicted probability threshold for the classifica-
tion rule of the algorithm was derived by identifying the predicted
probability threshold that produced the largest Youden J statistic
(J = Diagnostic Sensitivity + Diagnostic Specificity — 1).**

Validation Dataset. Interreader agreement for readers A and B
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was evaluated via the unweighted k statistic sign. Cases that were
deemed by the independent readers to be positive for the T2-
FLAIR mismatch sign were included as “true-negatives” (ie, 1p/
19q noncodeleted), and the training set—derived reduced multi-
variate logistic regression model equation was applied to the
reader data in cases negative for T2-FLAIR mismatch. Cases could
be classified as either 1p/19q codeleted or noncodeleted based on
whether the predicted probability was greater than, equal to, or
less than the established classification algorithm predicted prob-
ability threshold, respectively. The overall diagnostic classifica-
tion performance was assessed per reader.

Statistical Software. The statistical software package Spotfire
S+, Version 8.2 (TIBCO, Palo Alto, California) was used to con-
duct the multivariate logistic regression (MLR) analyses, and the
pROC package of R (http://www.r-project.org /) was used to con-

duct the diagnostic classification performance analyses.”*>°

RESULTS

Training Dataset Analysis

Of the 102 patients with IDH-mutant LGGs in the training data-
set, 51% were women (n = 52) and 49% were men (1 = 50). The
median age was 41 years (range, 20.0—75.0 years; interquartile
range, 33.0-53.0 years). Of the 102 LGGs, 62.7% (n = 64) were
IDHmut-Noncodel and 37.3% (n = 38) were IDHmut-Codel,
57.8% (n = 59) were WHO grade I, and 42.2% (n = 43) were
WHO grade III.

Univariate Analyses. Univariate logistic regression analyses
showed that several metrics were significantly associated with 1p/
19q-codeletion status, including texture (OR, 12.33; 95% CI,
4.66-31.58; P < .001), T2* susceptibility blooming (OR, 6.92;
95% CI, 2.04-23.49; P = .002), T2-FLAIR mismatch sign (OR,
22.50; 95% CI, 6.26-; P < .001), location (OR, 5.68; 95% CI,
2.08-15.44; P = .001), midline shift (OR, 4.27; 95% CI, 1.49—
12.23; P = .027), and patient age (OR, 3.38; 95% CI, 1.71-6.71;
P < .001) (Table 1). Notably, the T2-FLAIR mismatch sign
showed PPV = 100% and negative predictive value = 44% for the
IDHmut-Noncodel subtype. In 100% of cases (n = 21) in which
the T2-FLAIR mismatch sign was present, the glioma was 1p/19q-
noncodeleted. Therefore, the cases in which the T2-FLAIR mis-
match sign was present were segregated from the cohort, and a
multivariate logistic regression analysis was undertaken in the re-
maining cases (n = 81).

Multivariate Analyses. On the basis of a full multivariate logistic
regression model analysis, tumor texture (P < .001), patient age
(P =.010), T2* susceptibility blooming (P = .022), primary lobe
(P =.039), and hydrocephalus (P = .052) were determined to be
uniquely associated with 1p/19q-codeletion status, and these met-
rics were used to create a reduced multivariate logistic regression
model. A predicted probability threshold of 0.40 resulted in the
largest Youden J statistic for the reduced multivariate logistic re-
gression model. Finally, a 2-step classification algorithm was cre-
ated on the basis of the following: 1) the presence of the T2-FLAIR
mismatch sign; and 2) a reduced multivariate logistic regression
model, with application of the Youden J statistic—derived pre-
dicted probability threshold of 0.40 (Fig 3). The 2-step classifica-
tion algorithm demonstrated 86.3% accuracy in predicting the



Table 1: Univariate logistic regression analyses for predicting 1p/19q codeletion among the

training dataset

female (n = 53). The median age was
38.5 years (range, 17.0-70.0 years; inter-

. . ‘Odds quartile range, 32.0-50.8 years). Of the
Predictor Ratio Ratio (95% Cl) P Value
- - - - 106 LGGs, 47.2% (n = 50) were
Maximum diameter (cm) Ist Quartile: 3rd quartile 1.33(0.70-2.49) 381 IDH N del. 52.89 - 56
Margins Irregular: sharp 1.04 (0.47-2.33) 917 mut-Noncodel, 52.8% (n = 56)
Texture Homogeneous (<75%): 1233 (4.66-31.58) <001  were IDHmut-Codel, 70.8% (n = 75)
homogeneous (>75%) were WHO grade II, and 29.2% (n =
Peritumoral edema Yes: no 142 (0.62-3.23) 973 31) were WHO grade II1.
H)(dttocephalus 5 No: yes ) . 232(0.88-6.11) 089 Readers A and B demonstrated mod-
Midline shift (cm) Ist Quartile: 3rd quartile 4.27 (1.49-12.23) .0272 . .
Enhancement Yes: no 128 (0.57-2.86) 555 erate interreader agreement with respect
Necrosis Yes: no 218 (0.61-7.69) 228 to the T2-FLAIR mismatch sign (k =
T2* blooming Yes: no 6.92 (2.04-23.49) .002* 0.56; 95% CI, 0.34—0.77) and substan-
Cortical infiltration Yes: no 2.02 (0.67-6.10) 212 tial interreader agreement with respect
it ) ) No: yes 118 (0.48-2.91) 715 to tumor texture (k = 0.69; 95% CI,
T2 FLAIR mismatch sign© No: yes 22.50 (6.26—=) <.0071° 0.56—0.83). T2* bl . - 074
Gliomatosis Yes: no 113 (0.18-7.08) .896 :56-0.83), oorr.nng (k = 074
Primary lobe Frontal: nonfrontal 5.68 (2.08-15.44) .001* 95% CI, 0.58~0.90), primary lobe (k =
Age 3rd Quartile: 1st quartile 3.38(1.71-6.7)) <.001? 0.79; 95% CI, 0.68-0.89), and hydro-
Sex Female: male 1.55 (0.69-3.50) 283 cephalus (k = 0.72; 95% CI, 0.51—0.93).
* Significant. The performance of the 2-step classi-

© Analyzed as a restricted cubic spline function of the predictor.
© Median unbiased estimate derived with exact logistic regression.

IDH-mutant LGG

T2-FLAIR mismatch sign

present

not present

Logistic regression model
(texture, age, T2* blooming,
location, hydrocephalus)

-

1p/19q codeleted | | 1p/19q non-codeleted

FIG 3. Classification algorithm for 1p/19g-codeletion status in IDH-
mutant LGGs, derived from an analysis of the TCGA/TCIA training
cohort. The first step of the algorithm is an assessment of the T2-
FLAIR mismatch sign; when present, it indicates, with high certainty,
the IDH-mutant 1p/19g-noncodeleted subtype. When the T2-FLAIR
mismatch sign is absent (or unavailable), a multivariate logistic regres-
sion model based on tumor texture, patient age, T2* blooming, tumor
location, and hydrocephalus is applied. The equation for the logistic
regression model is the following: p codeleted = exp[(XB) /
(1+exp(XB)'], where XB = —4.8834 + 2.7842 X (texture <75% ho-
mogeneous) + 0.0587 X (patient age) + 3.1948 X (T2* susceptibility
blooming present) + 1.6646 X (primary lobe = frontal) — 3.4496 X
(hydrocephalus = present). A predicted probability threshold of 0.40
was established for the logistic regression model, based on the
Youden J statistic. Cases were classified as either 1p/19q codeleted or
non-codeleted based on whether their predicted probability was =
or < 0.40, respectively.

1p/19q-codeletion status among the IDH-mutant LGGs in the
training dataset (Table 2).

Validation Analysis
The validation dataset accrued from our institution was com-
posed of 106 patients with IDH-mutant LGGs, of which 50% were

fication algorithm (Fig 3) was assessed

using the independently collected data
from readers A and B. Reader A identified the T2-FLAIR mis-
match sign in 19 cases; thus, the remaining 87 cases were assessed
by applying the reduced logistic regression model based on tex-
ture, patient age, T2* susceptibility blooming, primary lobe, and
hydrocephalus. Reader B identified the T2-FLAIR mismatch sign
in 16 cases, with the remaining 90 cases assessed by applying the
reduced logistic regression model. The 2-step classification algo-
rithm for predicting 1p/19q-codeletion status had 81.1% accu-
racy for reader A and 79.2% accuracy for reader B (Table 3).
Notably, the T2-FLAIR mismatch sign demonstrated PPV =
100% for predicting the IDHmut-Noncodel subtype for both in-
dependent readers.

DISCUSSION

Prior studies have reported multiple morphologic imaging fea-
tures in LGGs that were associated with 1p/19g-codeletion sta-
tus.**® IDHmut-Codel LGGs commonly localize to the frontal
lobe and typically have indistinct borders, calcification, and tu-
mor heterogeneity. IDHmut-Noncodel LGGs are more typically
homogeneous, circumscribed, lack calcification, and more fre-
quently localize to the insula and temporal lobe. Before the 2016
WHO classification update, studies assessing neuroimaging asso-
ciations with 1p/19g-codeletion status frequently limited their
analysis to histologically defined oligodendrogliomas or oligoas-
trocytomas.* > The impact of excluding diffuse astrocytomas
from these earlier studies is unknown. Although recent studies
have adopted the 2016 WHO classification scheme, many have
limited their analyses to select MR imaging sequences, select mor-
phologic imaging features, or single-institution datasets without
training/validation methodology.”*>*

Four recent studies have used training/validation methodol-
ogy for analyzing imaging features associated with 1p/19q-code-
letion status.'***?*>?” Park et al,**in 2018, analyzed the neuroim-
aging features of a discovery set of 175 LGGs and a validation set of
40 LGGs and reported that mixed restricted diffusion and pial
invasion were associated with 1p/19q codeletion among IDHI-
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mutant LGGs. Limitations to their methodology included single-
institution analysis, lack of T2-FLAIR mismatch sign assessment,
and lack of IDH2 testing. Kanazawa et al,*” in 2018, analyzed a
discovery cohort (n = 45) and validation cohort (n = 52) of LGGs
and found that when at least 3 of the following imaging features
were present— calcification, paramagnetic susceptibility, indis-
tinct tumor border, and cystic component—there was >95%
specificity for 1p/19q codeletion. Limitations to their methodol-
ogy included a lack of interreader agreement determination,
mostly nonradiologist readers, lack of T2-FLAIR mismatch sign
assessment, and overlap between calcification and paramagnetic
susceptibility. Patel et al,'” in 2017, assessed LGG MR imaging
features in training (n = 125) and validation (n = 60) datasets and
were the first to report 100% PPV of the T2-FLAIR mismatch sign
for predicting the IDHmut-Noncodel molecular subtype. Limita-
tions to their methodology included the small number of imaging
metrics tested (n = 4).

Notably, Broen et al,*® in 2018, confirmed the 100% PPV for
the T2-FLAIR mismatch sign in predicting IDH-mutant non-
codeleted astrocytomas in a multi-institution cohort of LGGs
(n = 154), though they did not use a training/validation method-
ology. Finally, Lasocki et al,* in 2018, analyzed the MR imaging
features of an LGG cohort comprising 69 patients (n = 10 in the
training cohort, n = 59 in the validation cohort). They found
100% PPV of >50% T2-FLAIR mismatch for lack of 1p/19q code-
letion and high specificity of calcification for underlying 1p/19q
codeletion. Limitations to their methodology included low cohort
size (only 10 patients used for training), inclusion of cases with
unknown IDH status, and single-institution analysis. None of the
above described studies used completely different readers for
their training and validation analyses.

In our study, we strictly adhered to the molecular classification
of diffuse LGGs defined in the 2016 WHO update and excluded
cases without relevant molecular data. We excluded IDH wild-
type LGGs because our aim was to determine imaging features
associated with each of the 2 subgroups among IDH-mutant
LGGs, as defined by their 1p/19g-codeletion status. The TCGA/
TCIA data base was selected as our training dataset because it had
the highest likelihood for generalizability: Cases were accrued
from multiple institutions, MR imaging examinations were per-
formed on a variety of scanners with marked variability in imag-

Table 2: Training dataset classification summary for predicting
1p/19q codeletion based on the classification algorithm in Fig 3*

Molecular Status

Classification 1p/19q 1p/19q
Algorithm Prediction Codeleted Noncodeleted
1p/19q Codeleted 34 10
1p/19q Noncodeleted 4 54

2 Overall prediction accuracy was 86.3%.

ing quality, and the molecular data were reliable and comprehen-
sive. To further explore the generalizability and reproducibility of
our results, we used a large-validation cohort and completely dif-
ferent readers for the training and validation analyses. Our neu-
roimaging metrics are simple, mostly binary, and can be easily
deduced from routine neuroimaging sequences. Unique to our
study, we assessed simple extrinsic morphologic features such as hy-
drocephalus and midline shift, as well as patient age. Aside from
Lasocki et al,* no prior study assessed the utility of T2-FLAIR mis-
match in a multivariate model for predicting 1p/19q codeletion.

Our classification algorithm achieved good accuracy (86.3%)
for predicting the codeletion status among the TCGA/TCIA IDH-
mutant LGGs, and the validation analysis showed comparable
accuracy (81.1% and 79.2% for readers A and B). In addition, we
revalidated the high PPV of the T2-FLAIR mismatch sign for pre-
dicting the IDHmut-Noncodel subtype (PPV = 100% in both
training and validation analyses). We also report a novel associa-
tion between hydrocephalus and midline shift with codeletion
status. We found tumor heterogeneity, frontal lobe location, and
T2* susceptibility blooming to be significant predictors of the
presence of 1p/19q-codeletion status, concordant with prior stud-
ies. However, in contrast to prior studies, tumor margin was not a
useful discriminatory feature for determining codeletion status in
our study.'®"” This could be partly due to differences in the co-
horts chosen for analysis or may reflect the subjective nature of
this imaging metric.

Although we did not include IDH wild-type LGGs in our anal-
ysis, prediction of IDH status is critical to a neuroimaging-based
classification of LGGs. This topic has been extensively studied in
recent years, including with the use of conventional neuroimag-

ing metrics,””**

advanced methods such as MR spectroscopic
detection of 2-hydroxyglutarate (an oncometabolite that accu-
mulates in IDH-mutant gliomas),”” and machine learning tech-
niques.*® Our work may complement neuroimaging-based meth-
ods for IDH prediction and contribute to a comprehensive
prediction of molecular status in LGGs.

Our study has limitations. We followed a retrospective design,
and prospective validation of our results would be desirable. The
training and validation cohorts had differing frequencies of 1p/
19q codeletions and WHO grades, which may have affected our
results. The moderate accuracy achieved by our classification al-
gorithm for predicting codeletion status underlines the fact that
molecular testing of surgical specimens will remain the criterion
standard for LGG classification in the foreseeable future. How-
ever, prediction by neuroimaging may be useful for patient coun-
seling in the preoperative setting, in cases in which biopsy or
resection is challenging or pathologic tissue is insufficient for
accurate rendering of molecular results, and in cases of labo-
ratory error or misinterpretation (eg, misinterpretation of flu-

Table 3: Validation dataset classification summary for predicting 1p/19q codeletion with 2 independent readers based on the

classification algorithm in Fig 3*

Molecular Status

Molecular Status

1p/19q 1p/19q 1p/19q 1p/19q
Reader A Prediction Codeleted Noncodeleted Reader B Prediction Codeleted Noncodeleted
1p/19q Codeleted 48 12 1p/19q Codeleted 48 15
1p/19q Noncodeleted 8 38 1p/19q Noncodeleted 7 36

2 Overall prediction accuracy was 81.1% for reader A and 79.2% for reader B.
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orescence in situ hybridization—based 1p/19q-codeletion re-
sults in the setting of chromosomal polysomy or partial
chromosome arm deletions).*' **

CONCLUSIONS

A 2-step classification algorithm based on the T2-FLAIR mismatch
sign and a multivariate logistic regression model using tumor texture,
patient age, T2* blooming, location, and hydrocephalus demon-
strates an overall moderate prediction accuracy for 1p/19g-codele-
tion status in IDH-mutant LGGs. We validated the high PPV of the
T2-FLAIR mismatch sign for predicting the IDHmut-Noncodel
LGG subtype and report novel associations between midline shift/
hydrocephalus and the IDHmut-Noncodel LGG subtype.
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Preoperative MR Imaging to Differentiate Chordoid
Meningiomas from Other Meningioma Histologic Subtypes

).D. Baal, ““W.C. Chen, ““'D.A. Solomon, “).S. Pai, ““’C.-H. Lucas, ““'J.H. Hara, ““’N.A. Oberheim Bush, ““’/M.W. McDermott,
D.R. Raleigh, and ““J.E. Villanueva-Meyer
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ABSTRACT

BACKGROUND AND PURPOSE: Chordoid meningiomas are uncommon WHO grade Il primary intracranial neoplasms that possess unique
chordoid histology and follow an aggressive clinical course. Our aim was to assess the utility of qualitative MR imaging features and
quantitative apparent diffusion coefficient values as distinguishing preoperative MR imaging metrics to identify and differentiate chordoid
histology from other meningioma histologic subtypes.

MATERIALS AND METHODS: Twenty-one patients with meningiomas with chordoid histology, which included both chordoid meningi-
omas (>50% chordoid histology) and meningiomas with focal chordoid histology (<50% chordoid histology) with available preoperative
MR imaging examinations, including diffusion-weighted imaging, were identified. Qualitative imaging features and quantitative ADC values
were compared between meningiomas with chordoid histology and 42 nonchordoid meningiomas (29 WHO grade I, eleven WHO grade
1, and 2 WHO grade lll).

RESULTS: The median ADC (10~ >mm?/s) of meningiomas with chordoid histology was significantly higher than nonchordoid meningiomas
(116 versus 0.92, P < .001), as was the median normalized ADC (1.60 versus 1.19, P < .001). In subgroup analysis, the median and normalized
ADC values of chordoid meningiomas (n = 1) were significantly higher than those in meningiomas with focal chordoid histology (n = 10,
P <.001and P < .001, respectively) or nonchordoid meningiomas (n = 42, P << .001and <<0.001, respectively). Median and normalized ADC
values were not significantly different between the meningiomas with focal chordoid histology and nonchordoid meningiomas (P = .816
and .301, respectively). Among the qualitative imaging features, only DWI signal intensity was significantly associated with meningiomas
with chordoid histology diagnosis.

CONCLUSIONS: ADC values are higher in chordoid compared with nonchordoid meningiomas and may be used to discriminate the
degree of chordoid histology in meningiomas. While qualitative MR imaging features do not strongly discriminate chordoid from non-
chordoid meningiomas, DWI may allow preoperative identification of chordoid meningiomas.

ABBREVIATIONS: IQR = interquartile range; MCH = meningiomas with chordoid histology; nADC = normalized ADC

hordoid meningiomas are a rare subtype of atypical, WHO  giomas are composed of spindled-to-epithelioid cells with eosin-

grade 1T meningioma.' By histopathology, chordoid menin-  ophilic cytoplasm arranged in chains and cords within a baso-
philic extracellular matrix. This myxoid stroma is rich in acidic
mucin and stains with mucicarmine, periodic-acid-Schiff, and Al-

cian blue. Chordoid meningiomas are associated with higher rates
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of recurrence than benign WHO grade I meningiomas and have
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thus been designated as a grade II variant in the WHO classifica-
tion, even in those examples lacking increased mitotic activity,
brain invasion, or other atypical criteria.”> Thus, preoperative
imaging identification of chordoid meningiomas could provide
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valuable information to guide surgical planning, adjuvant ther-
apy, and patient counseling.

Several studies have sought to define imaging features that can
reliably distinguish low- and high-grade meningiomas. In that
regard, features such as larger size and irregular shape are associ-
ated with a higher meningioma grade.®” Although sensitive, these
associations have poor specificity and are thus unreliable for iden-
tifying atypical and anaplastic meningiomas.'® Investigators have
addressed these limitations by analyzing advanced MR imaging
with quantitative metrics, including diffusion, perfusion, and MR
spectroscopy.'''” To date, the most promising MR imaging fea-
ture for differentiating WHO grades in meningiomas is the ap-
parent diffusion coefficient, a measure of the degree of diffusion
of water molecules within tissue.'"'* Prior meningioma studies
have revealed a significant correlation between whole-tumor
ADC histogram metrics and tumor histology and corresponding
WHO grade.'®'? However, only 1 study, which was limited to 4
patients, has specifically addressed the utility of ADC in identify-
ing chordoid meningiomas on preoperative imaging."”

Given the relative paucity of imaging studies focused on chor-
doid meningiomas and the unmet need to identify high-grade
meningiomas preoperatively, our study assessed whether qualita-
tive or quantitative MR imaging features such as ADC can be used
as preoperative MR imaging metrics to differentiate chordoid me-
ningiomas from other meningioma subtypes. Our data revealed
that ADC can delineate chordoid meningiomas from other me-
ningioma histologies and can also identify the degree of chordoid
histology within an individual meningioma.

MATERIALS AND METHODS

Patient Population and Study Information

We identified 24 patients who underwent resection for meningi-
omas with chordoid histology at our institution from 2000 to
2018. All resection specimens were re-reviewed by an expert neu-
ropathologist (D.A.S.) to confirm the presence and extent of
chordoid histology. Chordoid meningiomas (>50% chordoid
histology, n = 11) were considered separately from meningiomas
with focal chordoid histology (<50% chordoid histology, n =
10), but for some analyses, these groups were combined as me-
ningiomas with chordoid histology (MCH, n = 21). A cohort of
42 patients with histologically confirmed nonchordoid meningi-
oma were randomly selected from a consecutive institutional co-
hort of patients with meningiomas for comparison using a ran-
dom number generator. Clinical variables, including patient age,
sex, and meningioma grade, were extracted from the medical re-
cord. Only patients with preoperative MR imaging examinations
with available diffusion-weighted imaging and complete clinical
records were included in the analysis. Patients who underwent
preoperative meningioma embolization before MR imaging were
excluded. This retrospective study was approved by the institu-
tional review board.

MR Imaging Protocol

MR imaging was performed within a week before surgical resec-
tion using a 1.5T or 3T MR imaging scanner. While the acquired
MR imaging pulse sequences varied during the course of the
study, at a minimum, the standard neuronavigation MR imaging
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protocol consisted of the following pulse sequences encompass-
ing the entire brain: precontrast T1 and T2, T2 FLAIR, DWI (b-
values, 0 and 1000 s/mm?), and gadolinium-enhanced 3D echo-
spoiled gradient-echo T1-weighted images.

MR Imaging Analysis

A board-certified neuroradiologist (J.E.V.-M.) evaluated MR im-
ages for qualitative imaging features, including lesion location,
focality, size, T1/T2/DWI signal intensity, the presence of a dural
tail or CSF cleft sign, bony involvement, parenchymal edema, tumor
location, dural venous sinus involvement, arterial narrowing, and the
presence of sunburst vessels using a clinical PACS. Signal intensity
was characterized relative to gray matter for T1- and T2-weighted
imaging and relative to brain for DWI. ADC maps were exported to
MIM Software (MIM Software, Cleveland, Ohio), in which menin-
giomas were contoured by a board-certified radiation oncologist
with expertise in tumors of the central nervous system (D.R.R.). All
contours were initially defined around the tumor on gadolinium-
enhanced T1 images and individually verified to ensure that they
accurately preserved meningioma borders. The contoured ROIs
from gadolinium-enhanced T1 images were automatically coregis-
tered with corresponding ADC maps to obtain whole-tumor mean
ADC values. Control ADC values were measured from contralateral
normal-appearing white matter. Normalized ADC (nADC) was cal-
culated by dividing the meningioma ADC value by the respective
control ADC value.

Data Analysis

All statistical analyses were performed in STATA 15.0 (StataCorp,
College Station, Texas). Differences in overall ADC and nADC
values between MCH and nonchordoid meningiomas were com-
pared using Wilcoxon rank sum tests. Additional subgroup anal-
ysis was performed to investigate the difference in overall ADC
and nADC values among chordoid meningiomas, meningiomas
with focal chordoid histology, and nonchordoid meningiomas.
Previously published cutoff values of ADC = 1.4 and nADC = 1.9
for identifying the chordoid histology were evaluated.'” Subse-
quently, a receiver operating characteristic analysis was performed to
define optimal cutoff values for the ADC and nADC. Univariate lo-
gistic and exact logistic regressions were performed to assess the pre-
dictive value of selected imaging features in preoperative chordoid
meningioma diagnosis.

RESULTS

Of the 24 identified patients with MCH, 21 met the inclusion
criteria and were compared with 42 patients with nonchordoid
meningiomas, which included 29 WHO grade 1, eleven WHO
grade II, and 2 WHO grade III meningiomas. Among the 10 me-
ningiomas with focal chordoid features, the predominant menin-
gioma histology included 6 WHO grade I, three WHO grade II,
and WHO grade III. Approximately 70% of both MCHs and non-
chordoid meningiomas were supratentorial. Similarly, both his-
tologic groups predominantly presented as solitary lesions instead
of as multifocal tumors. The proportions of MCHs and nonchor-
doid meningiomas observed to have a dural tail, bony involve-
ment, a cystic component, CSF cleft sign, dural venous sinus
involvement, arterial narrowing, sunburst vessels, irregular mar-



Univariate analysis of qualitative MR imaging features for
chordoid meningioma

Chordoid Meningioma

(N=21)

Predictor Variables OR (95% Cl) P Value
Supratentorial location 1.43 (0.43-4.75) .555
Multifocality 4.06 (0.87-19.04) 075
T1 hyperintensity 1.34(0.46-3.91) .590
T1+ marked CE* 6.49 (0.93 to +inf) .061
T2 hyperintensity 2.91(0.90-9.40) .074
ADC hyperintensity 4.29 (1.31-13.98) 016°
Presence of dural tail* 0.50 (0-19.50) 667
Bony involvement 3.10 (0.86-8.06) .090
Cystic/necrotic change 2.31(0.59-9.1) 231
Sunburst vessels 1.00 (0.29-3.42) 1.000
Venous involvement® 1.57 (0.21-10.40) .859
Arterial narrowing 0.48 (0.05-4.54) 518
CSF cleft 0.44 (0.14-1.40) 165
Parenchymal edema 1.10 (0.38-3.24) .856
Irregular margins® 6.05(0.88-69.7) 072

Note:—CE indicates contrast enhancement; inf, infinity.
2 Exact logistic regression.
b Significant.
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gins, and parenchymal edema on imaging were 95% versus 100%,
52% versus 26%, 24% versus 12%, 62% versus 79%, 14% versus
10%, 5% versus 9.5%, 24% versus 24%, 24% versus 5%, and 62%
versus 60%, respectively. T1 signal hyperintensity was observed in
approximately 62% of MCHs and 55% of nonchordoid meningi-
omas. T2 signal hyperintensity was observed in 76% of MCHs and
52% of nonchordoid meningiomas. Marked T1 contrast enhance-
ment was observed in 100% of MCHs and 81% of nonchordoid
meningiomas. Qualitative facilitated diffusion (hyperintensity on
ADC with hypointensity on DWT) was seen in 48% of MCHs and
18% of nonchordoid meningiomas. On univariate logistic and exact
logistic regressions, only ADC hyperintensity was found to be signif-
icantly associated with MCH diagnosis (P = .016) (Table).
Intratumoral ADC values (10 >mm?/s) in MCHs ranged from
0.75 to 1.86, and the corresponding nADC values ranged from 1.11 to
2.49 (Figs 1 and 2). In nonchordoid meningiomas, the intratumoral
ADC values ranged from 0.79 to 1.09, and the corresponding nADC
values ranged from 1.01 to 1.42 (Fig 3). The median ADC of all
MCHs (1.16; interquartile range [IQR] = 0.60) was significantly
higher than that in nonchordoid meningiomas (0.92, IQR = 0.12,

P e

b LR

FIG 1. Meningiomas with chordoid histology. A-D, Chordoid meningioma. Axial T2-weighted image (A) demonstrates a T2 hyperintense
falcotentorial meningioma with facilitated diffusion on the ADC map (B, white arrow). Hematoxylin-eosin (H&E) stained sections at 20 X
(C) and 40x (D) magnification demonstrate chains and clusters of epithelioid cells in a basophilic myxoid stroma characteristic of chordoid
meningioma. E-H, Meningiomas with focal chordoid features. Axial T2-weighted image (E) demonstrates a T2-hyperintense left posterior
parasagittal meningioma. The corresponding ADC map (F) demonstrates a dominant area of signal isointensity (black arrow) with focal
facilitated diffusion (white arrow). H&E-stained sections at 40X magnification demonstrate regions of chordoid (G) and conventional
meningothelial (H) histology. /-L, Anaplastic meningioma with focal chordoid features. Axial T2-weighted image (/) demonstrates a
heterogeneous right sphenoid wing meningioma. The corresponding ADC map (/) demonstrates regions of reduced diffusion (black
arrow), suggesting increased tumoral cellularity, with a small focus of facilitated diffusion (white arrow). H&E-stained sections at 40X
magnification demonstrate focal regions of chordoid histology (K), with a predominant component of anaplastic meningioma lacking

chordoid features (L).
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FIG 2. Left frontal chordoid meningioma. A, Postcontrast Tl-weighted image of a 5.5 X 3.6 cm chordoid meningioma shows clear
enhancement with areas of nonenhancement. B, T2-weighted image shows moderate-to-hyperintense signal. C, DWI shows hypointense
signal. D, A corresponding ADC map demonstrates marked hyperintense signals from the tumor with resulting ADC and nADC values of
1.84 X 10~ >mm?/s and 2.36, respectively.

FIG 3. Left cerebellopontine angle nonchordoid meningioma, WHO grade I. A, Postcontrast TI-weighted image shows homogeneous
enhancement in the 3.0 X 2.8 cm nonchordoid meningioma. B, T2-weighted image shows moderately intense signals. C, DWI shows
isointense signals. D, A corresponding ADC map demonstrates isointense signal with resulting ADC and nADC values of 0.94 X 10 >mm?/s

and 1.26, respectively.
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FIG 4. Distribution of ADC and nADC values between chordoid and nonchordoid meningiomas.
Boxplots of ADC (X10™®mm?/s) (A) and nADC (B) values of nonchordoid (gray) and chordoid

meningiomas (red).
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P < .001) (Fig 4A). Similarly, the median
nADC of MCHs (1.60, IQR = 0.86) was
significantly higher than that of the non-
chordoid meningiomas (1.19, IQR =
0.13, P <.001) (Fig 4B). Subgroup analy-
sis revealed a significant difference in the
median ADC between chordoid meningi-
oma (1.54, IQR = 0.24, n = 11) and me-
ningiomas with focal chordoid features
(0.93,1QR = 0.07, n = 10, P < .001) (Fig
5A). The median nADC of chordoid me-
ningioma (2.13, IQR = 0.41) was also sig-
nificantly higher than that in meningio-
mas with focal chordoid features (1.30,
IQR = 0.20, P < .001) (Fig 5B). Consis-
tently, chordoid meningiomas had signif-
icantly higher median ADC compared
with nonchordoid meningiomas (0.92,
P < .001), while the median ADC in me-
ningiomas with focal chordoid features
was not significantly different from that in
nonchordoid meningiomas (P = .816)
(Fig 6A). Furthermore, the median nADC
values were significantly higher in chor-
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were significantly elevated compared
with the median ADC (0.86, IQR =
0.04, P = .038) and nADC (1.15, IQR =
0.14, P = .038) of WHO grade III
meningiomas.

* %k

The overall diagnostic accuracy of
the previously defined cutoff value of
ADC = 1.39 X10 ’mm?/s to identify
chordoid meningioma on preoperative
imaging was 96.8%, with a sensitivity
and specificity of 96.3% and 100%, re-
spectively.'” The overall diagnostic ac-

curacy of the previously defined cutoff
value of nADC = 1.9 was 96.8%, with a
sensitivity and specificity of 96.3% and
100%, respectively. On receiver operat-
ing characteristic analysis, cutoff values
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at ADC = 1.33 X10 ’mm?%s and
nADC = 1.63 were identified with re-
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FIG 5. Distribution of ADC and nADC values by an intratumoral proportion of chordoid histol-

sulting identical overall accuracy, sensi-
tivity, and specificity of 96.8%, 96.3%,
and 100%, respectively.

ogy. Boxplots of ADC (X10~®mm?/s) (A) and nADC (B) values of chordoid meningiomas (red) and

meningiomas with focal chordoid features (orange).

DISCUSSION
We found that both ADC and nADC val-

ues are significantly higher in MCHs com-
pared with nonchordoid meningiomas.
Moreover, our data reveal that chordoid
meningiomas have significantly higher
ADC and nADC values than either me-
ningiomas with focal chordoid features or
nonchordoid meningiomas. This finding
remains true at a qualitative level, at which
high ADC signal intensity and corre-
sponding low DWT signal intensity are en-
riched in the MCH group.

Typically, WHO grade II and III me-

ningiomas have greater intratumoral cel-

lularity, increased tissue density, and de-
creased extracellular space, all of which are
thought to contribute to decreased free

water diffusion.'"'* Despite their WHO
grade II classification, chordoid meningi-
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FIG 6. ADC and nADC values among chordoid meningioma, meningiomas with focal chordoid
histology, and nonchordoid meningiomas. Boxplots of ADC (X10~®mm?/s) (A) and nADC (B)
values of chordoid meningiomas (red), meningiomas with focal chordoid features (orange), and

nonchordoid meningiomas (green).

doid meningiomas versus nonchordoid meningiomas (1.19, P <
.001) (Fig 6B). There was no statistically significant difference in me-
dian nADC values between meningiomas with focal chordoid fea-
tures and nonchordoid meningiomas (P = .301).

The median ADC (1.16, IQR= 0.60) and nADC (1.60, IQR =
0.86) of MCH WHO grade II tumors were significantly higher
than the median ADC (0.89, IQR = 0.22, P = .005) and nADC
(1.21, IQR = 0.15, P = .001) of nonchordoid WHO grade 1I
meningiomas. Similarly, the median ADC and nADC of MCHs

omas have been found to have elevated
ADC values."” Increased water diffusivity
within chordoid meningiomas is believed
to be linked to an extracellular network
composed of hyaluronic acid and chon-
droitin sulfate-rich mucoid matrix, which
can be observed on microscopic evaluation and is unique to the chor-
doid subtype of meningioma.” Most interesting, several studies have
found associations between elevated ADC values and other types of
tumors that are enriched with myxoid stroma, such as myxoid soft-
tissue tumors, chordomas, and chondrosarcomas.'*'> Overall, our
findings coincide with those reported in the only other investigation
of DWI in chordoid meningioma."” The overall mean ADC and
nADC values for MCHs in our study were lower compared with
those found in the previous study (1.62 * 0.33 X10~>mm?/s and
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2.22 * 0.47, respectively). However, the mean ADC and nADC val-
ues of the chordoid meningioma group in our study are similar to the
mean values of the previous study. Given that ADC values were stud-
ied in only 4 chordoid meningiomas in the previous report, it is pos-
sible that all the chordoid meningiomas in that sample were of chor-
doid-predominant histology. Nonetheless, their previously
defined ADC and nADC cutoff values of 1.39 X 10 ’mm?*/s and
1.93 had the same diagnostic accuracy as the defined cutoff values of
our study with identically high sensitivity and specificity.

While there have been prior clinicopathologic studies on the pro-
portion of chordoid meningioma histology,*” our study is the first to
investigate imaging features associated with chordoid meningiomas
on the basis of the relative proportion of chordoid histology. Mean
ADC and nADC values were highest in chordoid meningiomas, con-
sistent with the theorized greater water diffusivity in meningiomas
with >50% chordoid composition. Indeed, chordoid meningiomas
had ADC and nADC values that were significantly increased com-
pared with both meningiomas with focal chordoid features and non-
chordoid meningiomas. In contrast, the mean ADC and nADC val-
ues were not significantly different between meningiomas with focal
chordoid histology and nonchordoid meningiomas. With <50%
chordoid histology, the degree of water diffusivity in meningiomas
with focal chordoid histology seems to be principally driven by the
prevailing histology within the tumor. These findings highlight not
only the heterogeneity of meningioma histology but also the poten-
tial limitation of ADC in identifying meningiomas with <<50% chor-
doid histology.

Qualitative assessment of ADC hyperintensity proved useful in
distinguishing MCH from nonchordoid meningiomas. ADC hyper-
intensity with corresponding DWT hypointensity was observed in a
greater proportion of MCHs than in nonchordoid meningiomas and
was significantly associated with approximately 4 times the odds of
chordoid meningioma diagnosis. Our findings support the utility of
qualitative assessment of DWI sequences in identifying MCHs,
which is more feasible in routine clinical practice compared with
quantitative ADC analysis. Otherwise, most qualitative imaging fea-
tures were not significantly associated with MCH diagnosis. Of note,
while chordoid meningioma histology is rich with mucoid matrix
that is typically associated with increased T2 signal, especially in other
tumors such as chordomas or chondrosarcomas,*'> T2 signal hyper-
intensity did not achieve statistical significance in this study. Overall,
the scarcity of statistically significant qualitative imaging features as-
sociated with chordoid histology in meningioma diagnosis further
highlights the importance of quantitative metrics like DWT in preop-
erative meningioma diagnosis.

There are several limitations to our study. As a retrospective
study, our data were limited not only by the availability of suitable
preoperative imaging including DWI but also by the rarity of chor-
doid meningioma. Despite the small number of cases in our study, it
is the largest study of its kind to date. Another limitation may be in
the measurement of ADC values. While our study did not use 2 in-
dependent extractions of ADC values to assess interobserver reliabil-
ity, all of the contours were individually assessed to guarantee precise
adherence to meningioma borders while avoiding areas of signal loss
that could alter quantifications. Consistently, all contours were de-
rived from postcontrast imaging and further cross-referenced with
T1/T2 sequences for accurate coverage of the meningioma area. Last,
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because contours of the whole tumor were used, there is greater
reproducibility as opposed to simply using a single-slice ROI
within the tumor. Using whole-tumor data allows more accurate
representation of the total diffusion profile that may vary within
the microarchitecture of a single tumor, as demonstrated by prior
ADC histogram analyses on meningiomas.'® Most interesting, us-
ing whole-tumor measurements and histogram analysis may also

better quantify morphologic imaging metrics such as signal inten-

sity for predicting tumor histology, as shown by some studies.***

CONCLUSIONS

Our study demonstrates statistically significant elevations of ADC
and nADC values in chordoid meningiomas compared with menin-
giomas with focal chordoid features and nonchordoid meningiomas.
Our study also reveals that quantitative ADC may have additional
utility in classifying the proportion of intratumoral chordoid histol-
ogy on preoperative imaging. Cutoff values of ADC = 1.33
X10’mm?/s and nADC = 1.63 can be used to help identify poten-
tial chordoid meningiomas on preoperative imaging with consider-
able diagnostic accuracy. Preoperative identification of chordoid me-
ningiomas could provide valuable information to guide subsequent
surgical planning, adjuvant therapy, and patient counseling.

Disclosures: Joe D. Baal—RELATED: Grant: National Institutes of Health TL1 TROO01871.*
*Money paid to the institution.
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ORIGINAL RESEARCH
ADULT BRAIN

Improved Detection of Subtle Mesial Temporal Sclerosis:
Validation of a Commercially Available Software for
Automated Segmentation of Hippocampal Volume

).M. Mettenburg, ““'B.F. Branstetter, ““’'C.A. Wiley, ‘“'P. Lee, and ““R.M. Richardson

ABSTRACT

BACKGROUND AND PURPOSE: Identification of mesial temporal sclerosis is critical in the evaluation of individuals with temporal lobe
epilepsy. Our aim was to assess the performance of FDA-approved software measures of hippocampal volume to identify mesial temporal
sclerosis in patients with medically refractory temporal lobe epilepsy compared with the initial clinical interpretation of a neuroradiologist.

MATERIALS AND METHODS: Preoperative MRIs of 75 consecutive patients who underwent a temporal resection for temporal lobe
epilepsy from 2011 to 2016 were retrospectively reviewed, and 71 were analyzed using Neuroreader, a commercially available automated
segmentation and volumetric analysis package. Volume measures, including hippocampal volume as a percentage of total intracranial
volume and the Neuroreader Index, were calculated. Radiologic interpretations of the MR imaging and pathology from subsequent
resections were classified as either mesial temporal sclerosis or other, including normal findings. These measures of hippocampal volume
were evaluated by receiver operating characteristic curves on the basis of pathologic confirmation of mesial temporal sclerosis in the
resected temporal lobe. Sensitivity and specificity were calculated for each method and compared by means of the McNemar test using
the optimal threshold as determined by the Youden ) point.

RESULTS: Optimized thresholds of hippocampal percentage of a structural volume relative to total intracranial volume (<0.19%) and the
Neuroreader Index (=—3.8) were selected to optimize sensitivity and specificity (89%/71% and 89%/78%, respectively) for the identifi-
cation of mesial temporal sclerosis in temporal lobe epilepsy compared with the initial clinical interpretation of the neuroradiologist (50%
and 87%). Automated measures of hippocampal volume predicted mesial temporal sclerosis more accurately than radiologic interpreta-
tion (McNemar test, P < .0001).

CONCLUSIONS: Commercially available automated segmentation and volume analysis of the hippocampus accurately identifies mesial
temporal sclerosis and performs significantly better than the interpretation of the radiologist.

ABBREVIATIONS: EEG = electroencephalography; MTS = mesial temporal sclerosis; NRI = Neuroreader Index; %Vol = percentage of a structural volume relative
to total intracranial volume

esial temporal lobe epilepsy is one of the most common

forms of epilepsy." Temporal lobectomies for resection of
an epileptogenic lesion are effective in reducing or even eliminat-
ing seizures and/or reducing the number of medications required
for seizure management.”> Seizure semiology and scalp electro-
encephalography (EEG) remain critical for defining seizure onset.
Concordant scalp EEG demonstrating a unilateral mesial tempo-
ral onset with unilateral mesial temporal sclerosis (MTS) predicts
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postresection seizure freedom in up to 78% of patients.* In the
absence of an identifiable abnormality on MR imaging, invasive
monitoring with surgical placement of intracranial electrodes is
often necessary to confirm the localization of seizures measured
by scalp EEG. In these instances, nonlesional MR imaging and
intracranial monitoring demonstrating a mesial temporal seizure
focus predict postresection seizure freedom in approximately
76% of patients.” The presence of a positive MR imaging finding
with concordant scalp EEG may be equivalent to more invasive
monitoring for the localization of seizure and concordant EEG
and MR imaging demonstrating MTS are considered sufficient to
proceed directly to surgical resection.® Thus, sensitive identifica-
tion of MTS is critical to identify patients who may benefit from a
resection.

Radiologically, mesial temporal sclerosis is suggested by the
recognition of volume loss and T2 signal hyperintensity. This sub-
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jective interpretation can be difficult, especially with underlying
diffuse cerebral volume loss as is commonly present in elderly
individuals or in individuals with prior brain injury from trauma
or infection, for example. Furthermore, although radiographi-
cally defined MTS relies on the presence of T2 signal abnormality,
it is well-established that pathologically defined lesional MTS is
discovered in cases in which the radiographic findings are very
subtle and resection is primarily directed by invasive monitoring
and seizure semiology. Reliable, objective tools to quantify vol-
ume loss, accounting for age and sex, would help overcome inter-
observer variability and false-negative reporting, which can lead
to delay or failure to identify an epileptogenic lesion potentially
amenable to surgical intervention.

Neuroreader (Brainreader, Horsens, Denmark) calculates vol-
umes and volumetric indices of specified brain regions, including
hippocampal formations, on the basis of high-resolution T1-
weighted MR imaging of the brain, using a variety of age- and
sex-variable templates and normative data bases.” MR imaging—
based estimates of volume correlate with the interpretation of
radiologists in a study of hippocampal volume loss in Alzheimer
disease but perform better than radiologists when the clinical
manifestations (and presumably the pathology) are more subtle.®
A different commercially available software platform, Neuro-
Quant (CorTech Labs, San Diego, California) was shown to be
equivalent to the identification of hippocampal volume asymme-
try by a radiologist.” Manual estimation of hippocampal volumes
failed to routinely identify a distinguishing threshold to identify
abnormal hippocampi in epilepsy, and is time-prohibitive.'*"!
The predictive value of imaging-based hippocampal volume esti-
mation before epilepsy surgery has, however, been established
using a variety of research-based automated techniques,'*"® but
not with a clinically applicable or standardized solution. Valida-
tion of a clinically integrated method is necessary for implemen-
tation into routine practice. We chose this software on the basis of
its FDA-approved status, robust and automated registration, and
availability of normative comparison adjusted for age and sex.

We propose that automated volumetric analysis of MR imag-
ing using the Neuroreader will correctly identify MTS by detect-
ing hippocampal volume loss. The purpose of this study was to
assess the performance of automated MR imaging—based mea-
sures of hippocampal volume to identify MTS in patients with
medically refractory temporal lobe epilepsy compared with the
interpretation of a neuroradiologist and to establish normative
values to validate the method for clinical application.

MATERIALS AND METHODS

This study was approved by the University of Pittsburgh institu-
tional review board. Informed consent was not required by the
institutional review board given the retrospective nature of the
study and the use of data acquired as part of an ongoing quality-
assurance initiative.

Study Population

In this retrospective study, all subjects were adults (older than 18
years of age) who had undergone temporal lobectomy between
2011 and 2016 for treatment of epilepsy following consensus rec-
ommendation of the operation by the University of Pittsburgh

Medical Center Multidisciplinary Epilepsy Patient Management
team. Seventy-five consecutive patients were identified during
this time period. Preoperative evaluations included a detailed his-
tory, physical examination performed by a neurologist specialized
in epilepsy care, scalp EEG, and 3T epilepsy protocol MR imaging
in all patients. Magnetoencephalography, ictal single-photon
emission CT, positron-emission tomography, and/or evaluation
in an inpatient epilepsy-monitoring unit, including intracranial
EEG monitoring, were added when indicated for seizure localiza-
tion. Review of the clinical record was performed to obtain age,
sex, and side of the operation. Four subjects were excluded for
lack of imaging suitable for volumetric analysis.

Pathologic Reference Standard

Pathology reports of the resections were reviewed by a board-certi-
fied neuropathologist (C.A.-W.) with >25 years of experience, and
findings were classified as normal, MTS, or other (non-MTS lesion,
including low-grade tumors, cavernous malformations, and dyspla-
sia), with the reviewer blinded to the volumetric results. MTS was
identified by the following criterion: discrete hippocampal damage
consisting of neuronal loss and astrocytosis predominantly in the
CA1 region but potentially including the end folium (CA4) and
subiculum.

MR Imaging and Analysis

All included subjects had at least 1 clinical epilepsy protocol MR
imaging performed, including an isotropic T1-weighted sequence
acquired in either axial or coronal planes. The specific parameters
varied slightly during 6 years (Discovery MR750w or Optima
MR450w, BRAVO [GE Healthcare, Milwaukee, Wisconsin]:
1.5T-3T 3D fast spoiled gradient (FSPGR) BRAVO [GE Health-
care]; TR, 9.8-10.9 ms; TE, 4.1-4.5 ms; T1I, 450 ms; flip angle,
8°-13° NEX, 1; FOV, 250; matrix, 320 X 256-350 X 288;1.2-mm
thickness; 0.6- to 1.2-mm spacing; Tim Trio [Siemens, Erlangen,
Germany]: 3T MPRAGE; TR, 2110 ms; TE, 2.6 ms; TI, 1100 ms;
flip angle, 8% NEX, 1; FOV, 75%; matrix, 256 X 192; 1.5-mm
thick). All volumetric series were inspected for artifacts or large
structural lesions that would interfere with the segmentation pro-
cess. The volumetric sequence was then analyzed using Neu-
roreader.” Output included measures of total intracranial and
hippocampal volumes with calculation of the relative hippocam-
pal volume as a percentage of total intracranial volume (%Vol)
and the Neuroreader Index (NRI), a nonparametric index of size
compared with a normative data base accounting for age and sex.
If a subject had both axially and coronally acquired volumetric
studies before the operation, both were analyzed and the resulting
values were averaged.

Radiology reports from the relevant imaging acquired before
the operation were reviewed and classified as having normal find-
ings, MTS, or other (non-MTS lesion or equivocal abnormalities
not meeting the radiologic criteria for MTS as defined by volume
loss and T2 signal hyperintensity).'” All MR imaging studies were
interpreted by 1 of 12 Certificate of Added Qualification—certified
academic neuroradiologists as part of routine clinical practice, to
reflect real-world comparison of the software with radiologic in-
terpretation. The volumetric T1 sequence was used along with all
other routine clinical pulse sequences in the radiologic assess-
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ment. The interpretation of a radiologist was considered positive
for MTS if MTS was offered as the most likely diagnosis in the
radiology report.

Statistical Analysis

The reference standard was pathologic interpretation of either
MTS or non-MTS (including other pathologies or normal find-
ings). Receiver operating characteristic curves were generated for
the hippocampal NRI and %Vol for both sides of the operation
and contralateral brain. Area under the curve and Youden J point
were calculated for each measure. Sensitivity, specificity, and ac-
curacy based on a threshold value determined by the Youden J

Table 1: Demographics and details of the operation, pathology,
and imaging evaluation

Normal
or Other
MTS Findings
(n=26) (n = 45)
Age at operation (mean) (SD) (yr) 43.7(12.9) 42.0(13.)
Female sex (No.) (%) 14 (54%) 18 (40%)
Left temporal lobectomy (No.) (%) 14 (54%) 23 (51.1%)
Normal pathologic findings (No.) (%) 0 (0%) 23 (51.1%)
Other pathology (No.) (%)
Low-grade glioma 0(0%) 7 (15.5%)
Dysplasia 1(3.8%) 3(6.7%)
Cavernous malformation 0(0%) 3(6.7%)
Gliosis or old infarct 0(0%) 4(8.9%)
Volumetric T1 acquisition (No.) (%)
Axial only 6(23%) 8(17.8%)
Coronal only 6(23%) 10 (22.2%)
Both 14 (54%) 27 (60%)
1 .

point were then compared with the radiologic interpretation us-
ing the nonparametric McNemar test. All statistics were per-
formed with SPSS Statistics for Windows, Version 24.0 (IBM,
Armonk, New York).

RESULTS

Seventy-five subjects underwent temporal lobectomy during the
study period. Four subjects were excluded for inadequate imag-
ing. Twenty-six subjects had pathologic findings consistent with
MTS, while 45 subjects had either normal findings or demon-
strated other pathology. Basic demographics, incidences of non-
MTS pathologies, and other features comparing the 2 groups are
presented in Table 1. There were no significant differences be-
tween relevant demographics between the groups classified as
MTS versus non-MTS. Minor variations in the T1 volumetric
imaging acquisition parameters did not differ between the 2
groups.

Receiver Operating Characteristic Curves for
Identification of MTS

Hippocampal %Vol classified the presence or absence of ipsilat-
eral MTS with an area under the curve of 0.818 (P < 0.001);
contralateral %V ol was not significantly correlated with MTS sta-
tus (area under the curve = 0.602, P = .151). The NRI of the
hippocampus classified the presence or absence of ipsilateral MTS
with an area under the curve = 0.800 (P < 0.001); the contralat-
eral NRI was not significantly correlated with MTS status (area
under the curve = 0.560, P = .399). Receiver operating charac-
teristic curves are demonstrated in Fig 1.

Comparison of Automated
Segmentation Measures and
M Radiology Reporting

Sensitivity (true positive rate)

The Youden ] point identified ideal

... |psilateral

Volume/TIV thresholds for hippocampal NRI =—3.80
~ RS NI and %Vol <0.19% (Table 2). Pair-wise
—Contralateral . .

Volume/TIV comparisons with the McNemar non-

—Contralateral NRI parametric test demonstrated that auto-

mated volumetric techniques performed
significantly better than the interpretation
of a radiologist for classification of MTS;
there was no significant difference be-
tween the 2 automated volumetric mea-
sures, NRI or %Vol. Figure 2 presents 3
examples of left mesial temporal sclerosis,
the corresponding clinical read, and the re-
sults from Neuroreader volumetric analysis.

DISCUSSION
Objective identification of hippocampal

1-specificity (false positive rate)

FIG 1. Receiver operating characteristic curve for mesial temporal sclerosis. The volume of the
hippocampi corrected for total intracranial volume and the Neuroreader Index, a nonparametric
comparative statistic derived from age- and sex-adjusted normative data, were calculated and
evaluated for their ability to classify patients with pathology-proved mesial temporal sclerosis.
Receiver operating characteristic curves from ipsilateral and contralateral hippocampal volume
measures relative to the subsequent side of surgery are presented. Note that contralateral

volumes appear skewed away from the 45° diagonal.
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1 volume loss is associated with improved
outcome from an epilepsy operation.'”
We used a commercially available soft-
ware platform to demonstrate that auto-
mated volumetric measurements of pre-
operative brain MR imaging accurately
predict pathologic evidence of MTS in
TLE. Because MTS is one of the most



common lesions identified in this population before an opera-
tion, automated methods may be useful adjuncts to help radiolo-
gists more confidently identify lesions potentially amenable to
surgical resection. Identification of epileptogenic lesions such as
MTS can alter the treatment course for individuals with medically
intractable epilepsy, prompting a more in-depth evaluation at a
center dedicated to epilepsy surgery, informing a plan to confirm
aseizure origin, and potentially avoiding more aggressive invasive
diagnostic tests before the operation.® Indeed, intracranial seizure
monitoring is associated with a significant risk because up to 9%

Table 2: Comparison of Neuroreader measures with radiologist
interpretation for detection of MTS

P’
SENS SPEC ACCUR AUC P McNemar®
%Vol <0193 89% 71% 77% 0.818 <0.001 <0.001
NRI =—3.807 89% 76% 81% 0.800 <0.001 <<0.001
Radiologist 50% 87%  73% NA NA NA

Note:—SENS indicates sensitivity; SPEC, specificity; ACCUR, accuracy; NA, nonappli-
cable; AUC, area under the curve.

* The McNemar nonparametric test demonstrates significant differences using the
provided thresholds compared with the interpretation of a radiologist for detection
of mesial temporal sclerosis.

A

of patients will experience surgical complications associated with
their procedure, such as hemorrhage, infection, or CSF leak.*
Hippocampal volume as a percentage of total intracranial vol-
ume and the NRI, a proprietary nonparametric index derived
from comparison with normative databases accounting for age
and sex, accurately identified MTS on the basis of preoperative
imaging. Of note, the NRI did not perform significantly better
than the %Vol measure, suggesting that the effect of age and sex
did not substantially confound predictions when using this soft-
ware in this population. Alternatively, the registration and
segmentation strategy used by the software, in which best-fit tem-
plates are identified before registration, may help to pre-emp-
tively account for age- and sex-related volume differences. A
larger analysis of older patients would be helpful to further un-
derstand the specific contribution of accounting for these factors.
Others have suggested using asymmetry indices. We found these
measures to be inferior to individual volumes, potentially due to
contralateral temporal lobe volume loss that has been described
with MTS?'; indeed, Fig 1 demonstrates that the contralateral
temporal lobe volume was slightly skewed away from the 45°

C

Clinical Read: Left MTS Mild left MTS Normal
Pathology Left MTS Left MTS Left MTS
%vol Left 0.13%" 0.16%" 0.18%"
%vol Right 0.24% 0.20% 0.21%
NRI Left -14 4* 4.7 -3.1

NRI Right 14 -1.52 0.88

FIG 2. Volumetric analysis. A—C, Three patients with left mesial temporal sclerosis of varying conspicuity on MR imaging. Clinical reads and
volumetric measures of the abnormal left and normal right hippocampal formations are presented below the images. D, Representative
registration and segmentation. Hippocampal volumes are denoted by bright green (right) and dark blue (left) in a patient with left mesial

temporal sclerosis.
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angle line on the receiver operating characteristic curve, which
would potentially degrade the sensitivity of asymmetry indices.

T2 signal intensity in the hippocampal formation is a tradi-
tional hallmark of mesial temporal sclerosis, but it was not specif-
ically taken into consideration regarding the volumetric-based
classification of disease. Although this approach goes against the
traditional interpretation of MTS, we believe that overt MTS
characterized by asymmetric volume loss and T2 hyperintensity is
usually evident to the interpreting neuroradiologist and the pri-
mary added value of volumetric analysis would be to identify
more subtle manifestations of MTS, which may not have substan-
tial signal abnormality, thereby increasing sensitivity. Indeed,
many of the discordant analyses between the radiologist and the
automated volumetric analysis were in the context of false-nega-
tive radiology reporting. Conversely, non-MTS pathology such as
tumors or focal cortical dysplasia is likely more evident to the
radiologist, and false-positives potentially generated by auto-
mated segmentation would have little impact.

The incidence of MTS in this cohort (26/71, 37%) is not dis-
similar to the report of Cohen-Gadol et al** of 28% in a cohort of
399 patients without lesions, and the report of Tassi et al*> of
approximately 46% (mixed and isolated hippocampal sclerosis).
Aggressive intracranial EEG monitoring using depth electrodes
and grids has become more common, identifying more subtle,
lateralizing temporal lobe epilepsy than before. Furthermore,
there is growing recognition of mesial temporal lobe epilepsy
amenable to resection, but without specific histopathology.”* The
number of cases with normal pathologic findings in this cohort
may, in part, reflect nonsclerotic temporal lobe epilepsy, while
other normal pathologic findings may simply reflect a damaged or
incomplete specimen that pathology could not reliably interpret
as anything but normal. Last, there is likely some degree of insti-
tutional bias to the overall makeup of the patients included in this
cohort, given that different subspecialty services such as oncologic
surgery may be involved with resection of more obvious tumor-
related seizure onset, and thus were not captured in this cohort.

Inclusion of all temporal lobe resections meant that a small
proportion of the studied individuals had mesial temporal in-
volvement of tumors, cavernous malformations, or dysplasia;
most important, these were not generally misclassified by volu-
metric analysis (2 of 18). In one of these cases, an oligodendrogli-
oma was correctly identified by the radiologist irrespective of the
volume measure. The single case that was classified incorrectly by
both the radiologist and Neuroreader as MTS was diagnosed as a
cortical dysplasia by pathology. Thus, it is in this mixed setting
that we suggest that the software would best complement inter-
pretation of the radiologist and contribute to greater value of
imaging interpretation.

Volumetric analysis of brain regions, particularly the hip-
pocampus, is not new. From manual, semimanual, automated,
and machine learning algorithms, the value of volumetric mea-
sures of regional brain structures has been recognized in many
studies, including in the fields of epilepsy, dementia, and trau-

11167182526 However, many of these ap-

matic brain injury.
proaches use software or processes that are not FDA-approved or
require a prohibitive amount of time to complete, rendering them

difficult to incorporate into routine clinical practice or replicate at
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different sites. The relative merits of accuracy for each of these
methods could be debated; however, there is clear value in the
consistency and availability of a methodology to assist in tradi-
tional interpretation, and these data validate the use of volumetric
analysis in this clinical context and establish normative values for
clinical implementation. Future studies to determine which com-
mercial applications perform best or most reliably for specific
populations and indications would provide helpful guidance.

A limitation of this study was the retrospective nature of anal-
ysis, including only those individuals who had undergone tempo-
ral lobectomy. Future investigation requiring greater numbers of
participants will better address the role of prospective volumetric
analysis in epilepsy evaluations, including patients with bitempo-
ral seizure onset, and the contribution to prognostication of sur-
gical outcome. Our study did not directly assess the benefit of
prospective interpretation when using the volumetric software.
MR imaging interpretation was also made by a group of radiolo-
gists rather than a single reader, likely increasing variability but
reflecting typical real-world workflow. A comprehensive review
of the MRIs was not performed because we wanted to demon-
strate the contribution of volumetric analysis to the true clinical
read. Last, we did not consider the side of the operation or hand-
edness of the individuals in developing our thresholds, assuming
that a single-volume threshold could be applied to both the left
and the right hippocampal formations in the general popula-
tion, which is predominantly right-handed. Previous studies
have shown that there are no significant differences between
the left and right hippocampal volumes in right-handed indi-
viduals,”” though a small-but-statistically significant differ-
ence was reported for left-handed individuals. A variety of
scanners and volumetric protocols was included in the analy-
sis, but without bias toward one group or the other. The soft-
ware is built to robustly analyze data across platforms for con-
sistent clinical application.

Future investigation should focus on directly comparing the
performance of the volumetric software alone with the perfor-
mance of a radiologist using the volumetric software in a prospec-
tive manner. We propose that the interpretation of a radiologist
would be complemented by automated hippocampal volumet-
ric measures for optimal diagnostic accuracy. While the radi-
ologist will likely best identify obvious lesions such as ad-
vanced MTS, a cavernous malformation, cortical dysplasia, or
tumor, accuracy for identification of subtle mesial temporal
sclerosis will be increased given the improved sensitivity pro-
vided by the volumetric analysis. We predict that radiologists
will experience increased confidence in their interpretations
when using this software and describing normal study findings
or subtle manifestations of mesial temporal sclerosis based on
the thresholds and parameters presented above. The slightly
lower specificity of the volumetric analysis is acceptable and
may, in some way, be mitigated by the radiologists. In addition,
the decision to proceed with an operation takes into account
many other data, including scalp and intracranial EEG analy-
sis, seizure semiology, and neurocognitive testing as well as
other imaging modalities such as PET, ictal/interictal SPECT,
and magnetoencephalography.



CONCLUSIONS

Automated segmentation and volumetric analysis using Neu-

roreader perform significantly better than subjective evaluation

by a radiologist for preoperative identification of MTS in patients

with mesial temporal lobe epilepsy. On the basis of this dataset, we
propose that hippocampal %Vol of =0.19% or NRI of =—3.8,
should be considered strongly suggestive of MTS.
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ORIGINAL RESEARCH
ADULT BRAIN

A Serial 10-Year Follow-Up Study of Atrophied Brain Lesion
Volume and Disability Progression in Patients with
Relapsing-Remitting MS

R. Zivadinov, ““'D. Horakova, ““'N. Bergsland, “*'). Hagemeier, ““’D.P. Ramasamy, ‘““'T. Uher, ““’M. Vaneckova, ““E. Havrdova, and
M.G. Dwyer
=] ]

ABSTRACT

BACKGROUND AND PURPOSE: Disappearance of T2 lesions into CSF spaces is frequently observed in patients with MS. Our aim was to
investigate temporal changes of cumulative atrophied brain T2 lesion volume and 10-year confirmed disability progression.

MATERIALS AND METHODS: We studied 176 patients with relapsing-remitting MS who underwent MR imaging at baseline, 6 months, and
then yearly for 10 years. Occurrence of new/enlarging T2 lesions, changes in T2 lesion volume, and whole-brain, cortical and ventricle
volumes were assessed yearly between baseline and 10 years. Atrophied T2 lesion volume was calculated by combining baseline lesion
masks with follow-up CSF partial volume maps. Ten-year confirmed disability progression was confirmed after 48 weeks. ANCOVA
detected MR imaging outcome differences in stable (n = 76) and confirmed disability progression (n = 100) groups at different time points;
hierarchic regression determined the unique additive variance explained by atrophied T2 lesion volume regarding the association with
confirmed disability progression, in addition to other MR imaging metrics. Cox regression investigated the association of early MR imaging
outcome changes and time to development of confirmed disability progression.

RESULTS: The separation of stable-versus-confirmed disability progression groups became significant even in the first 6 months for
atrophied T2 lesion volume (140% difference, Cohen d = 0.54, P = .004) and remained significant across all time points (P = .007). The
hierarchic model, including all other MR imaging outcomes during 10 years predicting confirmed disability progression, improved signifi-
cantly after adding atrophied T2 lesion volume (R* = 0.27, R? change 0.11, P = .009). In Cox regression, atrophied T2 lesion volume in 0—6
months (hazard ratio = 4.23, P = .04) and 012 months (hazard ratio = 2.41, P = .022) was the only significant MR imaging predictor of time

to confirmed disability progression.

CONCLUSIONS: Atrophied T2 lesion volume is a robust and early marker of disability progression in relapsing-remitting MS.

ABBREVIAITONS: CDP = confirmed disability progression; EDSS = Expanded Disability Status Scale; LV = lesion volume; PBVC = percentage brain volume change;
PCVC = percentage cortical volume change; PVVC = percentage ventricles volume change; RRMS = relapsing-remitting MS

or decades, appearance or accumulation of new or enlarging
brain lesions or changes in lesion volume (LV) on MR imaging
have been used as primary end points in Phase II clinical trials and
as secondary end points in Phase III trials in multiple sclerosis.' ™
However, lesion activity and accumulation correlate poorly with
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clinical evolution in the mid- to long-term"*™®; thus, measure-
ment of brain atrophy has been introduced as a meaningful indi-
cator of neurodegeneration and clinical disease progression in
patients with MS.”'* However, there is a further need to investi-
gate and develop new MR imaging outcomes that can detect early
changes associated with mid- to long-term disease progression in
patients with MS.

One such newly proposed surrogate imaging biomarker of dis-
ease progression is the rate of brain lesion loss due to atrophy
(atrophied T2-LV), which represents areas of lesional tissue
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FIGURE. Representative example of a serially enlarging and then atrophying lesion. The upper row shows raw T2-FLAIR images from baseline to
10-year follow-up in 1-year increments, and the middle row provides an enlarged view of the relevant lesion. In the lower row, cumulative
atrophied lesion volume is shown for the same area, in which red voxels indicate regions that were lesions at any prior time point and are CSF

at the current time point.

having been replaced by CSF at subsequent time points, either
through direct transformation or by displacement due to substan-
tial atrophy-related local movement (Figure).'>'* The MS lesions
at a closer distance to the inner and outer surfaces of the brain
(located around ventricles or the subpial region of the cortex) are
particularly vulnerable to disease pathology, likely in part due to
the vicinity of CSF-mediated factors.'® It has been previously re-
ported that the accumulation of atrophied brain T2-LV occurs
mostly in the periventricular region but also, to some degree, in
the cortical portions of the brain.'” Thus, it can be hypothesized
that atrophied T2-LV measures the most vulnerable portion of
lesion tissue shrinkage/destruction across time in these areas. Dw-
yer et al'” investigated the independent predictive value of atro-
phied T2-LV for the development of clinical disability in 174 pa-
tients with MS and 18 patients with clinically isolated syndrome
and found that atrophied T2-LV was higher in patients with pro-
gressive MS, compared with those with relapsing-remitting (RR)
MS or clinically isolated syndrome subtypes and explained signif-
icant additional variance in predicting disability, even when con-
trolling for both new/enlarging lesion activity and whole-brain
atrophy.

In this study, we aimed to investigate temporal changes of
atrophied T2-LV and disease progression, using a well-estab-
lished cohort of patients with early RRMS who participated in a

previous clinical trial,'®

8,17,18

and its long-term open-label 10-year ex-
tension, using serial MR imaging.

MATERIALS AND METHODS

Patient Population

This study of atrophied T2-LV in RRMS used a patient cohort in
the 10-year Avonex-Steroid-Azathioprine (ASA) study from the
Charles University, Prague, Czech Republic, in which clinical and
MR imaging outcomes were previously reported.® In the ASA
study, 181 patients with early RRMS were initially enrolled into

16

the 2-year double-blind, placebo-controlled phase'® and subse-

quently in its 5-year'”'® and 10-year® open-label extensions. At
the 10-year follow-up, 176 (97.2%) of the initial 181 patients were

assessed.” Two patients died (1 due to ovarian cancer and 1 due to

myocardial infarction), and 3 moved outside the area.® The treat-
ment characteristics of the studied cohort are reported in the On-
line Appendix.

As previously reported,® all patients were clinically assessed
using the Expanded Disability Status Scale (EDSS) every 2 months
during the first year and then every 3 months until year 10. MR
imaging assessments were performed at baseline, 6 months, and
yearly intervals at least 14 days after the last administration of any
steroid treatment.

The study was approved by the Medical Ethics Committees,
and all patients gave their written informed consent.

MR Imaging Acquisition and Analysis

All MR imaging assessments were performed using the same Gy-
roscan Intera 1.5T scanner (Philips Medical Systems, Best, the
Netherlands), which did not undergo major hardware upgrades
during a 10-year period. Axial brain images were obtained using
nongapped FLAIR with a 1.5-mm thickness and axial 3D T1-
weighted images with a 1-mm slice thickness.

The image analysis for this study included calculation of atro-
phied T2-LV, as previously described.'® Briefly, the acquired im-
ages were preprocessed with N4'? to remove spatially varying
intensity inhomogeneities, standardized using a piecewise histo-
gram-matching technique,” and linearly aligned to the baseline
space using the FMRIB Linear Image Registration Tool (FLIRT;
http://www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT).”" 3D-T1 images
were then inpainted using FSL’s Lesion Filling Tool (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/lesion_filling) to mitigate the impact of
hypointense lesions on segmentation.”” To calculate atrophied
T2-LV, we overlaid rigidly aligned follow-up FSL SIENAX CSF
maps (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA) on baseline T2
lesion masks. Voxelwise follow-up CSF partial volume was then
integrated over the baseline lesion regions to determine the total
volume of periventricular and the nonperiventricular lesion tissue
subsequently replaced by CSF (Figure)."” The reliability of the
atrophied T2-LV measurement was previously reported."

T2 lesion and whole-brain, cortical, and ventricle brain vol-
ume analyses are described in the On-line Appendix.
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Table 1: Demographic and clinical characteristics at baseline and during the follow-up in 176 patients with MS, according to the

confirmed disability progression status at the 10-year follow-up

Total Study Stable CDP P
Cohort (N =176) Group (n=76) Group (n =100) Value?
Female sex (No.) (%) 137 (77.8) 57 (75) 80 (80) 429
Age at baseline (mean) (SD) (yr) 30.7(7.9) 28.7(7.) 31.8(7.9) .008°
Disease duration at baseline (mean) (SD) (yr) 49(5.2) 4.0(3.2) 5.7(6.2) .02
EDSS at baseline (median) (IQR) 2.0 (1.0-2.5) 2.0 (10-2.0) 2.0 (15-2.0) 093
EDSS at follow-up (median) (IQR) 3.0 (2.0-4.0) 2.0 (1.5-2.5) 4.0 (3.0-5.0) <.001°
EDSS absolute change during follow-up (median) (IQR) 13(0-2)1.0 0.13(0-0.5)0 22(15-3)2.0 <.001°
No. of relapses between baseline and follow-up (mean) (SD) 5.2(3.8)5 4.6 (3.9) 5.8(37) .048
Annual relapse rate during the follow-up (mean) (SD) 0.5(0.4) 0.5(0.4) 0.6 (0.4) .048
Relapse-free from baseline to follow-up (No.) (%) 7(4) 5(6.6) 2(2) 124
Treatment status at follow-up (No.) (%)
Remained on IM interferon 3-1a 74 (42) 45(59.2) 29(29) <.001°
Switched to other DMTs 79 (44.9) 23(30.3) 56 (56)
Discontinued DMT 23 (13.) 8(10.5) 15 (15)
Time on interferon B-1a IM (mean) (SD) (mo) 87.3(99.5) 913 (16.6) 84.1(24.4) .022

Note:—IQR indicates interquartile range; IM, intramuscular; DMT, disease-modifying treatment.
2P values represent the stable-vs-CDP group comparisons and were derived using the Student t test, x? test, and Mann-Whitney rank sum test, as appropriate.

b Significant P values < .05.

Statistical Analysis

Statistical analysis was conducted using SPSS (Version 23.0; IBM,
Armonk, New York). Demographic and clinical characteristics
were compared between patients with MS with a 10-year stable
disease course and those with confirmed disability progression
(CDP) using the Student t test, X~ test, and Mann-Whitney
rank sum test. ANCOVA adjusted for age, sex, and treatment
change was used to compare MR imaging changes among the
study groups during 10 years. Variables were checked for nor-
mality both visually and using Shapiro-Wilk tests.

The CDP (confirmed after 48 weeks) was defined as any 1.0-
point sustained increase in the EDSS score in patients who had a
baseline EDSS score of =1.0 or any =1.5-point increase in pa-
tients who had a score of 0.® To facilitate survival analysis, we
designated the time to event as the time in months between base-
line and the point of disability progression (confirmed after 48
weeks). Patients who did not show disability progression were
censored at the 10-year mark (confirmed at 48 weeks).

To explore the association between atrophied T2-LV and
other MR imaging outcomes with CDP, we used both univariate
and multivariable logistic regression analyses. To determine the
unique additive variance explained by atrophied T2-LV in asso-
ciation with CDP in addition to other MR imaging metrics, we
used a full hierarchic regression model, with age, sex, and MR
imaging outcomes entered in the first model and atrophied
T2-LV added as a second step. This nested model was compared
using a likelihood ratio test. Multicollinearity was assessed using
the variance inflation factor, with a variance inflation factor of <5
being considered acceptable.

Cox regression was used to analyze the association of early MR
imaging outcome changes (0—6 and 0—12 months) and time to
development of CDP. The hazard ratio of models with lesion
measures as the predictor represent an increase in risk of progres-
sion with 1 new/enlarging lesion or a 1-mL change in lesion
volume, while models with percentage brain volume change
(PBVC), percentage cortical volume change (PCVC), and per-
centage ventricles volume change (PVVC) as the predictors rep-
resent the increase in risk of progression with a 1% change in
brain volume. Subsequently, Kaplan-Meier analysis was per-
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formed when groups were classified using receiver operating
characteristic curve analysis to determine cutoff points of the MR
imaging variables at 80% specificity in predicting CDP (con-
firmed after 48 weeks). Results are reported as the cutoff point
value, area under the curve, and sensitivity.

The Benjamini-Hochberg correction was used to control the
false discovery rate, and corrected P values < .05 were considered
significant using 2-tailed tests.*”

RESULTS

Demographic and Clinical Characteristics

Table 1 shows baseline and follow-up demographic and clinical
characteristics, according to the CDP status for the 176 evaluable
patients assessed at the 10-year follow-up, as previously reported.® At
the 10-year follow-up, 100 (56.8%) patients with MS developed CDP
and 76 (43.2%) remained stable. The median time to disability pro-
gression (confirmed after 48 weeks) was 48.6 months (interquartile
range, 24.2-72.9 months).

MR Imaging Characteristics at Baseline and at 10-Year
Follow-Up

On-line Table 1 shows MR imaging baseline and follow-up char-
acteristics in 176 patients with MS, according to CDP status at the
10-year follow-up. At baseline, there were no significant differ-
ences between the stable and CDP groups for T2-LV (P = .076),
normalized whole-brain volume (P = .523), normalized cortical
volume (P = .879), or normalized ventricle volume (P = .573).
During 10 years, patients with RRMS accumulated 3.83 mL of
T2-LV, 19.5 new/enlarging T2 lesions, and 1.11 mL of atrophied
T2-LV. The average PBVC was —6.52%, PCVC was —7.0%, and
PVVC was 42%. Atrophied T2-LV (0.68 versus 1.54 mL, P <
.001), PBVC (—5.23% versus —7.52%, P < .001), PCVC
(—6.22% versus —7.71%, P = .001), and PVVC (32.4% versus
49.7%, P = .001) differed between patients with MS with stable
disease and those with CDP at the 10-year mark of the follow-up,
whereas absolute change in T2-LV (2.89 versus 4.59 mL, P = .190)
and accumulation of new/enlarging T2 lesions (18.67 versus
20.03, P = .753) did not.



Table 2: Time course of cumulative atrophied T2 lesion volume on serial MRI in patients with MS, according to the confirmed disability

progression status at the 10-year follow-up®

Atrophied Atrophied
No. in T2-LV No. of T2-LV CDP
Months from Stable Stable Group Patients Group % Cohen P
Baseline Group (Mean) (SD) with CDP (Mean) (SD) Difference d Value®
6 mo 74 0.05 (0.09) 94 012(016) 140 0.54 004
12 mo 76 0.09(0.14) 95 0.21(0.30) 133 0.51 <.001
24 mo 68 0.14 (0.21) 85 032(0.41) 129 0.52 <.001
36 mo 67 0.21(0.36) 89 0.40 (0.50) 90.5 0.44 <.001
48 mo 68 0.30(0.50) 87 0.52(0.70) 733 0.36 .007
60 mo 67 0.36 (0.57) 91 0.62 (0.83) 72.2 0.37 .004
72 mo 66 0.43(0.70) 87 0.83 (1.10) 93 043 <.001
84 mo 68 0.44(0.54) 85 110 (1.40) 150 0.62 <.001
96 mo 67 0.52(0.66) 87 136 (1.72) 162 0.64 .004
108 mo 68 0.60 (0.76) 84 139 (1.68) 132 0.61 <.001
120 mo 68 0.68(0.85) 85 1.54 (1.90) 126.5 0.58 <.001

2 The volumes are presented in milliliters.

5 p values, percentage difference, and Cohen d effect size represent the CDP-vs-stable group comparisons. The follow-up changes in P values were calculated using analysis of
covariance corrected for age, sex, and treatment change at each time point. The Benjamini-Hochberg correction was used to minimize the false discovery rate, and all P values <

.05 were considered significant.

Table 3: Time course of whole-brain atrophy on serial MRI in patients with MS, according to the confirmed disability progression status

at the 10-year follow-up

No. in PBVC No. of PBVC

Months from Stable Stable Group Patients CDP Group % Cohen P

Baseline Group (Mean) (SD) with CDP (Mean) (SD) Difference d Value*
6 mo 74 —0.24(0.80) 94 —0.34(1.00) 47.8 0 396
12 mo 76 —0.50(0.88) 95 —0.77 (1.33) 54.0 0.27 .098
24 mo 68 —0.99 (113) 85 —1.49 (1.66) 50.5 036 .022°
36 mo 67 ~170 (1.66) 89 —251(2.42) 468 038 010°
48 mo 68 —224(176) 87 ~3.50 (3.11) 55.8 0.51 <.001°
60 mo 67 —2.63(210) 91 —4.46 (3.80) 69.6 0.62 <.001°
72 mo 66 —318(2.30) 87 —5.03 (3.16) 582 0.68 <.001°
84 mo 68 ~3.92(2.60) 85 —6.00 (3.58) 533 0.67 <.001°
96 mo 67 —4.49 (2.81) 87 —630(3.40) 403 058 <.001°
108 mo 68 —458(291) 84 —6.86(3.64) 498 0.70 <.001°
120 mo 68 ~523(3.00) 85 ~7.52(3.84) 438 0.55 <.001°

2 P values, percentage difference, and Cohen d effect size represent the CDP-vs-stable group comparisons. The follow-up changes in P values were calculated using analysis of
covariance corrected for age, sex, and treatment change at each time point. The Benjamini-Hochberg correction was used to minimize the false discovery rate, and P values <

.05 were considered significant.
® Significant P values < .05.

Serial MR Imaging Changes during 10-Year Follow-Up
On-line Tables 2 and 3 and On-line Figure A, -B show serial cu-
mulative changes of new/enlarging T2 lesions and absolute T2-LV
changes during the 10-year follow-up. No differences for accu-
mulation of new/enlarging T2 lesions or absolute changes of
T2-LV were found between stable and CDP groups at any time
point of the study.

Tables 2 and 3 and On-line Figure C, -D show serial changes of
PBVC and cumulative atrophied T2-LV. The separation of stable-
versus-CDP groups became significant even in the first 6 months
for atrophied T2-LV (140% difference, Cohen d = 0.54, P = .004)
and remained significant across all time points (between 72.2%
and 162% difference, P = .007), while the difference for PBVC
became significant only at the 2-year follow-up (50.5% difference,
Cohen d = 0.36, P = .022) and remained significant across all
remaining time points (between 40.3% and 69.6% difference, P <=
01).

On-line Tables 4 and 5 and On-line Figure E, -F show serial
changes of PCVC and PVVC. The separation of stable-versus-
CDP groups became significant only at 5 years for PCVC (31.6%
difference, Cohen d = 0.44, P = .008) and remained significant

across the remaining time points, while the difference for PVVC
became significant at the 2-year follow-up (50.8% difference, Co-
hen d = 0.38, P = .025) and remained significant across all re-
maining time points.

On-line Tables 6 and 7 show the time course of atrophied
T2-LV and PBVC between different consecutive MR imaging
time points in patients with MS, according to the CDP at the
10-year follow-up. The atrophied T2-LV was able to differentiate
patients with stable MS from those who developed CDP at all time
points (P = .012) except for periods of 2436 months (P = .190),
36—48 months (P = .075), and 84-96 months (P = .061),
whereas no significant changes were observed for PBVC, PCVC,
and PVVC.

Association of Atrophied Brain T2-LV with Other MR
Imaging Outcomes and Confirmed Disability Progression
In univariate regression analysis, T2-LV at baseline (R*> = 0.40,
P <.001), new/enlarging T2 lesion accumulation during 10 years
(R*=0.39, P < .001), PBVC loss during 10 years (R*=10.30,P<
.001), PVVC during 10 years (R*=0.13,P =.002), PCVC during
10 years (R* = 0.20, P < .001), and absolute change in T2-LV
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Table 4: Early MRI predictors (0—6 and 0-12 mo) of time to confirmed disability progression status using Cox regression analysis and

Kaplan-Meier survival analysis®

Cox AUC Kaplan-Meier Survival

Regression Analysis Analysis Analysis at 80% Specificity

HR P Value AUC P Value Cutoff Sensitivity P Value
New/enlarging T2 lesions 0—6 mo 1.01 726 0.56 293 35 0.25 .582
New/enlarging T2 lesions 0-12 mo 1.01 435 0.59 .072 53 0.33 In
T2-LV absolute change 0-6 mo 1.02 7m 0.54 .501 116 0.27 415
T2-LV absolute change 0-12 mo 1.03 567 0.57 190 1.41 0.32 188
Atrophied T2-LV 0-6 mo 4.23 .04° 0.61 022° 0.09 0.40 017°
Atrophied T2-LV 0-12 mo 241 0220 0.61 0220 0.18 0.36 076
PBVC 0-6 mo 0.89 431 0.54 366 —0.83 0.29 128
PBVC 0-12 mo 0.85 105 0.55 379 —138 0.21 704
PVVC 0-6 mo 1.01 419 0.52 707 13.46 0.22 482
PVVC 0-12 mo 1.07 375 0.53 451 16.29 0.26 487
PCVC 0-6 mo 0.92 123 0.55 272 —2.28 0.31 152
PCVC 0-12 mo 0.92 15 0.62 on® —247 0.39 .091

Note:—HR indicates hazard ratio; AUC, area under the curve.

2 Cox regression and Kaplan-Meier analyses were used to analyze the association of early MRI outcome changes (0—6 and 0—12 mo) and time to development of CDP. The
Benjamini-Hochberg correction was used to minimize the false discovery rate, and P values < .05 were considered significant.

b Significant P value <.05.

during 10 years (R* = 0.25, P < .001) were associated with cumu-
lative atrophied T2-LV during 10 years. In a multivariable step-
wise regression model, T2-LV at baseline, new/enlarging T2 lesion
accumulation during 10 years, and PBVC during 10 years were
associated with atrophied T2-LV at 10 years (overall adjusted
model, R* = 0.54, P < .001).

In univariate logistic regression analysis, atrophied T2-LV
(R*= 0.21), PBVC (R*> = 0.13), PVVC (R*= 0.13), and PCVC
(R* = 0.07) were each significantly associated with CDP at 10
years, while absolute T2-LV change (R* = 0.012) and accumula-
tion of new/enlarging T2 lesions (R* = 0.011) were not. In a mul-
tivariable logistic regression model including all MR imaging
measures significant in univariate analysis, the final model pre-
dicting CDP included only atrophied LV (R*= 0.25, variance in-
flation factor = 1.7, P = .04).

In the hierarchic regression model, including all MR imaging
measures predicting CDP at 10 years except atrophied T2-LV, the
adjusted Nagelkerke R* was 0.16. When we added atrophied
T2-LV during 10 years to the model, the model was significantly
improved (R*=0.27,R? change 0.11, variance inflation factor =
2.5, P =.009).

Early MR Imaging Outcome Predictors (0—6 and 0-12
Months) of Time to Confirmed Disability Progression
Table 4 shows the value of early MR imaging predictor measures
(0—6and 0—12 months) in predicting CDP using survival models.

In Cox regression analysis, only atrophied T2-LV showed a
significant association with time to CDP in 0—6 months (hazard
ratio = 4.23, P = .04) and 0—12 months (hazard ratio = 2.41, P =
.022), while no significant changes were observed for new/enlarg-
ing T2 lesions and absolute change in T2-LV, PBVC, PCVC, or
PVVC.

By means of Kaplan-Meier survival analysis based on cutoff
points at 80% specificity in predicting CDP, only increased atro-
phied T2-LV in 0—6 months showed a significant association with
time to CDP (cutoff = 0.09 mL, P = .017), while this association
did not remain significant for 0—12 months after correction for
multiple comparisons (cutoff = 0.18 mL, P = .076).
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DISCUSSION

The main study findings are that cumulative atrophied T2-LV
showed a robust association with development of 10-year CDP
and that this association was maintained across all time points
with an effect size similar to that of whole-brain, cortical, and
central atrophy. In addition, atrophied T2-LV was associated with
the development of 10-year CDP for most consecutive time
points, which was not the case for whole-brain, cortical, and cen-
tral atrophy. Atrophied T2-LV was the only MR imaging predic-
tor that showed an association with time to CDP after only 6
months of follow-up, whereas it took 2 years for whole-brain and
central atrophy and 5 years for cortical atrophy to show a compa-
rable effect. Finally, we extended preliminary findings from a re-
cent study that showed that atrophied T2-LV can significantly add
to the prediction of midterm disability, even when accounting for
the accumulation of new and enlarging T2 lesions and T2-LV and
development of whole-brain, cortical, and central atrophy."?

An overall increase in T2-LV stems from a combination of the
development of new lesions and the enlargement of pre-existing
ones. Reductions with time are also possible following either com-
plete resolution or shrinkage of lesions due to beneficial processes
of remyelination and repair.**** However, accumulation of lesions
in patients with MS shows a limited association with disease progres-
sion because new and old lesions alike may be partially or entirely
destroyed by atrophy. This phenomenon may account for some of
the commonly observed plateauing of the lesion burden and ultimate
decline in the most advanced disease stages.">>%'*?%*” In the cur-
rent study, we found that all conventional MR imaging measures
were similarly associated with the cumulative atrophied T2-LV, in-
cluding baseline T2-LV, accumulation of new/enlarging T2 lesions,
change in T2-LV, and development of whole brain, cortical, and cen-
tral atrophy. These findings confirm that although atrophied T2-LV
is influenced by both ongoing lesion accrual and brain atrophy, it
appears to provide unique or complementary information beyond
these individual MR imaging outcomes because these conventional
outcomes combined explained only about 54% of the variance in the
atrophied T2-LV. The lesion loss due to atrophy was less visually



apparent than the accumulation or enlargement of new lesions
(Figure) but was similar to that of brain atrophy. In terms of magni-
tude, although change in atrophied T2-LV represented only about
30% of the change in total T2-LV, its relation to long-term CDP was
much stronger. In addition, in line with the results from the previous
study in which we found that the rate of atrophied and new T2-LV
accumulation was similar in patients with RRMS but almost double
in patients with progressive MS,'” atrophied T2-LV accumulation in
the current study was accelerated from years 5 to 10 of follow-up,
whereas accumulation of total T2-LV decelerate in the same time
period (On-line Figure, Tables 2 and 3, and On-line Tables 5 and 6).
This temporal evolution profile makes this MR imaging outcome of
particular interest for use in monitoring the transition from relapsing
to progressive forms of MS.

At 10 years, the cumulative atrophied T2-LV was 1.54 mL in
the CDP and 0.68 mL in patients with stable MS, which represents
a126.5% difference with an effect size of 0.58. This was similar to
the PBVC, PCVC, and PVVC between baseline and 10 years.
However, the development of brain atrophy was not associated in
the first 2 years of follow-up with the development of 10-year
CDP, while atrophied T2-LV showed robust differences already at
6, 12, and 24 months of follow-up. In addition, when between-
serial-time-point changes were examined with 10-year CDP, the
atrophied T2-LV was significantly associated with nearly all con-
secutive time points, except for 24-36, 36—48, and 84-96
months, while the PBVC, PCVC, and PVVC were associated with
neither one. These findings make atrophied T2-LV a potentially
more attractive MR imaging outcome for clinical monitoring on a
year-to-year basis in comparison with the development of brain
atrophy or lesion accrual. In line with numerous previous studies,
accumulation of new and enlarging T2 lesions and T2-LV was not
associated with long-term CDP,"*%2%

Because atrophied T2-LV is a product of both inflammation
(in the form of lesion accrual) and neurodegeneration (in the
form of brain atrophy development), this MR imaging measure
may add more value in predicting CDP than other MR imaging
measures reflecting only a single aspect of pathophysiologic pro-
gression, as previously reported.'” In a multivariable model ex-
ploring the association with 10-year CDP status, only atrophied
T2-LV was retained and explained 25% of the variance, while in
the hierarchic regression model that included all MR imaging
measures significant in univariate analyses, atrophied T2-LV sig-
nificantly improved the explained variance by 11%, which was
highly significant (P = .009).

Establishing an MR imaging outcome that can early and reli-
ably define which individual patients with MS will develop CDP
during the long term has remained elusive in MS research for
many years,>*?"!>1$24:27:29:30 The regults of the Cox regression
analysis in the present study suggest that atrophied T2-LV could
be a good candidate for such an endeavor. In the first 6 months of
follow-up, the risk of time to conversion to CDP was already 4.23
times higher for each milliliter of atrophied T2-LV increase in
CDP compared with patients with stable MS, and 2.41 times
higher in 0—12 months. No other MR imaging outcomes were
able to predict the risk to time of CDP in the first 12 months in the
present study. In the Kaplan-Meier analysis, we determined that
cumulative atrophied T2-LV of 0.09 mL in the first 6 months or

0.18 mL in the first 12 months had a cutoff of 80% specificity and
around 40% sensitivity to predict time to CDP, while no other MR
imaging outcomes were significantly associated with time to de-
velopment of CDP.

The association between atrophied T2-LV and CDP suggests
that the role of lesion tissue pathologically replaced by CSF has to
be further explored using more sophisticated voxelwise studies. In
line with a previous study,'” we observed that atrophied T2-LV
was most frequently located in periventricular regions and at the
cortical gyri borders that atrophied to displace sulci CSF and re-
place parts of the lesions. In addition, because we did not use MR
imaging acquisitions specifically for the detection of cortical le-

31,32

sions, the true prevalence of atrophied T2-LV in cortical re-

gions may be largely underestimated. Therefore, atrophy-related
local lesion movement into cortical sulci has to be further ex-
plored using more sophisticated voxelwise studies.

There are a number of limitations that have to be considered.
There was a relatively high percentage of patients in the “stable”
group in this study during 10 years. This might imply that the
population consisted of patients having a more benign MS course
or it might be related to the high compliance to disease-modifying
therapies. The pathologic specificity of the transition of lesions to
the CSF tissue has to be further explored using nonconventional
MR imaging measures."'>'*>*° A serial ultra-high-field MR im-
aging may also be preferred for investigating the pathophysiologic
processes leading to the loss of lesions surrounded by parenchyma
in cortical regions. We did not explore what portion of the atro-
phied T2-LV is represented by T1-hypointense black hole lesions,

which have a higher rate of tissue destruction into the CSF.>***

Another issue to be clarified is the effect of therapy-induced pseu-
doatrophy on atrophied T2-LV.*!'%!%3>

CONCLUSIONS

Atrophied T2-LV is a robust and early marker of disease progres-
sion associated with long-term disease progression in patients
with RRMS.
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ORIGINAL RESEARCH
ADULT BRAIN

Aqueductal CSF Stroke Volume Is Increased in Patients with
Idiopathic Normal Pressure Hydrocephalus and Decreases

). Shanks, ““/K. Markenroth Bloch, ““K. Laurell,

ABSTRACT

after Shunt Surgery

M. Fahlstrom, J. Virhammar

K.G. Cesarini, E.-M. Larsson, and

BACKGROUND AND PURPOSE: Increased CSF stroke volume through the cerebral aqueduct has been proposed as a possible indicator
of positive surgical outcome in patients with idiopathic normal pressure hydrocephalus; however, consensus is lacking. In this prospective
study, we aimed to compare CSF flow parameters in patients with idiopathic normal pressure hydrocephalus with those in healthy controls
and change after shunt surgery and to investigate whether any parameter could predict surgical outcome.

MATERIALS AND METHODS: Twenty-one patients with idiopathic normal pressure hydrocephalus and 21 age- and sex-matched healthy
controls were prospectively included and examined clinically and with MR imaging of the brain. Eighteen patients were treated with shunt
implantation and were re-examined clinically and with MR imaging the day before the operation and 3 months postoperatively. All MR
imaging scans included a phase-contrast sequence.

RESULTS: The median aqueductal CSF stroke volume was significantly larger in patients compared with healthy controls (103.5 ulL;
interquartile range, 69.8-142.8 uL) compared with 62.5 uL (interquartile range, 58.3-73.8 uL; P < .01) and was significantly reduced 3 months
after shunt surgery from 94.8 uL (interquartile range, 81-241 ul) to 88 uL (interquartile range, 51.8-173.3 uL; P < .05). Net flow in the
caudocranial direction (retrograde) was present in 11/21 patients and in 10/21 controls. Peak flow and net flow did not differ between
patients and controls. There were no correlations between any CSF flow parameters and surgical outcomes.

CONCLUSIONS: Aqueductal CSF stroke volume was increased in patients with idiopathic normal pressure hydrocephalus and decreased
after shunt surgery, whereas retrograde aqueductal net flow did not seem to be specific for patients with idiopathic normal pressure
hydrocephalus. On the basis of the results, the usefulness of CSF flow parameters to predict outcome after shunt surgery seem to be
limited.

ABBREVIATIONS: ACSV = aqueductal CSF stroke volume; iNPH = idiopathic normal pressure hydrocephalus; IQR = interquartile range; MMSE = Mini-Mental

State Examination; NPH = normal pressure hydrocephalus; PC = phase-contrast; TUG = Timed Up and Go Test

diopathic normal pressure hydrocephalus (iNPH) is a disease of
the elderly population, presenting with a triad of gait distur-
bance, progressive dementia, and urinary incontinence.' Radio-
logic findings include ventriculomegaly out of proportion to sul-
cal enlargement and without apparent obstruction of the CSF
circulation, often in combination with periventricular white mat-
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ter hyperintensities and increased CSF flow through the ventric-
ular system.”* The disease is treated by CSF diversion, in most
cases in the form of a ventriculoperitoneal shunt. Shunting selec-
tion criteria vary among different centers, as well as the reported
rate of clinical improvement after the operation, with a reported
range of 60%-—80%.>° Because shunt surgery has potentially seri-
ous risks, correctly identifying patients who may benefit from a
shunt operation is of clinical importance.

Several previous studies have explored the stroke volume of
CSF through the cerebral aqueduct, evaluated by phase-contrast
(PC) MR imaging as a predictor of shunt surgery outcome.” "'
However, the aforementioned studies have presented contradict-
ing results, and the validity of the method remains in dispute.
Also, there are reports of retrograde CSF net flow in patients with
iNPH,'*"'* but few studies have included age-matched controls.

With this prospective study, we aimed to compare aqueductal
CSF stroke volume (ACSV), peak flow, and net flow in patients
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Table 1: Demographics and background data in patients and controls®

respect to vascular risk factors. The pa-

Patients Controls P tients and controls are described in Table
(n=21) (n=21) Value 1, and they were also included in pre-
Age (median) (range) (yr) 74(65-81) 74(65-82) NS® vious studies.'®'” The study was ap-
i:r\);(sléo' oftnen)iizel 2]; g;of’z)n 31(; (gé/ ;O) <NOS(;d proved by the local ethics committee
Urgency scale 3 (1-4) 10-) <ooi  in Uppsala, Sweden, and all patients
mRS 2(2-3) 0(0-0) <0019 and controls gave written informed
TUG (sec) 20 (14-31) 9(8-1) <.001¢ consent for participation.
TUG (No. of steps) 22(18-34) 12(11-14) <.001
10 Meter Walk test (sec) 12 (8-17) 5(5-6) <.001¢ Time Scheme
10 Meter Walk Test (No. of steps) 22 (16-30) 12 (M-13) <.001¢ . .
Evans index 035(034-039)  028(024-030)  <op [ atientsand controls were examined at
DWMH 1(-3) 10-2) NS baseline with MR imaging of the brain
DESH (No.) (%) 14 (67%) 0(0%) <.001° and clinical evaluation. Patients were
Callosal angle 66° (60°-73°) 113° (104°—-121°) <.001¢ also investigated preoperatively (the day
Flow void 3(23) 2(2-2) Ns* before the operation) with MR imaging

Note:—DWMH indicates deep white matter hyperintensities; DESH, disproportionately enlarged subarachnoid space

hydrocephalus; NS, not significant.

? Unless indicated otherwise, data are median, with IQR in parenthesis.
5 Mann-Whitney U test.

€ McNemar test.

9 Wilcoxon signed rank test.

Baseline Preop Shunt surgery Postop
MRI and
clinical inv. MRI and VP-shunt MRI and
: Clinical inv. Clinical inv.
21 iNPH and e b 18 iNPH TIREH
21 matched HC

4.5 months 1 day 3 months

FIG 1. Timeline. MRI indicates MR imaging with the phase-contrast
MR imaging sequence; Clinical inv., clinical investigation with tests of
gait function, cognition, and urinary symptoms; HC, age- and sex-
matched healthy controls. Preop = preoperative investigations;
Postop, postoperative follow-up.

with iNPH with those in age- and sex-matched healthy controls
and investigate whether any of these CSF flow parameters could
function as a predictor of outcome of shunt surgery.

MATERIALS AND METHODS

Patients and Controls

Twenty-six patients with suspected iNPH were prospectively
included in the study. After examination by a multidisciplinary
normal pressure hydrocephalus (NPH) team consisting of a neu-
rosurgeon, neurologist, physiotherapist, and an occupational
therapist, 23 of them were diagnosed with iNPH according to the
international guidelines, 5 whereas 3 were considered to have
other conditions. All patients had a typical progressive gait disor-
der in combination with cognitive dysfunction and/or urgency
incontinence, and all patients had findings of enlarged lateral ven-
tricles and tight high-convexity sulci on imaging. MR imaging of
the brain and lumbar punctures were performed in the diagnostic
work-up.

Twenty-three controls were randomly recruited from the Upp-
sala municipality using the Swedish population registry and were
matched with patients with respect to sex and age (*2 years). Exclu-
sion criteria were previous stroke or any known neurologic disease,
diabetes mellitus, history of myocardial infarction, dependence on
walking aids, and any terminal disease. Antihypertensive medication,
aspirin, and common pain medications were allowed. Two of the
controls did not match any patient; therefore, 21 patient-control
pairs were available. The controls did not differ from patients with
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and 3 months postoperatively with re-
peat clinical examinations and MR im-
aging. The time between baseline and
preoperative scans was a median of 4.5
months (interquartile range [IQR],
4-7.75 months; range, 2—11 months),
and time between the operation and postoperative MR imag-
ing was 3 months (IQR, 2—4 months; range, 2—8 months; Fig 1).

The study comprised 2 parts—Part 1: baseline scans of pa-
tients were compared with those of matched healthy controls; and
Part 2: baseline, preoperative, and postoperative scans of patients
were compared with investigate longitudinal differences across
time and the predictive values of the CSF flow parameters.

All 21 patients with iNPH were offered shunt surgery. Two
patients dropped out of Part 2 of the study, and 1 died before
surgery. The 18 patients still included in the study underwent
shunt surgery. One of the 18 patients included in Part 2 of the
study did not match any healthy control and was therefore not
included in Part 1 (the patient with the highest ACSV at baseline
in Fig 2B).

Baseline MR imaging was performed in all 18 patients; how-
ever, in 2 patients, the preoperative scans were missing, and in 1
patient, the postoperative flow-quantification scans were lost due
to technical issues. Data of the baseline scan were used in the
patient who was investigated postoperatively but with a missing
preoperative investigation in the longitudinal comparison.

Four patients underwent a re-operation within 3 months: 1
related to a shunt infection, 2 with adjustments to the proximal
catheter, and 1 due to bowel perforation. All patients were initially
implanted with a ventriculoperitoneal shunt with a Strata valve
(Medtronic, Dublin, Ireland). The patient with a bowel perfora-
tion after the first operation underwent a re-operation with a
ventriculoatrial shunt. The postoperative MR imaging and fol-
low-up visit were performed 3 months after the re-operation in
these 4 patients.

Clinical Examination

The clinical examination consisted of a standard neurologic ex-
amination, the Mini-Mental State Examination (MMSE), mRS,
the Timed Up and Go Test (TUG), time and number of steps
required to walk 10 m at maximum pace, and the gait and balance
tests from the iNPH scale."® Tests of gait function were performed



" Imaging

MR imaging was performed on a 3T

Achieva System (Philips Healthcare,
Best, the Netherlands) using a 32-chan-
nel head coil with the patient in the su-
pine position. Imaging parameters for
the PC MR imaging were as follows: ac-
quired voxel size = 0.59 X 0.84 X 4.00
mm (reconstructed to 0.59 X 0.59 X

400 500- o
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~ 4.00 mm), acquisition matrix = 256 X
179, TR = 12 ms, TE = 7.5 ms, flip an-
gle = 15°, retrospective cardiac gating

FIG2. A, Aqueductal cerebral stroke volume in patients with iNPH and healthy controls. The lines
connect each patient with a matched control. B, Aqueductal cerebral stroke volume in patients
with iNPH at baseline, the day before shunt surgery (preop), and at 3 months after the operation
(postop). Error bars represent 10th and 90th percentiles. The asterisk indicates P < .05; double

asterisks, P < .01; NS, not significant.

FIG 3. A, Sagittal T2-weighted turbo spin-echo image (without flow compensation) with the red
line illustrating the location of the phase-contrast MR imaging scan plane. B, Transverse magni-
tude image through the aqueduct. The red circle illustrates the ROI drawn for flow measure-

ments. C, Corresponding velocity (phase) image.
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FIG 4. Aqueductal CSF flow during 1 cardiac cycle. Positive values are
in the craniocaudal direction.

twice, and the mean value of the 2 trials was used in the statistical
analysis. To reduce the number of variables in the correlation
analyses, we created a quantitative gait variable, which was the
mean of the number of steps and seconds for both the 10 Meter
Walk Test and the TUG. The same examinations were repeated
at postoperative follow-up. Variables used in the statistical
analyses of postoperative outcome were differences in the
quantitative gait variable and MMSE. Results of clinical tests
from preoperative and postoperative investigations are docu-
mented On-line Table 1.

o

with 12 phases using a peripheral pulse
unit. The scan was positioned perpen-
dicular to the aqueduct (Fig 3A), and the
phase-correction technique provided by
the vendor was applied. All patients were
examined once with a velocity-encoding
value of 20 cm/s. To increase accuracy
and decrease the risk of velocity aliasing,
we then analyzed the peak velocity of
CSF and repeated the sequence with a
velocity-encoding adjusted to a slightly
higher value than the recorded peak ve-
locity in each individual.

Image data were analyzed in the Q-
Flow package (Philips Healthcare) soft-
ware. An ROI was drawn manually (Fig
3B, -C), with the examiner blinded to
clinical data, covering the perimeter of
the aqueduct and adjusted, if necessary,
in all phases of the sequence. ACSV, de-
fined as the volumetric mean of the cau-
dal and cranial flow of CSF through the
aqueduct; net flow during 1 cardiac cycle; peak velocity; and ag-
ueductal area were calculated by the software. Positive values rep-
resent the craniocaudal direction. Quantified flow during 1 car-
diac cycle is illustrated in Fig 4.

A morphologic 3D T1-weighted sequence and a T2-weighted
FLAIR sequence were also included in the MR imaging protocol
for descriptive purposes. In addition to aqueductal flow parame-
ters, we measured 5 imaging features: Evans index,'” deep white
matter hyperintensities according to the Fazekas visual grading
scale,”® disproportionately enlarged subarachnoid space hydro-
cephalus,” callosal angle,”" and the presence of a flow void in the
cerebral aqueduct.”” The volume of the lateral ventricles was
quantified using SyntheticMR (http://www.syntheticmr.com/).>

Statistical Analysis

The difference between patients and matched controls was tested
with the Wilcoxon signed rank test except for age, which was
tested with the Mann-Whitney U test. Differences between base-
line and preoperative and postoperative investigations were tested
with the Friedman test, and post hoc analysis was performed with
the Wilcoxon signed rank test. Correlations were tested with the
Spearman rank correlation coefficient. It has been suggested that
patients with iNPH with ACSV twice as high as that in healthy
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controls respond to shunting.* Therefore, differences in out-
come between patients with ACSV twice as high as that in the
median in controls (>125 wL) were compared with patients with
ACSV of <125 uL, and the difference in outcome was tested with
the Mann-Whitney U test. The level of significance was set at P <
.05, and all analyses were performed using SPSS Statistics for Ma-
cintosh, Version 23.0 (IBM, Armonk, New York). No corrections for
multiple analyses were performed.

RESULTS
The median ACSV with IQR at baseline was 62.5 uL (58.3-73.8

pL) in controls and 103.5 uL (69.8-142.8 uL) in patients (P <
.01, Fig 2A). The aqueductal area was also significantly larger in
patients than in controls (P <.001), but there was no difference in
net flow volume or peak velocity (Table 2). The net flow was
negative (caudocranial direction) in 11 of 21 patients and in 10 of
21 healthy controls.

The median ACSV was significantly reduced from 94.8 uL
(IQR, 81-241 L) preoperatively to 88 uL (IQR, 51.8-73.3 uL)
postoperatively (P < .05, Fig 2B). There was also a significant
difference between baseline and postoperative investigation (P <
.05), but not between baseline and preoperative MR imaging (Fig
2). There were no longitudinal differences for net flow, peak ve-
locity, or aqueductal area (Table 3).

In patients, ACSV correlated with peak velocity (r = 0.78, P <
.001), aqueductal area (r = 0.48, P < .05), callosal angle (r =
—0.48, P < .05), and flow void (r = 0.53, P < .05). There was also
a correlation between peak velocity and flow void (r = 0.56, P <
01).

At baseline, ACSV correlated with the clinical variables, mRS-
score (r = —0.49, P < .05) and performance on quantitative gait
tests (r = —0.43, P < .05). Postoperative difference in ACSV
correlated with postoperative changes in the mRS score (r = 0.62,
P < .01).

Table 2: Aqueductal stroke volume, peak velocity, and
aqueductal area in controls and patients at baseline®

Healthy Patient
Controls Baseline P
(n=21) (n=21) Value®
ACSV (L) 625(583-738)  1035(69.8-1428)  <.01
Peak velocity 103 (79.5-113.5) 103 (68.5-166.5) NS
(mmy/s)
Netflow (ul)  —2.9(—5.65-2.55) —16(—19-14) NS
Aq area (mm?) 18 (15.5-19) 22 (19-25) <.001

Note:—Aq indicates aqueductal; NS, not signifiicant.
2 Data are median with IQR in parentheses.
® Wilcoxon signed rank test.

Table 3: Aqueductal stroke volume, peak velocity, and aqueductal area in patients at all

assessment times®

None of the CSF flow parameters at baseline correlated with
the postoperative clinical outcome. Of the 18 patients in Part 2 of
the study, ACSV were >125 L (twice as high as in controls) in 8
patients and <125 uL in 10 patients. There were no significant
differences in postoperative outcome in any clinical variable be-
tween patients with high ACSV (>125 uL) compared with pa-
tients with ACSV of <125 uL.

In controls, ACSV correlated with peak velocity (r = 0.64, P <
.01), but not with aqueductal area. Also in controls, ACSV corre-
lated with the Evans index (r = 0.57, P < .01), callosal angle (r =
—0.47, P < .05), and flow void (r = 0.47, P < .05), and peak
velocity correlated with callosal angle (r = —0.52, P < .05) and
deep white matter hyperintensities (r = —0.55, P < .05).

There was a correlation between ACSV and quantified ventric-
ular volume in healthy controls (r = 0.46, P < .05), but not in
patients (On-line Table 2).

Nine patients (50%) improved >10% in the quantitative gait
variable, and 6 patients (33%) improved =3 levels in the MMSE.

DISCUSSION

Major Findings

In this study, we found that the stroke volume through the cere-
bral aqueduct measured by PC MR imaging is larger in patients
with iNPH than in age-matched healthy controls. Additionally,
ACSV seems to be reduced following shunt surgery. However,
preoperative ACSV did not correlate with clinical improvement
after shunt surgery in patients with iNPH. Net flow during 1 car-
diac cycle was in the caudocranial direction in half of the patients
with iNPH as well as in half of the healthy controls. The strength
of this study was the consecutive and prospective inclusion of
patients who were investigated longitudinally before and after
shunt surgery and compared with healthy controls recruited ran-
domly from the general population.

ACSYV as a Predictive Test
The usefulness of MR imaging—based assessment of CSF hydro-
dynamics in the selection process of patients with iNPH for
surgery has been a topic of interest since Bradley et al” reported a
relationship between increased ACSV and favorable shunt re-
sponse in 1996. Several studies have since then investigated the
concept, however with conflicting results.*'**>*° Consequently,
we aimed to further investigate the usefulness of PC MR imaging—
derived flow parameters in the selection of patients for shunt sur-
gery. Our results do not support the use of increased ACSV as a
prognostic marker of surgical outcome. Most more recent studies
on the subject have come to similar

25,26

conclusions,® ! while other studies

Patient
Preop (n =16)

Patient
Baseline (n = 21)

have presented results in favor of ACSV

ACSV (uL) 103.5(69.8-142.8)  94.8 (81-241)
Peak velocity (mm/s) 103 (68.5-166.5) 127 (72.5-154.8)
Net flow (ul) —16(—19-14) —18(—14.5-10.8)
Aq area (mm?) 22 (19-25) 22.5(19.3-25.8)

108 (71.5-146.5) NS
0(—12.5-21) NS
24 (20.5-25.5) NS

Patient P fication in th £ ical
Postop (1=17)  Value quantification in the process of surgica
88 (515-1733) — 05 selection. Although our study alone can-

not conclusively rule out the usefulness
of ACSV measured by PC MR imaging
as a predictor of shunt surgery outcome,

Note:—Preop indicates preoperative; Postop, postoperative; Aqg, aqueductal; NS, not signifiicant.

“ Data are median with interquartile range in parentheses.

© Wilcoxon signed rank test. Significant difference between baseline and postoperative investigation and between
preoperative and postoperative investigation. Comparisons between baseline and preoperative measurements were

all nonsignificant.
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it adds to an existing body of data ques-
tioning the viability of the method.

In the article published by Bradley
etal,” in 1996, an ACSV of =42 uL was



proposed as a marker of favorable shunting outcome. In a more
recent publication, it was suggested that ACSV is highly scanner-
and technique-dependent, and the author proposed that each
treatment center should determine a “normal” ACSV for the
scanner by examining a number of healthy elderly individuals. An
ACSV twice as high as the ACSV in healthy controls was suggested
as a potential marker of shunting success.”* We applied this
method in the present study but found no significant difference in
clinical outcome between patients with an ACSV at least twice
that of the controls (>125 L) compared with patients with lower
ACSVs.

Comprehensive knowledge regarding the pathophysiology of
iNPH remains elusive. Impaired compliance of brain parenchyma
and vasculature and white matter ischemia are some of the sug-
gested underlying mechanisms.?”>*® It has been suggested that a
less compliant brain would hamper the Windkessel effect, result-
ing in increased CSF pulsatility, including ACSV.*” In a study
investigating the influence of morphologic and hydrodynamic
features on the magnitude of ACSV, no parameters except ven-
tricular volume and cross-sectional aqueductal area were corre-
lated with ACSV.”° These findings have been reproduced by other
authors.'®" In our study, there was a correlation between ACSV
and the volume of the lateral ventricles measured with quanti-
tative MR imaging in controls but not in patients. Contradict-
ing results regarding correlation between ACSV and ventricu-
lar volume in patients with iNPH could possibly be explained
by inclusion of patients with variable disease progression in
different studies. Advancing disease may have more impact on
ACSV than on ventricular volume. In contrast, there was a
moderate negative correlation between callosal angle and
ACSYV, indicating that callosal angle could be more closely re-
lated to disease progress than ventricular volume. However,
correlation between ACSV and any morphologic feature does
not necessarily imply causation, and the etiology of increased
ACSV remains unclear.

There have been reports of variability of ACSV with regard to
both short- and long-term time spans. Scollato et al*> published
data suggesting a change of ACSV across time in unshunted pa-
tients with NPH. Repeat PC MR imaging during 24 months
showed a gradual increase of ACSV, followed by a gradual de-
crease. The authors hypothesized that ACSV reached a peak
level once brain atrophy started to set in, which, in turn, re-
sulted in a decrease of ACSV. In the present study, there was no
significant difference in ACSV between baseline and the pre-
operative investigation with a median time interval of 4.5
months. However, the previously described variability of
ACSV across time brings further doubt regarding the method
as a prognostic marker and could serve as a partial explanation
for our inability to correlate preoperative ACSV with surgical
outcome in our study.

Atbaseline, alow ACSV correlated with poor gait function and
global functioning measured by the mRS. If ACSV increased with
disease progression, one would expect that these correlations
would be the opposite. Our findings could possibly be explained
by the theories presented by Scollato et al,”> who reported that
ACSV is reduced in the late stages of the disease.

Elevated ACSV in Patients with iNPH

Although ACSV did not correlate with shunting outcome, signif-
icantly higher ACSV was present in the patient group. Accord-
ingly, higher flow rates and ACSV in iNPH have been described in
previously published literature.”*** However, there was a consid-
erable overlap in ACSV between patients and controls in our
study, which limits the diagnostic potential of the method. To
better investigate the diagnostic potential of ACSV, future studies
should include control groups with patients with ventriculo-
megaly secondary to atrophy” and controls with differential di-
agnoses such as progressive supranuclear palsy and multiple sys-
tem atrophy.

Reduced ACSV after Shunt Placement

Our results indicated a slight reduction in ACSV occurring after
the operation. Previous publications have come to similar conclu-
sions.”>’® Shunt insertion is performed to drain excess CSF from
the ventricular system and act as a form of capacitance system. It
seems logical that ACSV would be reduced following shunt place-
ment; with every systolic phase, a portion of the intraventricular
CSF will be diverted through the shunt rather than the cerebral
aqueduct. Some authors have suggested that brain compliance
increases after shunting, which could also contribute to reduced
CSF pulsatility.”® This finding could potentially imply that an
increase in ACSV, after an initial reduction following shunt place-
ment, may be indicative of shunt dysfunction; however, this im-
plication should be investigated in large samples.

Retrograde Net Flow

It has been reported in several studies that the net flow in some
patients with iNPH is directed caudocranially (ie, flow of CSF into
the ventricles).'>'***?” This is often referred to as retrograde
flow because the main production site of CSF is believed to be in
the plexus choroideus.”® Findings of retrograde net flow have
been suggested as a technical error.” Others interpret it as an
indicator of a major extraventricular source of CSF production in
patients with iNPH'>*° that could have an important role in the
pathophysiology of the disease.'? Representative control groups
are missing in many previous studies, but 2 recent studies inves-
tigated net flow in iNPH with age-matched controls.">** Yin et
al’? reported that retrograde net flow was more common in
iNPH, while Qvarlander et al** found no difference in the direc-
tion of net flow between patients with iNPH and healthy controls.
Our results were more similar to those of Qvarlander et al, with no
difference between patients and controls regarding the direction
of net flow. However, retrograde net flow was a common finding
in our study in both patients and healthy controls. How CSF flow
direction is related to age in healthy individuals should be studied
further before conclusions can be drawn from results in patients
with iNPH. There are also reports that retrograde net flow is re-
versed after shunting,'” but we could not replicate that finding.

Limitations

There were some limiting factors concerning technical aspects of
the radiologic examination. The flow curves obtained were based
on 12 phases. This is comparable with earlier studies investigating
ACSV, though many modern studies have used 30—40 phases.
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However, an increase in temporal resolution would lead to pro-
longed scan times, which, in turn, would increase the risk of
movement artifacts.

The cerebral aqueduct and the measured ACSV are of small
magnitude in the context of phase-contrast MR imaging. This
makes the measurements particularly susceptible to partial vol-
ume effects and phase-background correction methods.

We did not monitor the respiratory cycle of patients during PC
MR imaging examinations. Considering that ACSV has been re-
ported to be influenced by breathing, this could potentially lead to
less accurate results.*' A potential flow-quantification method
with both cardiac and respiratory triggering might provide a more
precise measurement of ACSV.

Some studies have chosen to place an additional ROI in the
static brain parenchyma to measure and correct for any back-
ground noise or mass brain movement that may influence flow
measurements. This was not required by the manufacturer’s rec-
ommendations and was not done in our study.

Measurements of net flow are associated with technical diffi-
culties. The quantity of the value is very small and calculated from
the much larger bidirectional flow. Therefore, only small varia-
tions in the bidirectional flow lead to uncertain estimation of net
flow. The IQR of the net flow was large in our patients and could
have influenced the results. The scan time for the PC MR imaging
sequence is approximately 5-7 minutes, and flow values in an
individual patient during this short investigation are not neces-
sarily generalizable to 24 hours in the same patient.

CONCLUSIONS

Although ACSV was higher in patients with iNPH compared with
healthy controls and decreased after shunt surgery in patients
with iNPH, quantified flow volumes did not predict outcome af-
ter shunt surgery. In addition, there was an overlap in the magni-
tude of ACSV between patients and controls that limits the diag-
nostic potential of the method. Retrograde net flow does not seem
to be specific for INPH. On the basis of our findings and previous
reports in the literature, we question the usefulness of PC MR
imaging—derived flow values for decisions concerning surgical
intervention in patients with iNPH.
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Quantitative Susceptibility Mapping to Assess Cerebral
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Vascular Compliance
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SUMMARY: This study explored whether autoregulatory shifts in cerebral blood volume induce susceptibility changes large enough to be

depicted by quantitative susceptibility mapping. Eight healthy subjects underwent fast quantitative susceptibility mapping at 3T while lying

down to slowly decrease mean arterial pressure. A linear relationship between mean arterial pressure and susceptibility was observed in

cortical and subcortical structures, likely representing vessels involved in autoregulation. The slope of this relationship is assumed to

indicate the extent of cerebral vascular compliance.

ABBREVIATIONS: CVC = cerebral vascular compliance; greEPl = gradient-echo echo-planar imaging; MAP = mean arterial blood pressure; QSM = quantitative

susceptibility mapping; SpO* = peripheral capillary oxygen saturation

uantitative susceptibility mapping (QSM) is a powerful
Qtechnique to assess the magnetic susceptibility of tissue.' In
brain tissue, this property is dominated by the diamagnetic sus-
ceptibility of water, but paramagnetic iron and diamagnetic lip-
ids, proteins, or calcifications may cause regional susceptibility
variations.” In contrast, the magnetic susceptibility of blood is
dominated by the oxygenation level of hemoglobin, with a more
paramagnetic susceptibility in venous vessels and a more diamag-
netic susceptibility in arterial vessels.’

Cerebral autoregulation® serves to maintain a constant cere-
bral blood flow over a wide range of mean arterial blood pressure
(MAP) levels (50—-150 mm Hg) to ensure an adequate supply of
glucose and oxygen to the brain. This occurs by vasodilation or
vasoconstriction of blood vessels with concomitant changes of
intravascular blood volume.® Changes in blood volume per a
given change in blood pressure are viewed as indicators of cerebral
vascular compliance (CVC), which reflects a main component of
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vascular function.*” The capability for CVC varies across the
cerebral vasculature, depending on the amount of smooth-
muscle cells in the vessel wall, the pericyte density, and, most
notably, on the length and diameter of the vessels.® In this
regard, the most prominent cerebral autoregulation—induced
blood volume changes can be expected to occur in subcortical
and pial vessels.®

This study explored whether QSM allows depicting and map-
ping of magnetic susceptibility changes in the brain as a conse-
quence of autoregulatory changes in cerebral blood volume fol-
lowing a drop in blood pressure by lying down.”'°

MATERIALS AND METHODS

MR Imaging

Eight healthy volunteers (6 men, 2 women) with a mean age of 32
years (age range, 28—49 years) participated in this explorative
study, which was approved by the local ethics committee of the
Medical University of Graz, Austria (EK 29-623 ex 16/17). MR
imaging was performed on a 3T MR imaging system (Magnetom
Prisma; Siemens, Erlangen, Germany) using a 64-channel head
coil. For QSM, we used a 3D gradient-echo echo-planar imaging
(greEPI) sequence'" with TR = 50 ms, TE = 30 ms, flip angle =
15°, FOV = 250 mm, in-plane resolution = 0.65 X 0.65 mm, slice
thickness = 1.5 mm, EPI factor = 15, scan time = 57 seconds.
This sequence was started immediately after the volunteers had
taken their supine position in the MR imaging scanner. To mon-
itor changes in QSM, we repetitively performed this sequence 8
times, resulting in a total acquisition time of 7 minutes and 44
seconds. Thereafter, a T1-weighted true inversion recovery se-
quence was performed with TR = 6000 ms, TE = 11 ms, TT = 500
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FIG1. Representative Tl-weighted image, quantitative susceptibility map, and the corresponding
CVC map of an axial section from a single subject (from left to right). Additional axial sections of

the same subject are shown in On-line Fig 4.

V s

'oxel containing long
) medullary venules

Voxel containing long
medullary arterioles

FIG 2. Schematic drawing of pial and subcortical blood vessels. The
longest vessels with a high capabilit?/ to modulate the diameter are
the medullary arterioles and venules.'® According to Duvernoy type 5,
these vessels follow the course of the subcortical interface over long
distances before they branch into white matter.”

ms, flip angle = 150°, in-plane resolution = 0.65 X 0.65 mm, slice
thickness = 1.5 mm, acquisition time = 4 minutes and 44
seconds.

At each start of the greEPI sequence, the systolic (SYS) and dia-
stolic (DIA) blood pressure was measured using a blood pressure cuff
at the left upper arm. Furthermore, the blood oxygenation level (pe-
ripheral capillary oxygen saturation [SpO,]) was measured at the
index finger of the right hand using a MR imaging—compatible pa-
tient monitor (Precess; Invivo, Orlando, Florida). The MAP was cal-
culated according to MAP = DIA + 1/3 (SYS-DIA)."”

Image Processing

QSM images of each greEPI measurement were reconstructed us-
ing the total generalized variation method.'” To correct for head
displacements during the series of greEPI scans, we registered all
subsequent scans to the first greEPI scan, using FLIRT (FMRIB Lin-
ear Image Registration Tool; https://www.fmrib.ox.ac.uk/fsl/fslwiki/
FLIRT)."* Additionally, QSM was referenced to the magnetic sus-
ceptibility of the CSF to correct for possible phase drifts."”

S E 35
(102 ppm/mm Hg)

Assessing Vascular Compliance

In brain tissue, the magnetic susceptibil-
ity of a voxel can be considered as the
relative contributions of blood and tis-
sue components. If one assumes normal
cerebral autoregulation, a change in
blood pressure (AP) introduces a sus-
ceptibility shift for a given voxel
(AXyoxer) according to

AXvoxel(Ap) = Avblood(AP) X

(Xblood - X{issue)

where AV, .4 is the relative change in
blood volume and AP the relative
CVC change in MAP. A blood pressure de-
crease results in vasodilation and thus
increases the intravascular blood vol-
ume (On-line Fig 1). Therefore, voxels
containing mainly venous vessels should
increase their magnetic susceptibility,
whereas voxels containing mainly arterial vessels are expected to
show a susceptibility decrease (On-line Fig 2).” This theory is
because compared with tissue water, hemoglobin exhibits a negative
(diamagnetic) susceptibility when fully oxygenated and a positive
(paramagnetic) susceptibility when deoxygenized.” To search for
structures exhibiting CVC after the subject lies down, we correlated
the magnetic susceptibility of each greEPI measurement with the
MAP pixel by pixel using a linear regression model, and we mapped
the slope of the linear regression, Ax, .../ AP, as an indirect measure
of CVC.

For quantitative analysis, ROIs were manually defined on the
CVC maps in the frontal subcortical white matter of each subject.
This region was selected because of the presumed presence of
vessels with large CVC according to anatomic studies.'®'” The
mean slope of all ROIs was taken as indicative of the global CVC of
each subject. The sign of the slope was used to distinguish between
arterial and venous vessels.

RESULTS

In every subject, a gradual MAP drop was observed from lying
down on the MR imaging table until close to the end of the greEPI
scans. The strongest decrease in MAP occurred within the first 4
minutes. The maximal decrease of MAP ranged between 7 and 14
mm Hg (mean of the maximum blood pressure change during
MRI = 10 = 2 mm Hg) across all subjects (On-line Fig 3A). The
SpO, ranged between 96% and 100% and was not affected by
lying down (On-line Fig 3B).

Figure 1 shows a representative T1-weighted image and corre-
sponding QSM and CVC maps of a single subject. Structures with
blood pressure—dependent QSM changes are color-coded de-
pending on the sign of the slope of the pixel-wise regression anal-
ysis. These structures are identified primarily on the surface and
beneath the cortex. Most likely, they reflect voxels containing pre-
dominantly long arterioles (positive slope displayed in red) and
venules (negative slope displayed in blue) in the subcortical white
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whereby a decrease in blood pressure
causes vasodilation and consequently an
increase in CBV to keep CBF constant.
The slope and direction of the relationship
between susceptibility and MAP changes
are indicative of the extent of cerebral vas-
cular compliance in respective arterial and
venous vessels.

Theoretically, QSM changes could also
be caused by a change in the blood oxy-
genation level.'® However, this is unlikely
because no physical or mental activity was
required during the MR imaging exami-
nation. Considering that QSM can also
pick up oxygenation-related changes in
resting-state fMRI studies,'” such changes
would be expected to occur predomi-
nantly in the cortex and not in such a
widespread manner as we have observed.
A further argument against an oxygen-
ation-induced origin of our susceptibility
changes is the constant SpO, during the
entire MR imaging measurement.

P 3 % Opverall, the proposed approach prom-
ises a completely different view of cerebral
blood vessels compared with angiographic

FIG 3. CVC map with a semicortical mask (A) and a zoomed inlay (B) showing regions with mainly
arterial (arrow 1), venous (arrow 2), and pial arterial (arrow 3) contributions. In regions with predomi-
nantly arterial vessels (arrow 1), the susceptibility increases with increasing MAP (C), while it decreases
in regions with predominantly venous vessels (arrow 2) with increasing MAP (D). The slope of the
regression lines in C and D represents the CVC. rsq indicates the square of the correlation coefficient.

matter and arterial and venous blood vessels on the brain surface
) 16,17

(Duvernoy type 5 as illustrated in Fig 2.

To illustrate this further, Fig 3 shows a representative compliance
map with a semitransparent cortical mask in correspondence with
the schematic drawing in Fig 2. The zoomed inlay highlights a sub-
cortical region with mainly arterial contributions (arrow 1), a sub-
cortical region with mainly venous contributions (arrow 2), and a
region with pial arterial contributions (arrow 3). The relationship
between MAP and susceptibility illustrates that the sign of the regres-
sion slope is different for regions with dominating arterial (Fig 3C)
and venous (Fig 3D) blood volume changes.

If one assumed a differentiation of arterial and venous blood
vessels by the inverse change of susceptibility with decreasing
blood pressure, regional evaluation of QSM changes indicated a
mean arterial compliance 0f2.09 + 0.56 X 10> ppm/mm Hgand
amean venous compliance of —1.97 = 0.56 X 10~ ppm/mm Hg
across all subjects (On-line Table).

DISCUSSION

In this exploratory study, we demonstrate that a small decrease in
blood pressure such as that elicited by lying down induces magnetic
susceptibility shifts in cortical and subcortical brain structures most
likely reflecting contributions from vessels. The direction and extent
of susceptibility changes are consistent with cerebral autoregulation,
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techniques. Dynamic QSM imaging dur-
ing changes in blood pressure may serve to
assess the functional and not the morpho-
logic component of the cerebral vascula-
ture. Thus, only regions containing vessels
with the ability to change their diameter as
a consequence of cerebral autoregulation
contribute to the calculated CVC maps.*® This property appears es-
pecially prominent in the long arterioles and venules of the subcor-
tical WM and on the cortical surface. Furthermore, a differentiation
between arterial and venous vascular signals is possible on the basis of
the different direction of the susceptibility shift of oxygenated and
deoxygenated blood.”

However, arterial and venous vessels that occupy an imaging
voxel in an equal proportion cannot be depicted because their
opposite susceptibility shifts will cancel out. The signal from
larger vessels with high-flow velocity can also not be captured due
to outflow and saturation effects.

The CVC maps represent a relative compliance measure rather
than an absolute measure. This feature also explains why the CVC
of the venous system seems to be almost as high as the CVC for the
arterial system though fewer pericytes are present in the venous
system. Apparently, the difference in susceptibility between ve-
nous blood and tissue water is much larger (~1.57 ppm) than the
difference between arterial blood and tissue water (~0.26 ppm),
enhancing the effect of blood volume changes in venous vessels.”

CONCLUSIONS

QSM allows a fast and noninvasive mapping of blood pressure—
induced susceptibility changes, which could serve as a measure for
CVC.
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CLINICAL REPORT
ADULT BRAIN

Acute and Evolving MRI of High-Altitude Cerebral Edema:
Microbleeds, Edema, and Pathophysiology

P.H. Hackett, ““P.R. Yarnell, ““'D.A. Weiland, and ““'K.B. Reynard

ABSTRACT

SUMMARY: MR imaging of high-altitude cerebral edema shows reversible WM edema, especially in the corpus callosum and subcortical
WM. Recent studies have revealed hemosiderin deposition in WM long after high-altitude cerebral edema has resolved, providing a
high-altitude cerebral edema “footprint.” We wished to determine whether these microbleeds are present acutely and also describe the
evolution of all MR imaging findings. In 8 patients with severe high-altitude cerebral edema, we obtained 26 studies: 18 with 3T and 8 with
1.5T scanners, during the acute stage, recovery, and follow-up in 7 patients and acutely in 1 patient. Imaging confirmed reversible cytotoxic
and vasogenic WM edema that unexpectedly worsened the first week during clinical improvement before resolving. The 3T SWI, but not
1.5T imaging, showed extensive microbleeds extending beyond areas of edema seen acutely, which persisted and with time coalesced.
These findings support cytotoxic and vasogenic edema leading to capillary failure/leakage in the pathophysiology of high-altitude cerebral

edema and provide imaging correlation to the clinical course.

ABBREVIATIONS: HACE = high-altitude cerebral edema; HAPE = high-altitude pulmonary edema; MB = microbleed

he original MR imaging studies of acute high-altitude cerebral

edema (HACE) with 1.5T magnets found FLAIR and T2 abnor-
malities in the corpus callosum, particularly the splenium."* These
findings were transient, attributed to vasogenic edema, and were sub-
sequently confirmed, though descriptions of the time course and
resolution of edema were incomplete.”® More recent reports using
3T SWI found microbleeds (MBs) in the corpus callosum in patients
with a history of HACE 1-35 months previously, but none were stud-
ied acutely.”® When microbleeds appear in HACE, whether they
change with time, how they correlate with edema, and whether their
distribution in this illness is specific for HACE are all unknown.

In this study, we describe the evolution of both edema and
microbleeds in 8 patients with severe HACE. These MR imaging
data contribute to our understanding of HACE pathophysiology
and provide clinical imaging correlations that may aid in diagno-
sis and management.
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MATERIALS AND METHODS

We performed a retrospective study of all patients admitted to our
hospital with HACE from 2011 through 2017. We examined
MRIs obtained during acute illness and after discharge in all but 1
patient. In addition, we obtained a 10-year follow-up in 1 patient
with HACE from 2006. Repeat MRIs were performed at the dis-
cretion of clinicians and hence at irregular intervals. Of the 26 MR
imaging studies, magnet strength depended on availability: Eigh-
teen were 3T and 8 were 1.5T.

RESULTS

Patients

All patients were evacuated from Colorado mountain communi-
ties between 2500 and 3000 m (82009840 feet) to the Denver
area. Table 1 shows the demographics and clinical course. Seven
of 8 had traveled to high altitude within 1 day from a sea level
residence; 1 resided at high altitude (patient 5) and returned
home after 1 week at low altitude. All patients had typical clinical
and imaging findings of high-altitude pulmonary edema (HAPE,
Fig 1), and all met the criteria for HACE diagnosis: altered mental
status and/or ataxia in a person recently arriving at a high altitude
and with acute mountain sickness or HAPE. Other diagnoses were
excluded by clinical, laboratory, and imaging evaluations. All pa-
tients were treated for HAPE at mountain clinics with supplemen-
tal oxygen. Four were intubated, and 6 patients received dexa-
methasone. Pulmonary edema cleared in all patients during 1-3
days. Bedside callosal (disconnection syndrome) testing findings
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Table 1: Patient demographics and clinical course

Age Altitude Days Days in
Pt ID (yr), Sex of Onset to Care® SpO, HACE Symptoms, Findings Hospital
1 35,M 2800 m 4 24% Headache, anorexia, dyspraxia, coma 3
2 41,M 2970 m 5 41% Headache, fatigue, confusion, ataxia 3
3 32,M 2740 m 4 50% Headache, confusion, ataxia 12
4 23, F 2930 m 4 48% Confusion, agitation 9
5 48 F 2530 m 4 74% Crawling, incontinent, confused 5
6 47, M 2970 m 6 60% Confusion, dysarthria, ataxia 12
7 29, M 2930 m 4 55% Progressive confusion 12
8 34, M 2750 m 6 39% Somnolence, confusion, ataxia 4

Note:—Pt ID indicates patient identification; SpO,, peripheral oxygen saturation.

2 Days from onset of symptoms to presentation to clinic and immediate transfer to hospital.

FIG 1. Supine portable chest radiograph of patient 3 on admission to
the hospital showing marked pulmonary edema.

were normal in the 3 patients who were tested. At hospital
discharge, patients were recovering well and returned to their
demanding professions.

MR Imaging Studies
The On-line Table summarizes the timing of MR imaging studies
and findings.

FLAIR and T2

All 8 patients on their first scan showed increased FLAIR and T2
signal: 5 patients in the corpus callosum and subcortical WM (Fig
2, On-line Figures 1-8), 2 in subcortical WM only (patients 6 and
8, On-line Figures 9-11), and 1 (patient 5) in the periventricular
WM (On-line Figure 12). In the 5 patients with repeat MR imag-
ing within 10 days of the first, WM edema increased before com-
pletely resolving (Fig 3, On-line Figures 1-2, 4-7, 10), except for
patient 5.

Dwi

All 8 patients showed restricted diffusion indicating cytotoxic
edema, 7 in the splenium and subcortical WM, mostly corre-
sponding to FLAIR abnormalities (On-line Table and Fig 2, On-
line Figures 1-4,6—8, 11, 13). Patient 6 had small foci of restricted

diffusion only in left cerebellar WM and medial right frontopari-
etal cortex (On-line Figures 9, 10). In 6 patients, restricted diffu-
sion was present on the initial scan, but in 2 patients, it developed
or became worse between the initial and second scans. Restricted
diffusion resolved in all with follow-up imaging, more quickly
than FLAIR and T2 abnormalities. Patient 2 had small lacunar
infarcts in the globus pallidi that persisted at follow-up (On-line
Figure 3), while patient 4 had a tiny lacunar infarct in left frontal
subcortical WM (On-line Figure 7).

Hemosiderin/Microbleeds

All 6 patients imaged with 3T SWI demonstrated extensive mi-
crobleeds on the first MR imaging, with a “black pepper-like”
appearance, which persisted in those with follow-up imaging
(Figs 4 and 5, On-line Figures 14—18). Microbleeds were present
throughout the WM, including the deep tracts and middle cere-
bellar peduncles, but were more numerous in the corpus callosum
and subcortical WM, where edema predominated. The number
and extent of microbleeds (by visual inspection) did not in-
crease during the first week, in contrast to WM edema. No
microbleeds were detected in 2 patients initially scanned at
1.5T using gradient-echo T2* imaging (Fig 6), but they were
identified in both patients on follow-up with 3T SWI (Fig 5,
On-line Figure 14). The morphology of microbleeds changed
with time, coalescing on follow-up images between 2.5 months
and 10 years (Fig 6, On-line Figures 16, 18). Two patients had
normal DTI tractography findings (On-line Figure 19).

DISCUSSION

This series of cases demonstrated important new findings regard-
ing MR imaging of HACE. First, we found that extensive WM
microbleeds were already present on the initial MR imaging of
acutely ill patients. Second, we noted that WM vasogenic edema
and, to a lesser extent, restricted diffusion both increased in the
first week, even though patients were clinically improving. Both
were reversible, consistent with complete recovery. In contrast,
microbleeds did not worsen in the first week of hospitalization but
did remain detectable for years, though they were missed with T2*
gradient-echo sequences obtained at 1.5T. Across time, the mi-
crobleeds coalesced. These findings indicate that both cytotoxic
and vasogenic edema are present in severe HACE and that capil-
lary leakage is sufficient to produce microbleeds. Furthermore,
this work provides a description of the evolution of MR images in
HACE that may aid in diagnosis and management.
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Diffusion

FIG 2. Patient7, day 5,1.5T. Axial FLAIR, diffusion, and ADC map images demonstrate hyperintensity and restricted diffusion in the entire corpus

callosum and patchy areas of bilateral subcortical WM.

Microbleeds

All 6 patients on the first MR imaging with SWI showed microbleeds;
we thus do not know at what stage of illness these developed.
Microbleeds did not appear to correlate with the degree of edema
or restricted diffusion on the initial scan or with clinical severity,
though all patients were severely ill. Whether these MBs in non-
fatal HACE relate to microhemorrhages reported in postmortem
examinations’ is unknown, though similar-sized microhemor-
rhages in other conditions were clearly seen on gross pathology.®
As expected, MBs were more easily detected with higher magnetic
strength and SWIL.”

The distribution and extent of microbleeds we describe may be
distinct for severe HACE. Microbleeds reported in other condi-
tions are usually far fewer in number, in different distributions,
and lack the fine black pepper appearance.” Previous studies using
SWI in subjects after high altitude exposure support this view.
Eleven of 13 climbers with a history of HACE demonstrated re-
sidual MBs, with only severe cases or those with HAPE showing
the extensive distribution similar to that in our patients.>®
Schommer et al® demonstrated that HAPE, acute mountain sick-
ness, and extreme high altitude exposure by themselves do not
cause MBs; Eight climbers with a history of HAPE but without
HACE had no MBs, only a few microbleeds were presentin 1 of 11
climbers with a history of severe acute mountain sickness, and
none were found in the 8 climbers who went to 7000 m without
oxygen without altitude illness.® Kottke et al'® compared microb-
leeds before and after a Himalayan expedition and found new
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ones in 3 of 15 climbers who went to >7000 m and did not have
HACE or HAPE. These microbleeds were in the splenium but
only 1in 1 climber, and a few in the other 2, in marked contrast to
our patients with HACE. Taken together, these studies suggest
that WM microbleeds due to high altitude exposure occur infre-
quently, only becoming extensive as HACE develops, especially
with concomitant HAPE.

Vasogenic and Cytotoxic Edema
We confirmed our previous findings of WM vasogenic edema on
FLAIR and T2 MR imaging in severe HACE." Most interesting, all
5 patients with repeat MR imaging within 10 days of the first one
showed greater edema, though they were clinically improving.
The imaging findings thus not only lag behind clinical improve-
ment but could be misleading. A possible explanation is delayed
vasogenic edema mediated by hemoglobin degradation products,
a process known to take several days for maximal accumulation of
edema-triggering moieties.'"' The decrease in cerebral blood vol-
ume and CBF with restoration of normoxia may well have allowed
an increase in edema without increasing intracranial pressure.
Seven patients showed reversible restricted diffusion in the
corpus callosum with a predilection for the splenium. Such cyto-
toxic lesions have been reported with various CNS insults, includ-
ing trauma, infection, drug toxicity, and metabolic abnormalities;
they are often confused with ischemia.'” The common pathway
for deranged ion transport in these entities may be cytokines,
which increase extracellular glutamate, resulting in intracellular
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FIG 3. Patient 7, 1.5T on days 5 and 10, 3T at 10 years. Axial FLAIR, diffusion, and ADC images. FLAIR
hyperintensity in the corpus callosum slightly increases at day 10 and then resolves at 10 years. Re-
stricted diffusion in the corpus callosum decreases at day 10 and resolves at 10 years. Low signal in the
genu and splenium of corpus callosum on the FLAIR images at 10 years is due to hemosiderin.

FIG 4. Patient 2. SWI. Diffuse microbleeds with a predilection for WM tracts, including the corpus

callosum and middle cerebellar peduncles and subcortical WM.

swelling and restricted water diffusivity. The corpus callosum,
particularly the splenium, may be more susceptible because of
more glutamate and cytokine receptors.'> Most interesting, re-
stricted diffusion was delayed in 2 patients, consistent with a
mechanism requiring time for accumulation of agents such as
inflammatory mediators.

While cytotoxic edema is due to mal-
adaptive ion transport, WM vasogenic
edema is driven primarily by hydrostatic
forces."! Both seem to be in play in
HACE. Mild vasogenic edema (plasma
ultrafiltrate) occurs in most individuals
ascending to a moderate altitude (>3-
4000 m), regardless of the presence of
acute mountain sickness, and is related
to increased cerebral perfusion.'> How-
ever, as HACE develops, vasogenic
edema undergoes “hemorrhagic conver-

”11 with extravasation of red cells

sion,
and increased edema leading to in-
creased ICP. Exactly what triggers this
conversion and what precipitates the re-
stricted diffusion are unclear. Investiga-
tors have proposed both mechanical fac-
tors, such as impaired autoregulation
and excessive capillary hypertension,
and permeability factors, such as vascu-
lar endothelial growth factor, reactive
oxygen species, and other hypoxia-in-
duced factors.">'* The end result is loss
of WM microvascular integrity.

There are analogous findings in
HAPE, a frequent precipitant of HACE,
which was present in our patients. In
fact, HAPE with its severe gas-exchange
derangements may be necessary at the
modest altitudes in Colorado to trigger
HACE, which is more commonly re-
ported above 4000 m. HAPE is a hydro-
static edema due to capillary hyperten-
sion, capillary failure, and leakage of red
cells, triggered by uneven hypoxic
pulmonary vasoconstriction.'” Retinal
hemorrhages are common in HACE,
present in up to 60% of patients, but
are also present in asymptomatic indi-
viduals at high altitude."®
pathologic study from an individual
who died of HACE,'” found retinal
capillary leakage. We consider that

The single

vascular leak triggered by overperfu-
sion, capillary hypertension, and other
factors influencing microvascular in-
tegrity may be similar in retinal, cere-
bral, and pulmonary circulations sub-
jected to extreme hypoxemia.

Some of our findings may be inciden-
tal or questionably related to HACE. Patient 5 demonstrated mild
T2/FLAIR hyperintensity in periventricular WM in an atypical dis-
tribution, which persisted at follow-up imaging, suggesting an alter-
native cause such as small-vessel ischemic disease. One patient lacked
restricted diffusion in the corpus callosum or subcortical WM but
did have small reversible foci in the left cerebellar WM and medial
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FIG 5. Patient 5, 3T. Hemosiderin-sensitive sequences at 3 days, 8 months, and 2 years. Note uniformly distributed petechial hemorrhages that

persist and become more confluent with time.

GRE at Day 5

FIG 6. Patient 7. Hemosiderin-sensitive gradient echo with 1.5T on
day 5and SWlon 3T at 10 years. Microbleeds are not apparent on 1.5T.
Confluent hemosiderin staining is seen in the corpus callosum at 10-
year follow-up.
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right frontoparietal cortex. While possibly due to the same mecha-
nism as in the more typical lesions, ischemia could not be ruled out.
Two patients had small lacunar infarcts in the basal ganglia and sub-
cortical WM that persisted at follow-up. Similar lesions have been
reported previously, consequent to altitude illness, but how these are
related to HACE is unclear.'® One subject, patient 7, had clear corpus
callosum atrophy on the MR imaging examination at 10 years (On-
line Figure 20) but had no symptoms and normal neurologic
examination.

In conclusion, HACE is a potentially fatal neurologic con-
dition, characterized with MR imaging in severe nonfatal cases
by extensive fine black pepper microbleeds that leave a perma-
nent imprint. HACE pathophysiology appears to involve re-
versible vasogenic and cytotoxic edema that progresses to mi-
crovascular disruption and thus microbleeds. MR imaging,
notably 3T with SWI, detects both edema and microbleeds and
may provide an aid in diagnosis, staging, and management of
this serious condition.
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Alterations in Blood-Brain Barrier Permeability in Patients with

J.M. Chi, “’M. Mackay, ““’A. Hoang, ““K. Cheng,

ABSTRACT

C. Aranow,

Systemic Lupus Erythematosus

P.C. Sanelli
O=

). Ivanidze, ““'B. Volpe, “’B. Diamond, and

BACKGROUND AND PURPOSE: Neuropsychiatric systemic lupus erythematosus refers to central and peripheral nervous system involve-
ment, which may occur secondary to antineuronal antibodies crossing the blood-brain barrier that preferentially target cells in the
hippocampus leading to abnormal hypermetabolism and atrophy. Thus, we hypothesized that alterations in BBB permeability, detected on
dynamic contrast-enhanced MR imaging, occur in the hippocampus in patients with systemic lupus erythematosus before development of
neuropsychiatric systemic lupus erythematosus.

MATERIALS AND METHODS: Six patients with systemic lupus erythematosus without neuropsychiatric systemic lupus erythematosus
and 5 healthy controls underwent dynamic contrast-enhanced MR imaging with postprocessing into BBB permeability parameters (K"
and Ve) and CBF. Standardized methods selected ROI sampling of the abnormal brain regions detected on FDG-PET. The mean and SD of
K™ Ve, and CBF were calculated. Linear regression and nonparametric Spearman rank correlation analyses of K" and Ve with CBF were
performed. Dynamic contrast-enhanced curves and the area under the curve were generated for each brain region. Student t test

comparisons were performed.

RESULTS: Quantitative data revealed that patients with systemic lupus erythematosus have statistically increased K™ (P < .001) and Ve (P <
.001) compared with controls. In patients with systemic lupus erythematosus, statistically significant positive correlations were seen between
Ka"* (P < .001) and Ve (P < .001) with CBF. Furthermore, the mean area under the curve revealed statistically increased BBB permeability in the
hippocampus (P = .02) compared with other brain regions in patients with systemic lupus erythematosus compared with controls.

CONCLUSIONS: These initial findings are proof-of-concept to support the hypothesis that patients with systemic lupus erythematosus
have increased BBB permeability, specifically in the hippocampus, compared with other brain regions. These findings may advance our
understanding of the underlying pathophysiology affecting the brain in autoimmune diseases.

ABBREVIATIONS: ANAM = Automated Neuropsychological Assessment Metric; BBBP = BBB permeability; DCE = dynamic contrast-enhanced; DNRAb =
N-methyl-D-aspartate receptor antibodies; K" = volume transfer constant; NMDAR = N-methyl-D-aspartate receptor; NPSLE = neuropsychiatric systemic lupus

erythematosus; SLE = systemic lupus erythematosus; Ve = volume in the extravascular extracellular space per unit of tissue volume

ystemic lupus erythematosus (SLE) is a chronic inflammatory
autoimmune disorder characterized by a loss of immune tol-
erance and autoantibody production. The diverse spectrum of
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symptoms reflects involvement of multiple organ systems, in-
cluding musculoskeletal, renal, dermatologic, immunologic, and
neurologic systems. Neuropsychiatric SLE (NPSLE) refers to cen-
tral and peripheral nervous system involvement. Of the 19 clinical
syndromes’ that compose NPSLE, cognitive and mood distur-
bances are reported most frequently, with a prevalence as high as
80% and 75%, respectively,2 and, most important, have detri-
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mental effects on quality of life.” Although autoantibodies are
universal in patients with SLE, and circulating immune com-
plexes have been implicated in the pathogenesis of non-NPSLE
symptoms, to date, only 2 autoantibodies, anti-ribosomal P and
cross-reactive, anti-double stranded DNA/N-methyl D-aspartate
receptor antibodies (DNRAD), have been shown to directly affect
neuronal function.*> Both anti-ribosomal P antibodies and
DNRAD have neurotoxic effects that have been carefully studied
in murine models and electrophysiologic studies; they are medi-
ated through different mechanisms involving N-methyl-D-aspar-
tate receptor (NMDAR) activation, leading to enhanced intracel-
lular Ca++ influx and neuronal dysfunction or death.®”

DNRADbs, in particular, have been shown to preferentially target
place cells in the CA1 region of the hippocampus and are associated
with selective spatial memory deficits in the murine model.” These
results are supported by human studies in patients with SLE in which
serum DNRAD titers have correlated with deficits in spatial memory
testing,® abnormal hippocampal hypermetabolism,” and hippocam-
pal atrophy.'® Furthermore, there have been multiple studies re-
ported in the literature examining the CSF of patients with NPSLE,
which revealed high serum antibodies within the CSF.''"'® In par-
ticular, anti-NMDAR antibodies'® and anti-NR2 subunits of
NMDAR'*"'¢ were found in the CSF.

Despite compelling evidence for autoantibody-mediated CNS
dysfunction, the caveat remains that the disruption of the BBB allows
antibody access to brain tissue with subsequent neuronal alterations
and cognitive loss.'” The mouse model of DNRAb-mediated cogni-
tive dysfunction uses a nonautoimmune mouse (BALB/c strain) im-
munized to produce the anti-NMDAR antibodies/DNRAbs. In this
model, mice with circulating DNRADbs are phenotypically intact un-
less lipopolysaccharide is injected intraperitoneally to mimic infec-
tion and damage the BBB.'® Following injection with lipopolysac-
charide, there is evidence of DNRAD penetration in the brain with
antibodies specifically binding to neurons in the hippocampus.'®'’
However, little is known about BBB function in patients with SLE.
On the basis of the mouse model, we hypothesized that patients
with SLE may experience repeat BBB insults with time, medi-
ated by episodes of infection, stress, hypertension, or smoking
and that episodic damage to the BBB allows circulating auto-
antibodies, including DNRADs, to access the brain, resulting in
neuropsychiatric symptoms.

There has been increasing interest in quantitatively evaluating
BBB permeability (BBBP) using dynamic contrast-enhanced
(DCE) MR imaging. DCE-MR imaging is a technique in which
multiple TIWI images are obtained before, during, and after con-
trast administration to provide signal enhancement as a function
of time.”**' DCE-MR imaging uses a 2-compartment model, spe-
cifically the intravascular space and the extravascular extracellular
space, to evaluate blood flow and permeability.”> Several BBBP
parameters are derived from DCE-MR imaging model-based
quantitative analyses, such as volume transfer constant (K"*"%)
and volume in the extravascular extracellular space per unit of
tissue volume (Ve).?">* K™ is a flow parameter that measures
the volume transfer constant from the blood plasma in the intra-
vascular space to the extravascular extracellular space.”” A quan-
titative increase in the K™ and Ve values indicates leakage of
fluid across the BBB into the brain tissue. The purpose of this

study was to compare the BBBP parameters (K™*"* and Ve), as
demonstrated on DCE-MR imaging, in patients with SLE and
healthy controls with specific focus on the hippocampal region.

MATERIALS AND METHODS

Patient Cohort

We performed a prospective study of patients with SLE and
healthy controls undergoing DCE-MR imaging and clinical and
neuropsychological evaluations under our current ongoing Na-
tional Institutes of Health/National Institute of Allergy and Infec-
tious Diseases protocol (No. IPO1A1073693). Six patients with
SLE were recruited randomly from the Rheumatology Clinics at
Northwell Health; all were 18 years of age or older and fulfilled the
American College of Rheumatology revised criteria for SLE.** To
avoid confounding influences on neuroimaging and neuropsy-
chological end points, key exclusion criteria included the presence
of active or prior NPSLE or another CNS event; current use of
antidepressant, antipsychotic, or anxiolytic drugs; or a history of
excessive alcohol or illicit drug use. Additionally, subjects with
SLE were required to have stable disease activity and medication
doses for 4 weeks before the assessments. Disease activity and
accrued damage were assessed with the Safety of Estrogens in Lu-
pus Erythematosus National Assessment—Systemic Lupus Ery-
thematosus Disease Activity Index (SELENA-SLEDAI; https://
www.gsksource.com/pharma/content/micro-sites/BenSELENA-
SLEDAV/index.html)*® and the Systemic Lupus International
Collaborating Clinics Damage Index (SLICC DI https://slicc

group.org/research/slicc-damage/)*°

within 2 weeks of imaging
and cognitive assessments. Cognition was assessed using the Au-
tomated Neuropsychological Assessment Metric (ANAM),*” a set
of computerized measures of sustained attention, visual search,
computational skills, concentration, spatial and cognitive pro-
cessing, and working memory. Throughput scores, representing a
combination of reaction time and accuracy, were the primary
measure of cognitive efficiency used in the analyses. Subjects were
additionally rated for depression and anxiety with the Beck De-
pression Inventory and State Trait Anxiety Inventory.”® Six age-
and sex-matched healthy controls with no comorbid illness and
no medications were recruited for comparison. Institutional re-
view board approval and subject consent were obtained.

Data Acquisition and Postprocessing

All patients and controls underwent DCE-MR imaging on a 3T
magnet (Siemens Prisma, Erlangen, Germany) dedicated to re-
search at the main hospital site. MR imaging sequences included
sagittal TIWI, axial TIWI, T2WI, FLAIR, and susceptibility- and
diffusion-weighted imaging acquired according to standard de-
partmental protocols. Whole-brain permeability imaging was
performed using a dynamic contrast technique with axial 3D fast-
spoiled gradient-recalled TIWI sequences and 80 cine phases us-
ing TR = 7.0 ms, TE = 3.08 ms, FOV = 24 cm, slice thickness =
5.0 mm, and matrix size = 128 X 256.

The gadolinium contrast-injection protocol was standardized
for all patients with SLE and healthy controls. Gadavist gadolin-
ium contrast (gadobutrol; Bayer Schering Pharma, Berlin, Ger-
many) was intravenously administered according to patient body
weight (0.1 mmol/kg) per manufacturer’s recommendations at 3
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FIG1. DCE-MRimaging data acquisition methods. Mirror ROls were placed for sampling the abnormal regions described on FDG-PET: hippocam-
pus, orbitofrontal, anterior putamen/caudate, posterior putamen/globus pallidus/thalamus, and prefrontal regions. Ant Put indicates anterior

putamen; Post Put, posterior putamen; GP, globus pallidus.

mL/s with a 45-second delay, acquiring 5 volumes, after the DCE
sequence was initiated. Immediately following contrast adminis-
tration, a saline chasing bolus of 20-mL volume was intravenously
administered at 3 mL/s. No prebolus contrast injection was per-
formed in this study protocol.

Postprocessing of the acquired images into BBBP parameters
of K™ (milliliters/100 g/min), Ve (milliliters/100 g), and CBF
(milliliters/100 g/min) was performed using Olea Sphere 2.2 and
2.3 (Olea Medical, La Ciotat, France) with the Tofts extended
permeability model by trained research personnel. The postpro-
cessing technique was standardized with the arterial input func-
tion placed at the center of the cavernous segment of the internal
carotid artery in a similar fashion for all patients with SLE and healthy
controls. A standardized method was used with selective ROI place-
ment, sampling the following abnormal regions of metabolism de-
scribed on FDG-PET*’: 1) hippocampus, 2) orbitofrontal cortex,
3) prefrontal cortex, 4) posterior putamen/globus pallidus/thal-
amus, and 5) anterior putamen/caudate. Mirror ROIs were placed
in the cerebral hemispheres for identical sampling bilaterally at
the same brain levels (Fig 1). Dynamic contrast-enhancement
curves for each brain region were generated to compare the per-
meability phases among patients with SLE and healthy controls.

Statistical Analysis
The demographic characteristics and ANAM subtest throughput
scores in patients with SLE and healthy controls were analyzed
using Student ¢ tests, nonparametric Mann-Whitney U tests,
Pearson correlations, or Fisher exact tests as appropriate. Analyses
were performed using SPSS 24 (IBM, Armonk, New York). All
tests were 2-sided, and the significance level was set at P < .05.
The mean and SD for each BBBP parameter (K"*™* and Ve)
and CBF were calculated for the patients with SLE and healthy
controls. The overall mean K", Ve, and CBF for all regions were
compared between the patients with SLE and healthy controls
using the 2-sample Student ¢ test with significance at P < .05.
Linear regression analyses of each BBBP factor (K""*"* and Ve)
with CBF were performed separately to evaluate the correlation
coefficient (r), correlation of determination (R?), and the statisti-
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cal significance in patients with SLE and healthy controls. Because
a large variability among the data points of patients with SLE was
observed in the scatterplots, to confirm the results of the regres-
sion analyses, we additionally analyzed the data with the nonpara-
metric Spearman rank correlation, which is robust against non-
normally distributed data.

The mean dynamic contrast-enhancement curve for each
brain region was generated in the patients with SLE and healthy
controls. The area under the curve was computed for each brain
region in reference to the baseline before contrast arrival. The
mean area under the curve was compared in each brain region for
the patients with SLE and healthy controls using the 2-sample
Student ¢ test with significance at P < .05.

RESULTS
AllL 6 patients with SLE and 5 healthy controls were included in the
statistical analysis. One healthy control subject was excluded due
to inadequate postprocessing of the DCE-MR imaging data from
excess motion. There were no significant differences between pa-
tients with SLE and healthy controls in terms of age, race, smok-
ing, and assessments for depression and anxiety (Table 1). How-
ever, the patients with SLE demonstrated significantly lower
scores on the cognitive testing than the healthy controls. Overall,
the patients with SLE had low levels of disease activity, were on
very little prednisone, and were all serologically negative for anti-
cardiolipin antibodies and lupus anticoagulant, and 3 of them had
hypertension controlled with medication but no other comorbid
illnesses. Half of the subjects with SLE and 1 healthy control had
elevated serum DNRAD titers. A comparison of mean scores for
the Beck Depression Inventory, State Trait Anxiety Inventory,
and ANAM tests between those with high serum DNRAD titers
(DNRAb+) and those with low serum DNRADb titers demon-
strated trends of higher depression and anxiety scores and lower
throughput scores on the ANAM tests for the DNRAb+ group,
though none reached statistical significance (data not shown).
The model-based quantitative data revealed that patients with
SLE have statistically significant increases in K**"* (P < .001) and



Ve (P < .001) compared with healthy controls (Table 2) using all
brain regions. These findings indicate that patients with SLE have
increased flow across the BBB (K**"*) coupled with accumulation
of fluid in the extravascular extracellular space (Ve) in the brain.

Linear regression analyses of K"*™ and Ve with CBF, sepa-
rately, demonstrated statistically significant moderate positive
correlations between K" (r = 0.47, R* = 0.22, P < .001) and Ve

Table 1: Clinical characteristics and neuropsychological testing

Healthy
Controls P
SLE (n = 6) (n=5) Value
Age (mean) (yr) 380132  342%105 619
Race 292

Caucasian 2(33%) 0

Hispanic 0 2 (40%)

African American 3(50%) 2(40%)

Asian 1(17%) 1(20%)
Smoking 1 1 361
High serum DNRAD titer 3(50%) 1(20%)  .545
ANAM testing®

Matching grids 25892 40.4 =10.8 .042

Match to sample 164 =59 357 £151  .043

Continuous processing 65.6 =55 887140 .018
Beck Depression Inventory 4+43 18 £3.0 .362
State Trait Anxiety Inventory 274 *59 25+ 69 573
SLEDAI (mean) 23+15
SLICC DI (mean) 05+038
Disease duration (mean) B3+

(range, 1-33) (yr)
Medications

Prednisone 1(17%) (5 mg QD)

Immunosuppression® 2(33%)

Hydroxychloroquine 5(83%)

Note:—QD indicates once daily.

@ Automated Neuropsychological Assessment Metric: throughput scores that repre-
sent efficiency as a function of accuracy and time.

b Both subjects were on mycophenolate mofetil; 1000 mg QD and 500 mg QD, re-
spectively.

Table 2: Comparison of the mean values (SDs) for the BBBP
parameters (K" and Ve) using all brain regions in patients with
SLE and healthy controls
Patients Healthy P
BBBP Parameters with SLE Controls Value

K" (mL/100 g/min) 0.0345 (+0.0715) 0.0008 (:0.0034) .0004

Ve (100 g/min) 0.0920 (+01817) 0.0006 (0.003]) .0002
K 0
T oa
R ]
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CBF

(r=0.47,R*> = 0.23, P <.001) with CBF in patients with SLE (Fig
2). In addition, the nonparametric Spearman rank correlation of
K™ with CBF (r = 0.435, P = .0005) and Ve with CBF (r = 0.44,
P =.0004) also revealed statistically significant moderate positive
correlations. These findings are in contrast to the healthy con-
trols, which demonstrate under normal conditions, as the CBF
increases, K™*** and Ve do not significantly change (r = 0.22 and
r = 0.25 respectively) and do not correlate with CBF (P > .05). In
addition, this data demonstrates much higher variance in the
quantitative data for the patients with SLE. On the other hand, the
K" and Ve data in the healthy controls show much lower vari-
ance, with strong consistency in the data clustered in the same
quantitative range.

When we qualitatively compared the generated mean dynamic
contrast-enhancement curves in the different brain regions, pa-
tients with SLE demonstrated increased BBBP, specifically in the
hippocampal region compared with healthy controls (Fig 3).
Comparison of the mean area under the curve for patients with
SLE and healthy controls revealed a statistically significant in-
creased BBB permeability only in the hippocampal region (P =
.02). All other brain regions demonstrated no statistically signifi-
cant difference in the patients with SLE and healthy controls in the
orbitofrontal (P = .72), prefrontal (P = .55), posterior putamen/
globus pallidus/thalamus (P = .83), and anterior putamen/cau-
date (P = .60). Furthermore, model-based quantitative data re-
vealed that patients with SLE have statistically significant
increased K™ (P = .04), Ve (P = .04), and CBF (P = .01) in the
hippocampal region compared with healthy controls (Table 3).
All other brain regions did not demonstrate a statistically signifi-
cant increase in both K™ and Ve with increased CBF (P > .05).

DISCUSSION

Neuropsychiatric symptoms, mainly cognitive dysfunction and
mood disturbances, frequently occur in patients with SLE, signif-
icantly impacting their quality of life. Since neurotoxic autoanti-
bodies, DNRAD and anti-ribosomal P antibodies in particular,
have been shown to mediate cognitive and behavioral distur-
bances in murine models®” and are associated with cognitive and
behavioral dysfunctions in human SLE,? there is increasing focus

e e
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CBF

FIG 2. Linear regression analyses of the correlation of the BBBP factors (K" and Ve) with CBF using all brain regions for patients with SLE.

Patients with SLE have a statistically significant moderate positive correlation between

K'™ and Ve with CBF separately. Higher variance seen

in patients with SLE compared with controls may be attributed to disease- and/or treatment-related variability. Healthy controls demonstrate
strong consistency in the quantitative data for both K" and Ve (not shown).
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FIG 3. Dynamic contrast-enhancement curves for patients with SLE (blue) and healthy controls (red) according to the brain regions sampled.
Signal intensity is represented on the y-axis, and the cine phase is represented on the x-axis. The hippocampus is the only brain region that
demonstrates statistically significant increased BBB permeability (P = .02) in the patients with SLE compared with the healthy controls. GP

indicates globus pallidus.

Table 3: Comparison of the mean values (SD) for the BBBP
parameters (K" and Vel and CBF in the hippocampal region in
patients with SLE and healthy controls

Patients Healthy P
BBBP Parameters with SLE Controls Value
K™ (mL/100 g/min)  0.1100 (£0.133])  0.019 (£0.0499) .0405
Ve (100 g/min) 0.2000 (+0.3018) 0.0080 (0.0162) .0397
CBF(mL/100 g/min)  28.84(*18.82)  1314(=589)  .0128

on studying the BBB to understand how autoantibodies access the
brain as well as to develop a potential target for treatment.
Overall, this study supports the hypothesis that patients with
SLE have increased BBB permeability compared with healthy con-
trols. The model-based quantitative data revealed that patients
with SLE have statistically significant increased K"*"* and VE
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compared with healthy controls. These findings represent a per-
meable BBB profile with increased flow across the BBB (as mea-
sured by K"*"™) coupled with the accumulation of fluid in the
interstitial space in the brain (as measured by Ve). Furthermore,
the linear regression and nonparametric Spearman rank analyses
demonstrated that patients with SLE have statistically significant
positive correlations between each BBBP parameter (K"*"* and
Ve) and CBF, indicating that leakage of fluid across the BBB is
affected by CBF as would be expected with a permeable BBB.
Thus, daily changes in CBF, as may occur with fluctuations in
systemic blood pressure, will increase flow across a permeable
BBB in patients with SLE.

Additionally, this study supports the hypothesis that the hip-
pocampal region specifically has increased BBB permeability in



patients with SLE compared with healthy controls. The dynamic
contrast-enhancement curves in the hippocampal region demon-
strated statistically significant increased BBBP in patients with
SLE. All other sampled brain regions (orbitofrontal, prefrontal,
anterior putamen/caudate, and posterior putamen/globus palli-
dus/thalamus) did not demonstrate significant differences be-
tween patients with SLE and healthy controls. These findings were
confirmed with the model-based quantitative data that revealed a
statistically significant increase in both BBBP parameters in the
hippocampal region in patients with SLE, representing a perme-
able BBB profile with increased flow across the BBB (K"*") cou-
pled with accumulation of fluid in the interstitial space (Ve) in the
brain.

Several other prior studies support our findings that BBB per-
meability plays an important role in NPSLE. Hirohata et al*° eval-
uated anti-NMDAR antibody and albumin levels in CSF samples
from 81 patients with SLE with active neuropsychiatric manifes-
tations and concluded that transudation of autoantibodies
through a damaged BBB plays a crucial role in NPSLE. Gulati et
al'” studied 11 juvenile patients with SLE and 11 healthy controls
with DCE-MR imaging and found altered BBB function in the
parahippocampal gyrus, which supports our finding that the hip-
pocampus is the area of concern in patients with SLE."" In another
study by Lauvsnes et al,'® the presence of anti-NMDAR antibod-
ies in the CSF of patients with SLE and primary Sjégren syndrome
correlated significantly with reduced hippocampal volumes on
MR imaging.

This study and several others demonstrate BBB dysfunction in
patients with SLE. However, there has been no established imag-
ing technique to reliably evaluate BBB permeability. Standard CT
or MR imaging can be used to infer BBB dysfunction by evaluat-
ing the presence of contrast in the brain tissue; however, evalua-
tion of subtle leaks across the BBB is limited secondary to lack of
spatial resolution.”’ CSF analysis can provide a quantitative as-
sessment; however, a lumbar puncture is an invasive procedure
with associated risks. FDG-PET imaging can be used to evaluate
brain perfusion; however, this examination exposes patients to a
high radiation dose. Dynamic-susceptibility contrast MR imaging
can also be used to evaluate brain perfusion; however, many stud-
ies have reported conflicting results, demonstrating either in-
creased CBF and CBV in patients with SLE compared with healthy
controls,”>** decreased CBV in patients with SLE,** or no signif-
icant difference between patients with SLE and healthy controls.*
In particular, Wang et al** evaluated 24 patients with NPSLE, 21
patients with SLE, and 21 healthy controls with DSC-MR imaging
and found that patients with SLE have increased CBV and CBF in
the right posterior thalamus, right hypothalamus, left parahip-
pocampal gyrus, posterior cingulate gyrus, and left hypothalamus
compared with healthy controls. In addition, Gasparovic et al’’
studied DSC-MR imaging in 42 patients with SLE with 19 age-
and sex-matched healthy controls and also found elevated CBF
and CBV in patients with SLE in all gray and white matter of the
frontal, temporal, occipital, and parietal lobes. In contrast, Zimny
etal®* evaluated 22 patients with NPSLE and 13 patients with SLE
and 20 age-matched healthy controls using perfusion-weighted
MR imaging, which showed decreased CBV in the bilateral tem-
poral, occipital, frontal, and parietal cortices in patients with SLE

and NPSLE compared with healthy controls. Furthermore, Em-
mer et al’® evaluated 15 patients with active NPSLE, 26 patients
with inactive NPSLE, and 11 controls with DSC-MR imaging and
found that there were no differences in CBF, CBV, and MTT
between patients with active or inactive NPSLE or healthy con-
trols in the bilateral cerebral gray and white matter and thalami.

In contrast, our study used advanced imaging with dynamic
contrast-enhanced MR imaging, which relies on the micron scale
displacement of water molecules and can evaluate subtle changes
in the capillary bed that no other imaging technique can provide
with a minimal associated risk profile.”> To avoid confounding
influences on BBB assessments, we also focused on subjects with
SLE who had stable/low disease activity, were on low doses of
corticosteroids, and had no history of acute NPSLE or other CNS
events. We therefore infer that the increased BBBP identified in
our study is not attributable to acute events at the time of imaging.
Our study suggests that DCE-MR imaging may be an additional
technique to quantitate blood-brain barrier permeability in rela-
tion to perfusion, potentially gaining further understanding of the
underlying pathophysiologic mechanisms affecting the brain in
patients with SLE.

Most important, this study demonstrates increased BBB per-
meability in patients with SLE with no history of CNS compro-
mise but who demonstrate impaired function on tests of working
memory, sustained attention, and spatial processing. Half of the
subjects with SLE had elevated serum DNRAD titers as did 1
healthy control; and even in this small group, there was a trend
toward lower mean test scores and higher scores for anxiety and
depression as has been shown previously.” Although patients with
SLE with a known history of acute or chronic neuropsychiatric
disease, particularly NPSLE, were excluded from this study, the
subjects with SLE still performed worse than the healthy controls
on cognitive testing. This finding highlights the prevalence of im-
paired cognition even in patients with SLE with no known history
of neuropsychiatric disease. Increased BBB permeability that we
demonstrate in this study supports the hypothesis that circulating
neurotoxic autoantibodies may gain access to the CNS. The recent
interest in BBB permeability as a mechanism for drug delivery to
the CNS has led to an appreciation of the numerous instances in
which the BBB may be compromised as a result of normal aging,
microvascular disease, infection, stress, uncontrolled hyperten-
sion, toxic exposures, and neuroinflammatory states in which in-
flammatory molecules produced by activated microglial cells
damage the BBB.>>*”

While we have controlled for many of these conditions in our
small study, we were not able to control for medication effects on
the BBB. At the time of imaging, only 2 patients with SLE were on
immunosuppressive medications (mycophenolate mofetil at
doses of 1000 and 500 mg) and only 1 patient was on prednisone,
5 mg daily. Although high doses of corticosteroids have been as-
sociated with psychosis and altered cognition, there is much con-
troversy over possible side effects of moderate corticosteroid use.
Alow dose of 5 mg daily of prednisone should not have significant
cognition-altering side effects. Two of the 6 patients were on dis-
ease-modifying drugs at low doses of 1000 and 500 mg daily of
mycophenolate mofetil, which is not known to have any cogni-
tion-altering effects. Five of 6 patients with SLE were on hydroxy-
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chloroquine, which is not immunosuppressive and also is not
associated with cognition-altering effects. However, future
DCE-MR imaging studies on newly diagnosed patients with SLE
would provide critical information regarding medication effects
on the BBB.

This initial study has several limitations, most important, the
small sample size. Thus, we cannot completely exclude the possi-
bility of false-positives on the primary analyses performed be-
tween patients with SLE and healthy controls. Nonetheless, the
proof-of-concept findings of this study provide the first evidence
supporting the hypothesis that patients with SLE have increased
BBBP in the hippocampus relative to other brain regions. The
quantitative data from patients with SLE demonstrated higher
variances compared with healthy controls, which may be due to
disease-related variability such as differences in disease severity or
duration, treatment regimen, and response to treatment. Given
our small sample size, further subanalyses could not be per-
formed. A larger prospective study is necessary to confirm our
findings and further investigate other subanalyses.

CONCLUSIONS

DCE-MR imaging quantitative BBBP parameters may be used as a
noninvasive method to indicate a permeable BBB profile, demon-
strating increased flow across the BBB (as measured by K""*)
coupled with accumulation of fluid in the interstitial tissue (as
measured by Ve) in the brain. These initial data are proof-of-
concept to support our hypothesis that the BBB is selectively com-
promised, particularly in the hippocampal region, in subjects
with SLE with little to no disease activity and no history of CNS
insult who demonstrate impaired performance on cognitive test-
ing. The significance of these findings may advance our under-
standing of the underlying pathophysiologic mechanisms affect-
ing the brain in autoimmune diseases. Most important, larger
studies are necessary to validate these results and confirm the
value of DCE-MR imaging methodology as a potential biomarker
for BBB permeability imaging.
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ORIGINAL RESEARCH
ADULT BRAIN

Longitudinal White Matter Changes following Carbon
Monoxide Poisoning: A 9-Month Follow-Up Voxelwise
Diffusional Kurtosis Imaging Study

ABSTRACT

M.-C. Chou, “¥).-Y. Li, and ““'P.-H. Lai

@

BACKGROUND AND PURPOSE: Patients with carbon monoxide (CO) intoxication exhibit progressive WM changes that are not well-
understood. The purpose of this study was to detect longitudinal WM changes using voxelwise diffusional kurtosis imaging in patients with
CO intoxication from the acute-to-chronic stage after CO intoxication.

MATERIALS AND METHODS: Twenty-four patients with CO intoxication and 21 age- and sex-matched healthy controls were
enrolled in this study. Diffusional kurtosis imaging was performed on all subjects and was conducted repeatedly in patients at 1 week
and 1, 3, and 9 months after CO intoxication. Voxelwise diffusional kurtosis imaging analysis was performed to detect global WM
changes in the patients with and without WM lesions. Receiver operating characteristic analysis was performed to compare the
performance of diffusional indices in differentiating patients with delayed neuropsychiatric sequelae from patients without
them.

RESULTS: Invoxelwise analysis, progressive WM changes were detected in patients with WM lesions. In the acute phase, WM injuries were
found mainly in the dopaminergic pathways at 1 week, whereas in the chronic stage, WM injuries extended toward subcortical areas from
1to 9 months. However, no significant WM change was noted in patients without WM lesions during the 9 months after CO intoxication.
Moreover, receiver operating characteristic analysis demonstrated that axial kurtosis and mean kurtosis values had better performance
than other diffusional indices in differentiating patients with delayed neuropsychiatric sequelae from patients without them at 1 week
after CO intoxication.

CONCLUSIONS: Voxelwise diffusional kurtosis imaging analysis was helpful to longitudinally investigate WM changes and predict the
prognosis of patients after CO intoxication.

ABBREVIATIONS: AD = axial diffusivity; AK = axial kurtosis; CO = carbon monoxide; CP = cerebral peduncle; DKI = diffusional kurtosis imaging; DNS = delayed
neuropsychiatric sequelae; FA = fractional anisotropy; FWM = frontal white matter; GP = globus pallidus; IC = internal capsule; MD = mean diffusivity; MK = mean
kurtosis; RD = radial diffusivity; RK = radial kurtosis; WML = white matter lesion

C arbon monoxide (CO) intoxication is an aggravating health
issue that can cause coma or death following accidental inha-
lation or attempted suicide. Survivors of carbon monoxide intox-
ication may exhibit acute or chronic neurologic or psychological
problems that can dramatically impact their daily activities."*
Hyperbaric oxygen therapy is usually performed at the acute stage
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to reduce carboxyhemoglobin concentration in the blood and to
mitigate neurologic and psychological symptoms.'™* However,
delayed neuropsychiatric sequelae (DNS) were observed even af-
ter a series of hyperbaric oxygen therapy treatments in patients
with CO intoxication.™”

Because patients with CO intoxication with neuropsychiat-
ric symptoms commonly exhibit WM abnormalities, many
studies performed DTI analysis to demonstrate relationships
between WM injuries following CO intoxication and delayed

8-11

encephalopathy,”” cognitive functions,®'" neuropsychologi-
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FIG1. The FLAIR images of 3 patients acquired at 1 month after CO intoxication. A, A male patient
(32 years of age) who had only GP lesions did not develop DNS. B, A female patient (37 years of
age) who had only diffuse WMLs developed DNS. C, A male patient (49 years of age) who had

both diffuse WMLs and GP lesions developed DNS.

cal scores,®’

and myelin basic protein levels.'*'? However,
DTI assumes a Gaussian distribution for water diffusion and
cannot accurately estimate diffusion heterogeneity (non-
Gaussian diffusion) of biologic tissues.'* In contrast, diffu-
sional kurtosis imaging (DKI), which quantifies the non-
Gaussianity of water diffusion, was demonstrated to reflect the

15,16

microstructural complexity of biologic tissues and to be a
potential early biomarker of the neurodegenerative process.'”
Recent studies further used DKI to detect early WM injuries in
patients with CO intoxication.'®"?

However, these patients may exhibit delayed encephalopathy
and neuropsychiatric symptoms after a lucid period”’; therefore,
it is important to understand the longitudinal WM changes that
predict the prognosis of patients with CO intoxication. A previous
study performed longitudinal DTI analysis and demonstrated
progressive WM changes 3-10 months after CO exposure.’
Another study performed longitudinal DKI analysis and
showed that DKI better characterized brain damage in 1 pa-
tient from 6 days to 20 weeks after CO intoxication,”! but it
remains unclear how WM change progresses from acute-to-
chronic stages and whether more accurate DKI indices can help
in the early prediction of prognosis. Therefore, the purposes of
this study were to investigate the longitudinal WM changes in
patients with CO intoxication using voxelwise DKI analysis
and predict their prognoses from early WM injuries detected 1
week after CO intoxication using receiver operating character-
istic analysis.

MATERIALS AND METHODS

This prospective study was approved by the local institutional
review board of Kaohsiung Veterans General Hospital. This study
included 24 patients with CO intoxication (M/F ratio = 11:13;
mean age = 39.1 * 13.2 years) and 21 age- and sex-matched
healthy controls (M/F ratio= 10:11; mean age = 41.0 * 11.9
years). The exclusion criteria included a history of major neuro-
logic or psychiatric disorders, pregnancy, a metal implant, and
claustrophobia. Because delayed sequelae are commonly associ-
ated with WM changes, the patients with CO intoxication were
divided into 2 subgroups based on the presence or absence of WM
lesions (WMLs) observed within 9 months of follow-up. The WMLs
were defined as diffusive, symmetric, or asymmetric hyperintense
areas in the deep WM tissues of both cerebral hemispheres on FLAIR
images as demonstrated in Fig 1. The patients who exhibited WMLs
atany stage of the follow-up were categorized as the WML group and

others as the non-WML group. In addi-
tion, all patients with CO intoxication
were evaluated by an experienced neurol-
ogist regularly at 1 week and 1, 3, and 9
months. This study watched for newly de-
veloped neurologic symptoms and signs,
including motor deficits, cognitive im-
pairment, dysphagia, dysarthria, gait dis-
turbance, Parkinsonism, seizures, psy-
chosis, and mood disorders. DNS was
defined as the appearance of neuro-
logic sequelae after a lucid period of
variable duration (usually 2—4 weeks

20

after CO intoxication).

MR Imaging Acquisition

MR imaging was performed on a 1.5T MR imaging scanner
(Signa HDxt, GE Healthcare, Milwaukee, Wisconsin) with an
8-channel head coil. After TIWI, T2WI, and FLAIR imaging
were acquired, whole-brain DKI data were acquired using a
twice-refocused spin-echo diffusion-weighted pulse sequence
with TR/TE = 10,000/91 ms, b-values = 1000 and 2000 s/mm?,
number of b, images = 4, acceleration factor = 2, number of
diffusion directions = 30, matrix size = 80 X 80, FOV = 240 X
240 mm, slice thickness = 3 mm (isotropic resolution), and
number of excitations = 1. The scan time for DKI was about 10
minutes.

Voxel-Based DKI Analysis

All imaging data were postprocessed using FSL (http://www.
fmrib.ox.ac.uk/fsl), Diffusion Kurtosis Estimator (Neuro-
Imaging Tools and Resources Collaboratory; https://www.
nitrc.org/projects/dke/), and SPM12 software (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12). First, DKI data were cor-
rected for motion and eddy current distortions using rigid-body
and affine registrations, respectively. Second, the FSL Brain Ex-
traction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) was used
to remove nonbrain signals. Third, the Diffusion Kurtosis Esti-
mator tool was used to calculate axial diffusivity (AD), radial dif-
fusivity (RD), mean diffusivity (MD), fractional anisotropy (FA),
axial kurtosis (AK), radial kurtosis (RK), and mean kurtosis
(MK). In DTI-related indices, AD and RD are the diffusivities
parallel and perpendicular to axons, respectively, whereas MD is
the averaged diffusivity of a diffusion tensor. FA is the diffusion
anisotropy that reflects tissue integrity. In DKI-related indices,
AK and RK are the diffusional kurtosis values (non-Gaussianity)
parallel and perpendicular to axons, respectively, whereas MK is
the averaged kurtosis of a diffusion kurtosis tensor. Finally,
whole-brain FA maps were spatially normalized to an Interna-
tional Consortium for Brain Mapping FA template,”> which was
constructed by normalizing the FA maps of 81 healthy subjects
into an International Consortium for Brain Mapping 152-T1
template, using both linear affine and nonlinear demon registra-
tions to minimize global and local differences between individual
and template images, respectively. The displacement maps gener-
ated from the previous steps were applied to spatially transform
the corresponding diffusion maps.
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Table 1: Demographic characteristics of enrolled subjects

sions, or carboxyhemoglobin levels be-

Patients with tween the WML and non-WML groups.

CO Intoxication However, the WML group underwent a

WML Non-WML Controls significantly longer duration of coma

Sex (M/F) 6:5 5:8 10:M than the non-WML group. Of the 24 pa-
gge (rpean)f(y ") . ji? i ltsé383 3]5;; f 197~36a 41'0[\11,;\”‘9 tients with CO intoxication, 11 devel-
c:rrlzz3;thC§gT;b(ir:((e;r2a(n)r2%) 223 =209 3137 + 151 NA oped visible WML within 9 months of
Sessions of HBOT (mean) 12 +101 89 +25 NA follow-up. Most patients with WMLs
DNS (No.) (M/F) 5(3:2) NA developed them at 1 month, but 3 pa-
GP involvement (No.) (M/F) 8(53) 4(2:2) NA tients developed them at only 1 week af-

Note:—HBOT indicates hyperbaric oxygen therapy; NA, not applicable.
2P <.05.

1 week

1 month

3 months

9 months

FIG 2. The voxelwise comparison of FA values between patients with
WMLs and healthy controls. The yellow-to-red areas indicate regions
with values that were significantly decreased in the patients, and the
color bar on the right-hand side indicates T values.

Statistical Analysis

For clinical data, a nonparametric Mann-Whitney U test was per-
formed to examine the difference between WML and non-WML
groups, and the results were considered significant with P < .05.
For DKI data, the voxelwise comparisons between patients and
healthy subjects were performed using a 2-sample ¢ test with age
and sex as covariates to null the aging and sex effects. The differ-
ence was considered significant with cluster-level-corrected P <
.05 (uncorrected P < .001 and cluster >100 voxels). Moreover,
receiver operating characteristic analysis was performed for all
patients with CO intoxication to compare the performance of
diffusion indices in differentiating patients with and without DNS
at 1 week after CO intoxication.

RESULTS

Demographic Characteristics

The demographic characteristics of the patients with CO intoxi-
cation and control subjects are listed in Table 1. There were no
significant differences in age, sex, hyperbaric oxygen therapy ses-
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ter CO intoxication. None of the non-

WML group had DNS, but 5 of the 11

patients with WMLs had DNS after a lu-
cid period of 3—6 weeks (mean, 30.2 * 7.33 days). Moreover, 12
patients had lesions of the globus pallidus (GP); only 3 had DNS,
and 8 developed visible WMLs. However, 5 patients with WMLs
and 1 without them did not undergo MR imaging at 1 week due to
severe coma; 1 patient with WMLs and 1 without them did not
undergo MR imaging at 3 months due to loss of contact; and 4
patients with WMLs and 3 without them did not undergo MR
imaging at 9 months due to loss of contact or drop-out.

Longitudinal Changes of DTI and DKI Indices

In patients with WMLs, the DTI indices were significantly altered
in the pons, bilateral cerebral peduncle (CP) anterior to the sub-
stantia nigra, bilateral internal capsule (IC) next to the thalamus
and striatum, bilateral forceps minor, left superior corona radiata,
and genu of corpus callosum at 1 week after CO intoxication, as
shown in Figs 2 and On-line Figs 1-3. At 1 month after CO intoxica-
tion, the regions with significantly altered DTT and DKI indices had
extended to the splenium of the corpus callosum, bilateral anterior
and posterior limbs of the IC, bilateral anterior corona radiata, supe-
rior corona radiata, posterior corona radiata, and bilateral inferior
longitudinal fasciculus. At 3 months after CO intoxication, the re-
gions with significantly altered DTI and DKI indices had extended
farther toward the subcortical areas and involved the bilateral forceps
major; however, the RD, RK, and MK in the bilateral IC were partially
normalized. At 9 months after CO intoxication, the regions with
significantly altered DTT and DKI indices further involved the
body of the corpus callosum and had extended farther into the
subcortical areas; however, the FA, RK, and MK of the bilateral
IC had normalized further, as shown in Figs 2 and 3 and On-
line Figs 1-5. In patients without WMLs, the voxelwise com-
parison did not reveal significant change of DTI and DKI in-
dices within 9 months after CO intoxication.

Receiver Operating Characteristic Analysis

The receiver operating characteristic analysis for all patients at 1
week after CO intoxication showed that areas under the curve of
>().7 were observed for FA in the left CP; AD and AK in the
bilateral IC; AD and AK in the right frontal WM (FWM); and RD,
MD, and MK in the left FWM. Notably, the area under the curve
for MK in the left FWM was >0.8, and the areas under the curve
for AK in the right IC and right FWM were >0.9 (Table 2). In
addition, the longitudinal comparisons of DTI and DKI indices in
these regions between patients with and without DNS are shown
in On-line Figs 6-12.



DISCUSSION

To the best of our knowledge, this is the first study in which voxelwise
DKI analysis was applied to a longitudinal investigation of WM in-
juries in patients from 1 week to 9 months after CO intoxication.
Unlike in previous studies, we divided the patients into 2 subgroups
according to WML development after CO intoxication. The results
demonstrated different progressions of WM injuries in the 2 sub-
groups, and all patients without WMLs did not have DNS, whereas 5
of the 11 (45%) patients with WMLs developed DNS after CO intox-
ication. This finding suggests that DNS may be associated with
WMLs. In addition, a previous study reported that dysfunctions of
the GP and dopamine transporter may be associated with poor cog-
nitive function and the presence of Parkinsonian features.® In an-
other study, a patient with GP involvement did not have Parkinson-
ism, though a patient with only WMLs did.>* In the present study,
only 3 of the 12 patients (25%) with GP lesions were found to have

1 month

3 months

FIG 3. The voxelwise comparison of MK values between patients
with WMLs and healthy controls. The yellow-to-red areas indicate
regions with values that were significantly decreased in the patients,
and the color bar on the right-hand side indicates T values.

Table 2: The ROC analysis of diffusional indices for CP, IC, and FWM in differentiating
patients with DNS from those without DNS at 1 week after CO intoxication®

DNS, indicating a stronger relationship between DNS and WMLs
alone than between DNS and a GP lesion alone.

In patients with WMLs, significant WM injuries were initially
detected (at 1 week after CO intoxication) in the pons, bilateral CP
(anterior to the substantia nigra), bilateral IC, genu of the corpus
callosum, and bilateral anterior prefrontal WMs. Consistent with a
previous study,'” the WM injuries broadly reflected the alterations of
dopaminergic pathways that may be responsible for Parkinsonian
symptoms in patients with WMLs. In addition, the WM injuries
gradually progressed to the subcortical and periventricular WM areas
at 1 month and consistently deteriorated from 3 to 9 months. These
results further suggest that the WM injuries in the subcortical brain
regions may be associated with neuropsychiatric symptoms observed
in patients with WMLs at the chronic stage. Similar to a previous
study,” the present study found that the changes in the DKI indices of
the bilateral IC had normalized somewhat between 3 and 9 months
after CO intoxication. The slight normalization of DKI indices sug-
gests that the WM integrity of the bilateral IC was partially recovered
between 3 and 9 months after CO intoxication.

In general, early WM injuries detected in this study were consis-
tent with those reported in previous studies,'®'? though the discrep-
ancy may likely result from the grouping strategy used in this study,
in which patients were separated into WML and non-WML sub-
groups. This study further revealed that diffusional kurtosis—related
indices outperformed diffusion tensor-related indices in differenti-
ating patients with DNS from those without them and that the pa-
tients with DNS had significantly higher diffusional kurtosis values
than those without them at 1 week after CO exposure. These findings
suggest that early WM changes in the dopaminergic pathways were
different between patients with and without DNS and that patients
with DNS had a greater restriction of water diffusion in the WM
tissues than the patients without DN, likely due to more cytotoxic
edema (hypoxia) at the early stage of CO intoxication.

Moreover, the results of this study may reflect the pathophysio-
logic mechanism of CO-induced WM injuries. First, inhalation of
CO is known to cause hypoxia or oxidative stress in tissues that may
lead to cytotoxic edema as a result of influx
of calcium ions into the cells." As men-

tioned above, this study significantly dem-

Brain Regions (MNI (DAl‘ﬂUchs onstrated higher kurtosis values of WM
Coordinates) (mm) DNS Non-DNS Controls non-DNs) tissues in patients with DNS than in those
Lt. CP (—14, —14, —12) without DNS at 1 week, suggesting that
FA (mean) 0.52 + 0.03 0.56 = 0.06 0.60 * 0.05 7394 patients with DNS may have undergone
Rt.IC (17, =10, 0) worse hypoxia than those without them.
AD (mean) 138 = 0.08 149 £ 014 149 £ 0.08 .7394b Second, free CO in plasma would gradu-
AK (mean) 0.87 £0.05 0.74 £ 0.08 0.80 = 0.03 9156 . ..
Lt. IC (~17, —10, 0) ally lead to subsequent inflammation in
AD (mean) 138 + 0.06 149 + 013 148 + 0.1 7762 the tissues.”**” This study shows that pa-
AK (mean) 0.89 * 0.06 0.80 = 0.08 0.81 = 0.08 713 tients with WMLs exhibit significantly in-
Rt. FWM (14, 31, —12) creased RD and unchanged AD in many
AD (mean) 130 £ 0.03 118 £ 0.14 119 = 0.14 .7436b WM regions between 1 week and 3
AK (mean) 1.03 = 0.04 0.86 = 0.12 0.83 £ 0.09 .9057 . S
Lt. FWM (=14, 31, —12) months, suggestive of WM demyelination
RD (mean) 0.78 = 0.04 0.74 =+ 0.07 0.62 = 0.07 7436 due to the production of reactive oxygen
MD (mean) 0.94 +0.03 0.94 = 0.05 0.90 = 0.06 7299 species and lipid peroxidation at the sub-
MK (mean) 0.98 = 0.06 0.86 = 0.07 0.89 = 0.12 8627° 26

acute stage.”® Third, ongoing inflamma-

Note:—AUC indicates area under the curve; ROC, receiver operating characteristic; Lt., left; Rt., right; MNI, Montreal

Neurological Institute.
2 The unit for AD, RD, and MD is 10> mm?/s.
b p < .05.

tion and hypoxia would eventually lead to
apoptosis and necrosis of tissues.>**> This
study demonstrates a significant increase
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in diffusivity and significant decreases in diffusion anisotropy and
kurtosis in widespread WM tissues at 9 months after CO intoxica-
tion. These findings suggest that the ongoing inflammation eventu-
ally leads to axonal loss and increased microstructural complexity in
WM tissues at the chronic stage. Nevertheless, in patients without
WML, no significant change of diffusion indices was noted during
the 9 months following CO intoxication, though some of these pa-
tients had GP lesions. We speculate that the WM may remain intact
with relatively slight CO intoxication and that DNS was more closely
related to WM changes than to GP lesions in patients with CO
intoxication.

We acknowledge that this study has some limitations. First,
the small sample size may have introduced statistical errors in the
results. Second, the DKI data were acquired with only 2 high b-
values; therefore, the results may have been affected by the choice
of b-values.”” Third, some patients did not undergo all DKI ac-
quisitions because of severe coma, loss of contact, or drop-out,
and the incomplete datasets may have affected the statistical re-
sults. Finally, the control group underwent only 1 MR imaging
without follow-up; therefore, the WM injuries found within 9
months of CO intoxication may have been affected by aging.

CONCLUSIONS

Voxelwise DKI analysis revealed longitudinal WM changes in pa-
tients after CO intoxication. DNS developed in 45% of patients with
WMLs but in none of the patients without WMLs. The voxelwise
comparisons also showed that patients without WMLs did not ex-
hibit progressive WM changes after CO intoxication, whereas pa-
tients with WMLs had early WM injuries to the dopaminergic path-
ways at 1 week after CO intoxication, with WM injuries progressing
toward the subcortical and periventricular regions from 1 to 9
months. The values of AK and MK in the IC and FWM performed
better than other diffusion indices in differentiating patients with
DNS from those without them. We conclude that voxelwise DKI
analysis was helpful for assessing longitudinal WM injuries and in
predicting the prognosis of patients after CO intoxication.

Disclosures: Ping-Hong Lai—RELATED: Grant: Ministry of Science and Technology,
Taiwan (106 -2314-B-075B-002-MY?3).
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Focal Hypoperfusion in Acute Ischemic Stroke Perfusion CT:
Clinical and Radiologic Predictors and Accuracy for

O. Bill, “’'N.M. Indcio,
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Infarct Prediction

P. Michel

M. Wintermark, “’G. Ntaios, ““'V. Dunet, and

BACKGROUND AND PURPOSE: Perfusion CT may improve the diagnostic performance of noncontrast CT in acute ischemic stroke. We
assessed predictors of focal hypoperfusion in acute ischemic stroke and perfusion CT performance in predicting infarction on follow-up

imaging.

MATERIALS AND METHODS: Patients from the Acute STroke Registry and Analysis of Lausanne data base with acute ischemic stroke and
perfusion CT were included. Clinical and radiologic data were collected. We identified predictors of focal hypoperfusion using multivariate
analyses.

RESULTS: From the 2216 patients with perfusion CT, 38.2% had an acute ischemic lesion on NCCT and 73.3% had focal hypoperfusion on
perfusion CT. After we analyzed 104 covariates, high-admission NIHSS, visual field defect, aphasia, hemineglect, sensory deficits, and
impaired consciousness were positively associated with focal hypoperfusion. Negative associations were pure posterior circulation,
lacunar strokes, and anticoagulation. After integrating radiologic variables into the multivariate analyses, we found that visual field defect,
sensory deficits, hemineglect, early ischemic changes on NCCT, anterior circulation, cardioembolic etiology, and arterial occlusion were
positively associated with focal hypoperfusion, whereas increasing onset-to-CT delay, chronic vascular lesions, and lacunar etiology
showed negative association. Sensitivity, specificity, and positive and negative predictive values of focal hypoperfusion on perfusion CT
for infarct detection on follow-up MR imaging were 66.5%, 79.4%, 96.2%, and 22.8%, respectively, with an overall accuracy of 76.8%.

CONCLUSIONS: Compared with NCCT, perfusion CT doubles the sensitivity in detecting acute ischemic stroke. Focal hypoperfusion is
independently predicted by stroke severity, cortical clinical deficits, nonlacunar supratentorial strokes, and shorter onset-to-imaging
delays. A high proportion of patients with focal hypoperfusion developed infarction on subsequent imaging, as did some patients without
focal hypoperfusion, indicating the complementarity of perfusion CT and MR imaging in acute ischemic stroke.

ABBREVIATIONS: AIS = acute ischemic stroke; ASTRAL = Acute STroke Registry and Analysis of Lausanne; FHP = focal hypoperfusion; MVA = multivariate

analysis; PCT = perfusion CT

euroimaging plays a major role in the evaluation of patients
with acute ischemic stroke (AIS). CT-based imaging is cur-
rently the most frequently used acute technique, differentiating
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ischemic from hemorrhagic stroke and identifying some stroke
mimics."” Itis also the most commonly used method for selecting
patients for endovascular recanalization treatment’ and has
shown promise in predicting treatment response* and improving
clinical outcome.” However, its limited sensitivity for detecting
early ischemia is a major drawback, even if scores of systematic
analysis of CT may improve patient selection.”” Thresholds in
perfusion imaging are still subject to debate,® despite progress in
the field,” however.

Knowledge of the performance of perfusion CT (PCT) in pre-
dicting focal hypoperfusion (FHP) in AIS may help to improve

10-14

stroke recognition and thereby decrease the proportion of

stroke mimics. Better diagnosis of stroke mimics and “chame-

»15

leons”"” will lead to better patient disposition and lower throm-

bolysis rates of mimics. "'

The aims of this study were to determine the clinical and
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Table 1: Selected patient characteristics from the overall patient population and in patients with and without FHP?

Variable Population (n = 2216) FHP (n =1624) No FHP (n=592)  Odds Ratio 95% Cl

Demographics

Age (yr) 714(20) 72(19.5) 697 (21) 1.01° 1.00-1.01

Female sex 958 (43.3) 723 (44.6) 235 (39.8) 122° 101-148

Preexisting mRS score o o) o) 0.96 0.87-1.05

Anticoagulation at onset 211(9.6) 158 (9.8) 53(9) 110 0.80-1.54
Clinical presentation

Admission NIHSS (points) 8 10(12) 4(4) 121° 118-124

Aphasia 831(38) 743 (46.4) 88 (15) 491° 3.85-6.32

Hemineglect 583 (26) 555 (35) 28(4.8) 10.70° 7.36-16.2

Decreased level of consciousness 252 (11.6) 226 (14.3) 26 (4.5) 3.58° 2.40-5.55

Sensory deficit 1237 (56.9) 1021(64.1) 216 (37.1) 3.03° 2.49-3.69

Visual field defect 882 (40.6) 836 (52.6) 46(7.9) 13.00° 9.58-18.07
Stroke localization

Pure posterior circulation 394 (18) 182 (1.3) 212 (36.9) 0.22° 0.17-0.27

Pure anterior circulation 1657 (75.4) 1393 (86.6) 254 (44.3) 8.12° 6.54-10.12
Stroke mechanism

Atherosclerotic 301(14.1) 249 (15.8) 52(9.2) 1.87° 1.37-2.58

Cardioembolic 729 (34) 633(40.2) 96 (16.9) 331 2.61-4.23

Lacunar 238 (11) 42(27) 196 (34.5) 0.05° 0.04-0.07
Risk factors

Atrial fibrillation 619 (28) 536 (33) 83 (14) 3.03° 236-3.92

Hypercholesterolemia 1606 (73.) 147 (712) 459 (78) 0.70° 0.56-0.87
Acute CT imaging

Onset-to-CT time (hr) 43(10.4) 3.5(8.6) 81(12.9) 0.96° 0.95-0.97

Early ischemic changes on NCCT 831(38.2) 771(48.5) 60(10.3) 8.20° 6.21-10.99

Arterial pathology in ischemic territory 242 (16.2) 237(20.7) 5(1.4) 18.01° 8.19-50.89

“Data are summarized as medians (with interquartile range) for continuous variables and as absolute numbers (with percentage) for categoric ones.

© Statistically significant.

radiologic predictors of FHP on PCT in AIS and to assess the
diagnostic performance of FHP for infarction on follow-up
imaging.

MATERIALS AND METHODS

Study Population

All consecutive patients admitted to the stroke unit and/or
intensive care unit of the Centre Hospitalier Universitaire
Vaudois, Lausanne, Switzerland, with a main diagnosis of AIS
were included in the Acute STroke Registry and Analysis of
Lausanne (ASTRAL), from January 1, 2003'” to June 30, 2015.
AIS was diagnosed according to the World Health Organiza-
tion definition.'® Only patients arriving in our emergency de-
partment within 24 hours of AIS onset or at last proof of good
health were included. Patients with transient ischemic attack,
intracerebral hemorrhage, subarachnoid hemorrhage, and ce-
rebral sinus venous thrombosis were collected in another
register.

The indication for PCT imaging in our institution is suspected
AIS with the patient arriving within 24 hours of onset; for pure
clinical posterior fossa syndrome, the decision to perform PCT is
left to the treating physician.'” Patients with known iodinated
contrast allergy, known renal clearance of <30 mL/minute, and
severe agitation do not undergo PCT.

For the present analysis, we selected all patients in the ASTRAL
with a good-quality PCT performed within 24 hours of onset.
PCT was considered of good quality if the arterial input curve
re-descended to baseline before the end of image acquisition and
if the rise of the venous transit curve occurred later than the arte-
rial one and if there were no major movement artifacts and at least
2 good-quality slices available for analysis. Patients with NCCT
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only or MR imaging in the acute phase were excluded. A total of
104 variables regarding demographics, vascular risk factors, clin-
ical information, acute laboratory findings, stroke localization,
acute neuroimaging findings, and acute treatment were used for
analysis and are listed in Table 1 and On-line Tables 1 and 2.

Cerebral CT Imaging Protocol

Cerebral CT was performed on a 16—detector row multidetector
CT scanner (LightSpeed; GE Healthcare, Milwaukee, Wisconsin)
until November 2005 and on a 64 —detector row multidetector CT
scanner (LightSpeed VCT; GE Healthcare) thereafter. NCCT,
PCT, CT angiography, and postcontrast series were acquired.

NCCT and postcontrast series were acquired in the axial mode
from the skull base to the vertex (16-cm z-axis coverage) using the
following imaging parameters: 120-kV(peak) tube voltage,
320-mA tube current, slice thickness = 5 mm, 32-cm scan FOV,
512 X 512 matrix.

All PCT series were acquired in the axial scan mode with 80-
kVp tube voltage, 120-mA tube current, 32-cm scan FOV, and
512 X 512 matrix, as described in Wintermark et al.'” PCT was
positioned at the level of the basal ganglia and the third ventricle
above the orbits to protect the lens. Eighteen groups of 4 slices of
10 mm (40-mm z-axis coverage) were used until November 2005;
then, 18 groups of 16 slices of 5 mm (80-mm z-axis coverage) were
used from November 2005 to June 2015. Hence, the PCT series
did not include the posterior fossa in the first 3 years of the study;
thereafter, the PCT series usually included the upper half of the
posterior fossa due to the increased z-axis coverage of the 64—
detector row multidetector CT scanner. PCT images were ac-
quired during 50 seconds in a cine mode with a delay of 5-7
seconds after injection of 50 mL of iodinated contrast (Accupaque



300, iohexol 300 mg/mL; GE Healthcare) at a flow rate of 5 mL per
second, followed by 50 mL of 0.9% saline solution at the same
flow rate into an antecubital vein using a power injector.

PCT data were re-analyzed off-line specifically for research
purposes using the most recent Brilliance Workspace Portal
(Philips Healthcare, Best, the Netherlands) and on the basis of
the central volume principle using deconvolution to create
parametric maps of mean transit time. Cerebral blood volume
was calculated from the area under the time-enhancement
curves, and cerebral blood flow was derived from the formula
CBF = CBV / MTT. Regarding deconvolution, we always used
an appropriate threshold for MTT, TTP, CBV, and CBF, as
described by Man et al.*°

CT angiography was acquired in the helical scan mode (pa-
rameters: 120-kVp tube voltage, 150- to 260-mA tube current,
0.984 pitch, 0.625-mm slice thickness, 50-cm scan FOV, 512 X
512 matrix) from the aortic arch to the top of the frontal sinuses
after injection of 50 mL of iodinated contrast (Accupaque 300,
300 mg/mL) at a flow rate of 5 mL per second (same parameters as
for perfusion data) followed by 50 mL of 0.9% saline solution at
the same flow rate.

Cerebral CT Imaging Analysis
An experienced vascular neurologist (P.M.) and 2 senior neuro-
radiologists, all with 15-years’ experience reading multimodal
CT, independently reviewed NCCT, PCT, MR imaging, and CTA
images. In cases of discordance, a consensus was found in multi-
disciplinary meetings, with awareness of the type and side of the
clinical deficits. On NCCT, early ischemic changes, ASPECTS, the
hyperdense middle cerebral artery sign, chronic or subacute in-
farct, and leukoaraiosis were recorded. On PCT, FHP was defined
as clearly prolonged MTT visible on >1 slice, corresponding to an
arterial territory that was not attributable to an underlying
chronic tissue lesion and consistent with the clinical syndrome.
Hence, we used any discernable visual change in the MTT param-
eter maps as a sign of FHP rather than a numeric threshold.

We chose MTT because it is a more sensitive marker of focal

21-23
F

hypoperfusion than CB (with a small risk of overdiagnosing
ischemia however) and it has high interrater agreement in our
institution (k = 0.79 in 100 patients with acute supratentorial
stroke symptoms) and in the literature.”**

The raw axial and maximal-intensity-projection CTA images
were also reviewed for significant (=50% stenosis or occlusion)
extra- and intracranial arterial pathology leading to the ischemic
territory.

Follow-up imaging (either CT or MR imaging) performed any
time after 24 hours of onset was reviewed for new ischemic lesions

corresponding to the clinical picture.

Statistical Analysis

All analyses were conducted using R-3.2.3 (http://www.r-project.
org/). Continuous variables are shown as median (interquartile
range). First, a univariate comparison of patients with and with-
out FHP was performed for all acute-phase variables (Table 1 and
On-line Tables 1 and 2). Then, a multivariate analysis (MVA) was
performed using all variables available before neuroimaging (ie,
demographic and clinical data and AIS characteristics such as lo-

calization, stroke mechanism) to assess the association of these
variables with FHP before neuroimaging. Finally, a second MVA
was conducted in which all pertinent radiologic data (early isch-
emic changes, leukoaraiosis, chronic infarcts, significant arterial
pathology) were added to the first MVA, to include all available
information pertinent for hyperacute-treatment decision-mak-
ing. In all multivariate analyses, imputation of missing data was
performed using the chained equations methodology. Five im-
puted datasets were generated for each MVA. We performed a
separate analysis on each imputed dataset, determining the im-
portant covariates associated with the response using backward
elimination methods. The finalized outputs of the imputed anal-
yses were appropriately combined to produce the results of this
study.

Bivariate associations between each predictor and the out-
comes were assessed using a logistic regression model. The odds
ratio, 95% confidence intervals, and associated P values quanti-
fied the strength of the association between the predictors and the
response in both univariate and multivariate logistic analyses. Sig-
nificance was set at the .05 (5%) level.

RESULTS

A total 0f 3322 AISs were registered in ASTRAL during the 12-year
observation period. Of these, 1031 (31.0%) patients were ex-
cluded because they did not undergo PCT on admission. Reasons
for PCT exclusions are shown in On-line Figure: acute MR imag-
ing performed instead of CT (n = 45), known/suspected iodine
contrast allergy (n = 46), not attempted because the patient was
agitated or moving (n = 9), PCT performed later than 24 hours
after AIS onset (n = 70), renal insufficiency (n = 204), AIS con-
sidered as vertebrobasilar (n = 317), and physician’s choice (n =
340). After we excluded 75 others (2%) for technical reasons, (<2
PCT slices available for analysis [ = 4], injection failure [n = 32],
or movement artifacts [n = 39]), 2216 patients remained in the
analysis, of which 467 (21%) were admitted between November
2003 and 2005, and 1749 (79%), between December 2005 and
June 2015.

Excluded patients had similar age and sex, higher preadmis-
sion mRS scores, less severe admission NIHSS scores, and more
frequent cardioembolic and lacunar stroke etiology in the univar-
iate comparison (On-line Tables 1 and 2).

The demographics, risk factors, and clinical data of the in-
cluded population are listed in Table 1 and On-line Tables 1 and 2.
Overall, 831 (38.2%) had early ischemic changes on NCCT, and
1624 (73.3%) had FHP on PCT. In 532 (24%), findings of both
NCCT and PCT were considered normal. For the 1404 patients
admitted within 6 hours of AIS onset, 506 (36%) had early isch-
emic changes on NCCT and 1027 (73.2%) had FHP on PCT.

Among the 1657 patients with pure anterior circulation AIS,
NCCT showed early ischemic changes in 710 (43.1%) and FHP
was seen on PCT in 1393 patients (86.6%). For the 394 with pure
posterior circulation AIS, the numbers were 75 (19%) and 182
(11.3%), respectively.

Considering preimaging data in the MVA, acute NIHSS, the
presence of cortical signs (hemineglect, aphasia, and visual field
defects), sensory deficits, and impaired consciousness all showed
significant association with FHP. Pretreatment with anticoagu-
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lants, pure posterior circulation localization, and lacunar etiology
were less associated with FHP (Table 2).

In the second MVA with added acute neuroimaging findings,
FHP was independently associated with hemineglect, visual field

Table 2: Multivariate analysis of clinical and combined clinical
and radiologic variables associated with FHP

Variables OR 95% ClI
Clinical predictors of FHP in MVA
Admission NIHSS score 112 1.08-1.16
Visual field defects on admission 779 4.51-13.45
Aphasia at admission 2.03 1.37-3.00
Hemineglect at admission 4.50 246-8.22
Sensory deficit at admission 1.39 1.00-1.93
Decreased level of consciousness 6.32 2.49-16
Posterior circulation stroke 0.32 0.22-0.47
Lacunar stroke mechanism 0.14 0.08-0.24
Anticoagulation before stroke onset 0.45 0.28-0.72
Clinical and radiologic predictors of FHP
in MVA
Symptom onset-to-CT delay 0.97 0.95-0.99
Visual field defect at admission 6.09 3.43-10.81
Hemineglect at admission 413 2.06-8.27
Sensory deficit at admission 1.53 1.07-2.17
Cardioembolic stroke mechanism 1.87 111-3.13
Lacunar stroke mechanism 0.45 0.24-0.85
Early ischemic changes on CT 4.68 2.73-8.04
Chronic CT lesions (old strokes or 0.54 0.33-0.87
leukoaraiosis)

Anterior circulation stroke 313 2.13-4.55
Arterial stenosis or occlusion in 2.29 1.32-3.99

ischemic territory

defects, sensory deficits, early ischemic changes on NCCT, ante-
rior circulation localization, significant arterial pathology in the
ischemic territory, and cardiac stroke mechanism. Increasing on-
set-to-CT delay, chronic vascular lesions, and lacunar mechanism
were negatively associated with FHP (Table 2).

This study also investigated the performance of NCCT and
acute PCT findings regarding predicting a definitive infarct lesion
on follow-up imaging in the subacute or chronic phase. From the
2216 patients, 873 patients had at least 1 follow-up MR imaging,
980 had a subsequent CT, and 363 patients had no follow-up
imaging.

On the basis of these patient data, we calculated the sensi-
tivity and specificity of admission NCCT to predict a follow-up
lesion on any type of imaging as 43.3% and 96.6%, respectively
(Table 3).

In the same population, the sensitivity of FHP to detect a le-
sion on any follow-up imaging was 80.1%, and 66.5% if only MR
imaging follow-up images were considered, indicating that a sub-
stantial number of FHPs do not necessarily turn into visible
infarction.

The specificity of FHP on acute PCT (for the absence of a
lesion on any follow-up imaging) was 57.9%, and 79.4% if only
MR imaging follow-up images were considered. This finding in-
dicates that about 20% of PCTs show that patients have FHP,
without a visible lesion on later MR imaging (Fig. 1).

The positive predictive value of FHP toward an infarct was
91.2% (96.2% considering only MR imaging lesions), indicating
that PCT has very few false-positives (Table 3).

Table 3: Accuracy of PCT as a diagnostic test for infarct identification on follow-up CT and MRI

n n Sensitivity Specificity PPV NPV Accuracy
Test+  Test- (%) (%) (%) (%) (%) 95% Cl
Acute NCCT description (test) for any 673 880 433 96.6 98 23 51.2 (48.8-53.5)
lesion at follow-up (condition) 9 258
PCT description (test) toward any lesion 1260 313 80.1 57.9 912 339 67.9 (64.7-71.0)
at follow-up (condition) 7 161
PCT description (test) toward any lesion 516 260 66.5 794 96.2 22.8 76.8 (74.8-78.7)
at MRI follow-up (condition) 20 77

Note:—PPV indicates positive predictive value; NPV, negative predictive value; +, positive; —, negative; n, number of patients.

B1

FIG 1. A, Patient with left MCA stroke, NIHSS 4, and acute PCT showing an FHP corresponding to the clinical deficit (A7, MTT and A2, CBF).
Subacute MR imaging at 3 days shows no DWI lesion (A3). B, A patient with right MCA stroke, NIHSS 6, and normal findings on acute PCT (BI, MTT
and B2, CBF), but an acute DWI lesion at 1 day after admission (B3) corresponding to the clinical deficit. These examples convey the comple-

mentarity of acute PCT and MR imaging.
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The diagnostic accuracy for infarct detection on follow-up im-
aging was 76.8% for PCT and 51.2% for NCCT.

DISCUSSION

In this comprehensive analysis of a large number of consecutive AISs,
we show that FHP is associated with cortical semiology, anterior cir-
culation ischemia, nonlacunar strokes, earlier imaging, and the pres-
ence of arterial pathology and FHP has a moderate sensitivity, high
specificity, and very high positive predictive value for radiologically
visualized lesion development on MR imaging. Overall, PCT doubles
the sensitivity of AIS detection compared with NCCT.

Clinical and Radiologic Predictors of FHP on PCT

Among the 8 clinical variables independently predicting FHP (Ta-
ble 2), NIHSS, hemineglect, aphasia, and visual field defects on
admission were expected because they are frequently associated
with hemispheric lesions of large volume; furthermore, the isch-
emic lesions associated with these variables tend to be covered by
PCT protocols.”® The posterior fossa, however, is covered incom-
pletely by most current PCT acquisitions, and sensitivity in this
region might be further lowered by the smaller lesion volumes and
radiation absorption by bone and bone artifacts."*” The associ-
ation between FHP and decreased level of consciousness is likely
explained by the large hemispheric lesions that have a high detec-
tion rate on PCT. AIS of lacunar origin showed FHP in only 2.7%
of cases, probably because of the limited resolution of PCT.*® The
finding that anticoagulation was negatively associated with FHP
in the MVA may be explained by the tendency of anticoagulation
to protect against large emboli.>**° Following the clinical associ-
ations, we found a patient presenting with a rather severe hemi-
spheric syndrome and normal PCT findings should be suspected
of having an AIS mimic. Similarly, a clinician who wants to con-
firm AIS in a patient with minor symptoms of lacunar origin or
with a posterior fossa syndrome should directly perform MR im-
aging as the initial study.

When we added imaging data to the MVA (Table 2), the find-
ing that a shorter delay from symptom onset to CT was a predictor
of FHP is likely explained by patients with more severe strokes
arriving more rapidly to the hospital and therefore imaging,”" as
well as the increasing probability of spontaneous recanalization
with time.”**>* Not surprising, abnormal arterial findings (steno-
sis of >50% or occlusion) were also associated with FHP on PCT,
which may help the radiologist identify stenosis or occlusion in

2635 we did not find an

distal arteries. In contrast to other studies,
association between the volume of brain covered by PCT (num-

ber of slices) and FHP.

Diagnostic Performance of FHP for Infarction on
Follow-Up Imaging

The performance of PCT for the prediction of a subsequent in-
farct on any type of follow-up imaging was 80.1% sensitive, and
66.5% if only MR imaging was used for follow-up, compared with
43.3% sensitivity for NCCT. The low rate of early ischemic
changes on NCCT could be explained by the rapid onset-to-hos-
pital timings (median, 3 hours). The almost doubled detection
rate of AIS by PCT compared with NCCT is very welcome, par-
ticularly if diagnosis of AIS is uncertain and when DWI-based MR

imaging is not available.” We would therefore recommend adding
PCT, especially in patients with cortical symptoms.

The specificity of PCT using MR imaging as a reference stan-
dard was high (79.4%), indicating that in 20% of patients with
findings negative for infarct on MR imaging, FHP was visible by
acute PCT. Nevertheless, acute DWI remains more sensitive than
multimodal CT-based imaging, as described in previous studies.”
However, our findings speak for the complementarity of both
techniques to diagnose AIS.

Strengths and Limitations
Strengths of this analysis include the large number of consecutive
PCTs during a long period and the use of prespecified data using
up-to-date scales, definitions, and neurovascular imaging meth-
ods. The large database allowed us to test multiple clinical and
radiologic variables, increasing the chances of obtaining signifi-
cant results in multivariate analyses. Limitations of our work in-
clude being a single center and the retrospective, observational,
noncontrolled, and nonrandomized nature of the study, without
previous power calculation. In addition, we excluded patients
without PCT imaging or with data of insufficient quality. How-
ever, the excluded patients were quite similar to the studied pop-
ulation except for the lower NTHSS scores and more cardioem-
bolic strokes. Our study design did not allow testing the accuracy
of PCT to diagnose AIS, and indeed, limitations of PCT include
only showing selected brain areas, with the risk of some ischemic
areas not being covered. In addition, our PCT methodology
evolved during the observation period: The number of slices in-
creased and slice thickness decreased. Brain coverage with PCT
was less complete before November 2005, particularly for the ver-
tex and posterior fossa. Most interesting, in our study, the number
of slices available for analysis did not influence the FHP detection
rate, and modification of the reconstruction algorithm did not
seem to influence PCT parameters at a regular radiation dose.*
We used visually clear prolonged MTT in a focal vascular area
to detect FHP rather than a numeric threshold that is more objec-
tive. Thresholds for ischemia in perfusion imaging remain a mat-
ter of debate,® however, and may not add to the clinical question
of ischemia detection, which is why we looked at FHP in the
context of a clinical syndrome. Another drawback of using MTT
could be overdiagnosis of ischemia in cases of benign oligemia®’
distal to an arterial stenosis. An alternative method to PCT for
detection of hypoperfusion is polyphasic CTA, which adequately
selected patients in a large randomized clinical trial®” and with less
radiation exposure and shorter processing time. Finally, the fol-
low-up imaging included all imaging performed in the subacute
or chronic phase, which could lead to heterogeneous results but is
consistent with common practice.

CONCLUSIONS

The present work identifies independent predictors of FHP on
PCT in AIS, potentially allowing detection of more stroke mimics
(from normal PCT findings) and more chameleons (from unex-
pected FHP in an acute neurologic deficit). It also indicates that
acute PCT may add to the AIS diagnostic value in conjunction
with NCCT and delayed MR imaging. Taken together, these could
potentially improve AIS management.
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Complementary Roles of Dynamic Contrast-Enhanced MR
Imaging and Postcontrast Vessel Wall Imaging in Detecting
High-Risk Intracranial Aneurysms

H. Qi, ““X. Liu,

ABSTRACT

P. Liu,

J. Sun, and ““'H. Chen
O=

W. Yuan, ““A. Liu, **'Y. Jiang, “'Y. Li,

BACKGROUND AND PURPOSE: Individual assessment of the absolute risk of intracranial aneurysm rupture remains challenging. Emerging
imaging techniques such as dynamic contrast-enhanced MR imaging and postcontrast vessel wall MR imaging may improve risk estimation
by providing new information on aneurysm wall properties. The purpose of this study was to investigate the relationship between
aneurysm wall permeability on dynamic contrast-enhanced MR imaging and aneurysm wall enhancement on postcontrast vessel wall MR
imaging in unruptured intracranial aneurysms.

MATERIALS AND METHODS: Patients with unruptured saccular intracranial aneurysms were imaged with vessel wall MR imaging before
and after gadolinium contrast administration. Dynamic contrast-enhanced MR imaging was performed coincident with contrast injection
using 3D Tl-weighted spoiled gradient-echo imaging. The transfer constant (K""%) was measured adjacent to intracranial aneurysm and
adjacent to the normal intracranial artery.

RESULTS: Twenty-nine subjects were analyzed (mean age, 53.9 * 13.5 years; 24% men; PHASES score: median, 8; interquartile range,
4.75-10). K" was higher in intracranial aneurysms compared with the normal intracranial artery (median, 0.0110; interquartile range,
0.0060-0.0390 versus median, 0.0032; interquartile range, 0.0018 —0.0048 min P < .001), which correlated with intracranial aneurysm size
(Spearman p = 0.54, P = .002) and PHASES score (p = 0.40, P = .30). Aneurysm wall enhancement, detected in 19 (66%) aneurysms, was
associated with intracranial aneurysm size and the PHASES score but not significantly with K""® (P = .30). Aneurysms of 2 of the 9 patients
undergoing conservative treatment ruptured during 1-year follow-up. Both ruptured aneurysms had increased K""*, whereas only 1 had

aneurysm wall enhancement at baseline.

CONCLUSIONS: Dynamic contrast-enhanced MR imaging showed increased K" adjacent to intracranial aneurysms, which was inde-
pendent of aneurysm wall enhancement on postcontrast vessel wall MR imaging. Increased aneurysm wall permeability on dynamic
contrast-enhanced MR imaging provides new information that may be useful in intracranial aneurysm risk assessment.

ABBREVIATIONS: AWE = aneurysm wall enhancement; DCE = dynamic contrast-enhanced; IA = intracranial aneurysm; IQR = interquartile range; K™ = transfer

constant; PHASES = Population, Hypertension, Age, Size, Earlier Subarachnoid Hemorrhage, and Site; WEI = wall enhancement index

I ntracranial aneurysm (IA) is a common vascular malformation,
affecting approximately 3.2% of the general population."* TA
rupture is the most common cause of spontaneous subarach-
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noid hemorrhage, and 80% of aneurysmal SAHs result in death or
permanent neurologic deficits.” Thus, the role of prevention in the
clinical management of IAs cannot be overemphasized. Although
preemptive treatment with either surgical or endovascular interven-
tion is effective in preventing IA rupture, it also subjects patients to
the risk of iatrogenic complications.®> Thus, individual risk assess-
mentis needed to justify preventive treatment in high-risk patients to
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avoid aneurysmal SAH and predict those who do not need invasive
treatment to avoid iatrogenic complications. A number of patient-
specific and aneurysm-specific risk factors have been proposed from
large prospective cohort studies.* Yet estimating the absolute risk of
IA rupture remains difficult.

In most previous studies,*® IAs were characterized using
luminal imaging, which provides little information on patho-

Table 1: Components of the PHASES score™

PHASES Aneurysm Risk Score Points

(P) Population

North American, European (other than Finnish) 0

Japanese 3

Finnish 5
(H) Hypertension

No 0

Yes 1
(A) Age

Younger than 70 yr 0

70 yr or older 1
(S) Size of aneurysm

<7.0 mm 0

7.0-9.9 mm 3

10.0-19.9 mm 6

=20.0 mm 10
(E) Earlier SAH from another aneurysm

No

Yes 1
(S) Site of aneurysm

ICA 0

MCA 2

ACA/PcomA/posterior circulation 4

Note:—ACA indicates anterior cerebral arteries (including the anterior cerebral ar-
tery, anterior communicating artery, and pericallosal artery); ICA, internal carotid
artery; MCA, middle cerebral artery; PcomA, posterior communicating artery; SAH,
subarachnoid hemorrhage.
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FIG 1. Measuring aneurysm wall permeability by DCE-MR imaging. Signal intensity in the lumen
was measured on DCE imaging series (red contour in A) to obtain contrast concentration in
plasma at different time points, which gave the arterial input function Cp(t) (red curve in C). The
concentration-time curve of tissue C(t) was fitted voxel by voxel using the extended Kety/Tofts
model, which generated parametric maps that were overlaid onto DCE images (B). ROls were
placed on the slice with highest K™ to measure K" in the region adjacent to intracranial
aneurysms (IA-ROI, white contour on K" map in B) and near a normal artery. The concentration-
time curves of points 1and 2 (red dots in B) are shown in D. ref-ROI indicates reference ROI.

physiologic changes or the integrity of the aneurysm wall,
which could be more directly associated with IA rupture than
IA morphology. Histologic studies of surgically resected IAs
showed evidence of aneurysm wall remodeling.”® Further-
more, during an operation, focal wall thinning of the aneurysm
dome was noticeable as translucent regions, which may pre-
cede rupture.” Vakil et al'® performed dynamic contrast-en-
hanced (DCE) MR imaging in patients with unruptured IAs
and found that the contrast extravasation rate (transfer con-
stant [K'"*"*]) was high in the adjacent region of clinically de-
fined high-risk IAs, indicating a leaky aneurysm wall as a po-
tential marker of high-risk unruptured IAs. On the other hand,
with high-resolution vessel wall MR imaging, postcontrast an-
eurysm wall enhancement (AWE) has been observed, which
was also shown to be a marker of high-risk IAs.'"'* It is unclear
whether increased K"*"* on DCE-MR imaging may result from
an enhanced aneurysm wall. To better understand the nature
of increased K™ in unruptured IAs, this study sought to
investigate the relationship between aneurysm wall permeabil-
ity by DCE-MR imaging and AWE by vessel wall MR imaging.

MATERIALS AND METHODS

Study Population

This observational study was approved by the institutional eth-
ics committee of Tsinghua University. Signed consent forms
were acquired. Patients referred to the neurosurgery clinics
who were diagnosed with unruptured saccular IAs by digital
subtraction angiography were invited to participate. Exclusion
criteria were contraindications to MR imaging or gadolinium
contrast injection. Thirty-two patients (24 women; mean age,
54.2 * 13.1 years) with a total of 41 unruptured saccular aneu-
rysms were recruited. Clinical risk assessment was performed by
evaluating morphology characteristics on
DSA, including IA size," location (ante-
rior or posterior circulation), and blebs.
The Population, Hypertension, Age, Size,
Earlier Subarachnoid Hemorrhage, and
Site (PHASES) score,"* which aggregates
multiple clinical risk factors to provide a
more accurate estimate of individual risk
(Table 1), was calculated. Twenty-three
patients received preemptive surgical
treatment (clipping: n = 5; coiling: n =

18). The remaining 9 patients who refused
or were not eligible for preemptive surgery
were treated conservatively and followed
for 1 year.

Imaging Protocol

Patients were scanned on a 3T whole-
body scanner (Achieva TX; Philips
Healthcare, Best, the Netherlands) with
a 32-channel head coil. First, the target

t(min)

aneurysm was localized by a 3D time-of-
flight MRA sequence. For patients with
multiple IAs, the referring clinician indi-
cated the target aneurysm for imaging.
This was necessary because to ensure

AINR Am J Neuroradiol 40:490-96 Mar 2019  www.ajnr.org 491



high temporal and spatial resolution, the DCE-MR imaging used
in this study had a limited longitudinal coverage, which made it
difficult to simultaneously image multiple IAs that might exist.
The imaging parameters of 3D time-of-flight were the fol-
lowing: TR/TE = 25/3.5 ms; flip angle = 20° FOV = 200 X
200 X 84 mm?; reconstructed voxel size = 0.35 X 0.35 X 0.7
mm?®. Before DCE-MR imaging, a 3D black-blood T1-
weighted volume isotropic turbo spin-echo acquisition se-
quence'” was performed to acquire precontrast vessel wall im-
ages with the following parameters: TR/TE = 700/30 ms; TSE
factor = 49; FOV = 160 X 160 X 54 mm?; voxel size = 0.6 X
0.6 X 0.6 mm?; 90 transverse slices. DCE-MR imaging was
performed with the imaging slab centered on the target aneu-
rysm. For DCE-MR imaging, precontrast T1 mapping was per-
formed using a 3D variable flip angle sequence with optimized
flip angles: 2°, 4°,9°, and 25°.'° B, mapping was also performed
to correct variations of the prescribed flip angle using the ac-
tual flip angle method.'” Then, DCE images were acquired
using a 3D T1-weighted spoiled gradient-echo sequence: TR/
TE = 3.9/2 ms; flip angle = 15°%, FOV = 160 X 160 mm?; spatial
resolution = 0.8 X 0.8 mm?; slice thickness = 2 mm; number
of slices = 10; time resolution = 8.8 seconds. Coincident with
the fifth dynamic scan, a bolus of 0.1 mmol/kg of Gd-DTPA
(Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New
Jersey) was injected intravenously at a rate of 1.5 mL/s, fol-
lowed by a 20-mL saline flush at the same rate. The total scan
time of DCE-MR imaging was about 6 minutes. During the
DCE acquisition, a spatial saturation band was positioned
proximal to the imaging plane to induce T1 weighting for flow-
ing blood. After DCE-MR imaging, the 3D black-blood T1-
weighted volume isotropic turbo spin-echo acquisition se-
quence was repeated for postcontrast vessel wall images with
the same

imaging parameters as for the precontrast

acquisition.

Image Analysis
The extended Kety/Tofts model'® was used to describe the phar-
macokinetics of the contrast agent in DCE-MR imaging:

) C) = K™ f KNI (ndT 4+ V,Cylb),
0

where K" (min ') is the transfer rate of contrast agent from
the intravascular space to the extracellular extravascular space;
V. is the extracellular extravascular fractional volume; v, is the
fractional plasma volume; C(t) is the tissue concentration of
contrast agent, calculated using signal intensity values in DCE
images and precontrast T1 mapping data; and C,(t) is the
plasma concentration of contrast agent or arterial input func-
tion.'” The kinetic model was fitted for each pixel using the
least-squares method to generate parametric maps including
K™ and V,, (Fig 1). To measure aneurysm wall permeability,
we selected the slice showing the highest K'"™"* near the aneu-
rysm. An ROI immediately adjacent to the aneurysm was de-
fined by 2 concentric contours: The first was drawn to just
enclose the aneurysm, and the second was drawn by expanding
the first one 3 pixels away from the aneurysm. Aneurysm wall
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permeability was measured as mean K**"* within the ROI ex-
cluding pixels with blood signal contamination (V, > 0.5)."
To measure normal intracranial artery permeability, we placed
areference ROI immediately adjacent to a normal intracranial
artery on the same slice.

The pre- and postcontrast 3D T1-weighted volume isotro-
pic turbo spin-echo acquisition images were reformatted into
2-mm slices that matched the DCE-MR images. Blinded to
DCE-MR imaging analysis, we evaluated the presence of aneu-
rysm wall enhancement by comparing pre- and postcontrast

vessel wall images.”°

Additionally, the wall-enhancement in-
dex (WEI)*' was measured to provide a quantitative measure-

ment of aneurysm wall enhancement:

SI_W&lllPUS‘mntms( SI_Wallpxecumras(
SI_Brainpostcomras( SI—BrainPfeC(’mfas‘
SI_ Wallprecontrast

. >
SI_Bra 1 ”precomrast

2) WEI =

and SI_Brain were measured in

‘postcontrast

where SI_Brain,,, conirast
brain white matter for signal intensity normalization. All imaging
measurements were repeated by a second reader to assess inter-

reader reproducibility or reliability.

Data Analysis

Categoric variables were summarized as count (percentage). The
PHASES score was summarized as median (interquartile range,
[IQR]). The Kolmogorov-Smirnov test was used to test each con-
tinuous variable for whether a normal distribution could be as-
sumed, after which the variable was summarized as mean = SD or
median (IQR) as appropriate. The Wilcoxon signed rank test was
used to compare K™ between aneurysms and normal arteries.
The Mann-Whitney U test was used to compare K"*"* among
different aneurysm groups. The Spearman correlation coefficient
was used to evaluate the correlation between K"*" and WEI as
well as the relationships of K"*"* and WEI to age, aneurysm size,
and the PHASES score. To assess interreader reproducibility or
reliability, we used the intraclass correlation coefficient (2-way
model) for K™ and WEI, while the Cohen k was used for the
presence of conspicuous wall enhancement. All statistical analyses
were conducted as 2-tailed tests in SPSS (IBM, Armonk, New
York). P < .05 was defined as statistical significance.

RESULTS

Patient Demographics

Three patients were excluded from DCE analysis because of signal
contamination from the cavernous sinus after contrast injection.
Clinical characteristics of the remaining 29 patients (mean age,
53.9 £ 13.5 years; male sex, 24%) are summarized in Table 2. Of
the 29 IAs, 18 (62%) were located in the anterior circulation (in-
ternal carotid artery, n = 13; anterior communicating artery, n =
4; middle cerebral artery, n = 1), and 11 (38%) were located in the
posterior circulation (basilar artery, n = 10; posterior cerebral
artery, n = 1). Twenty-three (79%) patients had a PHASES score
of =4.



Aneurysm Wall Permeability by DCE-MR Imaging

K™ measured adjacent to an IA was higher than that measured
adjacent to a normal intracranial artery (median, 0.0110; IQR,
0.0060-0.0390 versus median, 0.0032; IQR, 0.0018-0.0048
min~'; P <.001). Substantial variations in aneurysm wall perme-
ability were present (Fig 2). Spearman correlation analysis
showed that K" was moderately correlated with IA size (p =
0.54, P = .002; Fig 3) and the PHASES score (p = 0.40, P = .030).
Other clinical and imaging characteristics were not significantly
associated with K",

Aneurysm Wall Enhancement

Conspicuous wall enhancement was detected in 19 (66%) aneu-
rysms. IA size and the PHASES score were significantly different be-
tween aneurysms with and without AWE (IA size: median, 15.0 mm;
IQR, 9.0-22.1 mm versus median, 5.1 mm; IQR, 4.3—8.5; P < .001;

Table 2: The demography and aneurysm characteristics of the
study sample (N = 29)*

No. (%), Mean,
or Median (IQR)

Age (yr) 539 £135
Male sex 7 (24%)
Current smoking 5(17%)
Hypertension 11(38%)
Diabetes 2(7%)
Location
Anterior circulation 18 (62%)
Posterior circulation 11(38%)
Size
<7.0 mm 7 (24%)
7.0-9.9 mm 8(28%)
10.0-19.9 mm 7 (24%)
=20.0 mm 7 (24%)
Blebs 3(10%)
PHASES score 8 (4.75-10)
Kirs (mink) 0.0107 (0.0060-0.0390)
Aneurysm wall enhancement 19 (66%)
@ See Table 1 for details of the PHASES score.
Precontrast

Postcontrast

FIG 2. Enhanced aneurysm wall with and without increased permeability. Case 1: A 51-year-old
woman who presented with a19.5-mm aneurysm in the internal carotid artery. Pre- and postcon-
trast vessel wall images show conspicuous wall enhancement. DCE-MR imaging shows increased
wall permeability (K" = 0.0346 min~'). Case 2: A 61-year-old woman who presented with a

K™ (min~")

PHASES score: median, 10; IQR, 8—10.75 versus median 3.5; IQR,
2-5; P<.001). As a quantitative measure of AWE, the median WEIs
were 4.0 (IQR, 2.4-6.7) and 1.4 (IQR, 1.1-1.5) in aneurysms with
and without conspicuous wall enhancement, respectively; P < .001.
By contrast, K"™" was not significantly associated with AWE (me-
dian, 0.0157; IQR, 0.0065-0.0421 versus median, 0.0089; IQR,
0.0059-0.0338 min ™~ '; P = .30; Fig 4). The scatterplot in Fig 4 shows
a poor concordance between K™ and the WEI in individual pa-
tients despite a statistically significant correlation coefficient in the
overall sample (p = 0.39, P = .040).

Follow-Up Findings

During the 1-year follow-up, 2 of the 9 patients undergoing con-
servative treatment had aneurysmal SAH at 1 month and 5
months, respectively. Figure 5 shows the inhomogeneous K"
maps and vessel wall images of the 2 aneurysms that ruptured
within a year. Notably, both ruptured aneurysms had high K""*"
in the region adjacent to the aneurysm, whereas only 1 had obvi-
ous wall enhancement on baseline MR imaging. In fact, the 2
ruptured aneurysms had the highest and second highest baseline
K™ among the 9 aneurysms that were followed. Baseline K"
was significantly higher in the ruptured aneurysms than in the
other aneurysms (P = .040), whereas IA size, the PHASES score,
and WEI were not significantly different between the 2 groups
(P = .56, >.99, and .38, respectively).

Repeat Measurements

All MR imaging measurements were repeated by an independent
reader to evaluate interreader reproducibility or reliability. The
intraclass correlation coefficients were 0.991 (95% CI, 0.981—
0.996) and 0.74 (95% CI, 0.51-0.87) for K"*** and WEI, respec-
tively. The Cohen « for the presence of conspicuous wall enhance-
ment was 0.79 (95% CI, 0.56—1.00).

DISCUSSION
DCE-MR imaging and high-resolution vessel wall MR imaging
are emerging techniques that may pro-

vide information about aneurysm wall
10,20,21

0.1 )
properties relevant to IA rupture.

However, the nature of the imaging
findings by these techniques remains
elusive given the difficulties with histo-
pathologic validation. To our knowl-
edge, this is the first study to evaluate the
relationship between increased K"*" on
DCE-MR imaging and AWE on vessel
wall MR imaging. Our observations sup-
port increased K™ as a distinctive
finding in high-risk IAs rather than ex-
plaining it by the coexisting AWE.
Therefore, increased K***° likely repre-
sents contrast leakage from the aneurysm
into the adjacent region captured by time-
resolved imaging. Measuring aneurysm
wall permeability has the potential to al-
low more precise risk assessment of 1A

9-mm aneurysm in the anterior communicating artery. Pre- and postcontrast vessel wall imaging

shows conspicuous wall enhancement, but DCE-MR imaging did not show increased wall perme-

ability (K" = 0.0096 min ).

rupture.
DCE-MR imaging collects a time-se-

AINR Am J Neuroradiol 40:490-96 Mar 2019 www.ajnr.org 493



0.15-

K™"%/(min"")
o o
o -
i S

[ ]
[ ]

A IA size/(mm)

0.104 ]

K™"%/(min™")
o
a

e

o

=]
L

PHASES score

B -0.05-

FIG 3. Associations between aneurysm wall permeability and size (A)
and the PHASES score (B). Spearman correlation analysis shows that
K™ is positively correlated with aneurysm size (p = 0.54, P = .002)
and the PHASES score (p = 0.40, P = .030).
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FIG 4. Association between K™ and aneurysm wall enhancement.
K'™ shows no statistically significant association with the presence
of aneurysm wall enhancement (A) and a poor concordance with the
wall enhancement index (B).

ries of contrast-enhanced images on intravenous injection of gad-
olinium contrast. Data are then subject to pharmacokinetic mod-
eling to estimate the contrast extravasation rate (K**"°), which
reflects vessel permeability. In a recent study, Vakil et al'® applied
DCE-MR imaging to 27 unruptured IAs and noted that some
aneurysms appeared to be “leaky,” supported by increased K"
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in the region adjacent to aneurysm. In vivo detection of leaky
aneurysm walls may allow us to capture an asymptomatic, pre-
cursor stage of IA rupture, with important implications for the
prevention of aneurysmal SAH. However, the relationship be-
tween increased K**** on DCE-MR imaging and AWE on vessel
wall MR imaging needs to be clarified. First, high K"*"* can result
from AWE in the presence of partial volume effects and/or aneu-
rysm wall motion. Second, assessing AWE is easier to do clinically
than measuring K"*"*. Thus, K"*"* must provide pathologic in-
formation different from that provided by AWE to justify its clin-
ical utility.

Consistent with Vakil et al,'” we also observed that K" mea-
sured adjacent to the TA was higher (leakier) than that measured
adjacent to the normal intracranial artery. Of note, 66% of the
studied aneurysms had conspicuous wall enhancement (AWE),
with a median WEI of 4.0 (IQR, 2.4-6.7) compared with 1.4
(IQR, 1.1-1.5) in those without AWE. Nonetheless, further anal-
yses indicated that high K**"* adjacent to an IA was unlikely due
to AWE. First, about half of the aneurysms with AWE did not have
increased K", while aneurysms without AWE could have in-
creased K", Second, although K" had a statistically signifi-
cant association with WEI, the correlation was weak (p = 0.39,
P = .040). In fact, the correlation of K"*" with IA size appeared
stronger (p = 0.54, P = .002), suggesting that K"™"* and WEI are
unlikely to represent different imaging measurements of the same
pathology. Most interesting, IA rupture was seen during fol-
low-up in the 2 aneurysms with the highest baseline K""*"*, but
only 1 had AWE. Overall, our data support increased K", re-
flecting a pathophysiologic phenomenon that is different from
AWE.

The exact pathophysiology of increased IA wall permeability
remains speculative. Nonetheless, histopathologic findings, intra-
operative observations, and patient symptoms appear to support
the existence of focally present, thin, and leaky wall regions that
may predispose to rupture. Kataoka et al® compared 44 ruptured
and 27 unruptured IA specimens and found that ruptured aneu-
rysms more often had disrupted endothelial linings and hyaline-
like wall structures that may result from inflammatory cell infil-

1 described translucent wall regions under an

tration. Kadasieta
intraoperative microscope that represented focal wall thinning
and correlated with the distribution of low wall shear stress. Fur-
thermore, many patients with aneurysmal SAH recalled that they
had a warning headache before SAH, which is thought to indicate
a minor leak.”>** Alternatively, a vasa vasorum, which has been
noted in the histologic examination of aneurysm walls,*” may be
the source of contrast medium leakage into the surrounding CSF.
In atherosclerotic plaque, a vasa vasorum has been shown to be
leaky on DCE-MR imaging, particularly under inflammatory
conditions.*® Radiologic-pathologic correlation studies are criti-
cally needed to elucidate the underlying pathophysiologic mech-
anism of increased IA wall permeability on DCE-MR imaging.
K" measured in this study was lower than that reported by
Vakil et al.'® This finding can be explained by the different meth-
ods that the 2 studies used to measure mean K" on parametric
maps. While the previous study used a single contour to define an
ROI (=10 pixels) that was placed adjacent to aneurysm wall to
measure the “K"*™ hotspot,” the present study used 2 concentric



Postcontrast

Precontrast

Case 1

Case 2

FIG 5. Baseline MR images of the 2 aneurysms that ruptured during follow-up. Case 1: A 36-year-

old man has a 17.1-mm aneurysm in the basilar artery. The patient was concerned about surgical

risk and received conservative treatment. Subarachnoid hemorrhage occurred 5 months after the

baseline scan (no aneurysm wall enhancement; K" = 0.0449 min ). Case 2: A 68-year-old man

had an 8.5-mm aneurysm in the basilar artery. The patient was concerned about surgical risk and

received conservative treatment. Subarachnoid hemorrha;e occurred 1 month after baseline
)

scan (no aneurysm wall enhancement; K*#"* = 0.0524 min ™).

contours to define an ROI that enclosed the entire circumferential
region. In the former, ROIs of different sizes may generate differ-
ent K™ measurements from the same K"*"* map. The ROI in
the latter method is more objectively defined, which may facilitate
comparison of K" measurements among subjects. However, it
is possible that the risk of IA rupture could be determined by a
leaky wall segment that is focally present. Therefore, both meth-
ods may have limitations. Similar results were found (data not
shown) when image review was redone using the single-contour
method. Nonetheless, a standardized method to obtain segmental
wall permeability (eg, fixed size ROI) of an IA may be worth ex-
ploring in the future.

The International Study of Unruptured Intracranial Aneu-
rysms reported that the risk of IA rupture increased with in-
creased IA size.* Currently, IA size is arguably the most important
factor clinically to determine the risk of IA rupture. However,
given the much higher prevalence of small IAs than large ones,
aneurysmal SAH most frequently results from small IAs.*”*® Re-
cent efforts have attempted to aggregate multiple risk factors into
clinical risk scores, such as the PHASES score.'* External data
indicated that the PHASES score may only have moderate sensi-
tivity (75%) and specificity (64%) in detecting high-risk IAs,’
which would translate into 25% of high-risk IAs left untreated and
36% of treated IAs being low-risk ones. In this context, the mod-
erate correlations of K™ with IA size and the PHASES score add
to the expectation that assessing aneurysm wall permeability may
eventually allow clinicians to better identify individuals at risk of
IA rupture than current risk markers. However, this expectation is
beyond the scope of the present study and will await future large-
scale investigations as more centers accrue experience with the
technique.

Several important limitations of this study are worth mention-
ing. First, this is a proof-of-concept study with a relatively small
sample size. Despite the promising results, the robustness of
DCE-MR imaging in measuring IA permeability remains to be
explored more extensively in future research to understand fac-
tors that may compromise the accuracy of the K"** measure-
ment, especially if K™ is studied for potential use in the man-

K™ agement of individual patients. To
eliminate any influence from aneurysm
wall motion, cardiac triggering using
electrocardiography or a peripheral
pulse unit may be used in data acquisi-
tion. However, because cardiac gating
will reduce the imaging efficiency and
increase the scan time, different k-space
trajectories and advanced reconstruc-
tion algorithms may be required to ac-
celerate DCE-MR imaging.’® Second,
the DCE-MR imaging sequence used in
this study provides limited longitudinal
coverage (20 mm). It is impossible to
cover multiple aneurysms in 1 DCE-MR
imaging scan. Thus, a priori selection of
the target aneurysm is necessary in pa-
tients with multiple aneurysms. Fur-
thermore, image analysis for certain ICA
aneurysms can be difficult due to strong
enhancement of the cavernous sinus. Third, associations of imag-
ing findings with intraoperative observations and/or histologic
findings were not performed, which could have provided further
insights into the nature of increased K" on DCE-MR imaging.
Last, the test-retest reproducibility of K" remains to be studied.
The interreader reproducibility of K" was found to be excel-
lent; the outcome was not surprising because most steps in
DCE-MR imaging analysis were automatic. However, it will be
critical to evaluate its test-retest reproducibility.

CONCLUSIONS

In our series of unruptured IAs referred to the neurosurgery clin-
ics, DCE-MR imaging showed increased K" in the adjacent
region of the IA compared with the normal intracranial artery.
Such increases in K" were not explained by AWE on vessel wall
MR imaging, though both were associated with large IA size.
Therefore, increased K" likely represents a real phenomenon of
increased aneurysmal wall permeability, which provides different
information from AWE. Future studies are warranted to evaluate
its prognostic value independent of clinical risk assessment.
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Flow-Diversion Treatment of Unruptured Saccular Anterior
Communicating Artery Aneurysms: A Systematic Review and
Meta-Analysis

F. Cagnazzo, ““'N. Limbucci, ““’S. Nappini, ““L. Renieri, “’A. Rosi, “”A. Laiso, ““'D. Tiziano di Carlo, “*'P. Perrini, and “'S. Mangiafico

ABSTRACT

BACKGROUND: Flow diversion for anterior communicating artery aneurysms required further investigation.

PURPOSE: Our aim was to analyze outcomes after treatment of anterior communicating artery aneurysms with flow-diverter stents.
DATA SOURCES: A systematic search of 3 data bases was performed for studies published from 2008 to 2018.

STUDY SELECTION: According to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, we included
studies reporting anterior communicating artery aneurysms treated with flow diversion.

DATA ANALYSIS: Random-effects meta-analysis was used to pool the following: aneurysm occlusion rate, complications, and factors
influencing the studied outcomes.

DATA SYNTHESIS: We included 14 studies and 148 unruptured saccular anterior communicating artery aneurysms treated with flow
diversion. The long-term complete/near-complete (O’Kelly-Marotta C-D) occlusion rate was 87.4% (91/105; 95% Cl, 81.3%-93.6%; 1> = 0%)
(mean radiologic follow-up of 1l months). The treatment-related complication rate was 8.6% (14/126; 95% Cl, 4%-131%; 1> = 0%), with
morbidity and mortality rates of 3.5% (5/126; 95% Cl, 2%~7%; 1> = 0%) and 2.5% (2/148; 95% Cl, 0.3%~5%; I> = 0%), respectively. Most
complications were periprocedural (12/126 = 7%; 95% Cl, 3%-11%; 1> = 0%). Thromboembolic events were slightly higher compared with
hemorrhagic complications (10/126 = 6%; 95% Cl, 2%—10%; 12 = 0% and 4/126 = 3%; 95% Cl,1%—6%; |> = 0%). Branching arteries (A2 or the
recurrent artery of Heubner) covered by the stent were occluded in 16% (7/34; 95% Cl, 3.5%-28%; I> = 25%) of cases. Pre- and posttreat-
ment low-dose and high-dose of antiplatelet therapy was not associated with significantly different complication and occlusion rates.

LIMITATIONS: We reviewed small and retrospective series.

CONCLUSIONS: Flow diversion for unruptured saccular anterior communicating artery aneurysms appears to be an effective alternative
treatment for lesions difficult to treat with coiling or microsurgical clipping. The treatment-related complication rate was relatively low.
However, larger studies are needed to confirm these results.

ABBREVIATIONS: AcomA = anterior communicating artery; ASA = acetylsalicylic acid; AT = antiplatelet therapy; CP = clopidogrel; IQR = interquartile range;
OKM = O’Kelly-Marotta; PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses

Anterior communicating artery (AcomA) aneurysms are  cult because AcomA aneurysms may present a therapeutic chal-

among the most common intracranial aneurysms. Deter-  lenge for both clipping (deep location, anatomic variability,
mining the best treatment strategy for such lesions is often diffi-  perforator arteries)' and endovascular treatment (wide-neck le-
sions incorporating branching vessels).” In addition, AcomA an-

eurysms may have a risk of rupture higher than those in other
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locations.” On the basis of their ability to reconstruct the parent
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artery, the off-label uses of flow-diverter stents are constantly ex-
tended, especially for aneurysms with unfavorable anatomy.>*>
Flow-diversion treatment of complex AcomA aneurysms has
been recently reported as an alternative strategy when conven-
tional coiling or stent-assisted coiling is not a feasible option.
However, data describing treatment-related outcomes of flow di-

version for lesions located at the AcomA region are scanty, and the
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efficacy and safety of this technique remain unclear. Our meta-
analysis examined occlusion rates and procedure-related compli-
cations of saccular unruptured AcomA aneurysms treated with
flow-diverter stents.

MATERIALS AND METHODS

Literature Search

A comprehensive literature search of PubMed, Ovid MEDLINE,
and Ovid EMBASE was conducted for studies published from
January 2008 to September 2018. The Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines®
were followed. The key words and the detailed search strategy are
reported in On-line Table 1, and the studies included in our re-
view are reported in On-line Table 2. The inclusion criterion was
the following: studies reporting series with patients with unrup-
tured AcomA aneurysms treated with flow-diverter stents. Exclu-
sion criteria were the following: 1) case reports, 2) review articles,
3) studies published in languages other than English, 4) in vitro/
animal studies, and 5) series reporting aneurysms located at the
Al or distal to the AcomA region (A2, A3). In cases of overlapping
patient populations, only the series with the largest number of
patients or most detailed data were included. Two independent
readers screened articles in their entirety to determine eligibility
for inclusion. A third author solved discrepancies.

Data Collection
We extracted the following information: 1) technical success rate,
2) occlusion rate, 3) treatment-related complications, and 4) clin-
ical outcome. Occlusion and complication rates were analyzed on
the basis of the influence of the following: 1) aneurysm size (sac-
cular aneurysms, small- and medium-sized versus large-giant); 2)
patient age (younger versus older than 60 years; 3) type of flow-
diverter stents; 4) first treatment versus retreatment; and 5) flow
diverter alone versus flow diverter plus coiling.
Complete/near-complete aneurysm occlusion was defined on
the basis of the following: O’Kelly-Marotta (OKM) grade” C-D,
when digital subtraction angiography follow-up was available or
when “complete occlusion” and “neck remnant” were used in the
study. Treatment-related complications were divided into the fol-
lowing: 1) periprocedural/early events (within 30 days) and de-
layed events (after 30 days); 2) transient (asymptomatic events or
complete neurologic recovery) and permanent complications
(symptomatic events with permanent deficits); and 3) ischemic
and hemorrhagic complications. The angiographic outcome of
covered arteries (A2 or the recurrent artery of Heubner) was eval-
uated as the following: 1) arterial narrowing, or 2) arterial occlu-
sion. Finally, good outcome was defined as a modified Rankin
Scale score of 0-2 or a Glasgow Outcome Score of 4-5, or it was

» <«

assumed if the study used the terms “no morbidity,” “good recov-

» »
ery,” or “no symptoms.

Outcomes

The primary objectives of this study were to define the safety
(treatment-related complications, mortality rate, and neurologic
outcomes) and the efficacy (technical success rate, angiographic
occlusion) of AcomA aneurysms treated with flow diversion. The
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secondary objectives were to define the influence of aneurysm,
patient, and treatment characteristics on the analyzed outcomes.

Quality Scoring

The Newcastle-Ottawa Scale® was used for the quality assessment
of the included studies (details in On-line Tables 3 and 4). The
quality assessment was performed by 2 authors independently,
and a third author solved discrepancies.

Statistical Analysis

We estimated, from each cohort, the cumulative prevalence (per-
centage) and 95% confidence interval for each outcome. Hetero-
geneity of the data was assessed by the Higgins index (I*), and
subsequently, the DerSimonian and Laird random-effects model
was applied. The graphic representation was performed with a
forest plot. The meta-regression and funnel plot followed by the
Egger linear regression test were analyzed, respectively, to evalu-
ate the heterogeneity and bias. To compare the percentages and to
calculate the P values, we used a Z-test for 2 proportions. Differ-
ences were considered significant at P < .05. Meta-analysis was
performed with ProMeta-2 (Internovi, Cesena, Italy) and Open-
Meta[Analyst] (http://www.cebm.brown.edu/openmeta/).

RESULTS

Literature Review

Studies included in our meta-analysis are summarized in On-line

Table 2. The search flow diagram is shown in On-line Fig 1.
Fourteen studies and 148 AcomA aneurysms treated with

flow-diverter stents were included in our review.

Quality of Studies

Studies included in our review were the following: Eleven studies
were retrospective single-center series, whereas 3 studies were
prospective multicentric series. The latter studies were rated as
“high-quality” studies. Details of the rating of the included studies
are reported in On-line Tables 3 and 4.

Patient Population and Aneurysm Characteristics

Overall, 148 patients with unruptured saccular AcomA aneu-
rysms were treated with flow-diverter stents (On-line Table 5).
The mean age of patients was 57 years (range, 24—80 years), and
the proportion of male patients was 46% (95% CI, 34%—-58%).
Mean aneurysm size was 6.2 mm (median, 5.5 mm; interquartile
range [IQR], 5-7 mm; range, 3-18 mm). The proportion of pre-
viously ruptured aneurysms treated with other techniques in the
acute phase was 60.4% (55/91; 95% CI, 50%-70%), and the pro-
portion of aneurysms recanalized and retreated with flow-di-
verter stents was 50.4% (54/107; 95% CI, 41%-59%).

Treatment Characteristics

The most common stent used was the Pipeline Embolization De-
vice (PED; Covidien, Irvine, California) (97/148 = 65.6%; 95%
CI, 57%-72%), followed by the Flow-Redirection Endoluminal
Device (FRED; MicroVention, Tustin, California) (21/148 =
14.2%; 95% CI, 9%-21%), the Silk flow diverter (Balt Extrusion,
Montmorency, France) (18/148 = 12.1%; 95% CI, 7%—18%),
and the Surpass stent (Stryker Neurovascular, Kalamazoo, Mich-
igan) (12/148 = 8.1%; 95% ClI, 4.4%—13%). The proportion of



Treatment-related outcomes after flow-diversion treatment of AcomA aneurysms

Results of Systematic

Review and No. of Statistic
Variables Meta-Analysis Articles (95% C1) (1?)
Angiographic outcomes
Rate of successful stent deployment 142/145 = 95.5% 13 (92-98) (1> = 0%)
Immediate aneurysm occlusion rate (OKM C-D) 5/35 =14% 4 (4-23) (1 = 19%)
Long-term complete/near-complete occlusion rate (OKM C-D) 91/105 = 87.4% 10 (81.3-93.6) (I2 = 0%)
Long-term complete occlusion rate (OKM D) 66/80 = 84.9% 8 (76.8-93) (1> = 12.5%)
Treatment-related complications and clinical outcomes
Overall treatment-related complications 14/126 = 8.6% 1 (4-13.) (I2 ==0%)
Periprocedural/early complications (within 30 days) 12/126 = 7% T (3-1) (12 = 0%)
Delayed complications (after 30 days) 2/126 =1.8% 1 (1-5) (1> = 0%)
Transient complications 9/126 = 6% 1L (2.7-1) (I2 = O/)
Permanent complications 5/126 = 3.5% T (2-7)(* = 0%)
Treatment-related mortality 2/148 = 2.5% 14 (0.3-5) (1> = 0%)
Overall rate of good neurologic outcome 108/114 = 95% 10 (93-98) (I> = 0%)
Type of complications
Thromboembolic complications 10/126 = 6% 1 (2-10) (1* = 0%)
Hemorrhagic complications 4/126 = 3% 1 (1-6) (1> = 0%)
Acute in-stent thrombosis 5/126 = 4% 1 (1.3-8) (1> = 0%)
Aneurysm rupture after treatment 0/138 = 0% 13
Chronic in-stent stenosis (>50%) 2/75=4.8% 8 (2- )(I2 = 0%)
Overall flow changes on covered vessels 12/34 =28% 4 (1.5-5) (1 76/)
Rate of narrowing of covered vessel® 5/34 =11% 4 (0.7-20) (1” = 8%)
Rate of occlusion of covered vessels® 7/34 =16% 4 (3.5-28) (I* = 22%)

2 Symptoms related to flow changes on the covered vessels (A2 or the recurrent artery of Heubner) were reported in 3 cases:1 case of transitory hemiparesis due slow flow on
the covered A2;1case of transient facial palsy due to the coverage of the artery of Heubner; and 1 case of asymptomatic stroke in the territory of the artery of Heubner 4 months

after treatment.

patients treated with flow diversion plus coiling was 10.2% (10/
98; 95% CI, 5.4%—17%), and the proportion of patients treated
with multiple stents was 6.7% (10/148; 95% CI, 3.5%—-12%). The
mean radiologic (DSA) follow-up was 11 months (range, 4-18
months; median, 12 months; IQR, 9.7—12 months), and the mean
clinical follow-up was 11 months (range, 6—19 months; median,
12 months; IQR, 6—12 months).

Angiographic Outcomes

The technical success rate was 95.5% (142/145; 95% CI, 92%—
98%;I* = 0%) (Table). Immediate angiographic occlusion (OKM
C-D) after treatment was obtained in 14% (5/35; 95% CI, 4%-—
23%; I> = 19%) of aneurysms. The rate of long-term complete/
near-complete occlusion (OKM C-D) was 87.4% (91/105; 95%
CI, 81.3%-93.6%; I> = 0%). Meta-regression showed a nonsig-
nificant variation of the effect size (P = .278), and the funnel plot,
followed by the Egger linear regression test, excludes publication
bias (P = .056) (On-line Fig 2). The rate of long-term complete
occlusion (OKM D) was 84.9% (66/80; 95% CI, 76.8%-93%; I> =
12.5%).

Treatment-Related Complications

The overall complication rate was 8.6% (14/126; 95% CI, 4%-—
13.1%; I* = 0%) (Table). Meta-regression showed a significant
decrease in the effect size (P = .443) during the analyzed periods
(P = .022), whereas the funnel plot, followed by the Egger linear
regression test, excludes publication bias (P = .407) (On-line Fig
3). Periprocedural/early complications were 7% (12/126; 95% CI,
3%-11%; I* = 0%). Delayed complications were 1.8% (2/126;
95% CI, 1%—5%; I> = 0%). Transient and permanent complica-
tions were 6% (9/126; 95% CI, 2.7%—11%; I* = 0%) and 3.5%
(5/1265 95% CI, 2%—-7%; I* = 0%), respectively.

Overall, ischemic/thromboembolic, and hemorrhagic events
were 6% (10/126; 95% CI, 2%—10%; I2 = 0%) and 3% (4/126;
95% CI, 1%—6%; I> = 0%), respectively. Hemorrhagic complica-
tions were related to intracerebral hemorrhages during the
periprocedural period. In only 1 case was the intraparenchymal
hematoma associated with permanent sequalae. The rate of acute
in-stent thrombosis was 4% (5/126; 95% CI, 1.3%—8%; I* = 0%),
whereas chronic in-stent stenosis (>50%) was 4.8% (2/75; 95%
CI, 2%-9%; I> = 0%). There were no cases of aneurysm rupture
after treatment during follow-up.

The overall rate of flow modifications of vessels covered by
flow diverters (A2 or artery of Heubner) was 28% (12/34; 95% CI,
1.5%—5%; I> = 76%). The rate of occlusion of covered arteries
during follow-up was 16% (7/34; 95% CI, 3.5%—28%; I = 22%),
whereas the rate of arterial narrowing was 11% (5/34; 95% ClI,
0.7%—
covered A2 or the recurrent artery of Heubner were reported in 3

20%; I = 8%). Symptoms related to flow changes on the

cases: 1 case of transitory hemiparesis due to slow flow on the
covered A2 immediately after stent deployment, 1 case of tran-
sient facial palsy due to the coverage of the artery of Heubner, and
1 case of an asymptomatic ischemic lesion on the territory of the
artery of Heubner that was detected with the MR imaging 4
months after treatment.

Treatment-related mortality was 2.5% (2/148; 95% CI, 0.3%-—
5%; I* = 0%), and the rate of good neurologic outcome was 95%
(108/114; 95% CI, 93%-98%; I* = 0%).

Factors Related to Aneurysm Occlusion

Overall, the occlusion rate was comparable among patients
younger-versus-older than 60 years (P = .7), type of flow-diverter
stent, flow diversion as a first treatment or retreatment of recana-
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lized aneurysms, and flow diverter alone versus flow diverter plus
coiling. There was a trend toward higher occlusion rates for an-
eurysms of small and medium-sized versus large-giant (32/35 =
90%; 95% CI, 80%—-95%; I> = 0% versus 11/14 = 70%; 95% CI,
50%-~85%; I> = 42%) (P = .07).

Factors Related to Complications after Treatment

There was no statistically significant difference in complication
rates in relation to patient age, first treatment versus retreatment,
and flow diverter with-versus-without coiling. Although not sta-
tistically significant, complications were higher for large/giant an-
eurysms (3/14 = 20%; 95% CI, 5%—30%; I = 0%) compared to
small/medium sized lesions (2/35 = 7%; 95% CI, 2%—16%; I* =
0%). The PED was associated with 12% complications (9/75; 95%
CI, 6%-21%); the FRED stent, with 14% (3/21; 95% CI, 4%—
30%); and the Silk stent, with 6% (1/17; 95% CI, 2%—-25%). Only
1 series described treatment-related complications after using the
Surpass stent, reporting no adverse events (On-line Table 6).

Relationship between Antiplatelet Therapy and
Treatment-Related Outcomes

Antiplatelet therapy (AT) before treatment was dichotomized
into 2 groups: acetylsalicylic acid (ASA), 81-160 mg, + clopi-
dogrel (CP), 75 mg, and ASA, 250-325 mg, + CP, 75 mg, 3—7 days
before treatment. The rate of periprocedural complications was
5% (1/20; 95% CI, 4%—15%; 1> = 0%) and 6% (3/40; 95% CI,
2%-14%; I> = 0%) (P = .8), respectively (On-line Tables 7-9).

AT therapy after treatment was dichotomized into the follow-
ing groups: ASA, 81-100 mg. + CP, 75 mg, and ASA, 160-300
mg, + CP, 75 mg, for 3—6 months. The rates of delayed compli-
cations were 0% (0/23) and 3.5% (1/28; 95% CI, 3%—11%; I> =
0%) (P = .36), respectively. Long-term occlusion rates (OKM
grades C-D) were 94.5% (28/29; 95% CI, 86%—98%; I’ = 0%)
and 88% (17/19; 95% CI, 76%-94%; 1> = 0%) (P = .41),
respectively.

In addition, treatment-related outcomes were evaluated on
the basis of the duration of the dual AT: “short” duration of the
dual AT (ASA + CP until 3 months) versus “long” duration of the
dual AT (at least until 6 months). In both groups, ASA was con-
tinued for about 1 year or for life. Overall, treatment-related com-
plications were 5% (2/30; 95% CI, 3%—12%; I = 0%) and 6.5%
(5/54; 95% CI, 4%—13%; I* = 0%) among the groups with short
and long duration of the dual AT, respectively (P = .77). Com-
plete/near-complete occlusion rates were 93% (25/27; 95% CI,
83%-98%; I* = 0%) and 91% (20/22; 95% CI, 82%—-98%; I> =
0%), among the groups with short and long duration of the dual
AT, respectively (P = .8).

Study Heterogeneity
Heterogeneity was low for all except 1 of the analyzed outcomes
(the overall rate of flow changes among covered vessels).

DISCUSSION

When we combined data from 14 studies, our meta-analysis un-
derlined several important findings related to the flow-diversion
treatment of aneurysms originating from the AcomA region. In
general, our results demonstrated that complex unruptured
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AcomA aneurysms can be successfully treated with flow-diverter
stents with a high rate of long-term angiographic occlusion and an
acceptable rate of treatment-related complications.

Angiographic Outcomes

Successful stent deployment was achieved in 95.5% of cases, dem-
onstrating that flow diversion is a straightforward technique even
in complex anatomic situations such as the AcomA region. Given
that aneurysm occlusion with flow-diverter stents is a progressive
process, only 14% of aneurysms were occluded immediately after
treatment, whereas 87% and 85% of the lesions presented with
adequate (OKM C-D) and complete (OKM D) occlusion during
1 year of follow-up, respectively. In a large meta-analysis of nearly
1500 AcomA aneurysms treated endovascularly (excluding flow-
diverter stents), Fang et al’ reported a quite high rate of imme-
diate occlusion (88%). However, although their immediate oc-
clusion rate was higher compared with our results, complete/
near-complete occlusion during 6 months of follow-up was
85%, underlining that long-term angiographic outcomes after
flow diversion for AcomA aneurysms are comparable with
other endovascular techniques.

Recently, intrasaccular flow disruption with the Woven Endo-
Bridge device (WEB; Sequent Medical, Aliso Viejo, California) is
increasingly used with promising results. However, series focus-
ing on AcomA aneurysms showed approximately a 60% long-
term adequate occlusion after treatment with the WEB.'® In ad-
dition, emerging devices for neck protection, such as pCONus
(phenox, Bochum, Germany) stents, have been developed to treat
wide-neck bifurcation aneurysms. A recent series of 36 AcomA
aneurysms treated with the pCONus showed an 80% complete/
near-complete occlusion rate.'' Finally, Y-stent-assisted coiling
of AcomA aneurysms appears to be associated with 85%-—
88%'>'? complete/near-complete occlusion, though this tech-
nique is, in general, technically more complex. Accordingly, Ko et
al'? reported 9 AcomA aneurysms treated with Y-stent place-
ment. All of them were occluded during follow-up, but 2 patients
experienced acute in-stent thrombosis and 1 patient had iatro-
genic subarachnoid hemorrhage related to aneurysm perforation.

In our study, flow diversion was also effective for the treatment
of recanalized AcomA aneurysms (On-line Table 6). Lin et al'*
reported a small series of 6 AcomA aneurysms with recurrences
after clipping; occlusion was achieved in 5 of them without treat-
ment-related complications. This outcome is in accordance with
those in larger series analyzing treatment-related outcomes of
flow diversion used as a retreatment s'[rategy.15 In addition, we
found comparable angiographic results among AcomA aneu-
rysms treated with flow diverters alone or in conjunction with
coiling. When we investigated the literature, this result appears
contradictory: Szikora et al,'® in a series of 19 wide-neck aneu-
rysms, reported no differences in occlusion rates among lesions

1'” showed

treated with or without coil packing, whereas Lin et a
higher rates of complete occlusion in the group of aneurysms
treated with the PED + coils. However, most aneurysms included
in our review were unruptured, small lesions (mean size, 6 mm),
and additional coiling was not mandatory in most cases.

The device configuration was rarely reported in the included

series, and outcome comparison between ipsilateral A1-A2 and



ipsilateral A1 to contralateral A2 stent configuration was not possible.
In the largest available series of AcomA aneurysms treated with flow-
diverter stents, Colby et al* described 41 patients treated with PEDs
deployed from the ipsilateral Al to the ipsilateral A2 in 94% of pa-
tients and from the A1 to the contralateral A2 in the remaining 6% of
patients. The authors reported 85% complete/near-complete occlu-
sion and a 9% complication rate.

Treatment-Related Complications

Treatment-related morbidity after flow diversion in small or dis-
tal vessels is reported to be close to 10%.*>'® However, flow di-
version for aneurysms arising from the AcomA complex should
be considered separately due to the angioarchitecture and flow
dynamics of this region that present the following: 1) frequent
anatomic variations (such as the asymmetry of the A1 segments);
2) several perforating arteries supplying important structures
such as the optic chiasm, the anterior hypothalamus, and the an-
terior perforated substance; and 3) the recurrent artery of Heub-
ner (in general originating from the A1-A2 junction), which per-
fuses the striatum and the anterior limb of the internal capsule.’
Accordingly, injury to these arteries may result in a wide range
of serious neurologic sequelae, including memory disorders,
changes of personality, electrolyte imbalance, and motor deficits.'
When we investigated the literature, our meta-analysis found
8.6% of complications related to flow-diversion treatment of
AcomA aneurysms. Most of them occurred in the periprocedural
period after treatment (7%). Permanent deficits and mortality
related to the treatment were 3.5% and 2.5%, respectively. Not
surprising, ischemic events were the most common complica-
tions (6%), together with acute in-stent thrombosis (4%). Gawl-

itzaetal'®

reported 2 cases of transient ischemic complications (1
case of facial palsy and 1 case of lacunar infarct detected at MR
imaging) related to the covered artery of Heubner. In a series of 9
AcomA aneurysms, Pierot et al*° reported 1 case of thromboem-
bolism and 1 case of flow-diverter occlusion 4 days after treatment
without permanent neurologic deficits.

Another important concern is the patency of the arteries cov-
ered with flow diverters.”' Despite very few studies focused on the
angiographic outcome of the covered A2 segment (or main
branching vessels such as the artery of Heubner), we found a 16%
occlusion rate of jailed arteries during follow-up. Pistocchi et al*?
reported 5 cases of occlusion and 4 cases of slow flow of the cov-
ered A2 segment among 14 patients with AcomA aneurysms
treated with the Silk stent. In this series, only 1 patient experi-
enced a transitory hemiparesis due to the sluggish flow on the
covered A2, which regressed after blood pressure augmentation.

Saleme et al,**

in a series of 9 AcomA aneurysms treated with the
PED, described 2 cases of asymptomatic A2 occlusion during fol-
low-up. In a recent meta-analysis of nearly 1200 supraclinoid in-
ternal carotid artery vessels covered with flow-diverter stents, the
overall rate of occlusion was 7%, with important differences
among the ophthalmic artery (6%), anterior choroidal artery
(1%), and posterior communicating artery (20%),”" with approx-
imately 1% symptomatic occlusions. One of the most important
mechanisms related to branch preservation is the pressure gradi-
ent between the artery and its covered branches. In general, when
the occlusion progresses slowly, the collateral circulation can ef-

ficiently supply the territory of the jailed artery and the occlusion
can be tolerated in most cases.

Finally, meta-regression showed a significant (P = .022)
decrease of the complication rate during 7 years (from 2011 to
2018), probably due to improvement of the operator experi-
ence, 3D angiographic images, and better case selection and
posttreatment patient management.

Treatment-Related Outcomes Based on the AT

We assessed pre- and posttreatment antiplatelet regimens dichot-
omizing the AT into 2 groups: pretreatment (3—7 days) low dose
(ASA, 81-160 mg, + CP, 75 mg) and high dose (ASA, 250-325
mg, + CP, 75 mg) AT. Accordingly, we investigated the rate of
intraprocedural/periprocedural complications showing 5% and
6% of treatment-related complications for low-dose and high-
dose AT, respectively (P = .8).

Similarly, there were not statistically significant differences in
complication and occlusion rates among groups with low-dose
(ASA, 81-100 mg, + CP, 75 mg) and high-dose (ASA, 160-300
mg, + CP, 75 mg) AT regimens administrated during follow-up.

Our results are in accordance with a recent meta-analysis dis-
cussing the AT regimen used before and after using the PED. In
this study, there was a lack of relationship between patients who
received low- versus high-dose pre-PED ASA in terms of throm-
boembolic and hemorrhagic complications.*

Strengths and Limitations

Our study has several limitations. Series were often retrospective
studies and small single-institution experiences. Because of the
small number of cases, the comparison among subgroups may
not provide power to show a statistically significant difference
among the studied outcomes. Outcome comparison between ip-
silateral A1-A2 and transcommunicating (from the Al to the
contralateral A2) stent configurations was not possible because of
the scanty data. For the same reason, the asymmetry of the Al
segment was not evaluated. However, publication bias was rea-
sonably excluded, and our review is the first and the largest study
focusing on the flow-diversion treatment of AcomA aneurysms.

CONCLUSIONS

On the basis of our meta-analysis, flow diversion for unruptured
saccular AcomA aneurysms appears to be an effective alternative
treatment for lesions difficult to treat with coiling or microsurgi-
cal clipping. The treatment-related complication rate was rela-
tively low, considering that flow-diverter stents are, in general,
used for complex aneurysms of the AcomA region. However,
larger studies are needed to confirm the safety and efficacy of this
procedure.

Disclosures: Federico Cagnazzo—UNRELATED: Employment: University of Florence.
Paolo Perrini—UNRELATED: Employment: University of Pisa.
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Endovascular Treatment of Unruptured MCA Bifurcation
Aneurysms Regardless of Aneurysm Morphology: Short- and
Long-Term Follow-Up

CJ. Maurer, and ““A. Berlis
bk |

F. Hagen,

ABSTRACT

BACKGROUND AND PURPOSE: The optimal treatment of unruptured middle cerebral aneurysms is still under debate. Although today
almost any aneurysm can be treated endovascularly, there is a lack of data comparing endovascular and microsurgical repair of MCA
aneurysms. The aim of our analysis is to provide data on the efficacy, clinical outcome, complications and re-treatment rates of endovas-
cular treatment of this subtype of aneurysms.

MATERIALS AND METHODS: Between May 2008 and July 2017, endovascular treatment of 1184 aneurysms in 827 patients was performed
in our department. Twenty-four percent of these aneurysms were located at the MCA, and 150 unruptured MCA bifurcation aneurysms
treated with coiling, stent-assisted-coiling, or endovascular flow diverter (WEB device) were identified for this retrospective data analysis.
Ninety-six percent of all aneurysms, ruptured and unruptured, were treated by an endovascular approach, which yields a low selection bias
for aneurysms suitable for endovascular treatment. Follow-up examinations were performed after 12 and 36 months and then every 1-3
years after embolization. Procedures were analyzed for periprocedural complications, outcome, and retreatment rate of the WEB (n = 38)
and coiling with (n = 45) or without stent assistance (n = 67).

RESULTS: The procedure-associated good clinical outcome (mRS = 2) was 89.9%, and the mortality rate was 2.7%. Short-term follow-up
good clinical outcome/mortality rates were 91.3%/0.7%. At discharge, 137 patients had an mRS of 0-2 (91.3%) and 13 had an mRS of 3-6
(8.7%). The retreatment rate was significantly higher in the WEB group (21.1%) compared with the coiling group with (5.9%) or without (2.2%)
stent placement (P < .05).

CONCLUSIONS: Regardless of the architecture of MCA bifurcation aneurysms, the endovascular treatment can be performed with low
morbidity/mortality rates. The higher retreatment rate in the WEB group correlates with the learning curve in choosing the right device size.

ABBREVIATION: ASA = acetylsalicylic acid

Since the publication of the results of the International Sub-
arachnoid Aneurysm Trial (ISAT), in 2002, endovascular
treatment of ruptured intracranial aneurysms has been regarded
as the treatment of choice.! Later, the International Study of Un-
ruptured Intracranial Aneurysms confirmed that the treatment of
unruptured aneurysms is feasible by endovascular treatment as
well.> Because MCA aneurysms were underrepresented in the
ISAT study, debate remains about the best way to treat these an-
eurysms, whether ruptured or not. Additionally, a prospective
randomized study of the treatment of unruptured aneurysms,
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which objectively evaluates outcomes, does not exist, to our
knowledge.

To date, microsurgical clipping of unruptured middle cerebral
artery aneurysms is the treatment of choice. One reason in favor
of clipping versus coiling is that the use of additional devices such
as microstents requires platelet inhibition, which can lead to long-
term complications. Recent publications demonstrate good clin-
ical outcomes and low complication rates for both methods.>*

An essential point is that when we compared the 2 methods,
the investigation objective is the same. Therefore, we present our
endovascular treatment data of MCA bifurcation aneurysms from 2
hospitals (Klinikum Augsburg and Schoen Klinik, Vogtareuth, Ger-
many). The treatment in both hospitals was performed by the neu-
rointerventionalists from Klinikum Augsburg, since our neurointer-
ventional department has a cooperation with the Schoen Klinik in
Vogtareuth. Because in our setting almost all aneurysms (>96%),
ruptured or not, were treated by endovascular means, there is a low
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selection bias for aneurysms suitable for endovascular therapy. We
present our real-world data of endovascular treatment of MCA an-
eurysms during a 9-year period using coils, stent-assisted coiling, and
an endosaccular flow diverter (Woven EndoBridge, WEB; Sequent
Medical, Aliso Viejo, California). Specifically, the WEB device was
designed to effectively treat wide-neck, symmetric, cylindriform, or
spheric aneurysms by an endovascular approach.

Additionally, the aim of our analysis was to evaluate whether
the use of the WEB versus coils may shorten the intervention time
and improve the outcome with regard to long-term occlusion
and/or the retreatment rate.

MATERIALS AND METHODS

In this retrospective analysis, patients treated for an unruptured
bifurcation aneurysm of the middle cerebral artery between May
2008 and July 2017 were included. A total of 1184 aneurysms in
827 patients had been treated by an endovascular technique dur-
ing this time in our institution. This number corresponds to 96%
of all aneurysms treated in both centers during this period. The
other 4%, corresponding to 50 aneurysms (12 MCA aneurysms),
were patients with intracerebral hemorrhage and emergency
evacuation of space-occupying parenchymal hemorrhage and si-
multaneous clipping of the aneurysms. In elective cases, the pa-
tient’s choice of clipping was the reason for nonendovascular
treatment. There was no treatment failure or crossover from en-
dovascular therapy to clipping.

About 24% (242/1009 in Augsburg and 42/175 in Vogtareuth)
of all endovascularly treated aneurysms were located at the MCA
bifurcation. All patients were treated by neuroradiologists from
the neuroradiology department of Augsburg (Germany) (Fig 1).

Aneurysms were qualified as the coil group if they had been
treated by coils or by stent-assisted coiling. Aneurysms were included
to the WEB group if =1 WEB device had been used. Patients treated
with other devices such as flow diverters or remodeling balloons were
excluded due to the low number, as well as aneurysms that were not
located at the MCA bifurcation such as the proximal M1 or distal
M2-M4 segments. According to our follow-up protocol, 3—6
months after treatment a combination of MR imaging and MR an-
giography, including TOF and contrast-enhanced MRA (Avanto/
Aera, 1.5T for both; Siemens, Erlangen, Germany) and/or conven-
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tional digital subtraction angiography (biplane Artis zee, Siemens; or
biplane Allura Xper FD20/20, Philips Healthcare, Best, the Nether-
lands), was performed. If no treatment was necessary, standard fol-
low-up imaging consisted of MR imaging and MRA 18 months, 3
years, and 5 years after treatment.

Aneurysm Treatment

Total treatment time includes the period from general anesthesia
to extubation of the patient, including complete diagnostic an-
giography of all cerebral supplying vessels. Heparin (5000 IU IV)
was given immediately before the start of endovascular treatment
to prevent thromboembolic events. Most of the patients were pre-
treated 5 days before the procedure with double antiaggregation
with aspirin (ASA) (100 mg) and an adenosine-diphosphate re-
ceptor inhibitor (clopidogrel, 75 mg). The day before treatment,
platelet inhibition was tested using the Multiplate Analyzer
(Roche Diagnostics, Mannheim, Germany). Patients with an in-
sufficient platelet inhibition by clopidogrel in the Multiplate An-
alyzer test received a loading dose of ticagrelor (180 mg) followed
by ticagrelor (90 mg) 2 times daily.

Retreatment

If relevant recanalization was detected at follow-up imaging, a
retreatment strategy was proposed to our patients. All of them
accepted endovascular retreatment.

Complications

The electronic medical files were screened for complications re-
lated to the intervention, such as vessel dissections, thromboem-
bolic events, vasospasms, hemorrhages, and infarctions, as well as
mRS, death on discharge, and follow-up.

Statistical Analysis
Statistical analysis was performed using SPSS (Release 22.0.0;
IBM, Armonk, New York). Analyses included descriptive statis-
tics, x> and Fisher exact tests, and the Kruskal-Wallis H test with 3
independent samples. Graphics were designed by Excel 2017 (Mi-
crosoft, Redmond, Washington).

According to the guidelines of the local ethics committee, no
further approval was necessary for this retrospective analysis.

RESULTS

We included 150 unruptured aneurysms at the MCA bifurcation
in our final analysis. Thirty-eight aneurysms were treated by WEB
devices, and 112 aneurysms, by coiling or stent-assisted coiling. In
the coiling group, 45 aneurysms were treated by coils alone and 67
aneurysms were treated by stent-assisted coiling using 1 (n = 55)
or >1 self-expanding microstent (n = 12). There was no signifi-
cant difference in the distribution of age, sex, and comorbidities
such as arterial hypertension, diabetes, or smoking (Table 1).

All treated aneurysms were <25 mm. Aneurysm size was sig-
nificantly larger in the WEB group. Fifty percent of all aneurysms
in the WEB group measured between 8 and 15 mm, whereas in the
coil group, only 25% were >7 mm. Accordingly, the mean neck
size in the WEB group (4.46 * 1.26 mm) was larger than that in
the coiling group (2.90 £ 1.00 mm) and in the stent-assisted
coiling group (3.9 = 1.5 mm) (P < .05) (Table 2).



Table 1: Demographic data

The procedural time differed signifi-

Coil Group cantly in the 3 groups (136.3 = 55.8 min-
Stent-Assisted WEB utes in the WEB group versus 155.5 * 68.2
Coiling Coiling Group minutes in the coiling group versus
(n = 45) (n = 67) (n=38) Significance 165.1 = 54.3 minutes in the stent-assisted
é\ge (Iilnean) (yr) 54.6 =10.5 557 =10.8 59.8 = 1.7 0712 coiling group; Table 3 and Fig 2). A total of
e)ri/fals ) 12 (267%) 17 (25.4%) 13 (34.2%) 638° 578 coils and 85 stents (Neuroform 3,
Female 33(733%) 50 (74.6%) 25 (65.8%) Neuroform Atlas, Stryker Neurovascular,
Hypertension (No.) 24 (53.3%) 38 (65.7%) 25 (65.8%) 497° Kalamazoo, Michigan; and LVIS Jr, Mi-
Diabetes (No.) 1(22%) 7(10.4%) 2(5.3%) 2540 croVention, Tustin, California) were used
Smoker (No.) 16 (35.6%) 30 (44.8%) 17 (44.3%) 611° in the treatment of the MCA bifurcation
2 Kruskal-Wallis H test. aneurysms.
*Fisher exact test. Seven Multiplate Analyzer tests were
L missing in the electronic medical files.
Table 2: Aneurysm characteristics - Eleven complications occurred during or
EotiGroup immediately after the intervention. Seven
- Stent-».A:ssisted Lz (63.6%) were thromboembolic events, 3
(Cn o;l:\sg) (f, 0;1?78) (ir::g) e of which occurred despite double antiag-
e e e gregation and a sufficient platelet inhibi-
-7 frm 37 (82.2%) 47 (70.1%) 19 (50.0%) 0142 tion as tested by the Multiplate Analyzer.
8-15 mm 7 (15.6%) 16 (23.9%) 19 (50.0%) One infarction without thrombus detec-
16-25 mm 1(2.2%) 4(6.0%) 0(0.0%) tion during angiography occurred despite
=25 mm 0(0.0%) 0(0.0%) 0(0.0%) b positive findings on the Multiplate Ana-
Aneurysm neck (mean) (mm) 29+10 39*15 446 =1.26 .000 )
Aspect ratio (dome/neck) (mean) 329 =148 260 = 098  2.55+100 005" lyzer test. Two MCA ruptures and 1 he
Side (No.) modynamically relevant vasospasm took
Right 20 (44.4%) 36 (53.7%) 27 (711%) .050° place in the coil group. No significant dif-
Left 25(55.6%) 31(46.3%) 11(28.9%) ferences were found in the clinical out-
Partially thrombosed (No.) 2(4.4%) 2(3.0%) 3(7.8%) 1.000¢ come indicated by the modified Rankin
:)i:'srl‘;?rvsz I::Z‘:-";'est Scale on discharge or in the complication
<Fisher exact test. rate (Table 4). The mRS at discharge had
mean values of 0.66 (WEB), 1.50 (coils),
Table 3: Procedural and related complications and 4.25 (stent-assisted coiling) in the 11
Coil Group patients with procedure-related complica-
Stent-Assisted WEB tions (Table 4).
Coiling Coiling Group The mean follow-up period was
(n =45) (n=67) (n=38) Significance  22.3 * 16.7 months in the WEB group,
Procedural time (mean) (min) ~ 155.5 = 68.2 165.1 = 54.3 136.3 = 55.8 .018% 38.9 = 26.8 months for the coiling group,
Total device per aneurysm 3.8+24 73+58 10+ 0.0 .000° and 29.9 + 23.4 months for the stent-as-
imp{a nt<.ed (mean) b sisted coiling group (P = .024). A signifi-
Complication rate (No.) 3(6.7%) 5(7.4%) 3(7.9%) 1.000

according to Table 4

cantly higher reintervention rate in the

 Kruskal-Wallis H test.
b Fisher exact test.

total intervention time (minutes)

400
350
300
250

200

Coil

FIG 2. Total intervention time by technique.

WEB group was noticed; 21.1% of the an-
eurysms had to be retreated in the WEB
group compared with 4.5% in the coil
group (P = .002). Twelve incompletely treated aneurysms were
detected 6 months after the intervention. One aneurysm was de-
tected and retreated after 24 months. At discharge, 126 patients had
an mRS 0f 0 (84%); 11,an mRS of 1-2 (7.3%); and 13, an mRS of 3—6
(8.7%). No statistical significance was found for delay of the proce-
dure, mRS at discharge, or the long-term mRS scores among the 3
groups. A significant difference was found for the follow-up period
and retreatment rate (Table 5).

Thirteen aneurysms were retreated after an endovascular in-
tervention; 8 aneurysms, after a WEB device employment; and 5
aneurysms, after coiling or stent-assisted coiling. The mean neck
size was 4.35 = 1.97 mm in the coil-group and 5.38 = 1.14 mm in
the WEB group (Table 6).

Thirty-eight unruptured MCA bifurcation aneurysms were
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Table 4: Complications and outcome

Hospitalization mRS at mRS
Patient No. Complication Time (days) Discharge Long-Term/months Antiaggregation
WEB group
65 Ischemia due to local thrombus 8 0 0/12 Simple
92 Occlusion of external iliac artery 9 0 3/48 Simple
121 Ischemia due to local thrombus 2 2 /6 Simple
Coil group
Coiling
6 Aneurysm rupture 17 0 0/36 Simple
37 Ischemia due to local thrombus 1 3 2/12 Double
179 Ischemia due to local thrombus 4 0 1/3 Simple
Stent-assisted coiling
36 Ischemia due to local thrombus 1 3 2/12 Double
45 Aneurysm rupture 24 6 - Double
99 Infarction without thrombus detection 8 4 3/12 Double
116 Ischemia due to local thrombus 8 4 4/36 Double
158 Relevant vasospasm 8 3 0/12 Double
Table 5: Follow-up and reintervention rate
Coil Group
Coiling Stent-Assisted WEB
(n =45) Coiling (n = 67) Group (n = 38) Significance
Follow-up-period (mean) (mo) 389 *+26.8 29.9 =234 223+167 .0242
Rate of retreatment (No.) 1(2.2%) 4(5.9%) 8(211%) 014°
Delay of retreatment after procedure (mean) (mo) 12+00 9.8 +96 45*16 1872
mRS (discharge) (mean) 03*038 0.6 +14 02=*0.6 .283%
Good clinical outcome at discharge (mRS = 2) (No.) 42(93.3%) 58 (86.6%) 37 (97.4%) 186°
Death (No.) 0 1 0 1.000°
Clinical outcome (No.)
mRS at last follow-up (No.)
0 33(84.6%) 38 (73.1%) 32(88,9%)
1 3(7.7%) 2(3.9%) 2(5.6%)
2 1(2.6%) 3(5.8%) 0(0.0%) 164°
3-5 1(2.6%) 6 (11.5%) 2(5.6%)
6 1(2.6%) 3(5.8%) 0(0.0%)
Follow-up period (No.)
mRS improvement or consistent 34 (87.2%) 40 (77.0%) 33 (91.6%)
mRS degradation 5(12.8%) 12 (23.0%) 3(8.3%) 109°
2 Kruskal-Wallis H test.
© Fisher exact test.
Table 6: Characteristics of retreated aneurysms DISCUSSION .
Coil Group To our knowledge, this is the first study
— - Loy comparing the WEB device with coiling
Coiling  Stent-Assisted Group . e
(n=1) Coiling (n = 4) (n=8) Significance  °T sFent—assmted coilingina smgle.center
Aneurysm size (No.) setting. We analyzed our data with re-
0-7 mm 1(100%) 1(25%) 2(25.0%) 7342 gard to intervention time, follow-up (af-
8-15 mm 0(0.0%) 2(50%) 6(75.0%) ter discharge and long-term), and pro-
16-25mm 0 (O‘OZX’) ! (257;’) 0 (0‘0:%’) cedure-related complications to assess
i d:%;:)m 0(0.0%) 0(0.0%) 0(0.0%) the effectiveness of endovascular treat-
Right 1(100%) 4(100%) 3(37,5%) 046° ment of aneurysms located at the MCA
Left 0(0%) 0(0%) 5(62,5%) bifurcation. Approximately 25% of all
Aneurysm neck (mean) (mm) 1.68 £ 0.0 5.03 149 538 114 273¢ aneurysms treated in Augsburg and
Aspect ratio (dome/neck) (mean)  4.17 = 0.0 3.25+2.01 245+ 071 406°

2 x* linear by linear.

b Fisher exact test.
€ Kruskal-Wallis H test.

treated between 2013 and July 2017 using the WEB device. The
retreatment rate decreased continuously across the years from

initially 50% (2012) to 0% (2017) (Fig 3).
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Vogtareuth by endovascular means were
MCA aneurysms. The incidence is con-
sistent with the published literature of
MCA aneurysms ranging from 14% to
29% of all aneurysms, depending on

whether unruptured or ruptured aneurysms were included in the
particular study.”” This finding shows that MCA bifurcation an-

eurysms were treated in our institution regardless of aneurysm



learning-curve: WEB-Device

treated MCA bifurcation aneurysms
o

B IIZI
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Years

— treatment = reintervention

FIG 3. Retreatment rate of aneurysms treated with the WEB device (2013-2017).

morphology and vessel anatomy, leading to a treatment rate of
>96% of all intracranial aneurysms by an endovascular tech-
nique. The major reason for the nonendovascular approach, cor-
responding to 50 intracranial aneurysms (14 MCA aneurysms),
was the necessity of decompression of a space-occupying intracra-
nial hematoma or the explicit patient request. Hence, we have
virtual no selection of the easily accessible aneurysms, which re-
duces the potential selection bias to a minimum.

Compatrison between Surgical Clipping and Endovascular
Technique
The proper treatment of intracranial aneurysms is still controver-
sial. Only 66% of all unruptured aneurysms in Germany were
treated by endovascular techniques,” despite the results of the
ISAT study 2002 and its recommendation of endovascular treat-
ment. One point of criticism of endovascular aneurysm treatment
is the higher reintervention rate compared with clipping. How-
ever, since the publication of ISAT, the stent design has signifi-
cantly improved, allowing the use of stents in smaller vessels; new
devices such as intra- and extrasaccular flow diverters have ap-
peared on the market; and finally, the coil structure has developed
even further with softer coils and the introduction of bioactive
coils such as HydroCoils (MicroVention). The higher packing
density of HydroCoils seems to be translated into a lower reinter-
vention rate compared with first-generation coils.®

With a total mortality rate of 0.6% directly after discharge and
2.7% in long-term follow-up, our results are in the range of pub-
lished outcomes.” In direct comparison with surgical clipping, the
mortality rate after the endovascular technique was at least equal
to recent published data (1.9%-2.0%).*>° We found a good clini-
cal outcome (mRS = 2) in 91.3% directly after discharge and in
89.8% after long-term follow-up. In their comparative analysis,
McDonald et al” found a similar in-hospital mortality risk, but in
long-term follow-up, the outcome in surgical treatment was sig-
nificantly worse than after endovascular technique. Compared
with published surgical data of unruptured MCA aneurysms
(mRS = 2 in 92%),® our results seem to be comparable. Espe-
cially, intraprocedural aneurysm rupture is considered an impor-
tant complication in clipping intervention. Rodriguez-Hernan-

— percentage reintervention

dez et al® found a 2 times higher risk for
such a complication during clipping
60% compared with endovascular aneurysm
repair (3.4% versus 1.7%). With an in-
S0% traprocedural rupture rate of 1.3%, our

0% data are comparable with these findings.

The major complication in endovascu-
30% lar treatment is still a thromboembolic
event. With a rate of 5.3%, our data
slightly exceeded the released findings

(3.2%) of Rodriguez-Hernandez et al.®

20%

treatment reintervention rate

2017 Complications

We found no significant difference in
the complication rates between the WEB
and the coil and the stent-assisted coil-
ing groups. Overall, 11 periprocedural
complications occurred in all 150 pa-
tients (7.3%). Five events had a throm-
boembolic origin. Two aneurysms ruptured during the interven-
tion, and 1 relevant vasospasm, 1 stent thrombosis, and 1
infarction occurred in the coil group. We had 8 complications in
the coil group. In relation to the total coiled aneurysms (n = 112),
this meant a 7.1% complication rate, which is much lower com-
pared with other findings.’

Compared with the published literature on intrasaccular flow
diverters, we had a lower complication rate after using the WEB
device (7.9% versus 11.8%).'° Thromboembolic events occurred
twice after double antiaggregation with ASA, 100 mg, and clopi-
dogrel, 75 mg, and 3 times after single antiaggregation with ASA,
100 mg, alone. There was a trend toward risk reduction, but it was
not significant."’ However, when a complication occurred, the
short-term mRS and the long-term mRS of the WEB-treated an-
eurysms (mRS = 0.67 and 1.33, respectively) were much lower
than those in the coil-treated aneurysms (mRS = 2.88 and 2.25).
The outcome after coil and stent intervention, especially, caused
grave complications compared with the single use of coils or a
WEB device. This outcome is also reflected in the hospitalization
time. The mean hospitalization time after the WEB device use was
about 6 days compared with 11 days (coiling only) and 12 days
(stent-assisted-coiling) (Table 4). However, the aneurysms
treated by stent-assisted coiling were much larger than the aneu-
rysms treated by coils alone. Furthermore, the average neck size
was 1 mm larger in the stent-assisted coiling group compared with
the coiling-alone group (Table 2). The higher complexity of these
aneurysms probably explains the higher complication rate.

Antiaggregation

The day before elective treatment of the aneurysms, we performed
a platelet test. If the patient was a responder to clopidogrel and a
stent was used during treatment, a daily dose of 75 mg of clopi-
dogrel was given until 6 weeks after the intervention. In case of a
nonresponder to clopidogrel, the patient received a loading dose
of 180 mg of ticagrelor before treatment and a dose of 90 mg of
ticagrelor twice daily for 6 weeks. Wide-neck aneurysms or pro-
truded coils were usually treated afterward by 100 mg of ASA for
6 weeks. Patients treated with a WEB device had to take 100 mg of
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ASA for 6 weeks. ASA was only administrated for 6 months if signs
of atherosclerosis had been observed during intervention. Subse-
quent medication administration was stopped without influenc-
ing the long-term outcome on follow-up. Thromboembolic
events occurred 5 times under simple antiaggregation and 3 times
under double antiaggregation. We found a lower thromoboem-
bolic event rate in double antiaggregation (n = 3/78, 3.8%) than
in simple antiaggregation (n = 5/72,7%). Double antiaggregation
seems to be a safe way to reduce thromboembolic events without
increasing the hemorrhagic risk (Table 5). Three thromboem-
bolic events occurred after positive findings on the Multiplate
Analyzer test. In 4, no Multiplate Analyzer test was documented
in the electronic medical files. These events can probably be pre-
vented by a switch from clopidogrel to ticagrelor.

Treatment Time

We found a significantly lower total treatment time in the WEB
group compared with the coil group or the stent-assisted coiling
group (136 versus 155 versus 165 minutes, respectively). One ma-
jor point seems to be the number of devices used. De Gast et al'*
concluded that coiling of MCA aneurysms takes considerably
more time than other intracranial aneurysms. They described a
mean treatment time of 57 minutes without preprocedural diag-
nostic angiography and anesthesiology procedures. We defined
our treatment time as the period from intubation to extubation,
including the panangiography, the current treatment, and the
postinterventional DynaCT (Siemens). In a clinical setting, these
points are relevant for the slot planning in daily activity and ex-
plain the great difference between de Gast et al'* and our study.

Reintervention Rate

We observed a learning curve using the WEB device because we
saw a decreasing reintervention rate compared with the increasing
number of cases (Fig 3). Behme et al'® found that in 2 years after
their first use of a WEB device, the occlusion rate increased to
87.5% in the 3-month follow-up. Nonetheless, in our cohort, the
retreatment rate was significantly higher in the WEB group
(21.1%) compared with the coiling-alone (2.2%) or the stent-
assisted coiling (5.9%) group. Published data for the reinterven-
tion rate of coiled aneurysms range between 4.7%'” and 12.3%."*
One major point outlined in the literature is that in thrombosed
or partially thrombosed aneurysms, the WEB device could not
achieve contact with the aneurysm wall and therefore posed a high
risk of recurrence. The WEB device is probably not feasible for
this special subtype of aneurysm. Also, device compaction could
induce treatment failure as seen in other endovascular techniques
such as coiling.

We found no differences in both groups regarding the rate of
thrombotic events. One major problem of comparing the reinter-
vention rate with that in other studies is the subjective classifica-
tion and experience of the interventionalists. Darflinger et al'®
described the differences between reperfusion of an aneurysm
and the retreatment. He proposed that only aneurysms that are
graded as II or III according to the Raymond-Roy classification
should be treated. If <69% of the treated aneurysm volume is
reopened, then the rupture risk seems to be equal to that in un-
treated aneurysms. Aneurysms classified as Raymond-Roy I or II,
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' Pierot et al'” discovered

however, might be successfully treated.
that the recanalization of aneurysms treated by the WEB device
was 20.9%, but the reintervention rate was much lower (6.9%).
Further investigation seems to be warranted to clarify treatment
success in aneurysms treated with the WEB device.

Our reintervention rate was not higher than the numbers
mentioned in the literature. However, in our data, the follow-up
period differed significantly between both groups. One reason is
that the WEB device was released in 2011 and was only used for
the first time in Augsburg in 2012. Naturally, an endovascular
reintervention means mental stress for the patient. However, a
reintervention by an endovascular technique presents a safe and
good way to treat patients.'® We found that nearly all reinterven-
tions were completed in 6 months after the first therapy. Most of
the studies mention a mean of 8 months after intervention as

being the highest risk time."” Additionally, Ferns et al*°

reported
that a longer follow-up period does not increase the reopening
rate or reintervention rate in treated intracranial aneurysms. In
our series, 92.3% of all decisions to retreat an already treated
aneurysm were made within 6 months. Thus, a postinterventional

angiographic control within 3—6 months seems indispensable.

Limitations

Our study has several limitations. First, it is a single-center, non-
randomized retrospective cohort. Comparison, especially with
clipping, can only be made via published literature. Particularly
with regard to the Web group, we observed a clear learning curve,
so our data may underestimate the potential of the WEB device in
this challenging subgroup of aneurysms. Otherwise in contrast to
other studies,” we have a very limited selection bias for endovas-
cular treatment. This shows that a wide variety of complex MCA
bifurcation aneurysms can be treated using endovascular means
alone.

CONCLUSIONS

Endovascular treatment of MCA bifurcation aneurysms seems to
be a safe option regardless of the aneurysm morphology and vas-
cular anatomy, with low morbidity and mortality rates. The WEB
device might have the potential to facilitate treatment of this chal-
lenging subtype of aneurysms even further.

Disclosures: Christoph Maurer—UNRELATED: Grants/Grants Pending: Micro-
Vention, Stryker, Comments: educational grants. Ansgar Berlis—UNRELATED: Con-
sulting Fee or Honorarium: proctoring for MicroVention, Medtronic, Stryker, and
Sequent Medical; honorarium from Penumbra for lectures; Fees for Participation in
Review Activities Such as Data Monitoring Boards, Statistical Analysis, Endpoint
Committees, and the Like: CEC Phenox.

REFERENCES

1. Molyneux A, Kerr R, Stratton I, et al. International Subarachnoid
Aneurysm Trial (ISAT) of neurosurgical clipping versus endovas-
cular coiling in 2143 patients with ruptured intracranial
aneurysms: a randomised trial. Lancet 2002;360:1267—74 CrossRef
Medline

2. Wiebers DO. Unruptured intracranial aneurysms: natural history,
clinical outcome, and risks of surgical and endovascular treatment.
Lancet 2003;362:103—10 CrossRef Medline

3. Schwartz C, Aster HC, Al-Schameri R, et al. Microsurgical clipping
and endovascular treatment of middle cerebral artery aneurysms in


http://dx.doi.org/10.1016/S0140-6736(02)11314-16
http://www.ncbi.nlm.nih.gov/pubmed/12414200
http://dx.doi.org/10.1016/S0140-6736(03)13860-3
http://www.ncbi.nlm.nih.gov/pubmed/12867109

10.

an interdisciplinary treatment concept: comparison of long-term
results. Interv Neuroradiol 2018;24:608 —14 CrossRef Medline

. Nussbaum ES, Madison MT, Goddard JK, et al. Microsurgical treat-

ment of unruptured middle cerebral artery aneurysms: a large, con-
temporary experience. ] Neurosurg 2018:1-7 CrossRef Medline

. Janssen H, Berlis A, Lutz ], et al. State of practice: endovascular treat-

ment of acute aneurysmal SAH in Germany. AJNR Am | Neuroradiol
2017;38:1574-79 CrossRef Medline

. Taschner CA, Chapot R, Costalat V, et al. Second-generation hydro-

gel coils for the endovascular treatment of intracranial aneurysms:
a randomized controlled trial. Stroke 2018;49:667-74 CrossRef
Medline

. McDonald JS, McDonald R], Fan J, et al. Comparative effectiveness

of unruptured cerebral aneurysm therapies: propensity score anal-
ysis of clipping versus coiling. Stroke 2013;44:988-94 CrossRef
Medline

. Rodriguez-Hernandez A, Sughrue ME, Akhavan S, et al. Current

management of middle cerebral artery aneurysms: surgical results
with a “clip first” policy. Neurosurgery 2013;72:415-27 CrossRef
Medline

. Choi JH, Park JE, Kim MJ, et al. Aneurysmal neck clipping as the

primary treatment option for both ruptured and unruptured mid-
dle cerebral artery aneurysms. ] Korean Neurosurg Soc 2016;59:
269-75 CrossRef Medline

Behme D, Berlis A, Weber W. Woven EndoBridge intrasaccular flow
disrupter for the treatment of ruptured and unruptured wide-neck
cerebral aneurysms: report of 55 cases. AJNR Am ] Neuroradiol 2015;
36:1501-06 CrossRef Medline

. Hwang G, Huh W, Lee JS, et al. Standard vs modified antiplatelet

preparation for preventing thromboembolic events in patients
with high on-treatment platelet reactivity undergoing coil emboli-
zation for an unruptured intracranial aneurysm: a randomized
clinical trial. JAMA Neurol 2015;72:764—72 CrossRef Medline

12.

13.

14.

16.

17.

19.

20.

de Gast AN, Soepboer A, Sluzewski M, et al. How long does it take to
coil an intracranial aneurysm? Neuroradiology 2008;50:53—56 CrossRef
Medline

Cognard C, Weill A, Spelle L, et al. Long-term angiographic fol-
low-up of 169 intracranial berry aneurysms occluded with detach-
able coils. Radiology 1999;212:348-56 CrossRef Medline

Henkes H, Fischer S, Liebig T, et al. Repeated endovascular coil
occlusion in 350 of 2759 intracranial aneurysms: safety and ef-
fectiveness aspects. Neurosurgery 2006;58:224-32; discussion
224-32 CrossRef Medline

. Darflinger R, Thompson LA, Zhang Z, et al. Recurrence, retreat-
ment, and rebleed rates of coiled aneurysms with respect to the Ray-
mond-Roy scale: a meta-analysis. ] Neurointerv Surg 2016;8:507—11
CrossRef Medline

Johnston SC, Dowd CF, Higashida RT, et al; CARAT Investigators.
Predictors of rehemorrhage after treatment of ruptured intracra-
nial aneurysms: the Cerebral Aneurysm Rerupture After Treat-
ment (CARAT) study. Stroke 2008;39120-25 CrossRef Medline
Pierot L, Moret J, Barreau X, et al. Safety and efficacy of aneurysm
treatment with WEB in the cumulative population of three pro-
spective, multicenter series. | Neurointerv Surg 2018;10:553-59
CrossRef Medline

. Ries T, Siemonsen S, Thomalla G, et al. Long-term follow-up of ce-
rebral aneurysms after endovascular therapy prediction and out-
come of retreatment. AJNR Am ] Neuroradiol 2007;28:1755—-61
CrossRef Medline

Teleb MS, Pandya DJ, Castonguay AC, et al. Safety and predictors of
aneurysm retreatment for remnant intracranial aneurysm after ini-
tial endovascular embolization. | Neurointerv Surg 2014;6:490-94
CrossRef Medline

Ferns SP, Sprengers MES, van Rooij WJ, et al. Coiling of intracranial
aneurysms: a systematic review on initial occlusion and reopening
and retreatment rates. Stroke 2009;40:e523—29 CrossRef Medline

AINR Am J Neuroradiol 40:503-09  Mar 2019  www.ajnr.org 509


http://dx.doi.org/10.1177/1591019918792231
http://www.ncbi.nlm.nih.gov/pubmed/30071740
http://dx.doi.org/10.3171/2018.1.JNS172466
http://www.ncbi.nlm.nih.gov/pubmed/29932382
http://dx.doi.org/10.3174/ajnr.A5260
http://www.ncbi.nlm.nih.gov/pubmed/28619838
http://dx.doi.org/10.1161/STROKEAHA.117.018707
http://www.ncbi.nlm.nih.gov/pubmed/29437981
http://dx.doi.org/10.1161/STROKEAHA.111.000196
http://www.ncbi.nlm.nih.gov/pubmed/23449260
http://dx.doi.org/10.1227/NEU.0b013e3182804aa2
http://www.ncbi.nlm.nih.gov/pubmed/23208060
http://dx.doi.org/10.3340/jkns.2016.59.3.269
http://www.ncbi.nlm.nih.gov/pubmed/27226859
http://dx.doi.org/10.3174/ajnr.A4323
http://www.ncbi.nlm.nih.gov/pubmed/25953761
http://dx.doi.org/10.1001/jamaneurol.2015.0654
http://www.ncbi.nlm.nih.gov/pubmed/26010803
http://dx.doi.org/10.1007/s00234-007-0301-6
http://www.ncbi.nlm.nih.gov/pubmed/17891386
http://dx.doi.org/10.1148/radiology.212.2.r99jl47348
http://www.ncbi.nlm.nih.gov/pubmed/10429689
http://dx.doi.org/10.1227/01.NEU.0000194831.54183.3F
http://www.ncbi.nlm.nih.gov/pubmed/16462475
http://dx.doi.org/10.1136/neurintsurg-2015-011668
http://www.ncbi.nlm.nih.gov/pubmed/25921230
http://dx.doi.org/10.1161/STROKEAHA.107.495747
http://www.ncbi.nlm.nih.gov/pubmed/18048860
http://dx.doi.org/ 10.1136/neurintsurg-2017-013448
http://www.ncbi.nlm.nih.gov/pubmed/28965106
http://dx.doi.org/10.3174/ajnr.A0649
http://www.ncbi.nlm.nih.gov/pubmed/17885238
http://dx.doi.org/10.1136/neurintsurg-2013-010836
http://www.ncbi.nlm.nih.gov/pubmed/23956245
http://dx.doi.org/10.1161/STROKEAHA.109.553099
http://www.ncbi.nlm.nih.gov/pubmed/19520984
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Local Hemodynamic Conditions Associated with Focal Changes
in the Intracranial Aneurysm Wall

J.R. Cebral, “*F. Detmer, “BJ. Chung, ‘“). Choque-Velasquez, ““B. Rezai, ““'H. Lehto, “*'R. Tulamo, ““J. Hernesniemi, ““’M. Niemela,
A. Yu, ““R. Williamson, ““K. Aziz, “*'S. Sakur, “*'S. Amin-Hanjani, ““'F. Charbel, “*'Y. Tobe, ““’A. Robertson, and ). Frésen
St =1 |

ABSTRACT

BACKGROUND AND PURPOSE: Aneurysm hemodynamics has been associated with wall histology and inflammation. We investigated
associations between local hemodynamics and focal wall changes visible intraoperatively.

MATERIALS AND METHODS: Computational fluid dynamics models were constructed from 3D images of 65 aneurysms treated surgically.
Aneurysm regions with different visual appearances were identified in intraoperative videos: 1) “atherosclerotic” (yellow), 2) “hyperplastic”
(white), 3) “thin” (red), 4) rupture site, and 5) “normal” (similar to parent artery), They were marked on 3D reconstructions. Regional
hemodynamics was characterized by the following: wall shear stress, oscillatory shear index, relative residence time, wall shear stress
gradient and divergence, gradient oscillatory number, and dynamic pressure; these were compared using the Mann-Whitney test.

RESULTS: Hyperplastic regions had lower average wall shear stress (P = .005) and pressure (P = .009) than normal regions. Flow conditions
in atherosclerotic and hyperplastic regions were similar but had higher average relative residence time (P = .03) and oscillatory shear index
(P = .04) than thin regions. Hyperplastic regions also had a higher average gradient oscillatory number (P = .002) than thin regions. Thin
regions had lower average relative residence time (P < .001), oscillatory shear index (P = .006), and gradient oscillatory number (P < .001)
than normal regions, and higher average wall shear stress (P = .006) and pressure (P = .009) than hyperplastic regions. Thin regions tended
to be aligned with the flow stream, while atherosclerotic and hyperplastic regions tended to be aligned with recirculation zones.

CONCLUSIONS: Local hemodynamics is associated with visible focal wall changes. Slow swirling flow with low and oscillatory wall shear
stress was associated with atherosclerotic and hyperplastic changes. High flow conditions prevalent in regions near the flow impingement
site characterized by higher and less oscillatory wall shear stress were associated with local “thinning” of the wall.

ABBREVIATIONS: avg = average; GON = gradient oscillatory number; IA = intracranial aneurysm; max = maximum; min = minimum; OS| = oscillatory shear index;

PRE = dynamic pressure; RRT = relative residence time; UIA = unruptured intracranial aneurysm; WSS = wall shear stress

nruptured intracranial aneurysms (UIAs) are relatively fre-
U quent in the population older than middle age, with a prev-
alence of approximately 3%." Although most UIAs are asymp-
tomatic and are found incidentally, when diagnosed, they cause
significant concern because some may eventually rupture, causing
aneurysmal subarachnoid hemorrhage, which has a mortality rate
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of approximately 40%.> Due to this sinister outcome of aneurys-
mal SAHs, many diagnosed UIAs are treated to prevent rupture.
The currently available treatment options are, however, all inva-
sive interventions that carry a significant risk of morbidity
(5%-7%) and even a low risk of mortality (1%).”* Interven-
tions to prevent UIA rupture should therefore be focused on
those UTAs that are indeed at risk of rupture, especially because
many UIAs remain unruptured during the entire lifetime of
their carrier.’

An aneurysms ruptures when the mechanical load imposed on
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its wall exceeds the strength of the wall. This mechanical load may
vary depending on physical activity; hence, the most important
factor to consider when determining the risk of aneurysm rup-
ture is the strength of the aneurysm wall, which can vary sub-
stantially across even UIAs.® Histologic studies have shown
that UIAs can have very different wall structures”?; this feature
is often clear during an operation when the UIA is exposed.” At
the moment, there are no diagnostic tools available to deter-
mine the structure of a UIA without direct visualization at an
operation.

Flow interacts with the vessel wall and activates signaling path-
ways that regulate vessel wall remodeling.'® Flows within aneu-
rysms are not physiologic and are influenced by the aneurysm and
parent artery geometry, the position of the orifice on the parent
artery, and the local angioarchitecture, among other factors.''
However, flow conditions are statistically different between UIAs
and ruptured TAs."*'* Recently, we have shown an association
between flow conditions and the overall wall histology of the in-
tracranial aneurysm (IA), as well as with the degree of inflamma-
tory cell infiltration in the IA wall.'® Because our prior results
suggest that global flow inside the IA fundus regulates the remod-
eling of the TA wall, we now investigate whether local flow condi-
tions are associated with the focal variations in the TA wall struc-
ture observed during an operation.

MATERIALS AND METHODS

Patients and Data

Sixty-six patients with intracranial aneurysms treated with surgi-
cal clipping were studied. Patients gave informed consent, and the
study was approved by the institutional review boards of Helsinki
University Hospital, Allegheny General Hospital, and the Univer-
sity of Illinois at Chicago. Video recordings obtained during the
surgical procedures were collected. Only aneurysms that were vis-
ibly exposed in the videos were included in the study. In the videos
of 8 patients, the aneurysm surface could not be reliably visual-
ized, and these cases were discarded. One further case was ex-
cluded because it was observed to be heavily thrombosed. The
remaining 57 patients had 65 aneurysms that were further stud-
ied. Before the operation, 37 of these patients were imaged with
3D CT angiography, and 20, with 3D rotational angiography. The
aneurysm and patient characteristics are summarized in On-line
Table 1.

Hemodynamics Modeling

Computational fluid dynamics models were constructed from the
presurgical 3D images using previously described techniques.'®
Blood was mathematically modeled as an incompressible Newto-
nian fluid, and the 3D unsteady Navier-Stokes equations were
numerically solved using finite elements with in-house soft-
ware.'” Pulsatile inflow boundary conditions were prescribed us-
ing flow waveforms measured in healthy subjects and scaled with
a power law of the area of the inflow vessel.'® Outflow boundary
conditions consistent with the Murray law were prescribed at
the outlets."” Wall compliance was neglected, and no-slip
boundary conditions were prescribed at the walls. Numeric
simulations were run for 2 cardiac cycles using a timestep of
0.01 seconds, and data from the second cycle were saved for

analysis. From the results of the second cycle, the following
quantities were computed at the aneurysm wall: oscillatory
shear index (OSI), mean wall shear stress (WSS), mean wall
shear stress divergence, mean wall shear stress gradient, mean
gradient oscillatory number (GON), mean pressure (PRE),
and relative residence time (RRT). Here, “mean” refers to the
time average of these quantities over the cardiac cycle. The
mathematic definitions of these quantities and their meanings
are listed in On-line Table 2.

Regional Analysis

Five types of aneurysm wall regions were considered according to
their appearance in the surgical videos: 1) atherosclerotic walls
characterized by a yellow appearance; 2) hyperplastic walls that
appear white; 3) thin walls with a red translucent appearance; 4)
rupture (site visible as a hole in the wall or a hematoma attached to
the rupture site [more details in On-line Fig 1]); and 5) normal,
the remainder of the wall that had no remarkable features. Note
that the exact connection between the visual appearance
and the histologic characteristics of these regions remains to be
established. Using a recently developed 3D virtual marking
tool (ChePen3D),” we rotated the patient-specific vascular
geometry to the same orientation as the surgical view in a su-
perposed semitransparent video frame where the aneurysm is
exposed. The different wall regions visible in the video were
then marked directly onto the computational fluid dynamics
model with different color labels, enabling direct analysis of
the relationship between flow and wall features. On average,
the areas of the aneurysm not visible in the videos were
28.9% = 25.6% of the total aneurysm area. Subsequent analy-
sis was restricted to the visible regions. We performed the
marking blinded to hemodynamic results. Examples of aneu-
rysm markings are presented in Fig 1.

Once the aneurysm regions were labeled, the maximum
(max), minimum (min), and average (avg) of each hemodynamic
variable, normalized with the mean value over the aneurysm sac,
was computed for each simply connected region of a given wall
type. Subsequently, the median and lower and upper quartiles of
each variable over the 5 different wall types were computed, and
the medians were statistically compared using the nonparametric
Mann-Whitney U test. Pair-wise differences were considered sig-
nificant with P < .05, and the P values were adjusted for multiple
testing.

Next, 3 multivariate statistical models were constructed using
a regularized logistic regression (Lasso) approach, which reduces
overfitting errors. The regularization parameters were computed
using a 10-fold cross-validation strategy. In the first model, the
atherosclerotic and hyperplastic regions were combined into a
single group and compared with the group of normal-appearing
walls. In the second model, the thin regions were compared with
the normal-appearing walls, and in the third model, the athero-
sclerotic and hyperplastic regions combined were compared with
the thin regions.

Finally, the locations of the different wall regions were visually
compared with global flow features such as the inflow jet, regions
of flow recirculation and swirling flow, and so forth.
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FIG 1. Marking aneurysm regions in 2 sample aneurysms. Left column, Selected frames of intra-
operative videos displaying the aneurysm wall. Center column, Superposition of semitransparent
video frame and marked 3D vascular model. Right column, Final virtual marking of aneurysm wall
regions (red indicates thin; yellow, atherosclerotic; white, hyperplastic; cyan, normal-appearing).

Table 1: P values of pair-wise comparisons of pathologic and
normal-appearing aneurysm regions®

Variable AvsN HvsN TvsN Rvs N
OSImax <001 (N) <.00P(N) <.00°(N) <.001°(N)
OSlavg 8 98 0.006°(N) .33
OSImin <.00I°(A)  <.001°(H) <.001°(T) <.001°(R)
WSSmax <.001°(N) <.001°(N) <.001°(N) <.001°(N)
WSSavg O1°(N) 005°(N) .54 .005° (N)
WSSmin OP(A)  <.00P(H) <.001°(T) 1
PREmax <O00P(N) <.001°(N) <.001°(N)  .05°(N)
PREavg .06 009°(N) .59 03°(R)
PREmIn <.001°(A)  .001°(H) <.001°(T) <.001°(R)
RRTmax 004°(N) <.001°(N) <.001°(N)  .005°(N)
RRTavg 67 36 <O00PP(N) 47
RRTmin <.00I°(A)  <.001°(H) <.001°(T) .04 (R)
GONmax <00P(N)  .001°(N) <.001°(N) <.001°(N)
GONavg 54 85 <.001P(N)  .04°(N)
GONmin <.001°(A)  <.001P(H) <.001°(T) .008" (R)
WSSDIVmax 06 03°(N)  <001°(N) .06
WSSDIVavg 93 79 93 93
WSSDIVmin 21 21 .06 21
WSSGRDmax  <.001°(N) <.001°(N) <.001°(N) <.001°(N)
WSSGRDavg .38 .09 82 07
WSSGRDmin  .007°(A)  .007°(H) <<.001°(T) 1

Note:—A indicates atherosclerotic; H, hyperplastic; T, thin; R, ruptured; N, normal-
appearing; WSSDIV, WSS divergence; WSSGRD, WSS gradient.

? The region with the larger value is indicated in parentheses next to the significant P values.
b Significant values after a further adjustment for testing multiple hemodynamic variables.
< Significant values (adjusted for multiple regional tests).
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RESULTS

The median and lower and upper quar-
tiles of each hemodynamic variable over
each of the 5 wall regions as well as the
entire aneurysm sac are presented in
On-line Table 3. The P values of pair-
wise comparisons between the patho-
logic and normal-appearing wall regions
are listed in Table 1 and those between
the different pathologic wall regions, in
Table 2. For these comparisons, the he-
modynamic variables were normalized
with their values over the entire aneu-
rysm sac, to facilitate the comparisons of
regions from different aneurysms at dif-
ferent locations. Statistically significant
differences adjusted for multiple regions
testing are indicated with a “b”, and the
region with the higher median is indi-
cated in parenthesis. Variables that re-
main significant after further adjusting
for multiple variable testing are indicated

« »

witha “c”.

Focal Wall Changes Are Associated
with Local Flow Conditions
Heterogeneous wall was observed in
59/65 (91%) of the studied IAs during
the operation. Compared with wall re-
gions that did not appear hyperplastic,
atherosclerotic, or thin during surgical
exposure, the local flow conditions at
the regions of remodeled wall were dif-
ferent (On-line Table 4). In general, normal-appearing walls had
larger ranges (higher maximum and lower minimum) for all he-
modynamic variables compared with pathologic regions (either
atherosclerotic, hyperplastic, thin, or ruptured).

Characteristics of Flow in Hyperplastic (White) and
Atherosclerotic (Yellow) Regions

Compared with normal-appearing regions, hyperplastic regions
had lower mean wall shear stress (WSSavg, P = .005) and mean
pressure (PREavg, P = .009). Mean variables were not signifi-
cantly different between atherosclerotic and normal-appearing
regions, except for mean wall shear stress, which was lower
(WSSavg, P = .01). Atherosclerotic and hyperplastic regions (Ta-
ble 2) had statistically similar flow features; only minimum pres-
sure was higher in the atherosclerotic regions (PREmin, P = .01).
Additionally, atherosclerotic and hyperplastic regions had flow
features statistically similar to those in rupture regions except that
the mean pressure was higher in the ruptured regions (PREavg,
atherosclerotic versus rupture: P = .01; hyperplastic versus rup-
ture: P = .009). In contrast, compared with thin regions, athero-
sclerotic and hyperplastic regions had slower flows (higher
RRTavg, atherosclerotic versus thin: P = .03; hyperplastic versus
thin: P < .001), more oscillatory wall shear stress (OSIavg, athero-
sclerotic versus thin: P = .05; hyperplastic versus thin: P = .04), and



Table 2: P values of pair-wise comparisons of pathologic aneurysm regions®

more oscillatory shear stress gradients (hy-

Variable AvsH AvsT AvsR HvsT HvsR TvsR  perplastic versus thin: GONavg, P = .002).
OSImax 77 03° (A) 35 002 (H) 32 45
OSlavg 66 05" (A) 33 04° (H) 33 86 Characteristics of Flow in Thin
OSImin .09 46 46 29 .52 .98 (Red) Regions
MALER 74 74 4 96 1 N Compared with normal-appearing re-
WSSavg 81 06 47 006° (T) 2 o (M) . ) :
WSSmin 76 003 (T) 76 <.001°(T) 66 oP(m  sions thin (red) regions had faster flows
PREmMax 55 42 47 69 69 69 (RRTavg, P <.001), less oscillatory wall
PREavg 5 1 01° (R) .009¢(T) .009° (R) .09 shear stress (OSlavg, P = .006), and
PREmin 01°(A) 79 . 01" (R) 003¢(T) <.001°(R) OPR) Jess oscillatory shear stress gradient
RRTmax 98 007°(A) 5 <.001° (H) 42 42 b . .

, .001). A lly, th

RRTavg 8 03° (A) 47 <.001 (H) 36 67 (GONavg, P < .001). Additionally, thin
RRTmin 8 82 P 82 82 8 regions had higher wall shear stress
GONmax 24 24 55 <.001(H) 2 7 (WSSavg) than hyperplastic (P = .006)
GONavg 6 19 6 .002¢ (H) 19 .8 and ruptured regions (P = .01), and they
GONmin 49 66 57 85 92 75 had higher pressure than hyperplastic
WA 93 46 >4 28 >4 93 regions (PREavg, P = .009) but not
WSSDIVavg 8 93 93 93 93 .96 . .
WSSDIVmin 83 96 96 54 83 96 compared with ruptured regions (P =
WSSGRDmax 75 89 3 75 08 08 .09). Compared with ruptured regions,
WSSGRDavg 82 39 38 .07 38 .07 thin regions also had larger wall shear
WSSGRDmin 6 .029(T) 64 <.001°(T) 88 O°(T)  stress (WSSavg, P = .01).

Note:—A indicates atherosclerotic; H, hyperplastic; T, thin; R, ruptured; WSSDIV, WSS divergence; WSSGRD, WSS

gradient.

Characteristics of Flow at the Sites

 The region with the larger value is indicated in parentheses next to the significant P values.

b Significant values (adjusted for multiple regional tests).

€ Significant values after a further adjustment for testing multiple hemodynamic variables.

FIG 2. Sample aneurysm with thin and hyperplastic regions. A, Wall
regions (red indicates thin; white, hyperplastic; cyan, normal-appear-
ing). B, Wall shear stress. C, Oscillatory shear index. D, Vortex core
lines. E, Flow streamlines. F, Swirling around vortex core lines.

of Rupture

Compared with normal regions, the
rupture sites had lower wall shear stress
(WSSavg, P = .005) and higher pressure (PREavg, P = .03). Most
interesting, the pressure (PREavg) was higher in ruptured regions
compared with atherosclerotic (P = .01) and hyperplastic (P =
.009) regions, but lower than in thin regions (P = .009).

Qualitative Flow Characteristics and Wall Appearance
Qualitatively, thin wall regions tend to be aligned with the flow
stream in the aneurysm (approximately 86% of thin regions are
aligned with the inflow jet). Thus, they tend to be in regions of
faster flow that have higher wall shear stress (approximately 90%
of thin regions are observed in regions of high or moderate WSS)
and pressure (closer to flow impingement). In contrast, thick
(atherosclerotic and hyperplastic) regions tend to be aligned with
the ends of the intrasaccular vortices (approximately 61% of thick
regions), which are perpendicular to the flow stream. Thus, thick
regions tend to coincide with locations of slow swirling flow (ap-
proximately 78% of these regions) that have low wall shear stress
(approximately 85% of thick regions are observed in regions of
low WSS), high residence time, and higher oscillatory wall shear
stress and shear stress gradients.

An example is presented in Fig 2. In this case, the aneurysm has
a thin (red) region aligned with the inflow jet and under higher
wall shear stress and a hyperplastic (white) region under lower
wall shear stress that coincides with the end of a vortex core line
around which the flow swirls within the aneurysm. Further exam-
ples of aneurysms are presented in On-line Figs 2-5.

Discrimination of Aneurysm Wall Characteristics Based
on Local Flow Conditions

Results of multivariate statistical models built to discriminate
among the different aneurysm wall regions are presented in On-
line Fig 6. This figure shows receiver operating characteristic
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curves and calibration plots for the 3 models: 1) atherosclerotic
and hyperplastic versus normal regions, 2) thin versus normal
regions, and 3) atherosclerotic and hyperplastic versus thin re-
gions. The corresponding areas under the curve were 0.92, 0.97,
and 0.70, respectively. These areas under the curve indicate very
good discrimination between the pathologic and normal regions
and relatively good discrimination between thin and thickened
wall regions. Visually, the calibration plots show reasonable fits to
the data, with small deviations of the fitted lines from the 45°
straight line, which correspond to a perfect goodness of fit.

The coefficients of each hemodynamic variable in each of the 3
models ordered by their importance (influence on the outcome
and frequency of inclusion in the model during cross-validation)
are presented in On-line Tables 4—6. The most important vari-
ables to discriminate atherosclerotic and hyperplastic regions
from normal regions were GONmin, RRTavg, maximum wall
shear stress gradient, and OSImin,avg. The most important vari-
ables to discriminate between thin and normal regions were wall
shear stress gradient (min, max), GONavg, RRTmin, max, and
PREmax. Finally, the most important variables to discriminate
atherosclerotic and hyperplastic from thin regions were
RRTavg,max, GONmax, and WSSmin.

DISCUSSION

Flow and Wall Remodeling

The flow characteristics prevalent in atherosclerotic and hyper-
plastic thick regions of the aneurysm wall are similar to those

previously associated with atherosclerosis in arteries,”"**

namely
low and oscillatory wall shear stress in regions of slow and recir-
culating flow. In IAs, these regions tend to be located near the end
of intrasaccular vortex core lines and toward the sides of the intra-
aneurysmal flow stream. These observations suggest that such
low-flow conditions promote wall remodeling that results in local
thickening of the wall. This conjecture needs to be further inves-
tigated to prove that, indeed, atherosclerotic (yellow) and hyper-
plastic (white) regions are thicker than normal-appearing walls as
suggested by previous studies***
acteristics include lipid accumulation, cell proliferation, and so

and that their histologic char-

forth. Furthermore, although these regions may be thicker, this
characteristic does not automatically imply that they are mechan-
ically stronger. On the contrary, it is plausible that the wall struc-
ture and, in particular, the collagen fiber reinforcements in these
regions are degraded, resulting in an overall weaker wall region.

In contrast to atherosclerotic and hyperplastic regions, thin
wall regions tend to be aligned with the flow stream and located
toward the region where the inflow jet impacts the aneurysm wall.
These results agree with previous studies in which the authors
reported the correlation between the thin region and impinge-
ment flow.>” The local flow conditions in these regions seem sim-
ilar to those that predispose arteries to aneurysm formation,'* (ie,
faster flow and wall shear stress and WSS gradient with larger
magnitudes and less oscillations). Another study of unruptured
aneurysm walls found de-endothelialization as a consistent fea-
ture in thinned regions.>> Perhaps these are indications of im-
paired remodeling of these regions because the time of the aneu-
rysm inception or of degenerative remodeling is associated with
abnormally high flow conditions.
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Flow as a Trigger of Aneurysm Rupture

Rupture sites share some characteristics with thin wall regions
and other characteristics with atherosclerotic and hyperplastic
wall regions. Similar to thin regions, rupture sites tend to be
aligned with the inflow and have higher pressure (an indication of
proximity to the flow-impingement site) than thick wall regions.
These features are consistent with previous work in which thin
wall regions of unruptured aneurysms coincided with the diverg-
ing WSS vector and a local rise in the pressure, again as an indi-
cator of flow impingement.>>*® An earlier study of pathologic
changes in the aneurysm wall found that thin, hypocellular, de-
endothelialized walls were always ruptured.27 On the other hand,
similar to atherosclerotic and hyperplastic regions, ruptured re-
gions tend to have lower wall shear stress, higher oscillatory shear
index, and higher oscillations of the shear stress gradient than thin
regions. These similarities and differences may suggest that there
could be >1 failure mode of the aneurysm wall, one associated
with thickened walls and another associated with thinned walls.
They are a subject of ongoing investigation.

Diagnostic Application of Computational Fluid
Dynamics?

Local hemodynamics-based statistical models seem capable of
discriminating between normal-appearing regions of the wall and
regions of wall thinning or atherosclerotic thickening. On one
hand, this capability suggests that local flow conditions have an
important influence on the local evolution and remodeling of the
aneurysm wall and, on the other hand, that in principle, they
could be used as a surrogate biomarker of the wall status when
evaluating patients with cerebral aneurysms.

Comparison with Previous Studies and Limitations
Several previous studies have investigated the relationship be-
tween hemodynamics and wall characteristics observed during an
operation.”**** Comparisons with our findings are presented in
On-line Table 7. In all 3 studies that compared the hemodynamics
at the site of rupture and elsewhere in the IA fundus, low WSS was
characteristic of the site of rupture. Similarly, higher pressure was
characteristic of thin regions in all 3 studies investigating pres-
sures, and prolonged relative residence time was characteristic of
a hyperplastic or atherosclerotic wall in all 4 studies investigating
thick or atherosclerotic walls. The observation that there are he-
modynamic variables that are consistently associated with TA wall
characteristics in different studies despite slightly different meth-
odology, study design, and different patient populations implies
that these associations are real and potentially causal. Whether the
other hemodynamic variables reported to be associated with TA
wall type in some of the studies that have not been replicated by
others are, in fact, associated with IA wall remodeling or perhaps
just covariates or coincidental findings remains to be determined
by large studies with sufficient statistical power. These large stud-
ies comparing the flow dynamics and the characteristics of the IA
wall are also needed to replicate our finding that IA wall type can
be relatively accurately predicted with computational fluid dy-
namics models.

This study has several limitations. Arterial walls were approx-
imated as rigid, and blood was approximated as a Newtonian



fluid. Patient-specific flow conditions were not available; there-
fore, typical flows from healthy subjects were used. Flow variables
were normalized with the average values over the aneurysm sac to
compare the local hemodynamics of the different regions of an-
eurysms at different locations. In general, normalized values are
more robust with respect to uncertainties in the inflow condi-
tions. Minimum and maximum values of hemodynamic variables
computed over tissue regions are less robust than mean values and
require finer meshes for a more precise calculation. The identifi-
cation of the different wall regions was performed subjectively by
visual inspection of the intraoperative videos and markings of the
corresponding 3D models. Inaccuracies in the definition of small
regions in places where the hemodynamic variables are highly
heterogeneous can have an effect on the values computed over
these regions. The reproducibility of region delineation was not
assessed because the regions of each aneurysm were marked by 1
observer. Additionally, the assumptions that yellow regions cor-
respond to atherosclerotic changes, white regions to hyperplastic
changes, and red regions to thin decellularized regions needs to be
further demonstrated. Finally, the sample size limited the signifi-
cance of some comparisons, such as those involving rupture sites
(n = 13). The trends identified in this study should be confirmed
with larger samples.

CONCLUSIONS

Local flow conditions are associated with local remodeling of the
aneurysm wall. Low flow conditions prevalent in regions of slow-
swirling flow characterized by low and oscillatory shear stress are
associated with atherosclerotic and hyperplastic changes of the
wall. High flow conditions prevalent in regions near the flow im-
pingement site characterized by higher and less oscillatory wall
shear stress are associated with local thinning of the wall. Local
hemodynamics could, in principle, be used to identify local re-
gions of the wall with different histologic and structural proper-
ties. This study demonstrates the value of intraoperative data for
understanding the role of intrasaccular hemodynamics in IA wall
changes.
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Aneurysm Characteristics, Study Population, and Endovascular

Techniques for the Treatment of Intracranial Aneurysmsin a
Large, Prospective, Multicenter Cohort: Results of the Analysis
of Recanalization after Endovascular Treatment of Intracranial
Aneurysm Study

M. Gawlitza, ““'S. Soize, ““'C. Barbe, “”A. le Clainche, “*'P. White, ““'L. Spelle, and ““'L. Pierot; ARETA Study Group
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ABSTRACT
BACKGROUND AND PURPOSE: The Analysis of Recanalization after Endovascular Treatment of Intracranial Aneurysm (ARETA) prospective

study aims to determine factors predicting recurrence after endovascular treatment for intracranial aneurysms. In this publication, we review
endovascular techniques and present the study population. Characteristics of treated and untreated unruptured aneurysms were analyzed.

MATERIALS AND METHODS: Sixteen neurointerventional departments prospectively enrolled patients treated for ruptured and unrup-
tured intracranial aneurysms between December 2013 and May 2015. Patient demographics, aneurysm characteristics, and endovascular
techniques were recorded.

RESULTS: A total of 1289 patients with 1761 intracranial aneurysms, 835 (47.4%) ruptured, were enrolled. Of these, 1359 intracranial
aneurysms were treated by endovascular means. Ruptured intracranial aneurysms were treated by coiling and balloon-assisted coiling in
97.8% of cases. In unruptured intracranial aneurysms, the rates of flow diversion, flow disruption, and stent-assisted coiling were 11.6%,
6.9%, and 7.8%, respectively. Rupture status and aneurysm location, neck diameter, and sac size significantly influenced the chosen
technique. Treated unruptured intracranial aneurysms, compared with untreated counterparts, had larger aneurysm sacs (7.6 = 4.0 versus
3.4 = 2.0 mm; P < 0.001) and neck dimensions (4.1 == 2.2 versus 2.4 = 1.3 mm; P < 0.001) and more frequently an irregular form (84.6% versus
44.4%; P < 0.001). Also, its location influenced whether an unruptured intracranial aneurysm was treated.

CONCLUSIONS: Our study provides an overview of current neurointerventional practice in the ARETA cohort. The technique choice was
influenced by aneurysm morphology, location, and rupture status. Flow diversion, flow disruption, and stent-assisted coiling were com-
monly used in unruptured intracranial aneurysms, while most ruptured intracranial aneurysms were treated with coiling and balloon-
assisted coiling.

ABBREVIATIONS: BAC = balloon-assisted coiling; IA = intracranial aneurysm; RIA = ruptured intracranial aneurysm; SAC = stent-assisted coiling; UIA = unrup-
tured intracranial aneurysm; WFNS = World Federation of Neurosurgical Societies

Endovascular embolization is an accepted and, in many cases,
the preferred technique for the treatment of ruptured (RIA)
and unruptured intracranial aneurysms (UIA). In large prospec-
tive multicenter studies, the last patients enrolled were in 2002 in
the International Subarachnoid Aneurysm Trial,' in 2006 in the
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Analysis of Treatment by Endovascular approach of Nonruptured
Aneurysms (ATENA),” and in 2007 in the Clinical and Anatom-
ical Results in the Treatment of Ruptured Intracranial Aneurysms
(CLARITY) trials.” While the results of these studies are not out-
dated, it remains unclear whether they continue to reflect current
neurointerventional practice, particularly in light of major tech-
nical advances that have become available during the past decade,
first and foremost the advent of flow diverters* and intrasaccular

flow disrupters,” ">

which have broadened the spectrum of aneu-
rysms amenable to reconstructive endovascular treatment. Un-
fortunately, little is known regarding the use of these devices in
common neurointerventional practice. Furthermore, while the

“remodeling technique”'* (also known as balloon-assisted coiling
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[BAC]) and stent-assisted coiling (SAC),'® were already available in
the late 1990s and the early 2000s, respectively, it is probable that
these techniques are currently more widely applied than a decade
ago.

Different factors may influence the neurointerventionist’s
choice of materials for treatment of an intracranial aneurysm
(IA), for example, the aneurysm rupture status, its sac and neck
diameter, and location. More important, due to the relative ab-
sence of evidence-based guidelines, chosen techniques are guided
by personal preferences, resulting in disparate treatment prac-
tices. Other factors influencing these practices are regulatory
agencies by limiting the reimbursement of novel devices. Publica-
tions defining modern treatment strategies are thus rare."®

In this study, we report on the endovascular modalities used to
treat RIA and UIA in the Analysis of Recanalization after Endo-
vascular Treatment of Intracranial Aneurysm (ARETA) study, a
large prospective, multicenter cohort study. Furthermore, we are
seeking to present the demographics of the study population and
to gain insight into current practices of neurointerventional an-
eurysm treatment.

MATERIALS AND METHODS

The ARETA Study Protocol

ARETA was conceptualized to systematically evaluate factors that
affect aneurysm recanalization after endovascular treatment dur-
ing a follow-up of 12 months. The study was sponsored by the
French Ministry of Health in a Programme Hospitalier de Recher-
che Clinique, No. 12-001-0372, and was registered on www.
clinicaltrials.gov (NCT01942512). ARETA received national reg-
ulatory authorizations: approval from the Reims Institutional
Review Board, the Consultative Committee of Information Pro-
cessing in Health Care Research Program, and the National Com-
mission for Data Processing and Freedom. The study objective
and its protocol with inclusion and exclusion criteria have previ-
ously been described.'”

Patients were prospectively enrolled in 16 centers in France
between December 2013 and May 2015. Consecutive enrollment
was not mandatory. The following baseline patient characteristics
were reported by the participating study sites: age; sex; current or
previous use of cigarettes (including the number of pack-years for
current and previous smokers), alcohol, cannabis and other rec-
reational drugs; arterial hypertension (defined as blood pressure
>140/90 mm Hg, based on medical history); hypercholesterol-
emia and hypertriglyceridemia; diabetes mellitus; Ehlers-Danlos
syndrome or other connective tissue diseases; polycystic kidney
disease; and familial history of IA. Furthermore, centers reported
the initial World Federation of Neurosurgical Societies (WFNS)
grade for patients with RIA and the preprocedural modified
Rankin Scale score (mRS) for patients with UTA.

Recorded aneurysm characteristics were aneurysm sac diam-
eter (including trichotomization into <10, 10-25, and >25 mm);
neck size (wide-neck being defined as =4 mm); aneurysm loca-
tion (extradural ICA, intradural ICA, including the posterior
communicating artery, middle cerebral artery, anterior commu-
nicating/anterior cerebral artery, or vertebrobasilar artery; terri-
tory branch aneurysms were included in the respective category);
aneurysm rupture status (ruptured or unruptured); aneurysm
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morphology (regular or irregular); and number of IAs (single or
multiple).

Treatment modalities were at the discretion of the treating
interventional neuroradiologist and categorized into coils, BAC,
SAC, flow diversion, intrasaccular flow-disruption, and parent
vessel sacrifice. The use of techniques like dual microcatheter coil-
ing, Y-stent placement, or double BAC did not represent an
exclusion criterion. Patients treated by these modalities were
grouped into the respective categories (for example, double
BAC was analyzed as BAC).

Notably, patients with UTAs who did not undergo endovascu-
lar treatment of at least 1 aneurysm, including patients who un-
derwent clipping, were not included in the ARETA study.

Data Management and Statistics

Participating centers reported patient, aneurysm, and treatment
characteristics on a standardized form. The centers also collected
preoperative DSA and immediate postoperative DSA and trans-
ferred the results in an anonymized form to Reims University
Hospital. Aneurysm characteristics and treatment modalities of
all patients were reviewed, checked for accuracy, and, if necessary,
revised by 2 neuroradiologists (M.G., S.S.) at the managing site.
Data management and statistical analysis were conducted by the
Department of Research and Public Health of Reims University
Hospital (C.B.). We applied descriptive statistics: Data are pre-
sented with mean and SD for quantitative variables and number
and percentage for qualitative variables. Comparisons among
groups were analyzed using a x* or Student t test. No imputation
method was used for missing data. Statistical analysis was per-
formed using SAS (Version 9.4; SAS Institute, Cary, North Caro-
lina). A P value < .05 was considered significant.

RESULTS
Population Characteristics
In total, 1289 patients with 1761 IA remained for analysis (Fig-
ure). Table 1 details the demographic aspects of the study popu-
lation. Of 1289 patients, 811 (62.9%) presented with at least 1
RIA. Multiple aneurysms (ie, >1) were detected in 319 patients
(24.7%); the maximum number of [As in a single patient was 8.
Among the 811 patients presenting with RIAs, 808 had avail-
able data for a World Federation of Neurosurgical Societies score
at admission. Distribution of WENS scores at admission was as
follows: Iin 390 (48.3%), ITin 171 (21.2%), IIT in 40 (5.0%), IV in
115 (14.2%), and V in 92 (11.4%) patients. Among the 478 pa-
tients presenting with UIAs, 467 had available data for pretreat-
ment mRS scores. The distribution of pretreatment mRS was as
follows: mRS 0 in 344 (73.7%), mRS 1in 114 (24.4%), mRS 2in 5
(1.1%), mRS 3 in 2 (0.4%), and mRS 4 in 2 (0.4%) patients.

Aneurysm Characteristics

Of 1761 observed IAs, 835 (47.4%) were ruptured and 926 (52.6%)
were unruptured. Mean aneurysm diameter was 6.1 * 3.6 mm:
1524 1As (87.5%) had diameters <10 mm, 214 IAs (12.3%) had
diameters between 10 and 25 mm, and 4 1As (0.2%) had diam-
eters of >25 mm. The mean aneurysm neck diameter was 3.2 *
1.8 mm. Wide-neck aneurysms with a neck diameter of =4 mm
accounted for 486 IAs (28.3%). Irregular configurations were
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1366 patients

1326 patients

Primary exclusion (n=17
+ Previous treatment (n=10)
+ Dissecting aneurysm (n=3)
+ AVM-related aneurysm (n=1)
+ No health insurance (n=1)
+ No French language competence (n=1)
+ Patient under guardianship (n=1)

Secondary exclusion (n=23)
+ Treatment failure (n=11)
+ Medical files lost (n=5)
+ Patient refusal (n=3)
+ Aneurysm not treated (n=2)
+ Aneurysm clipped (n=1)

aneurysms in other locations (36 of 87
[41.4%] versus 488 of 837 [58.3%]; P =
.002). Likewise, UIAs of the MCA were
less frequently treated endovascularly
than UlAs in other locations (115 of 290
[39.7%] versus 409 of 634 [64.4%]; P <
0.001). Moreover, UIAs with irregular
configurations were significantly more
frequently treated than UIAs with regular
configurations (303 of 358 [84.6%] versus
221 of 498 [44.4%]; P < 0.001). The 55
irregular untreated UIAs were signifi-

+ Double inclusion (n=1)

cantly smaller than their treated counter-
parts (4.6 = 2.4 versus 7.0 = 3.4 mm, P <

Incomplete data (n=37) 0.001).
+ Inadequate imaging (n=28)
+ Data managing problems (n=5)
+ Imaging not available (n=4)

Endovascular Techniques

1289 patients

FIGURE Flow chart of the study population. “Treatment failure” refers to an endovascular treat-

ment attempt that was aborted before a device was implanted.

observed in 1022 IAs (60.4%). Locations of the IAs are shown
in Table 2.

Endovascular treatment was performed for 1359 of 1761 an-
eurysms (77.2%). Among treated aneurysms, 835 (61.4%) were
ruptured. More than 1 aneurysm was treated during 1 session in
67 patients (5.2%): 24 of 478 (5.0%) patients with UIAs and 43 of
811 (5.3%) patients with RIAs.

Locations of the treated IAs are shown in Table 2. Treated
aneurysms had a mean diameter of 6.8 = 3.5 mm. Diameters of
<10 mm were seen in 1149 IAs (84.5%), 206 IAs (15.2%) had
diameters between 10 and 25 mm, and 4 IAs (0.3%) had diameters
of >25 mm. The mean neck size was 3.5 = 1.8 mm. Wide-neck
accounted for 434 IAs (31.9%). Irregular shapes were found in
967 treated aneurysms (71.2%).

Compatrison of Treated and Untreated Unruptured
Aneurysms

0Of 926 UlAs, 524 (56.6%) were treated. Treated UTAs had signif-
icantly greater dimensions both of the aneurysm sac (7.6 = 4.0
versus 3.4 * 2.0 mm; P < 0.001) and the aneurysm neck (4.1 =
2.2 versus 2.4 * 1.3 mm; P < 0.001) than UIAs that were left
untreated. Of note, 375 untreated UIAs (97.9%) were significantly
smaller than 10 mm versus 413 treated UIAs (78.8%) (P < 0.001),
and 311 untreated UIAs (81.2%) were significantly smaller than 5
mm versus 113 treated UlAs (21.6%) (P < 0.001). Treatment
rates of UIAs varied among aneurysm locations: Overall, 67.4% of
anterior cerebral artery/anterior communicating artery aneu-
rysms (124 of 184), 68.7% of intradural ICA aneurysms (202 of
294), 68.1% of vertebrobasilar aneurysms (47 of 69), 41.4% of
extradural ICA aneurysms (36 of 87), and 39.7% of MCA aneu-
rysms (115 of 290) were treated by endovascular means. UIAs of
the extradural ICA were significantly less frequently treated than

Endovascular techniques that were ap-
plied are shown in Table 3. UIAs were
significantly more frequently treated
with intrasaccular flow disruption (36 of
524 [6.9%] versus 5 of 835 [0.6%];
P < 0.001), flow diversion (61 of 524
[11.5%] versus 4 of 835 [0.5%]; P <
0.001), and SAC (41 of 524 [7.8%] ver-
sus 8 of 835 [1.0%]; P < 0.001) than
RIAs. Altogether, these 3 techniques were used for 26.1% of UIAs.
One giant UIA was treated with a detachable balloon for parent
vessel occlusion, and 1 RIA was treated by parent vessel occlusion
using coils. RIAs were more frequently treated by coiling (461 of
835 [55.2%] versus 189 of 524 [36.1%]; P < 0.001) and BAC (356
0f 835 [42.6%] versus 196 of 524 [37.4%]; P = .06) than UIAs, but
the difference was not statistically significant for BAC. Of note,
97.8% (817 of 835) of RIAs were treated by coiling or BAC.

Treatment modalities varied depending on the aneurysm
sac dimensions (Table 4). Aneurysms of >10 mm were more
frequently treated with flow diverters than aneurysms <10
mm (30 of 210 [13.8%] versus 35 of 1149 [3.1%]; P < 0.001).
However, 54.7% (35 of 64) of flow-diverting procedures were
performed for treatment of aneurysms of <10 mm. Aneurysms
of <10 mm were more frequently treated with standard coiling
than aneurysms of >10 mm (569 of 1149 [49.5%] versus 81 of
210 [38.6%]; P = .003). An additional analysis, further divid-
ing small aneurysms (<10 mm) into aneurysms of <5 and =5
mm, was conducted and is shown in On-line Table 1. Most
important, interclass differences with the fourth size category
did not change for most treatment modalities (ie, coiling, BAC,
flow diversion, SAC, and parent vessel occlusion) compared
with the initial analysis with 3 size categories (<10, 10-25,
>25 mm). The only new significant difference was found for
flow disruption (P < 0.001), which is explained by the infre-
quent use of the Woven EndoBridge (WEB aneurysm emboli-
zation system; Sequent Medical, Aliso Viejo, California) for
aneurysms of <5 mm (2 0399 [0.5%] versus 39 of 960 [4.1%];
P < 0.001).

Treatment modalities also varied depending on the aneurysm
neck diameter (Table 5). Stent-assisted coiling, intrasaccular flow
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Table 1: Demographic characteristics of 1289 patients

Variables
Female (No.) (%) 866 (67.2%)
Age (mean) 54.1+12.7 years
Single 1A (No.) (%) 970 (75.3%)
Multiple IAs (No.) (%) 319 (24.7%)
2 1As (No.) (%) 214 (671%)
3 1As (No.) (%) 73 (22.9%)
41As (No)) (%) 23(7.2%)
5 1As (No.) (%) 5(1.6%)
6 1As (No.) (%) 2(0.6%)
7 1As (No)) (%) 1(0.3%)
8 1As (No.) (%) 1(0.3%)
Tobacco (No.) (%)? 768 (60.4%)
Active smoking (No.) (%)° 559/762 (73.4%)
Pack-years (mean)© 26.0 =210
Regular alcohol consumption (No.) (%) 255(20.2%)
Cannabis use (No.) (%)° 45 (3.6%)
Other recreational drugs (No.) (%) 15(1.2%)
Hypertension (No.) (%) 462 (36.1%)
With treatment (No.) (%)® 363/449 (80.9%)
Normalized blood pressure (No.) (%)" 304/429 (70.9%)
Dyslipidemia (No.) (%) 226 (17.8%)
Hypercholesterolemia (No.) (%) 195/207 (94.2%)
Hypertriglyceridemia (No.) (%) 47/198 (23.7%)
With treatment (No.) (%)' 151/206 (73.3%)
Family history of IA (No.) (%)™ 90 (7.2%)
Diabetes mellitus (No.) (%)° 63(4.9%)
Dietary treatment only"” 17/60 (28.3%)
Oral antidiabetic treatment® 40/62 (64.5%)
Insulin treatment? 9/61(14.8%)
Polycystic kidney disease (No.) (%)9 17 (1.3%)
Connective tissue disease (No.) (%) 1(0.1%)

2 The following are missing data: 17 (1.3%).
©6(0.8%).
€120 (15.6%).
924 (19%).
€22 (17%).
f9(0.7%).
€13 (2.8%).
N33 (7.1%).
16 (1.2%).
119 (8.4%).
k28 (12.4%).
120 (8.8%).
™30 (2.3%).
"3 (4.8%).
°1(1.6%).

P2 (3.2%).
98 (0.6%).

Table 2: All aneurysms in the study collective and treated

aneurysms
All Treated
Aneurysms® Aneurysms

Location No. % No. %
ACA/AcomA 557 317 497 36.6
MCA 458 26.0 283 20.8
Intradural ICA 530 301 438 322
Extradural ICA 88 5.0 37 27
Vertebrobasilar 126 72 104 7.6

Total 1751 100 1359 100

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

artery.
#Two missing data.

disrupters, and flow diverters were significantly more frequently
deployed in wide-neck aneurysms (32 of 434 [7.4%] versus 17 of
925 [1.8%]; P < 0.001; 36 of 434 [8.3%] versus 5 of 925 [0.5%];
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P < 0.001; and 48 of 434 [11.1%] versus 17 of 925 [1.8%]; P <
0.001, respectively) than in narrow-neck IAs. Simple coiling was
significantly more frequently used in narrow-neck IAs (511 of 925
[55.2%] versus 139 of 434 [32.0%]; P < 0.001). Most interesting,
BAC was not used more frequently in wide-neck than in narrow-
neck aneurysms (177 of 434 wide-neck [40.8%] versus 375 of 925
narrow-neck IAs [40.6%]; P = .93).

Aneurysm location affected the chosen treatment technique,
as shown in On-line Table 2. Notably, BAC was performed more
often for aneurysms of the intradural segment of the ICA than in
other aneurysm locations (204 of 438 [46.6%] versus 348 of 921
[37.8%]; P = .002). Conversely, flow diverters were deployed
more often in aneurysms of the intra- and extradural ICA than in
other aneurysm locations (41 of 438 [9.4%] versus 24 of 921
[2.6%]; P < 0.001; and 15 of 37 [40.5%] versus 50 of 1322 [3.8%];
P < 0.001, respectively). Also, SAC was used more often for ex-
tradural ICA aneurysms (6 of 37 [16.2%)] versus 43 of 1322
[3.2%]; P = .002). Furthermore, these extradural ICA aneurysms
were less frequently treated by standard coiling than IAs in other
locations (7 of 37 [18.9%] versus 643 of 1322 [48.6%]; P < 0.001).
Intra-aneurysmal flow disruption was used more often in
MCA and vertebrobasilar aneurysms than in other aneurysm
locations (19 of 283 [6.7%] versus 22 of 1076 [2.0%]; P <
0.001; and 7 of 104 [6.7%] versus 34 of 1255 [2.7%]; P = .03,
respectively).

DISCUSSION

Relevance of Flow Diversion, Intrasaccular Flow
Disruption, and Stent-Assisted Coiling

In ARETA, 11.6% of UIAs were treated by flow diversion, repre-
senting a significant proportion in this cohort. The US FDA ap-
proved the use of flow diverters for patients with unruptured large
or giant wide-neck intracranial aneurysms in the ICA from the
petrous to the superior hypophyseal segments.'® The ARETA re-
sults are in line with current recommendations because flow di-
verters were used for wide-neck large and giant aneurysms at a
proportionally higher rate than for small and narrow-neck aneu-
rysms. Flow diverters were also used more frequently in aneu-
rysms of the intradural (9.4%) and extradural (40.5%) ICA. How-
ever, the extension of treatment indications to ruptured, small,
narrow-neck, or distal bifurcation aneurysms is increasingly re-
ported by some groups.'® Of note, in the present study, 53.8% of
flow diverters were used in aneurysms of <10 mm, and 26.2% of
aneurysms treated with a flow diverter had a neck diameter of <4
mm. A limited number of flow-diverting stents were also used for
the treatment of MCA and anterior communicating artery aneu-
rysms, a treatment concept that is currently under discussion.>**'
These numbers thus reflect a flexible application of current rec-
ommendations for the use of flow diversion if judged necessary by
the interventionist. Because an endoluminal implant is left in
place, dual antiplatelet therapy is usually necessary and the aneu-
rysm is at least temporarily left circulating (if no coils are added
during the procedure). Flow diverters were thus very rarely used
in RIAs (4 of 835 ruptured aneurysms [0.5%]); however, these
results may be biased by the exclusion of dissecting, fusiform, and
blisterlike aneurysms, where flow diversion is sometimes the only

treatment option when parent vessel sacrifice is not possible.***



Table 3: Techniques used for embolization of ruptured and unruptured aneurysms

All1As RIAs UlAs
Treatment Modality No. % No. % No. % P Value
Coiling alone 650 478 461 55.2 189 36.1 <0.001
Balloon-assisted coiling 552 40.6 356 426 196 374 .06
Stent-assisted coiling 49 3.6 8 1.0 41 7.8 <0.001
Flow diversion® 65 48 4 0.5 61 1.6 <0.001
Flow disrup‘fionb 41 3.0 5 0.6 36 6.9 <0.001
Parent vessel occlusion 2 0.2 1 0.1 1 0.2 74
Total 1359 100 835 100 524 100
2 Thirty aneurysms were treated in conjunction with coils.
> Two aneurysms were treated in conjunction with coils; 3 aneurysms, in conjunction with a remodeling balloon; and 1 aneurysm, with an ancillary stent.
Table 4: Treatment modality with regard to aneurysm sac diameter
All 1As <10 mm 10-25 mm >25 mm
Treatment Modality No. % No. % No. % No. % P Value
Coiling alone 650 47.8 569 49.5 81 393 0 0 .003
Balloon-assisted coiling 552 40.6 472 411 80 38.8 0 0 24
Stent-assisted coiling 49 3.6 37 32 12 5.8 0 0 .20
Flow diversion 65 4.8 35 31 27 13.1 3 75.0 <0.001
Flow disruption 41 3.0 35 31 6 29 0 0 93
Parent vessel occlusion 2 0.2 1 0.1 0 0 1 25.0 .006
Total 1359 100 149 100 206 100 4 100
Table 5: Treatment modality with regard to aneurysm neck diameter
All 1As <4 mm 24 mm
Treatment Modality No. % No. % No. % P Value
Coiling alone 650 47.8 51 55.2 139 32.0 <0.001
Balloon-assisted coiling 552 40.6 375 40.5 177 40.8 93
Stent-assisted coiling 49 3.6 17 1.8 32 7.4 <<0.001
Flow diversion 65 4.8 17 18 48 ni1 <0.001
Flow disruption 41 3.0 5 0.5 36 83 <0.001
Parent vessel occlusion 2 0.2 0 0 2 0.5 10
Total 1359 100 925 100 434 100

Intrasaccular flow disruption by the WEB device was used to
treat 3.0% of patients. This device was introduced in 2011, pri-
marily for treatment of complex wide-neck bifurcation aneu-
rysms of the MCA and basilar artery in particular.”"* If we
grouped these aneurysms, 6.7% of both MCA and basilar artery
aneurysms were treated by this technique; 87.8% of WEB devices
were used in wide-neck aneurysms with neck diameters of =4
mm. In ARETA, intrasaccular flow disruption was often used in
UIAs (6.9% were treated by the WEB) and only in 0.6% of RIAs.
This may be because a wide range of WEB devices suitable for
various aneurysm configurations were not permanently available
in all departments; furthermore, the learning curve in WEB ap-
plication might be a limiting factor as well as a possible reluctance
to use this novel device in a ruptured aneurysm. Whereas the current
literature indicates that it may be safe and effective to treat RIAs with
flow disrupters®*—particularly because postinterventional anti-
platelet therapy is not imperative—large prospective controlled data
are not available and are subject to the CLinical Assessment of WEB
Device in Ruptured aneurYSms (CLARYS) study, which recently
completed recruitment (NCT02687607: www.clinicaltrials.gov).

In the ARETA study, SAC was used in 3.6% of all aneu-
rysms. The use of dedicated self-expanding endoluminal de-
vices for SAC was first reported in 2002' and is now a standard
technique. SAC was primarily designed for the treatment of
unruptured wide-neck aneurysms, and in ARETA, it was used
in 7.8% of these aneurysms: Wide-neck aneurysms accounted

for 65.3% of SAC procedures. Stents usually necessitate a dual-
antiplatelet regimen and are associated with a higher compli-
cation rate in RIAs compared with UIAs.>® Conversely, only 8
patients (1%) with RIAs were treated with stent assistance;
moreover, it is not clear in how many of these patients SAC was
used as a rescue treatment.

Overall, our study confirms that in patients presenting with a
ruptured saccular aneurysm, flow diversion, flow disruption, and
SAC currently play a minor role, given that 97.8% of RIAs were
amenable to treatment with simple coiling or BAC in our study.

Balloon-Assisted Coiling

BAC, also known as a remodeling technique, was used in 40.6% of
aneurysms in the present series (42.6% of RIAs and 37.4% of
UlAs). Since its initial description by Moret et al'* in 1997, BAC
has emerged as a standard treatment option. Apart from the abil-
ity to treat wide-neck aneurysms and offer improved immediate

and follow-up anatomic results,”®

it has 2 additional potential
advantages over simple coiling, with a similar safety profile*®: 1)
The microcatheter is stabilized during embolization, making it
easier to maintain access; and 2) in case of aneurysm perforation
during coiling, the balloon can be inflated while detaching several
coils to immediately protect and seal the rupture site. These po-
tential advantages are also reflected by the fact that BAC was not
more frequently used for the treatment of wide-neck than nar-

row-neck aneurysms in the present study. Aneurysm location in-
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fluenced the frequency of BAC: Notably, it was used more often
for aneurysms of the intradural ICA (ie, posterior communicating
artery and paraophthalmic aneurysms).

In CLARITY, BAC was used in 20.5% of cases (versus 40.6% in
the present cohort); our study confirms the wider application of
BAC in cases of RIAs. The rationale behind this development is
likely linked to the increased risk of perforation in RIAs.”*” While
the rates of BAC between ARETA and ATENA for UIAs are com-
parable (37.3% in ATENA versus 37.4% in the present series), we
observed a decline in simple coiling approaches (54.5% in
ATENA versus 36.1% in ARETA).? Flow diversion, flow dis-
ruption, and SAC were used in 26.2% of UIAs in the present
series, whereas neither flow diversion nor intrasaccular flow disrup-
tion was available during the recruitment period of ATENA; 7.8% of
patients were treated by SAC in that study. Our results indicate that
treatment modalities of UIAs are currently shifting toward more
complex and novel approaches, away from the simple coiling
technique.

Comparison of Treated and Untreated Unruptured
Aneurysms

The rupture risk of UIAs depends on aneurysm size, location, and
shape and is generally low, especially in small aneurysms.**>° Pre-
ventive treatment is generally justified if the benefit of treatment
outweighs the anticipated treatment risks. Therefore, it is not sur-
prising that untreated UIAs in ARETA were smaller than treated
counterparts and presented less frequently with an irregular form.
Furthermore, extradural ICA aneurysms, in which subarachnoid
hemorrhage is usually not a concern, were less frequently treated
than UIAs of the anterior cerebral artery/anterior communicating
artery, the intradural ICA segment (which included the posterior
communicating artery in this study), and the vertebrobasilar ter-
ritory. Also, unruptured MCA aneurysms were less frequently
treated than UIAs in other locations, which may be because they
are less likely to rupture.”®

Limitations of the Study

Our study has limitations. Because patients who underwent clip-
ping were not included in the study, a selection bias may exist, in
particular with MCA aneurysms in which clipping is still widely
used. However, endovascular treatment is currently the treatment
of choice for RIAs and UTAs in many institutions. Another limi-
tation is that consecutive enrollment of all patients treated in 1
center was not mandatory for the participation in the study. Be-
cause the study inclusion period ended in 2015, modifications of
the current practice with an even broader implementation of
novel techniques are probable, particularly intrasaccular flow dis-
ruption. The low percentage of novel techniques could also be
partly explained by regulatory mechanisms because during the
study period, there was no reimbursement for intrasaccular flow
disrupters or intravascular flow diverters and limited reimburse-
ment for conventional microstents by the French Health Insur-
ance (whereas the devices are, in case of nonreimbursement, paid
for by the hospital itself). Moreover, there is certainly a variance of
technical approaches among the participating centers. Another
limitation is that only the aneurysm rupture status was assessed at
inclusion into the ARETA cohort and compressive symptoms
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were not evaluated. Our observations of the characteristics of
treated and untreated UIAs must be viewed with caution because
this study did not focus on the natural course of UIAs and there
was no prospective observation of rupture risk. Finally, this article
does not present clinical or anatomic outcome data, which will be
the subject of future publications.

CONCLUSIONS

Our study presents the demographics of the patient collective of
the ARETA study and provides a representative overview of cur-
rent endovascular treatment strategies for RIAs and UIAs. The
technique choice was influenced by the rupture status of the an-
eurysm, sac size, neck diameter, and location. While the evolving
techniques of flow diversion, intrasaccular flow disruption, and
stent-assisted coiling were deployed in a significant proportion of
UIAs, most RIAs were treated with simple coiling and balloon-
assisted coiling. When we compared the present study collective
with previously published series, shifting treatment regimens to-
ward more advanced techniques—away from simple coiling—
was observed. Moreover, we observed an influence of size, loca-
tion, and form on the decision of whether to treat UIAs.
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Comparison of Pipeline Embolization Device Sizing Based on
Conventional 2D Measurements and Virtual Simulation Using
the Sim&Size Software: An Agreement Study

J.M. Ospel, V. Costalat, K.A. Blackham, and ““D.W. Zumofen

G. Gascou, L. Piergallini,

ABSTRACT

BACKGROUND AND PURPOSE: The Sim&Size software simulates case-specific intraluminal Pipeline Embolization Device behavior, wall
apposition, and device length in real-time on the basis of rotational angiography DICOM data. The purpose of this multicenter study was
to evaluate whether preimplantation device simulation with the Sim&Size software results in selection of different device dimensions than
manual sizing.

MATERIALS AND METHODS: In a multicenter cohort of 74 patients undergoing aneurysm treatment with the Pipeline Embolization
Device, we compared apparent optimal device dimensions determined by neurointerventionalists with considerable Pipeline Emboliza-
tion Device experience based on manual 2D measurements taken from rotational angiography with computed optimal dimensions
determined by Sim&Size experts blinded to the neurointerventionalists’ decision. Agreement between manually determined and
computed optimal dimensions was evaluated with the Cohen k. The significance of the difference was analyzed with the Wilcoxon
signed rank test.

RESULTS: The agreement index between manual selection and computed optimal dimensions was low (k for diameter = 0.219; k for
length = 0.149, P < .01). Computed optimal device lengths were significantly shorter (median, 14 versus 16 mm, T = 402,r = —0.28, P < .0I).
No significant difference was observed for device diameters.

CONCLUSIONS: Low agreement between manually determined and computed optimal device dimensions is not proof, per se, that
virtual simulation performs better than manual selection. Nevertheless, it ultimately reflects the potential for optimization of the
device-sizing process, and use of the Sim&Size software reduces, in particular, device length. Nevertheless, further evaluation is required
to clarify the impact of device-dimension modifications on outcome.

ABBREVIATION: PED = Pipeline Embolization Device

heoretic flow-diversion concepts for aneurysm treatment
were originally formulated in the 1990s."> Development of
metal alloys and delivery systems, however, lagged behind con-
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ceptual thought. The first generation of low-porosity endolumi-
nal reconstruction devices therefore became available only in the
following decade.”™ The Pipeline Embolization Device (PED;
Covidien, Irvine, California) is a member of this larger family of
endovascular tools that became known as “flow diverters.” The
PED was initially approved in the United States by the FDA in
2011 for endovascular treatment of adults with large or giant
wide-neck intracranial aneurysms of the internal carotid artery
from the petrous to the superior hypophyseal segment,® but indi-
cations for its use have subsequently been expanded to a wide
range of aneurysm locations and morphologies.”**

Successful intra-arterial placement of the PED ideally pro-
duces immediate changes in regional circulation, redirecting
blood flow past the aneurysm into the distal normal vasculature.
The resultant intra-aneurysmal stasis promotes thrombosis
within the aneurysm, which leads to an angiographic appearance
of “cure.”"” Actual cure, however, is achieved when subsequent
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“endothelialization” of the device occurs, leading to permanent
aneurysm exclusion from the circulation. A challenge that inevi-
tably arises when using braided-design flow diverters such as the
PED is their mechanical behavior when constrained and forced to
accommodate a diameter mismatch along the covered arterial
segment. For instance, proximal and distal landing zones are most
often of different diameters, and device placement, therefore, nat-
urally involves “oversizing” at one end of the recipient vessel.
Sizing mismatch, however, leads to heterogeneity in metal cover-
age, which, in turn, determines the ability of the device to modu-
late flow and to sustain endothelial overgrowth, a key factor in the
success of the treatment.'*"”

Deployment of flow diverters is technically far more challeng-
ing than conventional stents used as supports for coiling aneu-
rysms. Also, experience with the PED is still increasing, and device
behavior during implantation remains somewhat counterintui-
tive and, at times, challenging to predict.'*'® This behavior results
in a comparatively flat learning curve and may well contribute to
the occurrence of some of the often devastating periprocedural
complications.'® It is, therefore, desirable to facilitate and opti-
mize device sizing and device positioning through preimplanta-
tion simulation. Computer-based-simulation modeling tools
such as the Sim&sSize software (Sim&Cure; Grabels, France) pro-
vide the opportunity to simulate and, hence, to anticipate PED
behavior of variable dimensions easily and within seconds. In
short, this novel technology aims to standardize the PED-sizing
process and ultimately promises to increase the neurointerven-
tionalists” ability to confidently select optimal PED dimensions
before implantation.

In this multicenter cohort study of 74 patients who underwent
aneurysm treatment with PEDs, we compared the dimensions of
devices selected by neurointerventionalists with considerable
PED experience based on conventional, manual 2D measure-
ments obtained from rotational angiography with the computed
optimal PED dimensions determined by Sim&sSize experts, who
were blinded to the neurointerventionalists’ choice. The purpose
was to evaluate whether virtual preimplantation device simula-
tion with the Sim&sSize software results in selection of different
PED dimensions compared with conventional (ie, manual) de-

vice sizing.

MATERIALS AND METHODS

Seventy-four consecutive patients undergoing aneurysm treat-
ment with PEDs between January 2015 and December 2016 in
center A (Hopital Gui de Chauliac, Centre Hospitalier Universi-
taire de Montpellier, University of Montpellier, Montpellier,
France) and between January 2017 and February 2018 in center B
(Basel University Hospital, University of Basel, Basel, Switzer-
land) were included. Ethics committee approval and patient con-
sent were obtained.

Baseline Characteristics

Baseline characteristics included patient sex and age, as well as
aneurysm location and maximal diameter. In addition, we re-
corded the additional use of embolic material such as coils and
whether a single PED or a multi-PED construct was used.

Perioperative Complications and Outcome

Perioperative complications, such as PED deployment failure, oc-
clusion of inadvertently covered branches, and occurrence of
hemorrhagic or ischemic stroke, were recorded. Radiologic out-
come, including the presence of residual aneurysm perfusion or
an endoleak, was recorded for all patients with 1-year imaging
follow-up.

Study Variables

Study variables included the nominal dimensions (diameter, length)
of both the manually determined and the computed PEDs. In cases in
which a multi-PED construct was used, analysis was limited to the
first implanted device.

Study Design

The Sim&Size software became available in France and Switzerland
for use in routine clinical practice at the end of 2016. For cases per-
formed before the software had become available (all patients from
center A), the presumed optimal device dimensions were manually
determined on the basis of 2D measurements made on rotational
angiography acquired before PED implantation by 1 of 2 local neu-
rointerventionalists with considerable PED experience. The manu-
ally determined presumed optimal device was then implanted. In
these cases, the computed optimal PED dimensions were retrospec-
tively determined by virtual simulation by a team of Sim&Size ex-
perts, which included software engineers and at least 1 local neuro-
interventionalist with considerable PED experience, all blinded to the
operating neurointerventionalists’ manual choice. For cases per-
formed after Sim&Size software had become available (all patients
from center B), preimplantation virtual device simulation was rou-
tinely performed before implantation by a team of Sim&Size experts
that included software engineers and at least 1 local neurointerven-
tionalist with considerable PED experience. In these cases, the man-
ually determined presumed optimal device dimensions were retro-
spectively determined on the basis of 2D measurements made on
rotational angiography acquired before PED implantation by 1 of 2
local neurointerventionalists with considerable PED experience who
was blinded to the results of virtual simulation.

Data Collection

Clinical and radiographic baseline data as well as the manually
determined presumed optimal and computed optimal PED di-
mensions were collected by the local teams in both participating
centers. Anonymized data were then collected centrally and pre-
pared for analysis at the Department of Radiology, Basel Univer-
sity Hospital, University of Basel, Basel, Switzerland.

Statistical Analysis

Descriptive statistics for a set of predefined variables of interest
are provided (see study variables above). The degree of agreement
between the manually determined presumed optimal and com-
puted optimal device dimensions was evaluated with the Cohen k.
The Wilcoxon signed rank test was performed to analyze differ-
ences in nominal device length and nominal device diameter be-
tween sizing methods. Differences in baseline characteristics were
evaluated with a Student ¢ test, Fisher exact test, and Wilcoxon
signed rank test, as applicable. Statistical analysis was performed
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FIG 1. The Sim&Size software anticipates intraluminal PED behavior, wall apposition, and device length after implantation on the basis of
preimplantation rotational angiography DICOM data. The planned microcatheter trajectory for PED delivery is indicated in blue. Anticipated
wall apposition along the covered segment is color-coded from red (no apposition) to green (good apposition). Courtesy of Cindy Wehrli and

Phil Hafliger from Medtronic, Switzerland.

with SPSS (Version 22.0; IBM, Armonk, New York). Statistical
significance was defined as P < .05.

Software-Based Computation of PED Dimensions

The commercially available Sim&Size software is a fast simulation
tool that predicts intravascular behavior of flow diverters such as
the PED (Fig 1)."” On the basis of DSA DICOM data, the software
reconstructs the 3D vessel geometry using volume-rendering. The
accuracy of the reconstruction can be reviewed in real-time and, if
necessary, optimized manually. Potential microcatheter trajecto-
ries in the target vessel are then computed on the basis of the vessel
centerline. Once trajectory and device type have been selected, the
desired distal and proximal landing zones are defined manually. A
first proposal is provided instantly for device dimensions compatible
with the chosen landing zones. Device deformation, porosity, and
degree of wall apposition are simultaneously incorporated and dis-
played. Different landing zones, device diameters, lengths, and me-
chanical manipulations (eg, amount of push during PED deploy-
ment) can be virtually tested in real-time.

RESULTS

Baseline Characteristics

Seventy-four consecutive patients from 2 tertiary neurovascular
centers were included. Center A contributed 63 patients (85.1%),
and center B contributed the remaining 11 patients (14.9%).
While the mean age distribution between the 2 centers was not
different (overall: 58.6 * 13.3 years; center A: 58.6 = 14.0 years;
center B: 58.5 = 8.6 years), aneurysms in center A were signifi-
cantly larger (overall: 8.8 = 7.2 mm; center A: 9.3 = 7.7 mm;
center B: 6.3 = 2.9 mm, P < .05) and significantly more often
extradural in location (overall: 52/74 cases [70.3%]; center A:
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Table 1: Baseline characteristics®

Characteristics

Sex (No.) (%)
Male 63(85.1%)
Female 11(14.9%)
Patient age (mean) (SD, range) (yr) 58.6 (13.3,30-83)
Ruptured aneurysms (No.) (%) 5(6.8%)
Acute dissection (No.) (%) 15 (20.3%)
Location of aneurysms (No.) (%)
Cervical ICA 10 (13.5%)
Petrous ICA 13(17.6%)
Cavernous ICA 26 (35.1%)
Paraophthalmic ICA 10 (13.5%)
Communicating ICA 1(1.4%)
Choroidal ICA 1(1.4%)
Vertebrobasilar circulation 3(4.1%)
ACA 4 (5.4%)
MCA 6(8.1%)

Maximum aneurysm diameter (mean)
(SD, range) (mm)
Multi-PED constructs (No.) (%)
Use of additional coils (No.) (%)
Note:—ACA indicates anterior cerebral artery.

? Location of ICA aneurysms is provided according to the New York University clas-
sification.>® Number of patients = 74.

8.8(7.2,2.0-40.0)

7(9.5%)
11(14.9%)

50/63 cases [79.4%]; center B: 2/11 cases [18.2%], P < .01). Base-
line characteristics are provided in Table 1.

Treatment Characteristics, Perioperative Complications,
and Outcome

Coils were used in addition to the PED in 11 cases (14.9%); and a
multi-PED construct, in 7 cases (9.5%). Periprocedural compli-
cations occurred in 11 patients (14.9%), including PED deploy-
ment failure (n = 5 cases, 6.8%), ischemia in the same territory as
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FIG 2. Boxplots illustrating differences between manually determined presumed optimal device dimensions and computed optimal PED

dimensions for PED length (A) and for PED diameter (B).

PED deployment (n = 4, 5.4%), and hemorrhage in the same
territory as the PED deployment (n = 2,2.7%). One-year imaging
follow-up was available for 47/74 patients (63.5%) and revealed
residual aneurysm perfusion in 6 patients (8.1%). Differences be-
tween the 2 participating centers in terms of perioperative com-
plications and outcome were not statistically significant. Details
are provided in On-line Table 1.

Degree of Agreement

Sim&sSize computation suggested different device dimensions
than the manually determined presumed optimal dimensions in
67/74 patients (90.5%). Accordingly, the agreement index be-
tween neurointerventionalists and Sim&Size was low (k for diam-
eter = 0.219; k for length = 0.149, P < .01). Agreement remained
low when the cohorts from each contributing center were ana-
lyzed separately (center A: k for diameter = 0.203; k for length =
0.129, P < .05; center B: k for diameter = 0.294; k for length =
0.230, P < .05) and when patients who received a multi-PED
construct were excluded from the analysis (overall: k for diame-
ter = 0.239; k for length = 0.125, P < .01; center A: k for diam-
eter = 0.222, k for length = 0.119, P < .01; center B: k for diam-
eter = 0.349; k for length = 0.186, P < .05).

PED Dimensions
The median length of software-based optimal PEDs was shorter
than the median length of manually determined presumed opti-
mal devices (14 versus 16 mm) (Fig 2). This difference did reach
statistical significance (T = 402, r = —0.28, P < .01) and re-
mained significant when patients who received a multi-PED con-
struct were excluded from analysis (T = 375, r = —0.24, P < .01).
There was no significant difference with regard to the median
PED diameter, which was 4 mm in both groups (Fig 2). Accord-
ingly, the mean length of the computed optimal PEDs was shorter
(15.22 versus 16.31 mm), while the mean diameter was compara-
ble in both groups (3.94 versus 3.89 mm). Details are provided in
Table 2.

The Sim&Size software suggested a shorter nominal PED
length than manually determined in 56.8% (n = 42), the same

Table 2: Dimensions (diameter, lel:fth) of the manuall
determined presumed optimal and computed optimal PEDs

Manually Computed
Determined Optimal

PED diameter (mm)

Mean (SD) 3.89(0.70) 3.94(0.69)

Range 2.5-5 2.5-5

Median (IQR) 4(3.50-4.50) 4(3.25-4.50)
PED length (mm)

Mean (SD) 16.31(3.94) 15.22 (5.21)

Range 10-35 10-35

Median (IQR) 16 (14-18) 14 (11.5-18)

Note:—IQR indicates interquartile range.

length in 25.7% (n = 19), and a longer device length in the re-
maining 17.6% (n = 13) of cases (Fig 3). The proportion of cases
in which the software proposed a shorter length was higher for
intradural compared with extradural aneurysms and was the
highest for more distal aneurysms arising from areas such as the
anterior or middle cerebral artery. However, the length differ-
ences between software-based optimal PEDs and manually deter-
mined presumed optimal devices was smaller (most, 0—4 mm)
for intracranial aneurysms compared with their extradural coun-
terparts (Fig 4).

DISCUSSION
We analyzed a multicenter cohort of 74 patients undergoing treat-
ment with PEDs for intracranial aneurysms (Table 1) and found
low agreement between the neurointerventionalists’ manual de-
vice selection and the computed optimal PED dimensions deter-
mined by a team of Sim&Size experts blinded to the neurointer-
ventionalist’s manual-sizing decision. While we believe that this
low agreement ultimately reflects the potential for optimization of
the device-sizing process, it should not be interpreted per se as
proof that virtual simulation performs better than conventional
manual selection.

We found that the computed optimal PEDs were significantly
shorter (Table 2 and Fig 2), which we attribute to the ability of the
software to reliably anticipate implanted length and consequently
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accurate landing zones, thereby allowing confident selection of
the shortest possible device. Accordingly, the proportion of cases
in which the Sim&eSize software suggested a shorter device was
higher for intradural aneurysms where side-branches and perfo-
rators come into play (Fig 4). Even though the true consequences

Differences between manually determined and computed optimal PED dimensions

diameter 31
® smaller/shorter
®unchanged
1larger/longer
length 13
0 10 20 30 40 50 60 70 30

number of PEDs (n=74)

FIG 3. Bar graph illustrating differences between manually determined presumed optimal device
dimensions and computed optimal PEDs. Computed optimal device diameter was larger in 31
cases, identical to the neurointerventionalists’ manual selection in 22 cases, and smaller in the
remaining 21 cases. Computed optimal device length was shorter in 42 cases, identical to the
neurointerventionalists’ manual selection in 19 cases, and longer in the remaining 13 cases.

Shorter length suggested by Sim&Cure

3

3

Patients in %

10

cervical ICA petrous ICA cavernous [CA intradural ICA

n=>5/10 n=713 n=13/26 n=_§12

of this device-length reduction remain to be clarified in dedicated
further research, it is intuitive that particularly for intradural an-
eurysms, the minimal amount of endoprosthetic material re-
quired to achieve a goal is desirable, as is the potential to remove
uncertainties related to unexpected landing zones and, conse-

quently, unpredictable wall apposition
or unanticipated branch vessel cover-
age.'®?! There were also cases in which
virtual simulation suggested a longer de-
vice or where suggestion of a larger di-
ameter led to an increase in length of the
implanted PED (Fig 3). These, at times,
very sizeable discrepancies between
manually selected and computed opti-
mal device dimensions typically oc-
curred in large, dysplastic, or fusiform
aneurysms of the extradural ICA, as well
as in aneurysms associated with dissec-
tion (On-line Tables 1-3).
Notwithstanding the fact that the di-
ameter difference did not reach statistical
significance, we think that the Sim&Size
algorithm suggested the smallest diame-
ter necessary to maintain wall apposi-
tion along the entire length of the device,
which, in theory, would reduce the risk
for oversizing and, thereby, promote de-
vice efficacy (Table 2 and Fig 2).'>*>??
Nevertheless, there were cases in which

ACA MCA

n=3/4 n=>5/6

FIG 4. Bar graph illustrating the proportion of cases in which computed PED lengths were shorter than manually determined lengths for the
anterior circulation. The proportion of cases in which computed optimal PED lengths were shorter increases from proximal to distal.
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virtual simulation suggested a larger device or where suggestion of
a longer device required increasing the nominal diameter of the
PED (Fig 3). One may speculate that these are cases in which
manual device selection would have resulted in inadvertent un-
dersizing or insufficient device length, with the potential conse-
quence of known periprocedural complications such as device
migration or endoleak formation.”* Alternatively, as in 1 example
from our series, a cervical ICA dissection (patient 27, On-line
Table 1) was initially covered using a single PED of 4 mm in
diameter and 18 mm in length, as chosen from manual measure-
ments. Virtual simulation, however, revealed that a device of 30
mm in nominal length would be required to optimally cover the
entire dissection, which, in turn, would require using a device of 5
mm in nominal diameter to maintain wall apposition at the prox-
imal end. In summary, our study was neither designed nor pow-
ered to assess the clinical or radiologic consequences of device
length or diameter modifications; thus, the true benefits of pre-
implantation virtual simulation remain hypothetic until proved
in a prospectively conducted and, ideally, randomized trial.

Computer-based planning tools that virtually visualize stent
length in situ have been described.””° Previous work has re-
vealed, for instance, how virtual simulation reduces the error in
length prediction compared with the nominal length provided by
the manufacturers.”>>! Much of this research in the field of vir-
tual device simulation has focused, however, on technical aspects
of accurate modeling and prediction of intraluminal device be-
havior, with only a very few small case series of in vivo use of
simulation tools in the field of neurointervention.>> Moreover,
previous software solutions generally remain of limited use with
regard to their application in a real-world setting, given the con-
straints such as a lack of information regarding wall apposition
and the inability to test, in real-time, multiple device dimensions
and positions. Altogether, the present study is, to our knowledge,
the first attempt to objectify the impact of preimplantation PED
simulation in a real-world setting, and our results, therefore, rep-
resent an important step toward translation of this novel technol-
ogy into routine clinical practice.

Our study has several limitations, and we recommend caution
when interpreting the results. First, the 2 participating centers did
not contribute an equal number of patients, and their aneurysm
population differed significantly in terms of location and size. We,
therefore, performed an exploratory subgroup analysis to clarify
the particular aneurysm categories that were most affected by
simulation. Second, the average number of devices used per an-
eurysm in the Pipeline for the Intracranial Treatment of Aneu-
rysms” and Pipeline for Uncoilable or Failed Aneurysms™ trials
was 1.52 and 3.1, respectively. We were obliged to limit our anal-
ysis to the first implanted device, given that the Sim&Size algo-
rithm is restricted to simulation of a single device at this time.
Third, the purpose of the present study was only to evaluate
whether the use of a computer-based simulation model results in
the selection of different PED dimensions, and we certainly ac-
knowledge a lack of study design and statistical power for any
meaningful outcome analysis. The significance of selecting PEDs
of different dimensions in terms of long-term outcome remains,
therefore, to be clarified in dedicated future research. Finally, our
results are based on a small number of practitioners and patients,

meaning that further studies on larger cohorts will be necessary to
confirm our results.

CONCLUSIONS

Experience with PEDs remains characterized by heterogeneity in
device sizing and deployment technique. Furthermore, the prop-
erties of the PED require not only appropriate but optimal device
dimensions to achieve treatment success and minimize complica-
tions. It is therefore appealing to facilitate device sizing and posi-
tioning through preimplantation virtual simulation techniques.
We found, in the present study, robust evidence that preimplan-
tation simulation with the Sim&Size software results in selection
of different PED dimensions compared with conventional man-
ual device sizing, and preimplantation device simulation led, in
particular, to a measurable decrease in median device length. We
believe that the benefits of the Sim&Size software may, therefore,
be the greatest for intradural aneurysms, where side branches and
perforators are relevant. In summary, we are confident that our
findings reveal the potential of the software for optimization of
the device-selection process, even if the impact on outcome re-
mains to be clarified in dedicated research.
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COMMENTARY

Pipeline Sizing Based on Computer Simulation

low-diversion treatment of cerebral aneurysms with the Pipe-

line Embolization Device (Covidien, Irvine, California) has
been around for nearly 13 years, yet we are still struggling with
some fundamental issues, such as optimal device-size selection
and optimal flow diversion (ie, which aneurysms need >1 device
for a cure, and how we can identify those aneurysms).

As operators, we all deal with these questions differently.
Some of us use as individualized an approach to each patient
and aneurysm as possible and spend considerable time rumi-
nating over minute differences in device length and diameter
to be implanted, not to mention the guesswork that goes into
predicting how much flow diversion is necessary or enough to
ensure complete aneurysm occlusion after the first treatment
(ie, do we use 1 or multiple devices?). This desire to cure with
a single procedure may be rooted in our prior experience and
frustration with the predictability of recurrence after more tra-
ditional endovascular therapy of complex aneurysms. Others
among us have given up the guessing and decided to bring the
same approach to each aneurysm we encounter: Always use 1
device, and always use the widest and longest one (“to be
safe”). We all hope that one day artificial intelligence will tell us
exactly what kind, size, and quantity of devices or materials we
need to deliver to optimally treat our target—Dbe it an aneu-
rysm, a brain AVM, and so forth.

At the same time, I think we also fear the arrival of that very
same day.

The article written by Ospel et al' brings us a bit closer to our
dream (but luckily leaves enough left to think about before we get
there).

The authors of the article embarked on an experiment to assess
the potential use of a virtual-simulation software in planning Pipe-
line flow diversion in 74 aneurysms. Due to limitations of the simu-
lation software, the simulation was applied to a single Pipeline device
(though 7 cases were treated with multiple devices; in these, the soft-
ware was used for the first device only). One of the 2 participating
hospitals, contributing 63 aneurysms, used manual measurements
based on standard angiographic evaluation (including 3D images) to
select device sizes, and simulation was performed at a later date
blinded to the device-size selection of the treating physician. The

other hospital enrolled 11 aneurysms, all treated after the simulation
software became available; therefore, they applied the software to
determine optimal device size, and manual measurements were ob-
tained at a later time blinded to the results of the simulation.

Overall, the authors found that the simulation software sug-
gested somewhat shorter devices and this difference reached sta-
tistical significance. Intradural aneurysms and, within them,
more distal aneurysms were especially likely to have a shorter
device recommendation by the software, though the length dif-
ference between manual and simulation measurements was
smaller in intradural aneurysms. On the other hand, they found
no statistically significant difference in device diameters suggested
by the software versus manual measurements. Nevertheless, not
surprisingly, they observed that the largest discrepancies in sizing
(both length and diameter) of the devices, as suggested by manual
measurements and simulation, occurred in relation to extradural
aneurysms that were large, fusiform, or dissecting.

Therefore, the authors concluded that software-based sizing
may be most beneficial for intradural aneurysms, in which con-
siderations such as the avoidance of perforators are significantly
different from those at extradural sites.

An additional, not unexpected finding is the low rate of agree-
ment in device sizing between the 2 measurement methods. The sig-
nificance of this is unclear because if we consider all the various
lengths and diameters, one can choose from >90 device sizes. It is
very likely that the agreement rate on recommended optimal device
sizes for a set of aneurysms between 2 experienced operators would
also be very low. Therefore, it would be difficult to conclude that the
software is better at predicting device sizes purely on the basis of the
frequency of this discordance.

The authors should be applauded for this well-written and
thoughtful article. The very fact that they are making an effort to
improve Pipeline device sizing demonstrates their commitment to
advancing our understanding of flow diversion. As shown in numer-
ous articles in the past, optimal device length and diameter selection
are critical in providing more appropriate deployment, wall apposi-
tion, and device porosity at the aneurysm neck and, as a result, im-
proved flow diversion. Therefore, it logically follows that better pre-
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diction of device sizing should theoretically lead to better outcomes.
This study is a small step in that direction.

Disclosures: | am a consultant and Pipeline proctor for Medtronic; | have no financial
or other interest in the simulation software discussed in this article. One of the
authors was, in part, trained by me; however, this was unknown to me at the time of
my initial review of the article.
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Predictors and Clinical Impact of Delayed Stent Thrombosis
after Thrombectomy for Acute Stroke with Tandem Lesions
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ABSTRACT

J.S. Richter,
O. Rouyer,

F. Severac, ““’M. Simu, ““'S. Chibbaro,
V. Wolff, and ““'R. Beaujeux

M. Manisor,

BACKGROUND AND PURPOSE: There are very few published data on the patency of carotid stents implanted during thrombectomies
for tandem lesions in the anterior circulation. We aimed to communicate our experience of stenting in the acute setting with systematic
follow-up of stent patency and discuss predictors and clinical repercussions of delayed stent thrombosis.

MATERIALS AND METHODS: We performed a retrospective study of stroke thrombectomies in a single center between January 2009
and April 2018. Patient files were reviewed to extract patient characteristics, procedural details, imaging studies, and clinical information.
Predictors of delayed stent thrombosis and clinical outcome at discharge were analyzed using univariate and multivariate analyses.

RESULTS: We identified 81 patients treated for tandem lesions: 63 (77.7%) atheromas, 17 (20.9%) dissections, and 1(1.2%) carotid web. TICI
2b-3 recanalization was achieved in 70 (86.4%) cases. Thirty-five patients (43.2%) were independent (mRS score = 2) at discharge. Among
73 patients with intracranial recanalization and patent stents at the end of the procedure, delayed stent thrombosis was observed in 14
(19.1%). Among 59 patients with patent stents, 44 had further imaging controls (median, 105 days; range, 2-2407 days) and 1(1.6%) had 50%
in-stent stenosis with no retreatment. Stent occlusion rates were 11/39 (28.2%) for periprocedural aspirin treatment versus 3/34 (8.8%) for
aspirin and clopidogrel (P = .04). Delayed stent thrombosis was independently associated with higher admission NIHSS scores (OR, 1.1; 95%
Cl, 1.01-1.28), diabetes (OR, 6.07; 95% Cl, 1.2-30.6), and the presence of in-stent thrombus on the final angiographic run (OR, 6.2; 95% Cl,
14-27.97). Delayed stent thrombosis (OR, 19.78; 95% Cl, 2.78-296.83), higher admission NIHSS scores (OR, 1.27, 95% Cl, 112-1.51), and
symptomatic hemorrhagic transformation (OR, 23.65; 95% Cl, 1.85-3478.94) were independent predictors of unfavorable clinical outcome
at discharge.

CONCLUSIONS: We observed a non-negligible rate of delayed stent thrombosis with significant negative impact on clinical outcome.

Future studies should systematically measure and report stent patency rates.

I n around 15% of endovascular procedures for anterior circula-
tion stroke,' there is a tight stenosis or occlusion of the cervical
carotid artery in addition to the intracranial arterial occlusion.
The optimal endovascular management of tandem intra- and ex-
tracranial lesions remains subject to debate. The landmark
thrombectomy trials either included relatively small numbers of
tandem lesions>* or completely excluded them.>® Available data
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mostly consist of retrospective case series published in recent
years.”

Regardless of technical variations, most groups communicate
high recanalization rates with a favorable safety profile for stent-
ing of the extracranial carotid artery.” However, there are very few
data available regarding patency rates for the implanted carotid
stents and the impact of stent thrombosis on clinical outcome.

Our aim was to communicate our single-center experience in
endovascular management of consecutive cases of tandem lesions
with systematic follow-up of stent patency and to discuss predic-
tors and clinical repercussions of stent thrombosis.

MATERIALS AND METHODS

We conducted a retrospective analysis of our prospective data
base of acute stroke endovascular procedures between January 1,
2009, and April 1, 2018, using the following inclusion criterion:
association of extracranial internal carotid artery occlusion or ste-
nosis of =70% using the NASCET criteria and an intracranial
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arterial occlusion in the anterior circulation. Endovascular treat-
ments for complications of surgical carotid endarterectomy were
excluded. Images stored on the PACS and radiology reports were
reviewed to extract technical details of the endovascular procedure,
as well as postprocedural imaging. Patient files were reviewed to ex-
tract patient demographics, comorbidities, complications, clinical
status at discharge, and clinical follow-up information. The study was
approved by the Strasbourg University Hospital’s ethics review
board. Due to the retrospective nature of the study, the board waived
the need for signed informed consent.

Patient Selection and Preprocedural Imaging

Patients with acute stroke were selected for endovascular proce-
dures using MR imaging, except in case of extreme agitation or
absolute contraindications. Patients with favorable profiles for
recanalization were selected using clinicoradiologic mismatch
(discrepancy between the severity of neurologic deficits and the
size of acute ischemic lesion on the diffusion sequence) as well as
estimation of leptomeningeal collateral status using FLAIR vascu-
lar hyperintensities.>” We did not use a specific collateral scoring
system; vascular hyperintensities were evaluated visually and con-
sidered indicative of the presence of ischemic penumbra. Patients
with acute infarction in more than two-thirds of the middle cere-
bral artery territory were generally not considered for treatment.
Wake-up strokes and patients with unclear time of onset were
considered for treatment if last seen well <12 hours before eval-
uation, using the same imaging-selection criteria.

Endovascular Procedure

All procedures were performed with the patient under general
anesthesia. The strategy did not change during the study period
and consisted of an antegrade approach in most cases: stent place-
ment and angioplasty of the proximal occlusion first before ad-
dressing the intracranial occlusion. Briefly, a 9F balloon-guide
catheter was placed in the distal common carotid artery, and the
proximal occlusion was explored with a microcatheter and a
0.014-inch guidewire. If the occlusion could not be crossed using
the microcatheter, the system was replaced with a long 4F or 5F
vertebral catheter and a 0.035-inch guidewire. After crossing the
occlusion, we performed a distal angiographic run to assess the
distal cervical ICA. Subsequently, along 0.014-inch guidewire was
advanced into the ICA, and using an exchange maneuver, we
placed a carotid stent (usually Wallstent; Boston Scientific,
Natick, Massachusetts) covering the lesion and extending to the
common carotid artery. The guiding catheter was then advanced
inside the stent, and postdilation of the stenosis was performed if
needed by means of a 6 X 20 mm monorail angioplasty balloon
under proximal flow arrest using the balloon of the guiding cath-
eter. The angioplasty balloon was then deflated and removed; the
stagnating column of blood was aspirated using a 50-mL syringe
before deflation of the balloon-guide catheter. Subsequently, the
distal occlusion was treated using a stent retriever, aspiration, or a
combination of both methods.

Depending on operator preferences, a minority of cases
(mostly carotid dissections) were performed using a retrograde
approach. A distal-access catheter or large-bore aspiration cathe-
ter was advanced across the proximal lesion, and the distal occlu-
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FIG 1. Flow diagram of patient selection for stent-patency analysis.

sion was treated by aspiration or a combination of a stent retriever
and distal aspiration. Subsequently, the proximal occlusion was
treated with the method previously described, using a long 0.014-
inch guidewire advanced through the distal-access catheter.

The antiplatelet and procedural anticoagulation regimen var-
ied across the study period. In the early experience, before carotid
stent placement, we administered loading doses of clopidogrel,
300 mg (nasogastric tube), and aspirin, 250 mg (IV); and between
2500 and 4000 U of heparin (IV). Due to an increased rate of
hemorrhagic complications, since October 2011, heparin admin-
istration was discontinued and the regimen was reduced to IV
aspirin (250 mg) with or without a loading dose of clopidogrel
(300 mg), depending on operator preferences and case-by-case
discussion (estimation of hemorrhagic-transformation risk de-
pending on the size of the acute ischemic lesion and concomitant
treatment with IV thrombolysis). If the stent was patent after 24
hours and in the absence of sizeable hemorrhagic transformation,
clopidogrel, 75 mg/day, was continued for 3 months in addition
to life-long aspirin, 75 mg/day. None of the cases were treated
with glycoprotein IIb/IITa inhibitors.

Postprocedural Imaging and Clinical Follow-Up
All patients underwent cerebral CT 24 hours postprocedure.
Hemorrhagic transformation was evaluated using the European Co-
operative Acute Stroke Study criteria.'” In addition, for patients with
carotid stents, cervical and transcranial Doppler sonography was per-
formed at 24 hours and before discharge to check for stent patency. If
a sonographic examination was not feasible at 24 hours, CT angiog-
raphy of the carotids was performed along with the 24-hour CT
examination.

In addition, whenever possible, patients were recalled for ad-
ditional clinical and carotid sonography examinations between 3
months and 1 year after the initial event.

Evaluation of Delayed Stent Thrombosis

Delayed stent thrombosis was researched in the subgroup of pa-
tients who underwent carotid stent placement, and in whom the
procedure resulted in partial or complete recanalization of the
cervical and intracranial vasculature. The selection procedure is
detailed in Fig 1. Delayed stent thrombosis was defined as carotid
stent occlusion diagnosed on follow-up imaging. Predictors of
stent thrombosis were researched using univariate and multivar-
iate analyses.



Clinical Impact of Delayed Stent Thrombosis

To assess whether delayed stent thrombosis had any repercussions
on clinical outcome, we researched predictors of unfavorable
clinical outcome at discharge (mRS score > 2) within the same
subgroup of patients using univariate and multivariate analyses.

Statistical Analysis

Continuous variables were presented as median and range and
compared using the Mann-Whitney U test after assessment of the
normality of the distribution. Categoric variables were presented
as numbers and percentages and compared using the x* test. To
assess independent predictors of stent thrombosis and clinical
outcome at discharge, we implemented baseline characteristics
associated with a P < .10 in univariate analyses into backward-
stepwise multivariable binary logistic regression models using a
removal criterion of P > .10. A logistic regression model using the
Firth bias reduction method was fitted to handle separation in our
data for the clinical outcome at discharge. Results are presented as
odds ratios with their 95% confidence intervals. Statistical data
were analyzed using GraphPad Prism, Version 6.0 (GraphPad
Software, San Diego, California) and SPSS software, Version 20.0
(IBM, Armonk, New York). The significance level was established
at P < .05.

RESULTS

Patient Characteristics

We identified 81 patients treated for tandem lesions (77.7% ca-
rotid atheromas, 20.9% dissections, and 1 case [1.2%] of a carotid
web). Patient demographics and baseline characteristics are de-
tailed in On-line Table 1. The median age was 63 years, and the
median admission NIHSS score was 14. Initial imaging consisted
of MR imaging in nearly all patients (80/81). Intravenous alte-
plase was administered in 49.3% of cases. The median time from
symptom onset to femoral puncture was 255 minutes. Of note,
19.7% of cases were wake-up strokes or with unclear time of onset
(in these cases, time when last seen well was used instead of symp-
tom onset).

Thrombectomy Procedure and Outcome

Technical details of the thrombectomy procedure as well as clin-
ical and imaging outcomes are detailed in On-line Table 2. A
carotid stent was implanted in 77 (95%) patients, of which 42/77
(54.5%) received periprocedural aspirin (250 mg IV) and 35/77
(45.4%) received aspirin and clopidogrel (300 mg via a nasogas-
tric tube). Most patients (83.9%) were treated using an antegrade
approach. The median procedural time was 80 minutes; intracra-
nial circulation TICI 2b-3 recanalization was achieved in 86.4%
of cases. Symptomatic hemorrhagic transformation occurred in
6.1% of cases. Eight patients (9.8%) died during the initial hospi-
talization. Good clinical outcome (mRS = 2) was observed in
43.2% of patients at discharge. Follow-up was available in 60/81
patients (including deceased patients); after a median interval of
10 months, (range 1-78), 61.6% of patients had mRS = 2.

Delayed Stent Thrombosis
A subgroup of 73 patients had patent carotid stents and partial/
complete intracranial recanalization achieved at the end of the

thrombectomy procedure (see Fig 1 for subgroup selection). Cer-
vical imaging at 24 hours consisted of Doppler sonography for
64/73 patients (87.6%) and CT angiography for 9/73 patients
(12.3%).

Delayed stent thrombosis was observed in 14/73 (19.1%). In
most cases (13/14), thrombosis occurred in the first 24 hours; in 1
patient, the stent thrombosed 5 days after the procedure despite
double-antiplatelet therapy with aspirin and clopidogrel. Testing
of clopidogrel resistance was not performed.

Initially, none of the 14 cases of stent thrombosis were associ-
ated with intracranial re-embolization, and imaging demon-
strated collateral flow to the MCA via the anterior and/or poste-
rior communicating arteries. However, in 5/14 cases (35.7%),
transcranial Doppler detected lower flow velocities in the MCA
compared with the contralateral side, suggestive of insufficient
collateralization. Subsequently, in 1 additional patient (1/14,
7.1%), the MCA reoccluded at 5 days and remained occluded on
further follow-up.

On clinical examination, only 3/14 (21.5%) patients presented
with a clear aggravation of neurologic deficits that could be attrib-
uted to stent occlusion. They all had reduced MCA flow velocities
on transcranial Doppler compared with contralateral side.

Among the 59 patients with patent stents, further imaging
follow-up was available for 44 patients (median, 105 days; range,
2-2407 days). One patient (1.6%) had 50% in-stent stenosis; there
were no retreatments. Among the 14 patients with occluded
stents, further stent patency follow-up was available for 11 cases
(median, 124 days; range, 5-371 days). The stents remained oc-
cluded in all cases.

Stent occlusion rates were significantly higher (P = .04) for
patients who received aspirin alone (11/39, 28.2%) compared
with aspirin and clopidogrel (3/34, 8.8%).

Univariate analysis of predictors for delayed stent thrombosis
is presented in On-line Table 3. In backward stepwise multivari-
able analysis (Table), delayed stent thrombosis was independently
associated with a higher admission NIHSS score (OR per 1-point
increase, 1.1; 95% CI, 1.01-1.28), diabetes (OR, 6.07; 95% CI,
1.2-30.6), and the presence of in-stent thrombus on the final an-
giographic run (OR, 6.2; 95% CI, 1.4-27.97).

Administration of intravenous thrombolysis before throm-
bectomy was not associated with a significantly reduced rate of

stent thrombosis in univariate or multivariate analyses.

Impact of Stent Thrombosis on Clinical Outcome

Within the same subgroup of 73 patients, 34 (46.5%) had good
clinical outcome at discharge. Among patients with delayed stent
occlusion, only 1 (7.1%) was independent at discharge, compared
with 33 (55.9%) cases with patent stents (P = .001). The distribu-
tion of mRS scores for both groups is detailed in Fig 2. Univariate
analysis of predictors for clinical outcome is presented in On-line
Table 4. In backward stepwise multivariable analysis (Table), de-
layed stent thrombosis (OR, 19.78; 95% CI, 2.78-296.83), higher
admission NTHSS score (OR per 1-point increase, 1.27; 95% CI,
1.12-1.51), and symptomatic hemorrhagic transformation (OR,
23.65;95% CI, 1.85-3478.94) were independently associated with
unfavorable clinical outcome at discharge.
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Multivariable reﬁression analysis of predictors for delayed stent thrombosis and clinical

outcome at discharge®
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clopidogrel), admission NIHSS, diabetes, diffusion ASPECTS of <7, visualization of in-stent thrombus on final angio-
graphic run, presence of cervical thrombus distal to the proximal lesion, and time from onset to recanalization.
Candidate predictors for clinical outcome at discharge were the following: delayed stent thrombosis, admission NIHSS,
location of distal occlusion (M2 versus ICA/MI), presence of cervical thrombus distal to the proximal lesion, diffusion
ASPECTS of <7, symptomatic hemorrhagic transformation, and time from onset to recanalization.

bBecause none of the patients with good clinical outcome had symptomatic hemorrhagic transformation, a logistic
regression model using the Firth bias reduction method was fitted to handle separation in our data for the clinical
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FIG 2. Distribution of mRS scores at discharge in patients with pat-
ent-versus-occluded carotid stents. Among patients with delayed
stent occlusion, only 1(7.1%) was independent (mRS =2 ) at discharge,
compared with 33 (55.9%) patients with patent stents (P = .00]).

An illustrative case of delayed stent thrombosis from this series
is presented in Fig 3.

DISCUSSION

Our study of endovascular treatment for 81 consecutive patients
with tandem lesions provides the largest single-center series re-
ported in the literature. By performing systematic imaging fol-
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tions of the procedure and identified
predictors of successful recanalization
and/or good clinical outcome. Surpris-
ingly, there was very little information
on the outcome of implanted carotid
stents.

1221 there is

In many publications,
no mention of postprocedural stent patency. Other groups com-
municate partial data: Sadeh-Gonik et al'' studied 43 patients;
they reported 1 delayed stent thrombosis of 8 cases with available

imaging follow-up (12.5%). Lockau et al*?

performed imaging
controls in 28 of 37 patients; there was delayed stent thrombosis in
6 cases (16.2%) and significant stenosis in another 2 (5.4%). Steg-
lich-Arnholm et al** controlled stent patency for 3 months in 43
of a total 47 patients; 4 (9%) had occluded stents. Heck et al**
controlled stent patency in 18 of 23 cases and found 1 (5.5%)
delayed stent thrombosis; in 13 patients with follow-up sonogra-
phy ranging from 90 days to 24 months, there were no subsequent
events. In a series of 24 cases, Cohen et al*® reported 4 readmis-
sions for new cerebrovascular (n = 2) or cardiovascular events
(n = 2); the stents were patent in all 4 patients. Stent thrombosis
rates in these articles are lower than the ones observed in our
series, but their data concern only a proportion of the total num-
ber of patients. We have shown, in our series, that in most cases
(11/14, 78.5%), stent thrombosis was not associated with overt
aggravation of neurologic deficits; clinical examination alone there-
fore seems to be insufficient for detection of stent thrombosis. In the
absence of systematic imaging controls of stent patency in the re-
ported series, their real stent thrombosis rates remain unknown.

We identified a single article*® reporting 24-hour imaging fol-
low-up of stent patency for all 77 patients, with only 1 (1.2%)
thrombosed stent. The long-term (30 days or later) in-stent reste-
nosis rate was 2/27 (7.4%) in patients with available follow-up
imaging. Of note, patients in this series received either epifibatide
or double antiplatelet therapy with clopidogrel, 600 mg, and as-
pirin, 325 mg, in addition to systemic heparinization. Hemor-
rhagic transformation occurred in 10.4% of cases.

Several articles discussed intraprocedural stent thrombosis.
Mpotsaris et al*’ reported periprocedural in-stent thrombosis in
4/63 (6%) procedures. Rangel-Castilla et al*® observed 2/45
(4.4%) cases, both resolved with infusion of epifibatide. In a series
of 47 patients, Steglich-Arnholm et al*®> had 8 (17%) cases with
acute stent thrombosis during thrombectomy, 7 of which re-
solved with local administration of glycoprotein IIb/IIIa inhibi-
tor; in 1 patient, recanalization was not attempted because of ex-
cellent collateral flow and complete intracranial recanalization.



venous glycoprotein IIb/II1a inhibitors),
differences of implanted stents (varying
percentages of metallic surfaces, mesh
size, closed- or open-cell design, stent
length), subnominal or nominal diam-
eter dilation, and use of overlapping
stents.

Third, there seems to be a link between
the occurrence of intraprocedural throm-
bosis and subsequent patency. Intuitively,
the underlying pathophysiologic process
is the same and is initiated as soon as the
stent is implanted. Not surprisingly, we
found that visualization of in-stent throm-
bus on the final angiographic run was
an independent predictor of delayed
thrombosis. This is concordant with
the observation of Steglich-Arnholm
et al,”® in which all patients with oc-
cluded stents at follow-up had also ex-
perienced partial or complete stent
thrombosis during thrombectomy.

Subsequently, it seems that the risk of

FIG 3. Illustrative case. A patient in his sixties with a history of type 2 diabetes, severe chronic
obstructive pulmonary disease, and siderosis was found by his wife hemiplegic and aphasic on
wake-up. Initial examination showed depressed consciousness (Glasgow Outcome Score, 7) and
signs of respiratory failure for which orotracheal intubation was necessary. Emergency MR imag-
ing showed a relatively small acute ischemic lesion in diffusion imaging (A) not visible in FLAIR
imaging, as well as occlusion of the left internal carotid and middle cerebral (arrowhead) arteries
(B). Given the important clinicoradiologic mismatch, we proceeded to thrombectomy (C). There
was calcified atheroma at the origin of the ICA with floating thrombus. An IV bolus of aspirin, 250
mg, was administered, and a 9 X 50 mm Wallstent was deployed and postdilated with a 6 X 20
mm balloon. Then the MCA occlusion was treated by 2 passages of a stent retriever with TICI 3
recanalization. The final cervical angiographic run showed excellent patency of the carotid stent
with images suggestive of plaque protrusion but no in-stent thrombus. However, the next day,
Doppler sonography demonstrated stent occlusion. The patient remained intubated, with signs
of right hemiplegia. Because repeat MR imaging (D) showed flow across the anterior communi-
cating artery and patency of the left MCA, recanalization was not attempted. The patient remains

thrombosis is highest in the first 24 hours.
In our series, almost all (13/14) stent oc-
clusions were diagnosed at 24 hours. Sim-
ilar results have been reported,”* but the
number of studied cases is clearly insuffi-
cient to draw a conclusion. Given the neg-
ative impact of stent thrombosis on clini-
cal outcome, it would seem reasonable to
perform more frequent controls of stent
patency during the first 24 hours, espe-
cially in cases with additional risk factors

dependent with an NIHSS score of 9 and mRS score of 4 at 3-month follow-up.

Yoon et al*° observed 1 case (2.2%) of acute stent thrombosis in a
series of 47 patients. Lockau et al** had 3/37 (8.1%) acute stent
occlusions during the procedure: One was recanalized by aspira-
tion and balloon angioplasty. In the 2 other cases, recanalization
attempts remained unsuccessful, but there was sufficient cross-
flow from the contralateral site. In our series, 3 cases (3/73, 4.1%)
of intraprocedural stent thrombosis were treated successfully with
aspiration using a large-bore 6F intracranial aspiration catheter or
a guiding catheter.

Several conclusions can be drawn from the available literature.
First, because the data are clearly insufficient, there is a clear need
for systematic follow-up of stent patency in all future case series or
prospective studies. This will provide more robust evidence,
which can be used to refine the technical details of the endovas-
cular procedure and periprocedural medication, to reduce stent
thrombosis rates. In addition, we have shown that delayed stent
thrombosis is an independent predictor of unfavorable clinical
outcome. Incorporating stent patency data in future studies could
improve understanding of clinical outcomes.

Second, the reported stent thrombosis rates were highly vari-
able. There are several causative factors: variability of the proce-
dural antiplatelet protocol (ranging from rectal aspirin to intra-

for stent thrombosis.

Intervention for Occluded Carotid Stent

Once the diagnosis of delayed stent thrombosis has been made,
the decision to attempt recanalization can be problematic. In our
experience, stent occlusion was not associated with distal re-em-
bolization in the intracranial branches. Initial CT angiography or
transcranial sonography demonstrated collateral flow in the MCA
through the anterior and/or posterior communicating arteries. In
addition, only 3/14 (21.5%) patients had clear aggravation of neu-
rologic deficits that could be attributed to stent occlusion. The
main procedural risk is distal intracranial embolization during
carotid recanalization attempts.

To avoid this clinical dilemma and in light of the clear associ-
ation between stent thrombosis and unfavorable clinical outcome
observed in our series, it seems justified to make every possible
effort to prevent delayed stent thrombosis. This involves admin-
istering dual-antiplatelet treatment whenever possible, angio-
graphic surveillance of the stent at the end of the thrombectomy
for 5-10 minutes, and specific treatment of in-stent thrombus
(either by thromboaspiration or administration of glycoprotein
1Ib/IIIa inhibitors).
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Predictors of Stent Thrombosis

There was a relatively high rate of delayed stent thrombosis in this
study. We believe this is because more than half of the patients
with stents (42/77, 54.5%) received a single antiplatelet agent (as-
pirin) during the first 24 hours.

In addition, most patients in this series were treated using long
50-mm Wallstent stents. In comparison with open-cell designs,
the mesh size is smaller and the percentage of metal coverage is
higher; these features offer better plaque impaction but are also
more thrombogenic in an acute setting.

Delayed stent occlusion was more frequent in patients with
diabetes. The association between diabetes and higher rates of
stent restenosis and occlusion has been extensively documented
in the cardiology literature.’® Moreover, diabetes can be associ-
ated with an accelerated platelet turnover time, which leads to
reduced efficacy of aspirin treatment.>' The circulating quantity
of new uninhibited platelets rises more rapidly; thus, platelet ag-
gregation returns to normal more rapidly after aspirin adminis-
tration. To counter this phenomenon, we can speculate that pa-
tients with diabetes may need a second dose of aspirin in the first
24 hours, however, further research is needed to balance efficacy
versus the added risk of hemorrhagic transformation.

Patients with high NTHSS scores on initial presentation were
also more likely to experience delayed stent thrombosis in this
series. We can hypothesize that a larger volume of hypoperfused
brain leads to decreased carotid outflow and thus promotes stent
thrombosis, analogous with peripheral vascular interventions.

Limitations

This study has several limitations. Patients were identified retro-
spectively in a single center, and most of the procedures were
performed using an antegrade strategy and a single type of stent.
Because we included patients during >9 years, endovascular ap-
proaches and periprocedural anticoagulant/antiplatelet regimens
were heterogeneous. In addition, none of the patients in this co-
hort received glycoprotein IIb/IIla inhibitors; subsequently, we
cannot provide information on stent patency rates for this
subgroup.

CONCLUSIONS

By performing systematic follow-up of stent patency in a consec-
utive series of thrombectomies for anterior circulation tandem
lesions, we observed a non-negligible rate of delayed stent throm-
bosis in cases with patent stents at the end of the procedure. Stent
thrombosis was independently associated with unfavorable clini-
cal outcome at discharge. Stent patency seems to be an important
end point that needs to be systematically measured and reported
in future studies of tandem lesions.

Disclosures: Johann Sebastian Richter—UNRELATED: Travel/Accommodations/
Meeting Expenses Unrelated to Activities Listed: MicroVention, Balt, Medtronic,
Stryker, Penumbra.
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BRIEF/TECHNICAL REPORT
INTERVENTIONAL

Validating the Automatic Independent Component Analysis

ABSTRACT

of DSA

F.-C. Chang, and ““/C.-J. Lin
O=

J.-S. Hong, 'Y .-H. Kao,

SUMMARY: Time-density curve analysis of DSA provides useful blood flow information. However, manually selecting the ROl is time-

consuming. We developed an automatic technique to provide arterial, capillary, and venous vasculatures with corresponding time-density

curves. This study retrospectively analyzed the data of 36 patients with unilateral carotid stenosis. We found that the full width at half

maximum of the time-density curve for the automatically segmented capillary vasculature is a suitable representation of the cerebral

circulation time.

ABBREVIATIONS: CCT = cerebral circulation time; FWHM = full width at half maximum; I1and 12 = the internal carotid artery at 2 locations; IA = cervical internal
carotid artery in the lateral view; IB = cavernous segment of the internal carotid artery in the lateral view; MCP = manually selected capillary phase; PA = posteroan-

terior; TDC = time-density curve

X -ray DSA images are the criterion standard for diagnosing
cerebrovascular diseases. The time-density curve (TDC)
measured from an ROI represents the changes in the intensity of
the contrast bolus passing through the selected region. TDC anal-
ysisis less computationally intensive, and measurement outcomes
are immediately available." However, the manual selection of the
ROI is time-consuming and is susceptible to interobserver
variation. The aim of this study was to develop an automatic
analysis method for detecting vascular structures and corre-
sponding TDCs from DSA images. Seven hemodynamic pa-
rameters were measured from the TDCs. The automatically
measured TDCs and hemodynamic parameters were validated
through their comparison with those measured from manually
selected ROIs.
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MATERIALS AND METHODS

This retrospective study was approved by the institutional review
board of Taipei Veterans General Hospital. This study enrolled 36
patients who had extracranial internal carotid stenosis of >70%
according to the NASCET criteria and who consequently under-
went stent placement. DSA acquisitions were performed on a
biplane angiosuite (Axiom Artis dBA; Siemens, Erlangen, Ger-
many). A power injector (Liebel-Flarsheim Angiomat; lllumena,
San Diego, California) was used to administer the contrast bolus.
The image size was 960 X 960 or 1440 X 1440 pixels, and the FOV
was 22 cm. The acquisition rate was 6 frames per second, and the
acquisition lasted 818 seconds. Each patient was imaged in the
posteroanterior (PA) and lateral views before and after treatment.
A total of 144 datasets were analyzed.

The scale-invariant feature transform flow technique” was ap-
plied to the dynamic x-ray projection images for reducing motion
artifacts. After performing the registration process, we used the
FastICA technique (https://cran.r-project.org/web/packages/
fastICA/fastICA.pdf)’ to segment the DSA images into arterial,
capillary, and venous vasculature images. The thresholding method
of Otsu® was applied to the output independent component images
for generating binary mask images. The binary masks of these 3 vessel
types were used to measure the actual TDCs.

Each TDC was fitted by a y-variate function® to reduce random
noise and recirculation. The following 4 parameters were calculated
from the fitted curve: 1) the area under the fitted TDC (area under
curve), 2) the maximum enhancement, 3) TTP, and 4) the width
between the 2 time points on the TDC when the density was half the
maximum enhancement, full width at half maximum (FWHM).


https://orcid.org/0000-0001-8066-8841
https://orcid.org/0000-0002-4481-9830
https://orcid.org/0000-0001-7267-6497
https://orcid.org/0000-0003-2370-6316

Three other parameters were calculated by fitting the y-variate
curve to straight lines. Every set of 4 consecutive temporal points
on the y-variate function was fitted to a straight line described by
a linear equation: C(t) = mt + b, where m was the slope, using a
least-squares error technique. The largest and smallest m values
were recorded to represent the wash-in and washout slopes, re-
spectively. The bolus arrival time was the time at which the
straight line with the largest slope intercepted the horizontal axis
(eg, Bolus Arrival Time = —b/ Wash-In Slope).

Fifteen ROIs were manually selected to validate the proposed
automatic technique. The locations of these ROIs are indicated in
Fig 1. The first 13 ROIs had areas of 3 X 3 pixels. In the PA view,
we selected 7 ROIs: the ICA at 2 locations (I1 and I2), anterior and
middle cerebral arteries in the PA view, transverse sinus in the PA
view, and ipsilateral and contralateral internal jugular veins (ipsi-
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FIG1. Color-coded DSA images in the PA (A) and lateral (B) views. The numbers on the right-hand
side are TTP values. Fifteen ROls are manually selected to validate the automatic technique.

B

lateral internal jugular vein and contralateral internal jugular vein
in the PA view, respectively). In the lateral view, we selected 6
ROIs: the cervical ICA (anterior cerebral artery in the PA view
[IA]), the cavernous segment of the ICA in the lateral view (IB),
anterior and cerebral arteries in the lateral view, parietal vein, and
superior sagittal sinus. The other 2 manually drawn ROIs were
used to represent the manually selected capillary phase (MCP) in
the PA and lateral views. In the MCP ROIs, pixels with maximum
enhancement higher than the average were excluded.

For each DSA dataset, 3 TDCs were obtained using the automatic
method, and they were designated group A. A total of 15 TDCs were
measured from the manually selected ROIs, and they were desig-
nated group B. Seven hemodynamic parameters, namely maximum
enhancement, bolus arrival time (BAT), TTP, wash-in slope, wash
out slope, FWHM, and area under curve, were calculated from the
TDCs. We used the Pearson product-mo-
ment correlation coefficient to compare
TDCs and these parameters between groups
A and B. The cerebral circulation time
(CCT) was defined as the time difference be-
tween the TTPs of IB and the parietal vein."
We compared the CCT with the FWHM
measured from the automatically seg-
mented capillary mask and the MCP ROL.

RESULTS

The 3 output independent-component
images related to arterial, capillary, and
venous phases and the corresponding
TDCs are shown in Fig 2A. The mask
images and the corresponding TDCs are
shown in Fig 2B.

0.5

Normalized Density

] & 4 6 8 0

Time (sec)

2 4 6 8 1

Time (sec)

FIG 2. Three output images and corresponding TDCs (A). Mask images for each phase and corresponding TDCs (B). The images are ordered as
arterial, capillary, and venous phases from left to right. The red, green, and blue solid lines represent the TDCs of the arterial, capillary, and venous
phases. AU indicates arbitrary unit.
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vasculatures and generated hemody-
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the manual selection of ROIs. In the
era before the capillary phase could be
accurately extracted, most morpho-
logic observations focused on arteries
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indicate the viability of the brain.’
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However, obtaining CCT in a manual
Xe manner is inconvenient and has in-
. - terobserver variation. In the proposed

o technique, the FWHM of the TDC

for the segmented capillary is propor-
tional to the CCT and thus can be
considered a useful hemodynamic
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FIG 3. Scatterplot of the TTP between the manually measured I1 (red dots) and IA (blue crosses)
and the automatically measured arterial mask (A). Scatterplot between the manually measured
CCT and automatically measured FWHM of the capillary mask in the PA (red dots) and lateral (blue
crosses) views (B). Scatterplot between the FWHM of MCP and automatically measured FWHM of
the capillary mask in the PA (red dots) and lateral (blue crosses) views (C). For comparison, the
scatterplot between the manually measured CCT and the FWHM of the MCP in the PA (red dots)

and the lateral views (blue crosses) is shown in D.

The Pearson correlation coefficients between the automatically
measured TDCs and some manually measured TDCs showed the
following: 1) The TDCs of arterial masks were very similar to those of
the manually selected large arterial (I1, 12, IA, IB) ROIs (>0.90); 2)
the TDCs of capillary masks were very similar to those of the MCP
ROI (>0.85); and 3) the TDCs of venous masks were very similar to
those of venous (ipsilateral internal jugular vein in the PA view and
superior sagittal sinus) ROIs (>0.90).

The 7 parameters calculated from the TDCs of arterial masks
were all significantly correlated with the parameters calculated
from manually selected large arterial (I1, 12, IA, IB) ROIs (P <
.05). Those parameters (except wash-in slope) of the capillary
masks correlated significantly with those of the MCP ROIs (P <
.05). The CCT also significantly correlated with the FWHM of
capillary masks (P < .05). Figure 3 illustrates scatterplots of sev-
eral hemodynamic parameters measured manually versus those
measured automatically. The results indicate that the TDC of the
arterial mask is a suitable representation of those for larger ICAs
and that the FWHM of the capillary mask is a suitable represen-
tation of both CCT and the FWHM of MCP.

DISCUSSION

The proposed automatic postprocessing method obtained ro-
bust results for segmenting arterial, capillary, and venous
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10 15 parameter.

CONCLUSIONS

The proposed technique combines
scale-invariant feature transform flow,
FastICA, and thresholding techniques
to decompose DSA images into arte-
rial, capillary, and venous vasculatures
in a completely automatic manner.
The results obtained were highly consistent with those ob-
tained using manually selected ROIs.
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ORIGINAL RESEARCH
HEAD & NECK

CT Texture Analysis of Cervical Lymph Nodes on Contrast-
Enhanced ['°F] FDG-PET/CT Images to Differentiate Nodal
Metastases from Reactive Lymphadenopathy in HIV-Positive
Patients with Head and Neck Squamous Cell Carcinoma

S.K. Meibom, K. Takumi, and ““O. Sakai

H. Kuno, ““N. Garg, “/M.M. Qureshi, “’M.N. Chapman, “*'B. Li, M.T. Truong,

ABSTRACT

BACKGROUND AND PURPOSE: Differentiating nodal metastases from reactive adenopathy in HIV-infected patients with ['®F] FDG-
PET/CT can be challenging because lymph nodes in HIV-positive patients often show increased [®F] FDG uptake. The purpose of this study
was to assess CT textural analysis characteristics of HIV-positive and HIV-negative lymph nodes on ['®F] FDG-PET/CT to differentiate nodal
metastases from disease-specific nodal reactivity.

MATERIALS AND METHODS: Nine HIV-positive patients with head and neck squamous cell carcinoma (7 men, 2 women; 29—62 years of
age; median age, 48 years) with 22 lymph nodes (=1cm) who underwent contrast-enhanced CT with ['®F] FDG-PET followed by pathologic
evaluation of cervical lymph nodes were retrospectively reviewed. Twenty-six HIV-negative patients with head and neck squamous cell
carcinoma with 61lymph nodes were evaluated as a control group. Each lymph node was manually segmented, and an in-house-developed
Matlab-based texture analysis program extracted 41 texture features from each segmented volume. A mixed linear regression model was
used to compare the pathologically proved malignant lymph nodes with benign nodes in the 2 enrolled groups.

RESULTS: Thirteen (59%) lymph nodes in the HIV-positive group and 22 (36%) lymph nodes in the HIV-negative control group were
confirmed as positive for metastases. There were 7 histogram features (P = .017-0.032), 3 gray-level co-occurrence features (P = .009-.025),
and 9 gray-level run-length features (P < .001-.033) that demonstrated a significant difference in HIV-positive patients with either benign
or malignant lymph nodes.

CONCLUSIONS: CT texture analysis may be useful as a noninvasive method of obtaining additional quantitative information to differ-
entiate nodal metastases from disease-specific nodal reactivity in HIV-positive patients with head and neck squamous cell carcinoma.

ABBREVIATIONS: AUC = areaunder receiver operating characteristic curve; HNSCC = head and neck squamous cell carcinoma; GLCM = gray-level co-occurrence
matrix; GLGM = gray-level gradient matrix; GLN = gray-level nonuniformity; GLRL = gray-level run-length; HGRE = high gray-level run emphasis; LGRE = low gray-level
run emphasis; LRE = long-run emphasis; LRHGE = long-run high gray-level emphasis; max = maximum; RLN = run-length nonuniformity; RP = run percentage; SRE =
short-run emphasis; SRLGE = short-run low gray-level emphasis; SUV = standard uptake value

patients.> Many of these patients are now acquiring malignan-
cies that had previously not been associated with HIV or AIDS.*”

Ithough patients with HIV have increased life expectancies
through the introduction of highly active antiretroviral ther-
there remains significant cancer-specific mortality in these ~ The HIV-positive population is at an increased risk of head and

neck squamous cell carcinoma (HNSCC) compared with the gen-

eral population,”” and HNSCC is an increasingly common dis-
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ease among individuals with HIV.® HIV-positive HNSCCs have a
more aggressive profile that leads to poorer patient outcomes,”
and HIV-positive patients have a concurrent increase in HNSCC-
related mortality.”*'°

CT is the initial imaging technique for the diagnosis and stag-
ing of HNSCC below the hard palate at many institutions. How-
ever, HIV-positive patients often have diffuse bilateral lymph
node enlargement consistent with AIDS-associated reactive ade-
nopathy, cystic lesions, necrosis, or infections,'"'* and CT is
sometimes limited for nodal staging. The introduction of ['®F]
FDG-PET/CT has enabled the metabolic assessment of lymph
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* HIV-positive group

20 HIV-positive patients with untreated biopsy proven
HNSCC who underwent '8F-FDG PET/CT before

treatment from February 2009-August 2015

11 excluded due to

* No pathological confirmation

* Non contrast enhanced ¥F-FDG PET/CT
* Very small lymph nodes on CT (<1 cm)

*  HIV-negative control group

138 HIV-negative patients with untreated biopsy proven
HNSCC who underwent 8F-FDG PET/CT before treatment
from December 2009-December 2013

fp{ 112 excluded due to

* No pathological confirmation

* Non contrast enhanced 8F-FDG PET/CT
* Very small lymph nodes on CT (<1 cm)

v

9 HIV-positive HNSCC patients with 22 lymph nodes
(21 cm) were enrolled into the final analysis

26 HIV-negative HNSCC patients with 61 lymph nodes
(21 cm) were enrolled into the final analysis

v

v

v

v

9 (41%) lymph nodes in the
5 patients were confirmed
as negative for metastases

13 (59%) lymph nodes in the
6 patients were confirmed
as positive for metastases

39 (66%) lymph nodes in the
20 patients were confirmed
as negative for metastases

22 (36%) lymph nodes in the
13 patients were confirmed
as positive for metastases

(group 2)

(group 1)

(group 3) (group 4)

FIG 1. Flowchart shows patient selection for the study.

nodes and is widely used for initially staging, restaging, and mon-
itoring therapeutic responses for patients with head and neck
squamous cell carcinoma.'”"'> However, lymph nodes in HIV-
positive patients often show increased ['*F] FDG uptake, espe-
cially in the setting of high-plasma HIV RNA.'®'® Activated
lymphocytes exhibit increased glucose use, and HIV-positive in-
dividuals have a greater accumulation of FDG in their lymph
nodes than HIV-negative patients. Both HIV-1 and HNSCC can
spread to the primary site of regional deep cervical lymph

nodes,'**°

which makes metastatic determination and manage-
ment complex.

There is increasing focus on using texture analysis to deter-
mine the features of CT images and elicit characteristics that may
adequately describe nodal metastases despite the viral adenopa-
thy.>' % Image texture analysis analyzes complex visual charac-
teristics on the basis of underlying simpler patterns and then con-
ducts quantitative comparisons of these characteristics between 2
images. Considering that these mathematic textural analyses have
helped elucidate nuanced differences in pathology, we hypothe-
sized that CT textural features would have the potential to add
additional quantitative information in conjunction with ['®F]
FDG-PET/CT in HIV-positive HNSCC for the evaluation of
lymph nodes. In addition, to the best of our knowledge, imaging
studies including ['®F] FDG-PET/CT of HIV-positive patients
with head and neck squamous cell carcinoma related to lymph
node adenopathy have not been fully explored in the literature.
Hence, the purpose of this study was to assess the CT texture-
analysis characteristics of HIV-positive and HIV-negative lymph
nodes on ['®F] FDG-PET/CT to differentiate nodal metastases
from disease-specific nodal reactivity.

MATERIALS AND METHODS

Patients

The institutional review board approved this retrospective study. The
requirement to obtain written informed consent was waived. The
flowcharts of patient selection for HIV-positive patients and an HIV-
negative control group in the study are shown in Fig 1.
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HIV-Positive Patient Group

We retrospectively searched our electronic medical records to
identify HIV-positive patients with untreated biopsy-proved
HNSCCs who also underwent ['*F] FDG-PET/CT before treat-
ment between February 2009 and August 2015, and 20 patients
were identified in total. Four of the 20 patients were excluded
because they received nonsurgical treatment, such as chemora-
diotherapy, without biopsy-proved pathologic confirmation
of cervical lymph nodes. An additional 7 patients were ex-
cluded, 3 of whom were excluded due to non-contrast-en-
hanced ['®F] FDG-PET/CT; and 4 patients, due to very small
lymph nodes on CT (maximum size, <1 cm) that were difficult
to analyze using the texture-analysis program. The remaining 9
patients (7 men, 2 women; 29—-62 years of age; median age, 48
years; with 3 oral cavity, 3 oropharynx, 1 larynx, 1 maxillary
sinus, and 1 primary unknown lesion) with 22 lymph nodes
(maximum size, =1 cm) were enrolled in this study.

The electronic medical records were reviewed on all subjects,
specifically for the presence of pathologically confirmed cervical
lymph node metastasis at first treatment with neck dissection. The
dates of the first surgical procedure and patient outcomes such as
the presence of metastatic recurrence in a cervical lymph node
within 1 year after surgery were also noted.

HIV-Negative Patient Group for Controls

We also identified HIV-negative patients with untreated biopsy-
proved HNSCCs as a control group to investigate how HIV infec-
tion affects the texture features and standard uptake values
(SUVs) of the nodal metastasis and reactive adenopathy. Between
December 2009 and December 2013, one hundred thirty-eight
consecutive HIV-negative patients with newly diagnosed primary
head and neck squamous cell carcinoma underwent ['*F] FDG-
PET/CT before treatment. Fifty-three of the 138 patients were
excluded because they received nonsurgical treatment without
pathologic confirmation of cervical lymph nodes. An additional
25 patients were excluded because only non-contrast-enhanced
['®F] FDG-PET/CT was performed. In addition, 34 patients with



small lymph nodes on CT (maximum size, <1 cm) were also
excluded. The remaining 26 patients (17 men, 9 women; 30—86
years of age; median age, 59 years; with 12 oral cavity, 10 orophar-
ynx, 1 hypopharynx, and 3 larynx lesions) with 61 lymph nodes
(node size, =1 cm) were enrolled in this study as a control group.

PET/CT Imaging Protocol

For image analysis, the pretreatment PET/CT was used to obtain
CT texture analysis and FDG uptake. All ['*F] FDG-PET/CT
studies were performed on an integrated PET/CT scanner com-
bining PET with a 16-slice multidetector row CT (Discovery STE
16; GE Healthcare, Milwaukee, Wisconsin). Patients were in-
jected with an average of 10.59 mCi of ['®*F] FDG, and it was
incubated for an average of 62 minutes. The amount of injected
radioactivity was routinely measured by quantification of the ra-
dioactivity of the syringe before and after injection. Patients were
scanned in a supine position from the skull base to midthigh on a
flat table with a head and neck acquisition separate from the body
acquisition. All patients were scanned using a dedicated head and
neck protocol.

The dedicated head and neck CT studies were helically ac-
quired (120 kV[peak], gantry rotation time = 0.5 seconds, kVp =
120, auto milliampere, minimum = 299 mA, maximum = 440
mA, noise index = 11, helical pitch factor = 0.937:1, scan FOV =
30 cm, reconstructed slice thickness = 1.25 mm, image matrix =
512 X 512) extending from the skull base to thoracic inlet follow-
ing a 60-second delay after intravenous contrast injection (60 mL
of ioversol, Optiray 350, Mallinckrodt, St. Louis, Missouri; or
iopimidol, Isovue 370, Bracco, Princeton, New Jersey). The im-
ages were reviewed in soft-tissue algorithms. The dedicated head
and neck PET scans were obtained using 2D imaging with emis-
sion scans lasting between 5 and 6 minutes, and an FOV of 30 cm.
The matrix size was 128 X 128, and slice thickness was 3.3 mm.

Image Segmentation and Texture Analysis on CT

Multiple lymph nodes (up to 5 per patient, selected on the basis of
a maximum size of >1 cm) were analyzed for CT texture analysis
and FDG uptake. Each lymph node was manually contoured by a
neuroradiologist with 10 years of experience. Segmentation of the
lymph nodes was performed using OsiriX Imaging Software
(http:// www.osirix-viewer.com). The entire lymph node, includ-
ing necrotic or cystic areas, was segmented for analysis. For a
subanalysis, ROIs without obvious necrotic or cystic areas were
also created (On-line Figure). When severe streak artifacts within
the lymph node were seen, the slices with severe artifacts were
excluded and only artifact-free slices were used for texture analy-
sis. Each contoured image was imported into an in-house-devel-
oped Matlab-based (MathWorks, Natick, Massachusetts) texture
analysis software.”**> We discuss the extraneous math behind
each texture feature in detail in a subsequent On-line Appen-
dix.”*?°7" In total, 41 texture features, including 12 histogram
features, 5 gray-level co-occurrence matrix (GLCM) features, 11
gray-level run-length (GLRL) features, 4 gray-level gradient ma-
trix (GLGM) features, and 9 Laws features, were computed and
averaged over the images per dataset. The mean value of the tex-
tural features was estimated. Both the volume and size of each
lymph node were also calculated.

[®F] FDG-PET/CT Image Analysis

The PET study and contrast-enhanced CT scan were viewed in-
dependently and as coregistered studies using a Vista workstation
(MIM Software, Cleveland, Ohio). PET, CT, and fused PET/CT
images were reviewed in the axial planes. Standard uptake value
maximum (SUVmax), the maximum SUV within the tumor nor-
malized to lean body mass from PET, was measured by drawing
an ROI slightly outside each lesion corresponding to those used
for texture analysis on the CT image for each patient.

Statistical Analysis

We compared the 41 texture parameters, SUVmax, lymph node size,
and volume: 1) the malignant nodes with benign nodes in the HIV-
positive group (group 2 versus 1); 2) the malignant lymph nodes
with benign nodes in the HIV-negative group (group 4 versus 3);
3) the benign lymph nodes in the HIV-positive group with benign
lymph nodes in the HIV-negative group (group 1 versus 3); and
4) the malignant lymph nodes in the HIV-positive group with ma-
lignant lymph nodes in the HIV-negative group (group 2 versus 4).
For each group comparison, we used the mixed linear regression
model (Proc MIXED; http://support.sas.com/documentation/cdl/
en/statug/63033/HTML/default/viewer. htm#mixed_toc.htm) to
take into consideration data clustering using the SAS 9.3 system (SAS
Institute, Cary, North Carolina). Because each patient could contrib-
ute >1 lymph node, this approach allowed modeling of the variance-
covariance matrix among multiple values recorded for each patient.
Compound symmetry was specified for the covariance structure. To
assess the potential clinical utility of texture features and nodal char-
acteristics, we constructed receiver operating characteristic curves for
repeat-measures designs to determine the performance and optimal
cutoff point of each parameter in distinguishing the 2 node charac-
terizations (for example, benign versus malignant lymph nodes in

HIV-positive patients).>

The point on the receiver operating char-
acteristic curve farthest from the 45-degree reference line with the
best combination of sensitivity and specificity was considered the
optimum cutoff point. The area under the receiver operating char-
acteristic curve (AUC) was used to assess the predicted validity of
each parameter. The closer the AUC value is to 1.0, the more predic-
tive the features are with respect to malignant lymph nodes. Associ-
ations of demographic and clinical characteristics with HIV-positive
and HIV-negative groups were tested with the Pearson x” test or the
Mann-Whitney U test. Due to the relatively small sample size and
exploratory nature of this study, correction for multiple comparisons
was not applied, and an uncorrected P value of .05 was regarded as
the statistical threshold of significance for all analyses.

RESULTS

For HIV-positive patients, the median absolute CD4 counts were
473 cells/mm” (range, 172-1809 cells/mm?), and 8 of 9 patients
were receiving highly active antiretroviral therapy. In the HIV-
positive group, 13 (59%) lymph nodes in 6 patients were con-
firmed as malignant (positive for metastases), and 9 (41%) lymph
nodes in 5 patients were confirmed as benign (negative for metas-
tases). Two patients in the HIV-positive group had both malig-
nant and benign nodes. In the HIV-negative control group, 22
(36%) lymph nodes in 13 patients were confirmed as malignant
(positive for metastases), and 39 (66%) lymph nodes in 20 pa-
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Table 1: Patient demographics and tumor characteristics of
patients with head and neck cancer®

HIV-Positive  HIV-Negative P
Characteristic Group (n=9) Group (n=26) Value
Age (yr) 034°
Median (range) 48 (29-62) 59 (30-86)
Sex 490
Male 7(78) 17 (65)
Female 2(22) 9 (35)
HPV status (protein 16) 283
Positive 3 12
Negative 1 14
Unknown 5 0
Primary site 169
Oropharynx 3(33) 10 (38)
Hypopharynx 0(0) 1(4)
Larynx (M) 3(12)
Oral cavity 3(33) 12 (46)
Primary unknown 1(M) 0(0)
Maxilla 1(m) 0(0)
T-Stage 444
TO m) 0(0)
T 1M 7(27)
ip) 3(33) 9(35)
T3 m 2(8)
T4 3(33) 8(30)

Note:—HPV indicates human papillomavirus.

“Data are presented as number of patients with percentages in parentheses unless
otherwise noted.

bIndicates a significant difference by the Pearson x? or Mann-Whitney U test
(P < .05).

tients were confirmed as benign (negative for metastases). Ten
patients in the HIV-negative group had both malignant and be-
nign nodes. Complete patient demographics and tumor charac-
teristics are described in Table 1. The primary site and T-stage
were not significantly different between the HIV-positive and
HIV-negative groups.

Analysis between Lymph Node Characterization in
HIV-Positive and HIV-Negative Patients with HNSCC

HIV-Positive Patient Group. The results of the ['®F] FDG-
PET/CT characteristics (SUVmax, node size, and node volume)
and the 41 texture parameters differentiating lymph node charac-
terization in HIV-positive patients with head and neck squamous
cell carcinoma (group 1 versus 2) are shown in Table 2 (for se-
lected parameters) and On-line Table 1 (for 41 parameters).
There was a significant difference in the SUVmax (5.11 for benign
nodes versus 8.56 for malignant nodes, P = .042), node size (1.40
cm for benign nodes versus 1.89 cm for malignant nodes, P =
.024), and node volume (0.55 cm’ for benign nodes versus 2.54
cm® for malignant nodes, P = .007) between malignant and be-
nign nodes for the HIV-positive group. For the CT texture anal-
ysis in the HIV-positive group, there were 7 histogram features,
including mean (P = .017), median (P = .018), second SD (P =
.017), range (P = .017), geometric mean (P = .032),SD 5 (P =
.018), and SD 9 (P = .017); 3 GLCM features, including contrast
(P =.009), energy (P = .025), and homogeneity (P = .020); and
9 GLRL features, including short-run emphasis (SRE) (P < .001),
long-run emphasis (LRE) (P = .001), gray-level nonuniformity
(GLN) (P =.001), run-length nonuniformity (RLN) (P = .002),
run percentage (RP) (P = .033), low gray-level run emphasis
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(LGRE) (P = .013), high gray-level run emphasis (HGRE) (P =
.008), short-run low gray-level emphasis (SRLGE) (P = .021).and
long-run high gray-level emphasis (LRHGE) (P = .035) that dem-
onstrated a significant difference in HIV-positive patients with
either benign or malignant lymph nodes (On-line Table 1). No
statistically significant differences were seen in the GLGM and
Laws texture features. Among the imaging characteristics, the
highest AUC to predict a malignant lymph node was 0.89, with a
sensitivity of 92.3% and a specificity of 77.8% in node volume.
Among the 41 texture features, the highest AUC was 0.97, with a
sensitivity of 84.6% and a specificity of 100% in SRE, which is
categorized as a GLRL feature (Table 2).

For the HIV-positive group, the optimal SUV cutoff was 5.50
for benign-versus-malignant nodes, and 3.98 for the HIV negative
group (Tables 2 and 3). Among the 13 malignant nodes, 11
(84.6%) were correctly detected by both SUV and texture analysis
(SRE); however, 2 (15.4%) false-negative findings were observed
even using SUV and texture analysis (SRE). Among the 9 benign
nodes, 2 (22.2%) were observed as false-positive findings on the
SUV cutoff point (SUVmax = 8.1 and 7.4), whereas no false-
positive findings were observed on texture analysis (SRE). Figure
2 shows a representative case of a false-positive finding on FDG-
PET for benign nodes in an HIV-positive patient with HNSCC
who had both benign and malignant nodes.

HIV-Negative Patient Subgroup as Controls. The results of the
[*8F] FDG-PET/CT characteristics (SUVmax, node size, and node
volume) and the 41 texture parameters differentiating lymph
node characterization in HIV-negative patients with head and
neck squamous cell carcinoma (group 3 versus 4) are shown in
Table 3 (for selected parameters) and On-line Table 2 (for 41
parameters). The node volume for the HIV-negative group (1.12
mL for benign nodes versus 3.47 mL for malignant nodes, P =
.001) and the SUVmax for the HIV-negative group (3.23 for be-
nign nodes versus 6.44 for malignant nodes, P = .007) showed
significant differences. For the CT texture analysis, statistically
significant differences among lymph node characterizations in
patients with head and neck squamous cell carcinoma were seen
in 5 histogram features, including mean (P = .022), geometric
mean (P = .020), harmonic mean (P = .020), interquartile range
(P = .022), and fourth moment (P = .018 ); 3 GLCM features,
including contrast (P = .015), energy (P = .034), and homogene-
ity (P = .029); 5 GLRL features, including SRE (P = .036), RLN
(P = .034), short-run high gray-level emphasis (P = .016), long-
run low gray-level emphasis (P = .006), and LRHGE (P = .003);
and 9 Laws features (P = .024—.047), while there was no statisti-
cally significant difference in GLGM. The highest AUC among the
41 texture features to predict a malignant lymph node was 0.76
with the texture parameter of LRHGE (sensitivity of 54.6% and
specificity of 84.6%), whereas the highest AUC among the imag-
ing characteristics was SUVmax (AUC = 0.73, sensitivity =
63.6%, and specificity = 79.5%) (Table 3).

Analysis of Node Characterization among HIV Infections
in Patients with HNSCC with Lymph Nodes

Benign Lymph Node (Negative for Metastases) Subgroup. The
results of the texture parameters differentiating HIV infections in



Table 2: ["®F] FDG-PET/CT characteristics and selected texture parameters differentiating lymph node characterization in patients with
HIV infection (group 1vs 2)

Benign Malignant
Texture Nodes (n=9) Nodes (n =13) P AUCP
Parameter Mean SD Mean SD Value® Cutoff (GLIMMROC)

Node characteristics

Size (cm) 1.400 0.300 1.892 0.690 .024 <2.0 0.752

Volume (cm?) 0.547 0.363 2.535 2218 .007 >0.76 0.889

SUVmax 5m 1.610 8.562 3.886 .042 >55 0.803
Histogram

Mean 624.4 74.6 7353 752 .017 >683.3 0.872

Median 774.0 217.9 10131 71.2 .018 >877.8 0.872

Second SD 93.76 2870 59.85 19.19 .017 <76.3 0.872

Range 2737 829 1754 54.5 .017 <2327 0.863
Geometric mean 199.6 447 272.8 63.8 .032 >237.3 0.829

SD 5 81.9 294 16.8 19.2 .018 <62.89 0.872

SD 9 99.7 493 19.5 17.3 .017 <63.16 0.889
GLCM

Contrast 131 20.2 84.1 16.9 .009 <977 0.889

Energy 0.036 0.019 0.081 0.047 .025 >0.047 0.812

Homogeneity 0.451 0.065 0.542 0.069 .020 >0.498 0.821
GLRL

SRE 0.177 0.007 0.157 0.009 <.001 <0.164 0.966°

LRE 0.197 0.010 0.173 0.012 .001 <0.186 0.957

GLN 0.183 0.009 0.160 0.01 .001 <0.172 0.949

RLN 0.196 0.010 0.173 0.012 .002 <0.184 0.932

LRHGE 224.6 51.8 300.0 68.7 .035 >261.8 0.863

Note:—GLIMMROC indicates generalized linear mixed model receiver operating characteristic.

?Indicates a significant difference by the mixed linear regression model (Proc MIXED) to adjust the variance-covariance matrix among multiple values recorded for each
patient (P < .05).

b Using the generalized linear mixed model (GLIMMROC).

€ The highest AUC among 41 texture features.

Table 3: ["®F] FDG-PET/CT characteristics and selected texture parameters differentiating lymph node characterization in patients with
head and neck squamous cell carcinoma without HIV infection (group 3 vs 4)

Benign Malignant
Texture Nodes (n =39) Nodes (n =22) P AUCP
Parameter Mean SD Mean SD Value® Cutoff (GLIMMROC)

Node characteristics

Size (cm) 1439 0.048 1.687 0.831 .079 DNC 0.643

Volume (cm3) 1122 0.147 3.468 4718 .001° >2.599 0.702

SUVmax 3.228 0.315 6.438 4811 .007¢ >3.980 0.731
Histogram

Mean 670.6 68.4 751.8 137.3 .022¢ >738.1 0.705

Geometric mean 2259 50.6 297.6 124.5 .020¢ >257.5 0.667

Harmonic mean 24.12 421 29.57 9.42 .020¢ >255 0.678
IQR 1064.3 63.9 865.0 360.2 .022¢ <1017.0 0.723
Fourth moment 8.71E+10 5.74E+09 9.41E+10 1.00E+10 .018°¢ >9.38E+10 0.698
GLCM

Contrast 102.5 18.2 818 283 .015¢ <757 0.754

Energy 0.041 0.022 0.072 0.055 .034¢ >0.058 0.712

Homogeneity 0.475 0.056 0.541 0.104 .029¢ >0.528 0.735
GLRL

SRE 0.164 0.01 0.154 0.019 .036° <0.153 0.695

RLN 0.183 0.014 0.170 0.023 .034¢ <0.172 0.698

RHGE 254.2 77.2 367.0 193.6 .016° >305.4 0.739

LRLGE 3226 9.4 469.8 2319 .006° >397.1 0.759

LRHGE 246.2 60.5 352.7 168.8 .003¢ >340.9 0.760¢
Laws features

L1 1130,272.9 280,670.9 876,676.6 413,942.2 .024¢ <911,080.5 0.722

Note:—DNC indicates did not converge; IQR, interquartile range; GLIMMROC, generalized linear mixed model receiver operating characteristic.

% Indicates a significant difference by the mixed linear regression model (Proc MIXED) to adjust the variance-covariance matrix among multiple values recorded for each
patient (P < .05).

© Using the generalized linear mixed model (GLIMMROC).

€ Significant.

9 The highest AUC among 41 texture features.
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FIG 2. Representative case of false-positive findings on FDG-PET for benign nodes in a 74-year-
old woman with unknown primary squamous cell carcinoma who had both benign and malignant
nodes (HIV-positive; absolute CD4 = 473). Axial contrast-enhanced CT images (A and D), [®F]
FDG-PET/CT fusion images (B and E), and corresponding axial section ROl mask-segmented lymph
nodes (C and F) for pathologically benign (A—C) and malignant (D—F) lymph nodes. ['®F] FDG-
PET/CT shows abnormal uptake (cutoff = >5.5) for both lymph nodes with SUVmax = 8.
(benign, B) and 9.5 (malignant, E). However, texture features with SRE (cutoff = <0.164) of both
lymph nodes were correctly diagnosed as follows: 0.188 (benign, C) and 0.151 (malignant, F).

patients with head and neck squamous cell carcinoma with be-
nign nodes (group 1 versus 3) are shown in On-line Table 3. For
benign lymph nodes, the point estimate of the SUVmax of HIV-
positive (5.11) was higher than that of HIV-negative (3.23); how-
ever, the difference among the SUVmax of HIV statuses was not
statistically significant (P = .111). No statistically significant dif-
ferences were seen in the node size (1.40 cm for HIV-positive
versus 1.44 cm for HIV-negative, P = .781) and node volume
(0.58 cm? for HIV-positive versus 1.12 cm?, P = .137) between
the HIV-positive and HIV-negative groups. For the CT texture
analysis in benign lymph nodes, there were 5 GLRL features, SRE
(P = .017), LRE (P = .027), GLN (P = .021), LGRE (P = .044),
and HGRE (P = .012), that demonstrated a significant difference
with HIV-positive and HIV-negative patients. No statistically sig-
nificant differences were seen in the histogram, GLCM, GLGM,
and Laws texture features. Among the imaging characteristics and
the 41 texture features, the highest AUC to predict HIV-infected
lymph nodes was 0.87, with a sensitivity of 100% and a specificity
of 84.6% in SUVmax.

Malignant Lymph Node (Positive for Metastases) Subgroup. The
results of the texture parameters differentiating HIV infections in
patients with head and neck squamous cell carcinoma with ma-
lignant nodes (group 2 versus 4) are shown in On-line Table 4. For
malignant lymph nodes, there was no statistically significant dif-
ferences in the SUVmax (8.56 for HIV-positive versus 6.46 for
HIV-negative, P = .192), node size (1.89 cm for HIV-positive
versus 1.69 cm for HIV-negative, P = .186), and node volume
(2.54 cm® for HIV-positive versus 3.47 cm?, P = .409) between
the HIV-positive and HIV-negative groups. Of the 41 CT texture
analysis parameters in malignant lymph nodes, there were no sta-
tistically significant differences in the histogram, GLCM, GLGM,
GLRL, and Laws texture features.
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Subanalysis of Texture Features of
Lymph Nodes without and with
Exclusion of Necrotic Areas
Differentiating Benign-versus-
Malignant Lymph Nodes

The results of subanalysis of the lymph
node characterization without and with
exclusion of areas of obvious necrosis or
cystic parts are shown in On-line Table 5
for patients with HIV (group 1 versus 2)
and in On-line Table 6 for patients with-
out HIV (group 3 versus 4). Even ex-
cluding the obvious necrotic parts, there
was no major change in which a param-
eter was effective in distinguishing be-
nign and malignant nodes. For the pa-
tients with HIV (group 1 versus 2), there
were 6 histogram features (P = .034-—
.045), 3 GLCM features (P = .031-.045),
and 4 GLRL features (P = .011-.048)
that demonstrated a significant differ-
ence in HIV-positive patients with ei-
ther benign or malignant lymph nodes.
For the patients without HIV (group 3
versus 4), there were 3 histogram fea-
tures (P = .032-.043), 2 GLCM features
(P = .037-.047), and 3 GLRL features (P < .001-.01) that dem-
onstrated a significant difference in HIV-positive patients with
either benign or malignant lymph nodes. However, the AUC of
the analysis, including the necrotic parts, was higher than that of
the subanalysis excluding the necrotic parts for all texture
parameters.

DISCUSSION
The results of our study demonstrated that the histogram, GLCM,
and GLRL CT texture parameters of the lymph nodes showed a
significant difference between metastatic lymph nodes and HIV-
related lymphadenopathy in patients with head and neck squa-
mous cell carcinoma with HIV infection. CT texture features,
especially space-dependent features such as GLCM and GLRL,
may provide important additional information to differentiate
nodal metastases from disease-specific nodal reactivity in HIV-
positive patients with head and neck squamous cell carcinoma.
In our study, none of the CT textural analysis features were
found to have statistically significant differences between HIV-
positive and HIV-negative patients with malignant lymph nodes.
The lack of a significant difference suggests almost similar texture
for HNSCC metastatic nodes regardless of HIV infection status.
On the other hand, benign lymph nodes showed different textures
in 5 GLRL features between HIV-positive and HIV-negative
lymph nodes. HIV-positive patients often have lymph node en-
largement consistent with AIDS-associated reactive adenopathy,
and HIV viral loads may also be associated with viral infection,
including human papillomavirus and Epstein-Barr virus, which
are well-known etiologies of HNSCC.>® Therefore, the texture
features may potentially reflect a different degree of uniformity
due to inflammation or viral infection within the lymph nodes
along both long and short matrix runs. Space-dependent texture



features such as GLRL on CT images could demonstrate signifi-
cant differences in benign lymph nodes in HIV-positive patients
with head and neck squamous cell carcinoma, which may have the
potential to prove morphologic feature differences among dis-
ease-specific nodal reactivity in HIV-positive patients with head
and neck squamous cell carcinoma.

CT texture analysis is a postprocessing technique and a new
addition to the image-analysis armamentarium that extracts in-
formation native to image data that is not apparent on visual
inspection of images. CT texture analysis has started to be inves-
tigated for its ability to predict lymph node metastasis in patients
with lung cancer.”"** In our study, for assessment of metastatic
lymph nodes in HIV-negative patients, some histogram and
GLRL texture features may be associated with nodal metastasis in
patients with head and neck squamous cell carcinoma. However,
the predictions of malignant nodes using texture analysis were
almost similar to SUV values in HIV-negative patients. Further
testing using a larger sample size is needed to validate the perfor-
mance of the predictive model.

Immunosuppression predisposes HIV-infected patients to a
number of opportunistic infections; therefore, special care must
be taken in evaluating ['®F] FDG-PET/CT. Benign hypermeta-
bolic foci are common, especially in the context of high levels of
HIV viremia (low CD4 counts) and can lead to false-positive in-
terpretations of metastasis using only the SUV cutoff point.'®'#**
In past years, other quantitative approaches, including metabolic
tumor volume and total lesion glycolysis for ['*F] FDG-PET eval-
uations, have been investigated for differentiation of HIV-associ-
ated lymphoma from HIV-associated reactive adenopathy.”>>°
CT texture features can also be obtained from the same ['®F]
FDG-PET/CT study. The combination model based on these
quantitative PET metabolic metrics, CT texture parameters, and
clinical parameters may need to be further evaluated in a future
study for patients with head and neck squamous cell carcinoma.

There are several limitations associated with the small sample
size in this study. This study included only a small number of
HIV-infected patients with head and neck squamous cell carci-
noma, and there were imbalances among the different groups.
The statistical analysis was potentially limited in that the more
reasonable analyses, including multiple-comparison correction,
could not be conducted. The small sample size could also poten-
tially mask the weak differences. In addition, for the HIV-positive
group, there is a wide range of absolute CD4 cell counts, and a
subset of patients were receiving highly active antiretroviral ther-
apy. These distributions have significant implications for mount-
ing an immune reaction and therefore potentially for the texture
features of lymph nodes. Therefore, detailed analyses using strat-
ification based on CD4 counts and administration of therapeutic
regimens considering the influence of the status of HIV are desir-
able. These problems could be solved in future studies with larger
sample sizes.

CONCLUSIONS

Histogram, GLCM, and GLRL CT texture parameters of the
lymph nodes are associated with nodal metastasis in patients with
head and neck squamous cell carcinoma with HIV infection. Al-
though further testing using a larger sample size is needed to val-

idate the performance, CT texture analysis may be useful as a
noninvasive method for obtaining additional quantitative infor-
mation to differentiate nodal metastases from disease-specific
nodal reactivity in HIV-positive patients with head and neck
squamous cell carcinoma.

Disclosures: Hirofumi Kuno—UNRELATED: Grants/Grants Pending: Grant-in-Aid for
Young Scientists KAKEN (#18K15573). Osamu Sakai—UNRELATED: Consultancy: Bos-
ton Imaging Core Lab.
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ORIGINAL RESEARCH
HEAD & NECK

Etiology-Specific Mineralization Patterns in Patients with
Labyrinthitis Ossificans

K. Buch, “'B. Baylosis, ““’A. Fujita, “’M.M. Qureshi, ““K. Takumi, ““’P.C. Weber, and *“'O. Sakai

ABSTRACT

BACKGROUND AND PURPOSE: Our aim was to identify whether specific patterns of ossification in labyrinthitis ossificans are associated
with the known risk factors. Labyrinthitis ossificans has been described as sequela of prior temporal bone trauma, prior infection, and other
disorders including sickle cell disease. Specific patterns of mineralization in the membranous labyrinth associated with these risk factors
has not been previously described.

MATERIALS AND METHODS: This was a retrospective study evaluating temporal bone CT scans at our institution from November 2005 to May
2018 in patients with labyrinthitis ossificans. Membranous labyrinthine structures evaluated for ossification included the following: basal, middle,
and apical cochlear turns; lateral, posterior, and superior semicircular canals; and the vestibule for both ears in all patients. These structures were
assigned a severity score, 0—4, based on degree of mineralization. Clinical records were reviewed for potential labyrinthitis ossificans risk factors.
Basic descriptive statistics and a mixed model were used to correlate the degree and patterns of ossification with clinical history.

RESULTS: Forty-four patients (58 ears) with labyrinthitis ossificans were identified and evaluated. The most common risk factors were
chronic otomastoiditis (n = 18), temporal bone surgery (n = 9), temporal bone trauma (n = 6), sickle cell disease (n = 5), and meningitis (n =
4). For all etiologies, the semicircular canals were most severely affected, and the vestibule was the least. In patients with prior temporal
bone surgery, significantly greater mineralization was seen in the basal turn of the cochlea (P = .027), the vestibule (P = .001), and
semicircular canals (P < .001-.008). No significant pattern was identified in patients with meningitis, sickle cell disease, or trauma.

CONCLUSIONS: Significant patterns of mineralization in labyrinthitis ossificans were observed in patients with prior temporal bone
surgery. For all etiologies, the semicircular canals were most severely affected. No significant mineralization pattern was observed in

patients with chronic otomastoiditis, meningitis, sickle cell disease, or prior temporal bone trauma.

ABBREVIATIONS: AAO-HNS = American Academy of Otolaryngology—Head and Neck Surgery; LO = labyrinthitis ossificans

Labyrinthitis ossificans (LO) is a pathologic process involving
the ossification of structures within the membranous laby-
rinth of the inner ear, leading to sensorineural hearing loss.'™®
There are typically 3 described phases of LO, including an acute,
fibrotic, and ossifying phase.” Ossification has been described on
histopathology as starting in the perilymph of the basal turn of the
cochlea and then spreading to involve the entire inner ear.” LO is
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an uncommon entity with a reported incidence of approximately
2%'% however, it is one of the more common etiologies in pa-
tients presenting for cochlear implantation, involving 13% of
these patients.'"

A multitude of etiologies have been described as potential
causes of LO, including otologic infection, infectious meningitis,
inflammatory/autoimmune diseases, traumatic injury, iatrogenic
injury related to a prior operation, and hematologic causes such as
sickle cell disease.'”*''"'* Prior publications on LO comprise
mostly case reports, with few studies reporting findings of obser-
vational/cross-sectional studies.

High-resolution CT and MR imaging are common modalities
for the evaluation of the temporal bone, particularly as a preop-
erative assessment for cochlear implant placement.'”> While MR
imaging evaluation affords some advantage over high-resolution
CT in that it may better assess the intracochlear compartments for
obstruction and may better identify the fibrous stages of LO, high-
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resolution CT remains commonly used for the detection of
LO."”'° The early identification of LO is important for hearing
preservation, early intervention with possible cochlear implant
placement, and alerting surgical colleagues to carefully evaluate
obstruction during cochlear implant placement.'” Significant
challenges related to the ability to place the cochlear implant arise
with progression of LO and the extent of ossification throughout
the membranous labyrinth, which may ultimately lead to alterna-
tive cochlear implant insertion techniques.'®2° Furthermore,
early identification is important because a prior study has sug-
gested a role for treatment with steroids to prevent the progres-
sion of LO, particularly for patients with a history of meningitis.>'
The purpose of this study was to identify potential etiology-
specific ossification patterns in patients with LO using CT.

METHODS AND MATERIALS

Patients

This was a retrospective, institutional review board-approved
study performed at Boston Medical Center. Inclusion criteria
were patients with hearing loss referred from the otolaryngology
clinic who underwent temporal bone CT between November
2005 and May 2018. Patients with LO were identified retro-
spectively through the radiologic information system using
keywords “labyrinthitis ossificans,” and CT examinations were
retrospectively reviewed. Exclusion criteria were patients with
motion-limited CT examinations, which precluded a diagnos-
tic assessment of the temporal bones, and patients with incom-
plete medical records.

Electronic medical records were reviewed by first-year and
fourth-year radiology residents for each of the patients who met
the inclusion criteria. Medical record information collected in-
cluded patient age at the time of the CT scan, sex, and suspected
cause of hearing loss, including a history of meningitis, chronic
otomastoiditis, sickle cell disease, temporal bone trauma, and
prior resection of a temporal bone mass lesion, including vestib-
ular schwannomas or temporal bone cholesteatomas.

A total of 45 patients met the inclusion criteria for this study.
One patient was excluded secondary to severe motion artifacts
that precluded a diagnostic assessment of the temporal bones,
leading to a cohort of 44 patients.

CT Imaging Techniques

CT studies were performed by 64 —detector row multidetector CT
(LightSpeed VCT; GE Healthcare, Milwaukee, Wisconsin) (n =
42), 16—detector row multidetector row CT (BrightSpeed VCT;
GE Healthcare) (n = 1), or an Mx8000 CT scanner (Philips
Healthcare, Best, the Netherlands) (n = 1). All CT images were
helically acquired through the temporal bones; 0.625-mm-thick
images with a 0.3-mm (n = 33) or 0.625-mm (n = 10) interval
reconstruction, or 0.6-mm-thick images with a 0.3-mm-interval
reconstruction (n = 1), using both bone and soft-tissue recon-
struction algorithms.

Image Evaluation

All images are viewed at an independent workstation (Advan-
tage Windows Workstation; GE Healthcare) with multiplanar
reconstructions.
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Grading:
basal turn
of the cochlea

FIG 1. Example of LO mineralization grades (0—4) within the basal
turn of the cochlea. Axial, noncontrast temporal bone images
through the basal turn of the cochlea demonstrate various grades of
mineralization/ossification. A, Grade 0, no evidence of mineraliza-
tion/ossification. B, Grade 1, mineralization/ossification between 0%
and 25%. C, Grade 2, mineralization/ossification between 25% and
50%. D, Grade 3, mineralization/ossification between 50% and 75%. E,
Grade 4, Mineralization/ossification of >75%.

Grading : |
lateral
semicircular
canal

FIG 2. Example of LO mineralization grades (0—4) within the lateral
semicircular canal. Axial, noncontrast temporal bone images through
the lateral semicircular canals demonstrate various grades of miner-
alization/ossification. A, Grade 0, no evidence of mineralization/os-
sification. B, Grade 1, mineralization/ossification between 0% and
25%. C, Grade 2, mineralization/ossification between 25% and 50%. D,
Grade 3, mineralization/ossification between 50% and 75%. E, Grade
4, mineralization/ossification of >75%.

Image evaluation was performed independently by 2 neurora-
diologists with >10 and 15 years of head and neck imaging ex-
perience, blinded to the clinical data, to evaluate the degree of
mineralization/ossification. Any discrepancies were resolved
by consensus.

Structures of both the right and left membranous labyrinth in
all patients were evaluated for the degree of mineralization/ossi-
fication. A severity score was assigned to the degree of mineraliza-
tion/ossification, ranging from 0 to 4 (0 = no mineralization/
ossification, 1 = up to 25% mineralization/ossification, 2 = 25%-—
50% mineralization/ossification, 3 = 50%-75% mineralization/
ossification, 4 = >75% mineralization/ossification), as illustrated in
Figs 1 and 2. Each structure of the membranous labyrinth was as-
signed its own mineralization/ossification score. Structures per ear
evaluated included the following: the basal turn of the cochlea, mid-
dle turn of the cochlea, apical turn of the cochlea, vestibule, lateral



semicircular canal, posterior semicircular canal, and superior semi-

circular canal.

Audiology Evaluation

Clinical records were reviewed for audiogram results on all
patients included in our cohort. Hearing was stratified by the
American Academy of Otolaryngology—Head and Neck Sur-
gery (AAO-HNS) classification.”” Correlations between the
degree of mineralization within the labyrinth and audiogram
results were performed.

Statistical Analysis

Basic descriptive statistics, including mean and median ossificans
grades, were calculated for the patient cohort. For comparison of
the mean LO grade by anatomic location, we used paired  tests. A
mixed linear regression model was used to correlate the sever-
ity of mineralization within the membranous labyrinth and
specific clinical risk factors to potentially identify location-
specific patterns of mineralization/ossification. Because each
patient could contribute >1 ear to the analysis, this approach
allows modeling of the variance-covariance matrix among
multiple values recorded for each patient. Compound symme-
try was specified for the covariance structure. A P value < .05
was considered statistically significant. No adjustments for
multiple comparisons in determining significance were made.
Statistical computations were performed using SAS 9.1.3 soft-
ware (SAS Institute, Cary, North Carolina).

RESULTS

Study Population

The patient cohort comprised 28 women and 16 men, ranging
from 3 to 75 years of age (mean age, 39.5 = 17.6 years). Distribu-
tion of LO involvement included 18 patients with LO affecting
only the right ear, 12 patients with LO affecting only the left ear,
and 14 patients with bilateral LO.

Distribution of LO Risk Factors
Etiologies predisposing patients to LO based on a search of the
clinical medical records led to 35 patients with at least 1 risk factor
for LO, including the following: 18 patients (23 ears) with chronic
otomastoiditis, 4 patients (6 ears) with meningitis, 5 patients (7
ears) with sickle cell anemia, and 6 patients (8 ears) with temporal
bone trauma (5 patients had no violation of the otic capsule; 1
patient had violation of the otic capsule). There were 9 patients
(11 ears) with prior temporal bone surgery, including surgery
related to resection of a cholesterol cyst (n = 1 ear, canal wall
down mastoidectomy), cholesteatoma (n = 5 ears, 4 ears with
canal wall down mastoidectomy, and 1 ear with a canal wall up
mastoidectomy and a history of autoatticotomy), and vestibular
schwannoma, (n = 3 ears, 2 retrosigmoid approaches and 1
translabyrinthine approach). The remaining 2 ears had temporal
bone surgery related to tympanoplasty.

Seven of these 35 patients had >1 risk factor for LO, including
4 patients with chronic otomastoiditis and a prior operation for
treatment of a cholesteatoma, 2 additional patients with a history
of sickle cell anemia and prior otomastoiditis, and 1 patient with
chronic otomastoiditis and meningitis. Nine patients had no

Table 1: Distribution of labyrinthitis ossificans grade by
membranous labyrinthine structures®

No. Mean SD
Overall
Apical turn of cochlea 57 0.81 1.51
Middle turn of cochlea 57 0.86 146
Basal turn of cochlea 57 1.04 148
Vestibule 58 0.55 114
Lateral semicircular canal 58 1.81 137
Posterior semicircular canal 58 131 1.56
Superior semicircular canal 58 1.02 1.54
Right side
Apical turn of cochlea 31 0.90 1.60
Middle turn of cochlea 31 0.94 148
Basal turn of cochlea 31 1.26 1.57
Vestibule 32 0.66 118
Lateral semicircular canal 32 2.03 140
Posterior semicircular canal 32 1.50 1.59
Superior semicircular canal 32 1.25 1.63
Left side
Apical turn of cochlea 26 0.69 141
Middle turn of cochlea 26 0.77 145
Basal turn of cochlea 26 0.77 134
Vestibule 26 042 110
Lateral semicircular canal 26 1.54 130
Posterior semicircular canal 26 1.08 1.52
Superior semicircular canal 26 0.73 1.40

Note:—No. indicates the total number of patients.
2 LO grades stratified by each structure in the membranous labyrinth and stratified
for the left-versus-right ear.

readily identifiable predisposing risk factors for LO based on a
search of the electronic medical records.

Bilateral LO Involvement

A total of 14 patients had LO involving both ears. Four patients
had a history of chronic, bilateral otomastoiditis only; 1 patient
had a history of chronic otomastoiditis and sickle cell anemia; 1
patient had sickle cell anemia only; 2 patients had a history of
meningitis; 2 patients had a history of bilateral temporal bone
trauma; 2 patients had a history of temporal bone surgery (1 for a
retrosigmoid resection of a right-sided vestibular schwannoma;
and 1 patient with a translabyrinthine resection of a cholesterol
granuloma); and 2 patients had no identifiable risk factor docu-
mented in the electronic medical records.

Distribution of Mineralization in LO

Overall, the semicircular canals were more severely affected com-
pared with the cochlea and vestibules, irrespective of the side, as
shown in Tables 1 and 2.

The lateral semicircular canal was more severely affected than
the posterior and superior semicircular canals, as well as the api-
cal, middle, and basal turns of the cochlea and the vestibule (Ta-
bles 1 and 2). On both sides, the vestibule was the least severely
affected.

Mineralization by Risk Factor
The 18 patients with chronic otomastoiditis demonstrated the
greatest degree of mineralization within the lateral, posterior, and
superior semicircular canals; however, these findings were not
statistically significant (Table 3).

The 4 patients with a history of meningitis demonstrated no
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Table 2: Comparing mean labyrinthitis ossificans grade by anatomic location

Lateral Posterior Superior

Apical Turn  Middle Turn  Basal Turn Semicircular  Semicircular  Semicircular

of Cochlea of Cochlea of Cochlea  Vestibule Canal Canal Canal
Apical turn of cochlea - 0.839 37 .001 071 423
Middle turn of cochlea - 490 256 .001 109 .539
Basal turn of cochlea .061 .01 342 966
Vestibule - <.001 .004 .069
Lateral semicircular canal - .060 .004
Posterior semicircular canal - 308

Superior semicircular canal

Note:—indicates analysis is based on 57 ears; data are P values.

Table 3: Comparing mean labyrinthitis ossificans grade by chronic
otomastoiditis®

Table 5: Comparing mean labyrinthitis ossificans grade by sickle
cell disease®

Mean (SE) Mean (SE)
No Chronic Chronic No Sickle Sickle
Otomastoiditis Otomastoiditis P Cell Di Cell Di P
(n=35) (n=23) Value (n=51) (n=7) Value

Apical turn of cochlea® 0.79 (0.29) 0.82(0.35) 947 Apical turn of cochlea® 0.79(0.24) 0.91(0.65) .858
Middle turn of cochlea®  0.80(0.28) 0.96(034) 720 Middle turn of cochlea® 0.89(023)  067(0.63 738
Basal turn of cochlea® 0.98 (0.29) 1.23(0.35) 578 Basal turn of cochlea® 115 (0.24) 0.50 (0.65) 349
Vestibule 0.44(0.22) 0.76 (0.27) 347 Vestibule 0.63 (0.18) 0.09 (0.50) 316
Lateral semicircular 1.81(0.23) 174 (0.28) .853 Lateral semicircular canal 1.84(0.19) 140 (0.51) 422

canal Posterior semicircular canal 132(0.22) 111(0.60) 747
Posterior semicircular 113 (0.26) 1.54(0.33) 328 Superior semicircular canal 1.09 (0.22) 0.37 (0.60) 261

canal 2 LO grade for each structure within the membranous labyrinth is reported stratified
Superior semicircular 0.75(0.26) 139(0.32) 136 by risk factor. P value is from a mixed-effects model.

canal ® Analysis is based on 57 ears (50 with no sickle cell disease and 7 with sickle cell

Note:—n indicates the number of ears; SE, standard error.

2 LO grade for each structure within the membranous labyrinth is reported stratified
by risk factor. P value is from a mixed-effects model.

5 Analysis based on 57 ears (34 with no chronic otomastoiditis and 23 with chronic
otomastoiditis).

Table 4: Comparing mean labyrinthitis ossificans grade by
meningitis®

Mean (SE)
No
Meningitis  Meningitis P
(n=52) (n=6) Value
Apical turn of cochlea® 0.84(0.23) 0.50 (0.71) 657

Middle turn of cochlea® 0.88(023)  072(070)  .829
Basal turn of cochlea® 111(0.24) 0.81(0.73) 697
Vestibule 0.63(0.18) 0.04 (0.55) 317
Lateral semicircular canal 177 (0.19) 1.91(0.56) .806
Posterior semicircular canal 122(0.22) 1.96 (0.65) 296
Superior semicircular canal 1.0(0.22) 0.94 (0.64) 925

2 LO grade for each structure within the membranous labyrinth is reported stratified

by risk factor. P value is from a mixed-effects model.
® Analysis is based on 57 ears (51 without meningitis and 6 with meningitis).

statistically significant difference in the degree of mineralization
within any structure within the membranous labyrinth compared
with the 40 patients without a history of meningitis (Table 4).

In the 5 patients with a history of sickle cell disease, no statis-
tically significant difference was noted in the degree of mineral-
ization within any structure within the membranous labyrinth
compared with the 39 patients without a history of sickle cell
disease (Table 5).

In the 6 patients with a history of temporal bone trauma, no
statistically significant difference was noted in the degree of min-
eralization within any structure of the membranous labyrinth
(Table 6). The basal turn of the cochlea, followed by the lateral
semicircular canal, was affected the most. The vestibule had the
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disease).

Table 6: Comparing mean labyrinthitis ossificans grade by
trauma®

Mean (SE)
No Trauma Trauma P
(n=50) (n=8) Value
Apical turn of cochlea® 0.75(0.24) 115 (0.60) .535

Middle turn of cochlea® 0.80(0.23) 125(0.58) 477
Basal turn of cochlea® 1.0 (0.24) 1.58 (0.60) 372
Vestibule 059(018)  044(046) 763
Lateral semicircular canal 1.82(0.19) 1.55(0.48)  .605
Posterior semicircular canal 136 (0.21) 0.50 (0.52) 130
Superior semicircular canal 1.03(0.22)  0.66(0.54) .528

2 LO grade for each structure within the membranous labyrinth is reported stratified
by risk factor. P value is from a mixed-effects model.
© Analysis is based on 57 ears (49 with no trauma and 8 with trauma).

lowest grade of mineralization. These findings were not statisti-
cally significant compared with the 38 patients without a docu-
mented history of trauma.

In the 9 patients (11 ears) with a history of prior temporal bone
surgery for resection of a mass lesion, a significantly higher degree
of mineralization was seen in the basal turn of the cochlea, the
vestibule, and the semicircular canals compared with the remain-
ing patients with LO who had not had prior temporal bone sur-
gery (Table 7).

Mineralization by Any Etiology

For the patients with an identifiable risk factor (35 patients),
compared with those without an identifiable risk factor (9 pa-
tients), no statistically significant differences were seen in min-
eralization grades within the structures of the membranous
labyrinth (Table 8).



Table 7: Comparing mean labyrinthitis ossificans grade by
surgery®

Mean (SE)
No Surgery Surgery P
(n=47) (n=1) Value
Apical turn of cochlea® 0.74(0.24) 1.07 (0.51) .553

Middle turn of cochlea® 0.74(0.23) 1.41(0.49) 223
Basal turn of cochlea® 0.84 (0.23) 2.07 (0.48) .027
Vestibule 030(016)  167(0.33) 001
Lateral semicircular canal 1.49 (0.15) 3.04(032) <.001
Posterior semicircular canal ~ 0.99(0.20)  2.44(0.43) .004
Superior semicircular canal 0.75(0.22) 213 (0.45) .008

2 LO grade for each structure within the membranous labyrinth is reported stratified
by risk factor. P value is from a mixed-effects model.

© Analysis is based on 57 ears (47 with no prior temporal bone surgery and 10 with prior
temporal bone surgery).

Table 8: Comparing mean labyrinthitis ossificans grade by any
condition®

Mean (SE)
No Risk Any Risk
Factor Factor P
(n=") (n=47) Value
Apical turn of cochlea® 0.33(0.49)  0.92(0.24) 280

Middle turn of cochlea® 0.22(0.47) 1.03(0.24) 132
Basal turn of cochlea® 0.35(0.48) 1.26 (0.24) .095
Vestibule 0.01(0.37) 0.71(0.19) .097
Lateral semicircular canal 1.29 (0.40) 1.90 (0.19) 181
Posterior semicircular canal ~ 0.65 (0.46) 144(0.23) 136

Superior semicircular canal 0.45(0.47) 115 (0.23) 190

#LO grade is reported per membranous labyrinth structure based on patients with an
identified LO risk factor compared with those without a risk factor. P value is from a
mixed-effects model.

© Analysis is based on 57 ears (11 with no condition and 46 with a condition).

Correlation with Audiogram Results

Audiogram results were available in 37 of the 44 patients, with 7
ears categorized as AAO-HNS class A, 2 ears categorized as AAO-
HNS class B, 4 ears categorized as AAO-HNS class C, and 34 ears
categorized as AAO-HNS class D. In 6/7 ears categorized as AAO-
HNS class A, the cochlea had no perceptible mineralization and
the semicircular canals were the only structures involved. In the
remaining 1/7 AAO-HNS class A ears, both the semicircular ca-
nals and all segments of the cochlea were involved. In 1 of the 2
AAO-HNS class B ears, all 3 turns of the cochlea were involved
(mineralization score, 2-3). The other AAO-HNS class B ear had
mineralization only in the lateral semicircular canal. Three of the
4 AAO-HNS class C ears had a history of a temporal bone mass
lesion. All 4 AAO-HNS class C ears had mineralization only in
the semicircular canals (mineralization score = 1, in all cases).
Marked variation in known LO risk factors, involvement of
labyrinthine structures, and mineralization scores was seen in
the 34 AAO-HNS class D ears.

DISCUSSION

A cohort of 44 patients with radiographically proved LO were
analyzed. The severity and distribution of mineralization at spe-
cific locations within the membranous labyrinth were analyzed
and correlated with suspected risk factors for the LO. The results
of this study demonstrate a higher grade of mineralization within
the labyrinth in patients with a history of temporal bone surgery.
For all structures within the membranous labyrinth, the lateral

semicircular canal was most severely affected and the vestibule
was the least severely affected. In several instances, subtle trends
suggestive of etiology-specific patterns of mineralization were ob-
served in this study, including greater mineralization within the
lateral semicircular canal in patients with chronic otomastoiditis,
a greater degree of mineralization within the basal turn of the
cochlea in patients with prior meningitis, a greater degree of min-
eralization within the cochlea in patients with a history of tempo-
ral bone trauma, and significantly greater mineralization within
the vestibule in patients with prior temporal bone surgery.
Multiple prior studies have investigated potential etiologies
related to LO and the mechanism of cochlear damage. Two stud-

123,24

ies performed by Kaya et a evaluating 23 temporal bone spec-
imens with cochlear damage related to serous labyrinthitis, sup-
purative labyrinthitis, and LO found damage specifically to the
spiral ganglion, hair cells, stria vascularis, and spiral ligament with
endolymphatic hydrops.

Within the radiology literature, prior publications on LO have
focused on case reports and case series describing the occurrence of
LO in the setting of infectious etiologies, traumatic etiologies, sickle
cell disease, and inflammatory/autoimmune disorders,!>&11:13-14.25
This study attempts to fill in gaps in knowledge examining a large
cohort of cases of LO related to a variety of underlying suspected
etiologies. The patterns of mineralization within the labyrinth based
on the suspected underlying etiologies were investigated in an at-
tempt to uncover specific patterns of ossification based on the under-
lying etiology. One finding noted in this study that has not be previ-
ously reported in the literature is a statistically significant increase in
mineralization within the vestibule of patients with a history of tem-
poral bone surgery. This finding was unique to patients with prior
surgery and was not encountered in patients with other LO risk fac-
tors. This may potentially be related to the induction of a local in-
flammatory process or potentially related to aberrations in fluid dy-
namics within the labyrinth.

MR imaging may have increased sensitivity for the detection of
LO in patients with a fibrous stage of LO and for the evaluation of
subtle and isolated involvement of LO along the scala vestibuli in
the proximal basal turn of the cochlea.'®***® Despite these ad-
vantages, high-resolution CT remains a common technique for
the evaluation of LO and includes a shorter scan time than MR
imaging, which may be easier to tolerate in certain patients.

Recognition and detection of mineralization involving specific
components of the membranous labyrinth may have significant
impact in the clinical management of these patients, and the use of
amineralization scoring system to grade the severity and location
of mineralization within the membranous labyrinth may be im-
portant to convey to otologists evaluating patients for cochlear
implantation. Specifically, the location of mineralization within
the labyrinth and the mineralization score may be helpful for
electrode-device selection (based on an inference of the number
of viable cells in the spiral ganglion), cochlear electrode implan-
tation technique (apical cochleostomy with retrograde insertion
of cochlear implant electrode array), and additional procedural
changes, including selection for a circummodiolar drill-out pro-
cedure.'®*"*” Additionally, the outcome of cochlear implanta-
tion may be different depending on the location and degree of
ossification/calcification within the labyrinth; for example, elec-
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trical conduction may be different in patients with higher miner-
alization scores, who may experience more facial nerve stimula-
tion.”® These findings may ultimately affect electrode choice and
cochlear implant manufacture selection. Therefore, the knowl-
edge of the location and degree of ossification/calcification is im-
portant for preoperative patient counseling and postoperative pa-
tient training.

There are limitations to this study. First, a small number of
patients were included in this analysis. LO is a relatively uncom-
mon entity, and the cohort described reflects the total population
of patients with LO who underwent diagnostic CT imaging at our
institution. Patients were identified for inclusion into this study
on the basis of a review of their imaging findings. We realize that
this may introduce a study-selection bias because only patients
with LO detected on CT were included in this study. This study
describes imaging findings related to LO assessed only by CT. CT
remains one of the most common imaging modalities of LO; how-
ever, some institutions may also use MR imaging for preoperative
evaluation of hearing loss before cochlear implant placement.*®
CT may be less sensitive for the detection of isolated LO involve-
ment within certain structures, including the scala tympani of the
proximal basal turn.”® Therefore, patients with involvement of
such structures and a fibrous stage of LO may not have been
identified.

We had relatively few patients with a history of meningitis
compared with a history of chronic otomastoiditis. The distribu-
tion of reported LO risk factors in our patient population may not
be reflective of a more generalized population, and specific pat-
terns of mineralization should not necessarily be assigned to a
specific contributing LO risk factor. The inclusion criteria for this
study were based on CT imaging findings of LO; therefore, there is
potential bias in this patient cohort and patients with a fibrous
stage of LO and very subtle mineralization might not have been
included. We are unable to correlate the imaging findings with
surgical outcomes because most patients in this cohort did not
end up undergoing cochlear implantation, at least not at our in-
stitution. Last, this study was performed as an exploratory evalu-
ation; thus, we did not make any adjustment for multiple com-
parisons in our statistical analysis, and our results should be
interpreted with caution.

CONCLUSIONS

Trends in mineralization patterns within the membranous laby-
rinth are suggested in this large cohort of patients with LO, with
the most severe mineralization observed in the lateral semicircu-
lar canals and the least severe mineralization within the vestibule.
Overall, the most severe patterns of mineralization were seen in
patients with prior temporal bone surgery, with subtle trends in
mineralization noted in patients with history of meningitis,
chronic otomastoiditis, and temporal bone trauma. Knowledge of
these patterns of mineralization may be helpful for practicing
neuroradiologists. Additionally, these findings may be helpful for
the preoperative assessment before cochlear implantation as dis-
cussed; however, additional investigations in this area and on a
larger patient cohort are needed.

Disclosures: Osamu Sakai—UNRELATED: Consultancy: Boston Imaging Core Lab.
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Diagnostic Utility of Optic Nerve Measurements with MRl in
Patients with Optic Nerve Atrophy

B. Zhao, ““'N. Torun, ““’M. Elsayed, ““’A.-D. Cheng, ““’A. Brook, ““Y.-M. Chang, and ““R.A. Bhadelia

ABSTRACT

BACKGROUND AND PURPOSE: No MR imaging measurement criteria are available for the diagnosis of optic nerve atrophy. We deter-
mined a threshold optic nerve area on MR imaging that predicts a clinical diagnosis of optic nerve atrophy and assessed the relationship
between optic nerve area and retinal nerve fiber layer thickness measured by optical coherence tomography, an ancillary test used to
evaluate optic nerve disorders.

MATERIALS AND METHODS: We evaluated 26 patients with suspected optic nerve atrophy (8 with unilateral, 13 with bilateral and 5 with
suspected but not demonstrable optic nerve atrophy) who had both orbital MR imaging and optical coherence tomography examinations.
Forty-five patients without optic nerve atrophy served as controls. Coronal inversion recovery images were used to measure optic nerve
area on MR imaging. Retinal nerve fiber layer thickness was determined by optical coherence tomography. Individual eyes were treated
separately; however, bootstrapping was used to account for clustering when appropriate. Correlation coefficients were used to evaluate
relationships; receiver operating characteristic curves, to investigate predictive accuracy.

RESULTS: There was a significant difference in optic nerve area between patients’ affected eyes with optic nerve atrophy (mean, 3.09 +
1.09 mm?), patients’ unaffected eyes (mean, 5.27 = 139 mm? P = .008), and control eyes (mean, 6.27 = 2.64 mm? P < .001). Optic nerve
area = 4.0 mm? had a sensitivity of 0.85 and a specificity of 0.83 in predicting the diagnosis of optic nerve atrophy. A significant relationship
was found between optic nerve area and retinal nerve fiber layer thickness (r = 0.68, P < .001).

CONCLUSIONS: MR imaging—measured optic nerve area < 4.0 mm? has moderately high sensitivity and specificity for predicting optic
nerve atrophy, making it a potential diagnostic tool for radiologists.

ABBREVIATIONS: OCT = optical coherence tomography; ONA = optic nerve atrophy; ON

operating characteristic

ptic nerve atrophy (ONA) occurs when there is injury to the

retinal ganglion cells or their axons and, at present, is pri-
marily diagnosed on a clinical basis."> Careful assessment, taking
into account the history and demographic profile of the patient
and the clinical examination (including visual acuity, color vision,
pupils, and the fundus), combined with specific ancillary testing
such as computerized visual fields, is necessary to establish the
diagnosis and etiology. However, it has been previously shown
that the clinical diagnosis of ONA may not be reliable in the hands
of clinical practitioners without specialized training in neuro-
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.rea = OPtic nerve area; RNFL = retinal nerve fiber layer; ROC = receiver

ophthalmology.” Because specialists with such training are usu-
ally limited to tertiary care centers, a final diagnosis may require
additional referrals to these centers.

The classic clinical presentation of ONA includes decreased
visual acuity, visual fields, and color vision."* It is our experience
that patients with such vision-related symptoms are often referred
for orbital MR imaging examinations before they are seen by a
neuro-ophthalmologist. This procedure puts radiologists in a
unique frontline position of assessing the optic nerves before a fi-
nal diagnosis of ONA is made. While the diagnosis of ONA can
usually be suggested on MR imaging by observing the decreased
size of the intraorbital optic nerve, there are no definite measure-
ment criteria currently available to the radiologist. We believe that
for MR imaging—based optic nerve measurements to be clinically
useful, such measurements need to be validated, with the final
diagnosis of ONA made by a neuro-ophthalmologist based on
clinical examination and retinal nerve fiber layer (RNFL) thick-
ness measured on optical coherence tomography (OCT), which
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correlates with axonal loss and is routinely used in ophthalmo-
logic practice in the initial and follow-up assessment of various
optic nerve disorders.

Based on this background information, our purpose was the
following: 1) to determine a threshold optic nerve area (ON,,.,)
on MR imaging that predicts the clinical diagnosis of ONA in the
adult population made by a neuro-ophthalmologist, and 2) to
assess the relationship between MR imaging—measured ON

and RNFL thickness measured by OCT.

area

MATERIALS AND METHODS

Patients

Institutional review board approval was obtained for this Health
Insurance Portability and Accountability Act—compliant retro-
spective study with a waiver of informed consent. Patients diag-
nosed with optic nerve atrophy by a neuro-ophthalmologist at a
single institution between June 2009 and December 2016 were
identified. Twenty-six adult patients who had both clinical and
OCT examinations and an orbital MR imaging within 1 month of
each other were included. The diagnostic criteria used for optic
nerve atrophy were the following: 1) clinical examination un-
equivocally consistent with optic nerve atrophy, and 2) RNFL
thickness <85 um. Among these 52 patient eyes, a total of 34
“affected” eyes with an unequivocal clinical diagnosis of ONA and
18 “unaffected” eyes were used for analysis. The patient popula-
tion consisted of 14 women and 12 men. The mean age was 58.2 *
14.9 years (range, 32— 89 years).

Controls

The controls were collected in the following manner: 1) 18 unaf-
fected eyes of the patients, and 2) 90 “healthy” eyes from 35 con-
secutive patients undergoing imaging for seizures, which included
coronal inversion recovery images that provided details of optic
nerves, and 10 patients evaluated for suspected orbital abnormal-
ities but had no findings suggestive of ONA on neuro-ophthal-
mologic examination. The healthy eye population consisted of 20
women and 25 men. The mean age was 55.2 * 11.9 years (range,
27-77 years).

MR Imaging
MR imaging examinations were performed on 1 of two 1.5T Signa
HDx MR imaging scanners (GE Healthcare Milwaukee, Wiscon-
sin). The MR imaging parameters for patients and controls with
visual symptoms not related to ONA were the following: TR =
6600 ms, TE = 85 ms, TI = 50 ms, slice thickness = 3 mm, FOV =
18, matrix = 320 X 320. The MR imaging parameters for controls
belonging in the seizure cohort were the following: TR = 6000 ms,
TE = 80 ms, TI = 50 ms, slice thickness = 2.5 mm, FOV = 22,
matrix = 320 X 320.

For both patients and controls, images from a coronal inver-

sion recovery sequence were used to measure ON,,., (excluding

arca
the optic nerve sheath) at an image slice along the intraorbital
portion of the optic nerve. The image was chosen on the basis of
where the optic nerves appeared most round and most perpen-
dicular to the coronal plane based on visual inspection, approxi-
mately halfway between the optic nerve—globe junction and the

orbital apex. Measurements were obtained from the same image

FIG 1. MR imaging measurements of the optic nerve area. Coronal
inversion recovery image through the orbits approximately midway
between the orbital apex and globes. The measurement of the cross-
sectional area of the right optic nerve (excluding the optic nerve
sheath) is shown using a freeform ROI measurement tool on the
PACS. The left optic nerve is not outlined for comparison.

slice by 2 of the coauthors (radiology residents who received train-
ing in ON,
years’ experience) independently and blinded to whether the

area Measurements from the senior author with >25
study belonged to a patient or a control.

A freeform ROI measurement tool on the PACS was used to
outline and measure the cross-sectional optic nerve areas (Fig 1).
The optic nerve area measurement process involved zooming in
on each nerve separately to facilitate precise and accurate outlin-

ing of the nerve contours.

oCcT

RNFL thickness was determined on a Spectralis SD OCT machine
(Heidelberg Engineering, Heidelberg, Germany), and an average
RNFL thickness was calculated for each eye. RNFL thickness mea-
surements were available for the entire patient population of 26
individuals for both diseased and nondiseased eyes. The control
population did not have any RNFL thickness measurements be-
cause they did not have clinical concerns to warrant OCT.

Statistical Analyses

Individual eyes were treated separately; however, bootstrapping
was used to account for clustering when appropriate. The average
of ON,,., measurements between the 2 readers was used for all
analyses and comparisons, except for the discussion of interreader
variability. Correlation coefficients were used to evaluate rela-
tionships; ANOVA with a Tukey post hoc procedure or t test, to
compare measurements; a )(2 test, to compare sex distribution;
and a receiver operating characteristic (ROC) curve, to investigate
predictive accuracy. Calculations were performed using Matlab
9.3 (MathWorks, Natick, Massachusetts). P values = .05 were
used to determine statistical significance.
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Comparison of MRI-measured optic nerve area between patients’
affected and unaffected eyes and healthy eyes of controls and
comparison of RNFL thickness between patients’ affected and
unaffected eyes®

Optic Nerves

Patients’ Patients’
Affected Unaffected Healthy
(n=34) (n=18) (n=90)
RNFL (um) 6712 + 1355 94.00 =+ 8.66 NA
P, <.001
Optic nerve area (mm?)  3.09 = 1.09 527 £139 627 +2.64
P, =.008 P.<.001
P.= 21

Note:—NA indicates not applicable; P, comparison between patients’ affected op-
tic nerves and control optic nerves; P, comparison between patients’ affected and
unaffected optic nerves; P,,., comparison between patients’ unaffected optic nerves
and control optic nerves.

? Data are mean = SD unless otherwise indicated. No OCT data were available for the
90 healthy eyes in the control population because these individuals did not have
clinical symptoms to warrant OCT measurement.

RESULTS
There was no statistically significant difference in sex (P = .44) or
age (P = .35) between the patient and control groups. No statis-
tically significant relationship was found between ON_, ., and age
in the adult population of this study (r = —0.1, P = .23). There
was a high correlation (r = 0.87) between the 2 readers in mea-
suring the ON between the 2
observers was 0.93 mm? with a within-subject SD of 1.2 mm®.
The Table summarizes the ON_,., and RNFL thickness in pa-
tients affected and unaffected eyes and ON

The mean difference in ON.

area* area

area Measurements in
healthy eyes. There was a statistically significant difference in
RNFL thickness between the patients’ affected and unaffected eyes
(P < .001).

There was a statistically significant difference in ON,

area

among
patients’ eyes with ONA (mean, 3.09 = 1.09 mm?), patients’ un-
affected eyes (mean, 5.27 = 1.39 mm?; P = .008), and control eyes
(mean, 6.27 * 2.64 mm?; P < .001). No significant difference in
ON,,., was observed between patients’ unaffected eyes and con-
trol eyes (P = .21).

An ROC curve was created to test the ability of ON_,., to
predict the diagnosis of optic nerve atrophy, namely its ability to
separate 34 affected eyes from 90 healthy eyes (Fig 2). The area
under the curve was 0.91. Selecting a threshold MR imaging—

measured ON, ., = 4.0 mm? yielded a sensitivity of 0.85 and a

specificity of 0.83 in predicting the presence of ONA by clinical
diagnosis.

A statistically significant positive relationship was found (Fig
and RNFL thickness

area

3) between MR imaging-measured ON
measured by OCT (r = 0.68, P < .001).

DISCUSSION

In our investigation of optic nerve area measured by MR imaging,
a considerable variability between patients and controls and be-
tween eyes in the same individual was observed, as reported pre-
viously.” Nonetheless, a statistically significant difference in
ON,,.. was observed between patients’ diseased eyes, patients’

unaffected eyes, and healthy eyes. Our analysis also showed that
measurement of ON,

area

by MR imaging can be used clinically
with very good diagnostic accuracy.” We also observed a statisti-
cally significant relationship between MR imaging—measured
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FIG 2. ROC curve showing the ability of ON,,., to predict the diag-
nosis of optic nerve atrophy. The ROC curve shows the ability to
distinguish 34 affected eyes from 90 healthy eyes on the basis of the

ON,,..- Using a threshold MR imaging—measured ON,,., =< 4.0 mm?
yields a sensitivity of 0.85, specificity of 0.83, and an AUC of 0.91.
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FIG 3. The relationship between MR imaging—-measured optic nerve
area and OCT-measured RNFL thickness. The scatterplot demon-
strates a positive correlation between MR imaging—measured optic
nerve area and OCT-measured RNFL thickness in patients with optic
nerve atrophy. Circle data points denote those eyes with a clinical
diagnosis of optic nerve atrophy. Triangle data points denote the
unaffected eyes in the patient population (correlation coefficient r =
0.68; 95% Cl, 0.50-0.80; P < .001).

ON,,.. and RNFL thickness measured by OCT. This is consistent
with the understanding of the pathophysiology of optic nerve
atrophy—that is, the damage to retinal ganglion cells can cause
anterograde (Wallerian) degeneration of the optic nerve or direct
damage to the optic nerve can cause retrograde degeneration of
the retinal ganglion cells.>**”

The optic nerve comprises the coalesced, myelinated axons of

retinal ganglion cells. These axons are unmyelinated as they tra-



verse within the retina toward the optic disc, comprising the ret-
inal nerve fiber layer.® Optic nerve atrophy occurs when there is
injury to these ganglion cells or their axons. This process can
result from various underlying etiologies, which include optic
neuritis commonly associated with multiple sclerosis and various
other optic neuropathies, such as ischemic (hypertension, diabe-
tes, giant-cell arteritis); compressive (orbital or intracranial
mass); and inflammatory, toxic, traumatic, or hereditary (mito-
chondrial disease) causes.™* Irrespective of the mechanism, loss
of retinal ganglion cells or their axons results in irreversible atro-
phy, which manifests clinically in the form of vision impairment.”
The degree of optic atrophy depends entirely on the extent of
damage to the optic nerve and is independent of the underlying
etiology.

As previously mentioned, optic nerve atrophy remains pri-
marily a clinical diagnosis. Specific vision testing and RNFL mea-
surements via OCT have been used as adjunctive tools to establish
the diagnosis and monitor disease progression.*”>*"'! The results
of this study suggest that optic nerve area measurements made on
orbital MR imaging can also play a role in detecting and poten-
tially diagnosing optic nerve atrophy and provide radiologists a
role in identifying these patients and referring their care to an
appropriate specialist.

The measurement of optic nerve area is a manual process,
which raises concerns for interobserver variability. One element
of variability depends on where the optic nerve is measured along
its intraorbital segment. It has previously been demonstrated that
optic nerve size significantly decreases from the globe to the or-
bital apex.'” To minimize this feature, we measured the optic
nerve area at the same intraorbital location (approximately half-
way between the optic nerve—globe junction and the orbital apex)
in both patients and controls. The difference between the mea-
surements of the 2 independent observers was noteworthy with a
mean difference of 0.93 mm? and a within-subject SD of 1.2 mm?®.
However, it can be reasonably expected that interobserver vari-
ability can be minimized by adhering to basic guidelines for the
measurement technique. Furthermore, we also believe that in-
creasing the resolution of images from 1 mm? used in this study
can also improve detection of optic nerve margins.

Optic nerve area (excluding the optic nerve sheath) was cho-
sen as the main metric of measurement, as opposed to optic nerve
diameter. During the measurement process, it was observed that
many optic nerves and in particular those carrying a clinical diag-
nosis of optic nerve atrophy were not circular when viewed in
cross-section. Many were ellipsoid, thus allowing varying diame-
ter measurements. Thus, it was thought that measuring the total
cross-sectional area would more accurately represent actual optic
nerve size.

Optical coherence tomography is an established tool in oph-
thalmology and neurology and is used as an ancillary test to aid in
the diagnosis of many ophthalmic diseases, including ONA."°

OCT uses measurement of the TE delay of backscattered infrared
light via an interferometer and a low-coherence light source and
quantifies RNFL thickness.>” The association between measur-
able thinning of the RNFL in patients with optic nerve atrophy has
been previously observed.'"

The moderately strong positive correlation found between
and OCT-measured RNFL thick-
ness is consistent with intuitive expectations, because they repre-

MR imaging-measured ON

area

sent different regions of the same underlying cellular structures.®
This finding also corroborates the conclusions from prior inves-
tigations into this relationship® and further establishes orbital MR
imaging as a method of assessing for optic nerve pathology relat-
ing to atrophy.

CONCLUSIONS

Our data suggest that an MR imaging—measured optic nerve area
of =4.0 mm? has both strong sensitivity and high specificity for
predicting the presence of optic nerve atrophy, making it a poten-
tial diagnostic tool for radiologists.
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ORIGINAL RESEARCH
PEDIATRICS

Infant Midnasal Stenosis: Reliability of Nasal Metrics

M.E. Graham, **/ K.M. Loveridge, “’S.H. Pollard, ““K.R. Moore, and ““J.R. Skirko

ABSTRACT

BACKGROUND AND PURPOSE: Midnasal stenosis is a poorly defined entity that may be a component of other conditions of nasal
obstruction contributing to respiratory distress in infants. We sought to establish whether midnasal vault narrowing is a component of
well-defined syndromes of nasal narrowing, such as bilateral choanal atresia and pyriform aperture stenosis, and to characterize the nasal
anatomy of patients with syndromic craniosynostosis.

MATERIALS AND METHODS: A convenience sample of patients with pyriform aperture stenosis, bilateral choanal atresia, and Apert and
Crouzon syndromes with maxillofacial CT scans was identified. Patients with Pierre Robin Sequence were used as controls. Nasal mea-
surements were performed at the pyriform aperture, choana, and defined midnasal points on axial and coronal CT scans. Intra- and
interrater reliability was quantified with the intraclass correlation coefficient. T tests with Bonferroni adjustment were used to assess
differences from controls.

RESULTS: The study included 50 patients: Eleven had pyriform aperture stenosis, 10 had Apert and Crouzon syndromes, 9 had choanal
atresia, and 20 were controls. Measurements in patients with pyriform aperture stenosis and Apert and Crouzon syndromes were narrower
than those of controls at all measured points (P < .001). Measurements in patients with choanal atresia were only narrow in the posterior
half of the nose (P <.001). The intra- and interrater reliability of midnasal and pyriform measurements was very good to excellent (intraclass
correlation coefficient > 0.87). The choanal measurement was good (intraclass correlation coefficient = 0.76—0.77).

CONCLUSIONS: Pyriform aperture stenosis, Apert and Crouzon patients were narrower at all measured points compared to controls.
Bilateral choanal atresia patients were only narrower in the posterior half of the nose. More research is needed to evaluate the clinical
implications of these radiographic findings.

ABBREVIATIONS: BCA = bilateral choanal atresia; ICC = intraclass correlation coefficient; LD = lacrimal duct; LM = last molar; PAS = pyriform aperture stenosis;

PRS = Pierre Robin Sequence; SC = syndromic craniosynostosis (includes Apert and Crouzon syndromes)

N eonates are obligate nasal breathers. Stenosis at the pyriform
aperture (pyriform aperture stenosis [PAS]) or the choana
(bilateral choanal atresia [BCA]) may lead to severe nasal obstruc-
tion, necessitating intubation and/or surgical intervention in in-
fants. Each condition is relatively rare, with an incidence of pyri-
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form aperture stenosis of 1 in 25,000 live births' and choanal
atresia overall occurring in 1 in 5000-8000 live births, most
commonly unilateral.” Children with syndromic craniosynostosis
(SC), such as Apert and Crouzon syndromes, likewise often re-
quire management of nasal obstruction as a part of their multi-
disciplinary care. In one series examining the airway manifesta-
tions in Apert syndrome, 60% of patients were found to have CT
evidence of nasal abnormalities, including BCA, bilateral or uni-
lateral bony nasal stenosis, and septal deviation.®

When PAS or BCA causes anatomic obstruction, the clinical
and radiographic diagnosis is relatively straightforward and mea-
surements at these specific sites have been previously described.*”
Reeves et al® characterized the dimensions of the bony pyriform
aperture and the more posterior nasal cavity in the imaging of
patients with PAS and found that there was associated posterior
narrowing. In most other studies, the remainder of the nasal cav-
ity was not discussed in evaluating patients with BCA and
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FIG 1. Measurement landmarks. Axial scans (A) were measured from bony lateral nasal wall to
bony lateral nasal wall at the level of the pyriform aperture (PA), the choana, and at points 50%
and 75% posteriorly between these two landmarks. An additional measurement on axial scan was
obtained between the medial pterygoid plates. On coronal views, measurements were obtained
from bony lateral nasal wall to bony lateral nasal wall at the pyriform aperture (not shown), just

posterior to the lacrimal duct (B), and at the last molar (C).

PAS."** Previous work on Crouzon syndrome identified the na-
sal cavity as the narrowest portion of the airway by fluid dynamics
and 3D modeling but did not quantify nasal dimensions on CT,
which is more easily used in clinical practice.” We are not aware of
any studies quantifying the nasal caliber in SC in this way.

Providing comparisons of nasal metrics across nasal-obstruc-
tion disorders and controls is the first step in improving our un-
derstanding of the nasal airway beyond complete or near-com-
plete obstruction at the pyriform aperture and choana. Given the
ability to measure the nasal airway at many different points and in
different planes on imaging, the reliability of measurements may
also help decide which measurements would be the most useful
moving forward. Although abnormalities are suspected from pre-
vious work, the degree of midnasal narrowing, if present, is not
definitively known in patients with BCA and PAS.>® While it is
also suspected that SC may be associated with midnasal or trans-
nasal stenosis, this association has not been established or
quantified.

We sought to determine the area or areas of stenosis in patients
with SC, the degree of stenosis, and the caliber of the remainder of
the nasal cavity in PAS/BCA in comparison with a control group
of patients. Additionally, we sought to test the reliability of our
measurements to define nasal stenosis from both the axial and
coronal planes of the CT scan.

MATERIALS AND METHODS

Population

A retrospective convenience sample of patients with CT scans of
the maxillofacial skeleton meeting 1 of the 4 categories of diagno-
ses was used. Diagnoses included PAS, BCA, Apert or Crouzon

syndrome, or Pierre Robin Sequence
([PRS] used as the control group), con-
firmed by chart review. Inclusion crite-
ria required an available maxillofacial
CT scan before 3 months of age with
coronal and axial slices through the na-
sal floor. Patients with Apert and Crou-
zon syndromes were grouped together
as having “syndromic craniosynostosis”
because these groups were each small
and have a similar etiology and facial
morphology. PRS was used as a control
group because these children are not
known to have associated nasal narrow-
ing and represent a uniform population
of infants with a maxillofacial CT scan in
early infancy.

Radiographic Measurements

CT measurements were performed in
the axial view for each patient as has
been described in the literature previ-
ously,”® with the caliper tool in standard
imaging software (Impax; Agfa-Gevaert,
Mortsel, Belgium). Axial measure-
ments were performed using the fol-
lowing landmarks: pyriform aperture,
choana, and points 50% and 75% be-
tween these 2 landmarks, and between the medial pterygoid plates
(millimeters) (Fig 1A). Raters scrolled through the images to find
the identified landmarks independent of one another in each
patient.

In the coronal view, 3 landmarks were used. The pyriform
aperture width was measured from the first frame in which it was
fully visible, slightly above the floor of the nasal cavity, immedi-
ately below the head of the inferior turbinate. The nasal width
posterior to the lacrimal duct (measurement [LD]) was deter-
mined by taking a measurement on the scan directly posterior to
the last frame in which the lacrimal duct could be identified (Fig
1B). The width of the posterior nasal cavity was measured in a
similar manner at the level of the last molar (measurement [LM])
(Fig 10).

Distances were independently measured at the above points by
2 raters (J.R.S., K.M.L.). Each rater performed all measurements a
second time 1 week after first data collection. The raters were not
formally blinded to the diagnosis because, in most cases, anoma-
lies could be easily diagnosed on reviewing the imaging before
performing measurements.

Statistical Analysis

The groups were compared for differences in age at scanning,
which could contribute to differences in measurements across
groups. The discriminant validity of the metric tested the ability to
detect a difference among groups of nasal disorders.” The nasal
dimensions of each condition were compared with those of the con-
trol group using a T test. The Bonferroni correction for multiple
comparisons was used when defining statistical significance. With 32
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FIG 2. Mean nasal measurements. Measurements are given in millimeters. Asterisks indicate statistical significance (P < .001).

individual tests, the threshold for statistical significance was P <
0.002.

Intrarater reliability used the intraclass correlation coefficient
(ICC) with a 95% confidence interval to calculate the reproduc-
ibility of repeat measurements in the same rater. Interrater reli-
ability was similarly calculated for the reproducibility of repeat
measurements in different raters. In a modification of the Altman
thresholds for reliability,'® values from 0.41 to 0.60 were consid-
ered “moderate”; those from 0.61 to 0.80, “good”; those from 0.81
to 0.90, “very good”; and those of >0.90, “excellent” reliability.
Additionally, the difference between the 2 raters’ mean measure-
ments at each site was provided in millimeters.

All analyses were performed with STATA/SE 10.1 (StataCorp,
College Station, Texas).

RESULTS

Patient Demographics

Fifty patients were identified and categorized as having congenital
PAS (n = 11), SC (n = 9), and BCA (n = 10) or were controls
(PRS) (n = 20). Patients were, an average, 0.7 months of age at the
time of their scan. Mean ages by diagnostic group were as follows:
patients with PAS, 0.50 = 0.5 months; patients with SC, 0.55 * 1.6
months; patients with BCA, 0.33 = 0.5 months; and controls,
0.81 = 1.1 months. There was no statistically significant differ-
ence in age at scanning between any group and the control group
(P = .2 on all tests).

Pyriform Aperture
The mean pyriform aperture measurement on axial slices for pa-
tients with PAS was 5.2 = 0.7 mm (Fig 2). Patients with SC had a
mean pyriform aperture width of 10.5 = 2.7 mm. Patients with
BCA had a mean pyriform aperture width of 12.0 * 3.2 mm.
Controls had a mean pyriform width of 13.6 = 1.3 mm. The
coronal measurements were similar.

Pyriform aperture measurements in patients with both PAS
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and SC were narrower than those in controls (P < .001). In com-
paring patients with BCA with controls, the difference in pyriform
aperture dimension was not statistically significant when mea-
sured in the coronal (P = .02) or axial (P = .07) plane.

Midnasal Passage
Midnasal width was measured at 2 sites in both the axial and
coronal views (LD and LM on coronal, 50% and 75% on axial).
Infants with PAS had mean LD and LM measurements 0of 9.3 =
1.8 mm and 10.7 = 1.1 mm, respectively. These were narrower
than those in controls (PRS) (LD and LM measurements,
18.8 = 2.1 mmand 18.7 £2.7 mm, respectively; P < .001). PAS
mean axial measurements were similar to these. Measurements
of patients with syndromic craniosynostosis were 11.6 * 3.4
m (LD) and 12.2 = 2.5 mm (LM), with similar findings on
axial measurements, also narrower than those in controls (P <
.001).

In our BCA group, mean coronal measurements were 16.6 =
2.6 mm (LD), which were not considered different from those in
the controls (18.8 mm) after adjusting for multiple testing (P =
.03). The means for the LM measurement (11.7 * 3.3 mm), 50%
measurement (14.1 £2.9 mm), and 75% measurement (11.7 *
2.0 mm) were all narrower than those in controls (P < .001).

Choana

The mean choanal measurements were 12.0 = 1.7 mm (PAS),
11.9 = 1.9 mm (SC), and 8.5 = 1.0 mm (BCA). The control mean
choanal measurement was 18.6 = 2.3 mm. For all 3 conditions,
the narrower choanal measurement was statistically significant
(P < .001).

Pterygoid

Patients with PAS, SC, and BCA had mean measurements of
14.8 = 1.3 mm, 13.7 = 1.8 mm, and 13.5 = 2.0 mm, respectively,
at the level of the pterygoid on axial CT, with the control PRS
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FIG 3. Trends seen in the nasal cavity of pyriform aperture stenosis (A), syndromic craniosynos-
tosis (B), and bilateral choanal atresia (C). Note the more global narrowing in patients with PAS and
SC versus a more posterior narrowing in patients with BCA. Although the pyriform aperture in
patients with BCA appears narrower than that in controls (Fig 1A) visually, this difference is not

statistically significant.

FIG 4. 3D reconstructions of maxillofacial CT scans highlighting the pyriform aperture, in partic-

ular in patients with PAS (A), Apert syndrome (B), and PRS (C).

population having a mean pterygoid measurement of 19.9 * 2.8
mm. The mean pterygoid measurement of each group was signif-
icantly narrower than that of controls (P < .001).

Intra- and Interrater Reliability

Intrarater reliability was found to be very good to excellent for all
measurements except the choana on axial views (ICC = 0.77,
good). Interrater reliability for the medial pterygoid plate was
moderate (ICC = 0.45). The remainder of the nasal metrics were
excellent, except for the choana (ICC = 0.77, good), the only
other measurement < 0.9. (Table). The measured difference in
millimeters varied by ICC. Those measurements with ICC val-
ues of >0.93 had a <I-mm difference in measurements be-
tween raters (differences: coronal pyriform aperture = 0.1
mm, LD = 0.8 mm, LM = 0.2 mm, axial pyriform aperture =
0.6 mm). Those with an ICC = 0.93 had an average of a
2.2-mm difference between raters (differences: axial 50% = 2.6
mm, axial 75% = 2.7 mm, axial choana = 1.4 mm, axial ptery-
goid = 2.2 mm).

adapted this technique with the addition
of several other points and coronal land-
marks. The 8 sites we present have inter-
rater and intrarater reliability that is, at
minimum, rated as good, with most be-
ing excellent. An exception is in the use
of the medial pterygoid plate. It is possi-
ble that due to the superoinferior flaring
of the plates, the axial plane is not ideal
for measurement of this landmark. We
suspect that this landmark might have
differences among our patient groups as
an important buttress of the midface
and that narrowing in this location may
represent narrowing of the entire max-
illa, but the clinical significance of this
difference is unclear because it is outside
the nasal cavity.

Using our measurement technique,
we found that the shape of the nasal pas-
sage may be different in the groups with
nasal airway obstruction. We found that
patients with syndromic craniosynosto-
sis have global narrowing, as seen in the
previous fluid dynamic study and in
keeping with the symptoms noted in
case series.”” Most interesting, patients
with PAS and BCA also appear to have more than an isolated
narrowing. Figure 3 illustrates the shape of the nasal cavity on
axial scans in each condition. It appears that the nasal cavity of
patients with PAS and SC are globally narrow. Patients with BCA
also have a narrower nasal passage than controls, but this is only
statistically significant in the more posterior nasal cavity, from the
50% point posterior on axial scans and from the last molar pos-
terior on the coronal cuts. The difference in the pyriform aperture
is further illustrated in 3D reconstructions generated from max-
illofacial CTs (Fig 4).

Reeves et al® examined CT scans in patients with PAS and
found that the anterior 75% of the nasal cavity was narrower than
that in controls. Their patients with PAS (n = 7) had narrower
choanae than controls (n = 13), but this finding was not statisti-
cally significant. In our slightly larger case series of patients with
PAS (n = 11) and controls (n = 20), we found that the nasal cavity
was globally narrower, including the choana, and this was statis-
tically significant throughout. Aslan et al® similarly performed
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detailed analysis of the nasal caliber in patients with BCA. Their
measurement sites were different from ours, making comparison
difficult, and they did not include a midnasal bony measurement.
In contrast to our study, the authors did find a statistically significant
difference at the bony pyriform aperture between patients with BCA
and controls. Our study used the Bonferroni correction for multiple
testing, which might make it less likely that the null hypothesis would
be refuted by chance. More studies with a larger sample size and with
limited numbers of statistical tests looking more specifically at this
site in patients with BCA may reveal whether there is a true global
narrowing in patients with BCA as well.

There are few studies of management of the nasal airway in
Apert and Crouzon syndromes. A case series in airway manage-
ment in Apert syndrome indicated that those patients with bony
nasal stenosis required an average of 3—5 dilations per patient.’
Further defining the problem of narrowing throughout the nasal
passage on preoperative imaging may help optimize future treat-
ments for nasal airway obstruction in infants with syndromic
craniosynostosis.

The most important clinical implication of our results may be
in predicting the likelihood of surgical success. A globally narrow
nose as seen in SC and PAS is unlikely to respond to an anatom-
ically directed single-site drilling, and even those patients with
BCA have narrowing not limited to the choana. Revision rates in
choanal atresia are estimated to be between 6% and 36%.'>"’
Because the incidence of PAS is low, there are limited data regard-
ing revision surgery rates. A systematic review and case series from
1 institution included a total of 73 patients undergoing surgical
management for PAS, with a 15% revision rate.'* It is possible that
surgical failures in these conditions may be due to concomitant
stenosis elsewhere that is neither recognized nor managed, but
this requires more study.

Our control group (patients with PRS) could be considered a
limitation. It is not common for an infant with no known con-
genital anomalies or syndromes to undergo a maxillofacial CT.
Patients with Pierre Robin Sequence commonly undergo CT for
surgical planning for mandibular distraction and therefore pro-
vide a pool of similarly aged patients, presumably without nasal
abnormalities. It is possible, though not described, that they have
a wider or narrower nasal passage than nonsyndromic infants,
over- or underestimating the difference in nasal dimensions. We
did not identify other similarly aged groups undergoing scans;
those presenting with peritonsillar or other deep space neck
abscesses tended to be older than 5 years of age, and those
undergoing CT for cochlear implantation typically are older
than 6 months of age.'”

An additional limitation may be a selection bias in those pa-
tients undergoing CT. Patients with milder nasal obstruction,
particularly those with pyriform aperture stenosis or choanal
atresia may not undergo imaging, and our measurement data
might be biased toward patients with narrower nasal cavities.
While this bias may be present, it would only limit the generaliz-
ability of these results to those patients with less severe nasal ob-
struction (those who are less likely to be surgical candidates).
Nasal metrics in these patients would be unlikely to change man-
agement. This limitation is likely not significant in those patients
with craniosynostosis who are being imaged for their cranial vault
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issues rather than nasal obstruction, and we would expect many
patients in this group to be included. Some patients with SC had
only a head CT, which did not capture the maxillofacial skeleton,
limiting our sample size. In patients with SC with Apert syn-
drome, an additional concern is the potential for orbital asymme-
try.'® This did not affect the interrater reliability of the LD mea-
surement (0.97; 95% CI, 0.93-1.0) but may mean that this
measurement represents a different portion of the nose in patients
with SC. Future studies of the position of the lacrimal system in
these patients may be helpful.

Future directions include analysis of the clinical implications
of midnasal narrowing with the goal of defining the best location
for evaluating midnasal stenosis and creating a cutoff value for
significant stenosis under which poorer outcomes or increased
revision rates are more likely. Measuring more control patients
would also better define a metric of typical nasal diameter to be
used for comparison in future work.

CONCLUSIONS

There is global narrowing of the nasal airway in patients with PAS
and Apert and Crouzon syndromes and narrowing of the mid-to-
posterior nasal cavity in patients with BCA. This finding high-
lights the need to evaluate the entire nasal airway in surgical plan-
ning and may have implications for the likelihood of surgical
success. The anatomic sites we have proposed to evaluate the nasal
caliber have good-to-excellent inter- and intrarater reliability and
may be extended to use in other studies.
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Evaluation of the Implementation of the Response Assessment
in Neuro-Oncology Criteria in the HERBY Trial of Pediatric
Patients with Newly Diagnosed High-Grade Gliomas
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ABSTRACT

BACKGROUND AND PURPOSE: HERBY was a Phase Il multicenter trial setup to establish the efficacy and safety of adding bevacizumab
to radiation therapy and temozolomide in pediatric patients with newly diagnosed non-brain stem high-grade gliomas. This study
evaluates the implementation of the radiologic aspects of HERBY.

MATERIALS AND METHODS: We analyzed multimodal imaging compliance rates and scan quality for participating sites, adjudication
rates and reading times for the central review process, the influence of different Response Assessment in Neuro-Oncology criteria in the
final response, the incidence of pseudoprogression, and the benefit of incorporating multimodal imaging into the decision process.

RESULTS: Multimodal imaging compliance rates were the following: diffusion, 82%; perfusion, 60%; and spectroscopy, 48%. Neuroradi-
ologists’ responses differed for 50% of scans, requiring adjudication, with a total average reading time per patient of approximately 3 hours.
Pseudoprogression occurred in 10/116 (9%) cases, 8 in the radiation therapy/temozolomide arm and 2 in the bevacizumab arm (P < .01).
Increased target enhancing lesion diameter was a reason for progression in 8/86 cases (9.3%) but never the only radiologic or clinical reason.
Event-free survival was predicted earlier in 5/86 (5.8%) patients by multimodal imaging (diffusion, n = 4; perfusion, n =1).

CONCLUSIONS: The addition of multimodal imaging to the response criteria modified the assessment in a small number of cases,
determining progression earlier than structural imaging alone. Increased target lesion diameter, accounting for a large proportion of
reading time, was never the only reason to designate disease progression.

ABBREVIATIONS: BEV = bevacizumab; CRRC = Centralized Radiologic Review Committee; EFS = event-free survival; HGG = high-grade glioma; MM = multi-

modal; RANO = Response Assessment in Neuro-Oncology; RT = radiotherapy; TMZ = temolozomide

he recent Avastin in Glioblastoma (AVAglio) clinical trial in-
vestigated the use of bevacizumab (BEV) plus radiation therapy
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(RT) and temozolomide (TMZ) compared with a placebo plus RT-
TMZ in adult patients with newly diagnosed glioblastoma." This was
subsequently investigated in a pediatric patient population. The
Study of Bevacizumab (Avastin) in Combination with Temozolo-
mide and Radiotherapy in Paediatric and Adolescent Participants
with High-Grade Glioma (HERBY) (BO25041; clinicaltrials.gov
NCT01390948) was a Phase II, open-label, randomized, multicenter,
comparator study set up to establish the efficacy and safety of the
addition of BEV to RT and TMZ in patients between 3 and 18 years of
age with newly diagnosed non-brain stem high-grade glioma
(HGG).?

The radiologic aspects of the HERBY trial were expanded
compared with AVAglio in a number of aspects. In HERBY, the
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Table 1: HERBY trial imaging schedule

Neuroimaging Visits

Descriptions

Preoperative

Baseline (postoperative)

First assessment

During adjuvant temozolomide
treatment period

Follow-up period

End of study/unscheduled/
withdrawn consent

Prior to day 1of cycle1

withdrawn, if possible

Preferably MRI (CT accepted) performed according to the site standard of care
From 24-48 hr after the operation and no later than 72 hr after initial operation

Within 7 days prior to first treatment administration and every 3 mo (in cycles 1, 4, 7, and 10)

Every 3 mo (£21 days) until 3 years after randomization
Performed when an event-free survival event suspected (confirmed or unconfirmed) or consent
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radiologic reviews were conducted using
their MIRA platform (ICON Medical
Imaging, Dublin, Ireland).

For each patient, a baseline postop-
erative MR imaging scan was acquired
no later than 72 hours following the op-
eration, in addition to a first scan before
the start of treatment and then subse-

|
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Weeks 6

\— IIIIIIIIIIII
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FIG 1. Treatment and imaging schedule for HERBY. Four weeks after the operation, patients are
randomized (R) and chemoradiotherapy commences for 6 weeks followed by a 4-week break.
Multiple cycles of adjuvant treatment are then initiated, indicated by C1 through C12, with 4
weeks per cycle. Blue arrows indicate radiation therapy; purple blocks, temozolomide, and red

arrows, bevacizumab treatment.

determination of progression, recurrence, or response was man-
dated on the basis of meeting predefined clinical and radiographic
criteria, as defined by the Response Assessment in Neuro-Oncol-
ogy (RANO) criteria,”* assessed by a central site—independent
radiology review. In addition, changes in the tumor on MR diffu-
sion and perfusion imaging were evaluated and correlated with
the structural imaging review.

In addition to the conventional MR imaging (T1WI, contrast-
enhanced TIWI, and T2WI/FLAIR sequences) required for RANO,
the optional acquisition of MR diffusion imaging, perfusion imaging,
and proton spectroscopy was requested, to allow analysis of potential
additional impact on the efficacy outcome measures of the trial.

To implement the radiologic assessment for HERBY, the trial
steering group instigated the following:

Central Radiologic Review Committee

A Centralized Radiologic Review Committee (CRRC) was formed
to oversee and advise on the MR imaging acquisition and analysis
aspects of the HERBY trial. It consisted of a number of interna-
tional expert pediatric neuroradiologists, an imaging physicist,
and sponsor representatives.

MR Imaging Acquisition

MR imaging was requested following a standardized protocol
(which can be accessed in the Supplementary Materials Section of
Jaspan et al’). Images were provided by the sites to the contract
research organization of the trial, ICON Medical Imaging, and all

| quent scans every 3 months for 3 years
after randomization or the unscheduled
end of study due to an event-free sur-
vival (EFS) event. The imaging schedule
is further detailed in Table 1 and Fig 1.
Where available, preoperative imaging
was requested.

Each participating imaging center was
issued with both structural and multi-
modal (MM) imaging manuals to instruct
them in protocol-specific image acquisi-
tion requirements, necessary documenta-
tion and data transfer instructions, data
archiving and shipping, and the query resolution process for any
clerical discrepancies and/or noncompliant data.

Central Radiology Reviews

Three image-review processes were implemented, performed by a
selection of the 5 expert pediatric neuroradiologists on the CRRC:
these were eligibility reviews, early progression reviews, and ret-ro-
spective central efficacy radiology reviews. Consensus training was
undertaken by the neuroradiologists in advance.

Eligibility Review. This optional review could be requested by the
local site, for 1 of the neuroradiologists on the CRRC to assess
whether the postoperative MR imaging showed findings con-
sistent with newly diagnosed localized HGG but excluding gli-
omatosis cerebri (or multifocal HGG). The postoperative
scans must not have shown evidence of substantial surgically
related intracranial bleeding. Patients may have had either
measurable or assessable-but-nonmeasurable disease and

would still qualify for enrollment.

Early Progression Review. To aid the local site in its assessment of
early tumor-related enhancement on the first postcontrast MR
imaging following commencement of treatment, a pathway to
seek advice from 1 of the neuroradiologists on the CRRC was
implemented, to advise on identification of early tumor progres-
sion compared with early treatment effects (pseudoprogression).
This optional review could be sought for any neuroimaging ac-
quired between (and including) the first postoperative scan and
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and corticosteroid dosage and pro-
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l T1-enhancing lesion |

T2-FLAIR sequence |

Clinical evaluation

vided the final status for that time
point. The structural MR imaging re-
view produced a definitive response
level per time point for each patient
and determined the earliest occur-
rence of tumor progression or recur-
rence in support of the primary end
point of the trial of event-free survival.
On completing the structural MR

| Measurable |1—"—b| Nonmeasurable|

imaging review, the same central re-

l l v v v viewers performed an additional eval-
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Integrated disease assessment

review response. The incorporation of

FIG 2. Integrated disease assessment using radiologic and clinical decision criteria (RANO). LD is
the longest in-plane lesion diameter; GPD, the greatest perpendicular diameter; PCD, the product

of cross-sectional enhancing diameters.>>

the multimodal imaging into the
RANO assessment followed that pro-
posed previously, both with respect to
the evaluation of the multimodal data
(Supplementary Material in Jaspan et

I| MRI

al, 2016,%) and its incorporation into
the overall response decision (Fig 3).

Structural Multimodal
This article evaluates the imple-
b4 mentation of the radiologic aspects of
T1-enhancing lesion | |N0n—T1 enhancing abnormality | HERBY. summarized above. To assess
these, the aims of this work were as
T2-FLAIR sequence | follows:
¥ ¥ el 1) To evaluate the implementation of
[ PRSI l ¥ | REEREEV | Dif&,;ilon pe:;g[;on the RANO c.rlterla 1.n a Phase II trial of
pediatric patients with HGG
i i £ ¢ 2) To assess the feasibility of obtain-
Quantitative Qualitative | Qualitative assessment I ine multimodal imaging of adequate
assessment assessment N & ging q
l {Be_ﬁt:lﬂed: . rCBY - quality from multiple sites
isointense, ecrease: . .
— increased) Sainar 3) To assess the effect of including
[ Measurs | D and GPDLon o sl imsos | increased) diffusion and perfusion imaging into the
l l response criteria.’
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MATERIALS AND METHODS

FIG 3. Flowchart combining structural and multimodal imaging used in the central efficacy radi-
ology review. LD is the longest in-plane lesion diameter; GPD, the greatest perpendicular diam-
eter; PCD, the product of cross-sectional enhancing diameters; rCBV, relative CBV.”

The aims of this work were addressed by
evaluating the following:

those acquired up to the end of the 12-week period following
completion of the first cycle of treatment (ie, up to 23 weeks after
commencing treatment) (Fig 1). The opinion was provided
within 2 weeks of receiving the request and was nonbinding; the
site investigator determined whether treatment should continue
if the local opinion differed from the advice given.

Central Efficacy Radiology Review. Pairs of the expert pediatric
neuroradiologists on the CRRC were randomly assigned to cases
to assess the structural MR imaging, in parallel but separately,
according to the RANO criteria (Fig 2). When there were dis-
crepant radiologic findings, a third pediatric neuroradiologist
from the CRRC adjudicated. Following image review, an inde-
pendent pediatric oncologist reviewed supportive clinical data
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Compliance Rates and Data Quality

A pretrial assessment indicated the type of data expected from
each participating site because multimodal MR imaging was
not available at all sites. This was then compared with the
actual collected data available for central review to determine
compliance rates. Data quality was evaluated by the CRRC,
with scans labeled as optimal, readable but not optimal, or not
readable.

Early Progression Review

The number of requests for early progression reviews by a neuro-
radiologist from the CRRC was assessed, as an indication of the
value of this process. In addition, of these requests, the proportion



in which the opinion of the central read was adopted by the local
site was ascertained.

Adjudication Rates

In cases in which there were discrepancies between reviewers 1
and 2 undertaking a structural MR imaging review, an additional
neuroradiologist (reviewer 3, blinded to reviewer identities) ad-
judicated by selecting the preferred opinion, establishing the final
CRRC decision for that patient. Adjudication rates for this trial
were defined as the percentage of cases in which the date of pro-
gression or recurrence differed between reviewers 1 and 2.

Reading Times

Average reading times per scan were estimated post-trial by the
neuroradiologists involved and were multiplied by the number of
scans per patient and the number of reviewers.

Breakdown of RANO Decision Components

The proportion of cases in which enhancing or nonenhancing
tumor (ie, measurable or nonmeasurable) was the factor that de-
termined progression was calculated to determine which imaging
sequence was most influential in the RANO criteria and how it
compared with clinical findings.

RANO and Multimodal Imaging

The number of times that radiologic evaluation of perfusion or dif-
fusion data changed the EFS time point (ie, the EFS incorporating
diffusion and/or perfusion) was calculated to determine the potential
influence of adding these imaging findings to the RANO criteria. In
addition, a subjective score of the multimodal imaging influence in
each case was recorded by each reader on a scale of 1 to 5, with the
highest score indicating the most influence in the decision.

Central Radiology Review Committee versus Local
Investigator

Discrepancies in the EFS determined by the CRRC and local in-
vestigators were calculated.

Pseudoresponse and Pseudoprogression

Within the first 12 weeks after completion of radiation therapy,
evidence of progression was designated as “pseudoprogression.”
This was later revised after assessment of the subsequent scan by
the CRRC according to the criteria of Chinot et al* (On-line Table
1). The CRRC would then assign patient status as stable disease,
confirmed pseudoprogression, or true progressive disease.

Statistical Analysis

EFS distributions were compared with the related-samples Wil-
coxon signed rank test, using SPSS Statistics for Windows, Ver-
sion 23 (IBM, Armonk, New York). A X2 test of independence was
performed to examine the relation between the treatment arm
and both adjudication rates and pseudoprogression. Values of
P < .01 were considered statistically significant.

RESULTS

Between October 2011 and February 2015, one hundred seventy-
four patients were screened, and 121 were randomized to receive
treatment (RT/TMZ, n = 59; BEV + RT/TMZ, n = 62). Of these

174, three were children younger than 3 years of age with recur-
rent HGGs who were recruited at the request of the European
Medicines Agency but were not included in this analysis. One
patient was excluded following identification of metastatic disease
in the spine, with a second exclusion due to gliomatosis. All 121
patients underwent an operation (total/near-total resection, n =
60; other resection, n = 39; biopsy, n = 22). Five randomized
patients did not receive treatment (RT/TMZ: withdrew consent,
n = 3; BEV + RT/TMZ: failed to meet eligibility criteria, n = 1;
withdrew consent, n = 1). Overall, 116 patients (RT/TMZ, n =
56; BEV + RT/TMZ, n = 60) received study treatment at 50 sites.
For a more detailed description of the trial see Grill et al.”

Preoperative imaging, though not part of the initial HERBY
protocol and performed according to the site standard of care, was
available in 91/116 (78%) patients (MR imaging, n = 89; CT, n =
2). Postoperatively, there were 623 centrally reviewed MR imag-
ing scans, with an average of 4.9 scan time points acquired per
patient during the trial (range, 1-15).

Compliance Rates and Data Quality

From the 76 sites that responded to the initial survey, 20 (26%)
offered structural imaging only, while 56 (74%) sites offered mul-
timodal imaging in addition: diffusion, n = 50 (66%); perfusion,
n =49 (65%); spectroscopy, n = 53 (70%); and all 3 MM imaging
sequences, n = 44 (48%).

A total of 50/85 sites (59%) successfully recruited patients and
acquired imaging data (5 sites withdrew and 4 sites subsequently
joined the study after the survey). The compliance rates for struc-
tural and MM imaging for these sites can be seen in On-line Table
2. All 30 sites that had committed to return diffusion imaging did
return it at least once for each patient (100%); of 28 that had
committed to return perfusion imaging 23 did (82%), and of 31
that had committed to return spectroscopy 22 did (71%). For all
sites in the trial that offered to provide MM imaging, the percent-
age of scans actually acquired was 82% for diffusion, 60% for
perfusion, and 48% for spectroscopy.

In terms of data quality, from the structural data available for
central review, there were 10/623 (1.6%) cases for which both
reviewers thought they could not provide a response on the basis
of the quality of data available (unreadable scans). From the MM
imaging data available for central review, there were 95 (22.5%)
time points at which there were nonevaluable scans (55 diffusion
and 89 perfusion). There were 20/116 cases in which scanners
with different magnetic field strengths were used to scan the same
patient. Of these, the change occurred in 5 cases between pre- and
postoperative scans (4%), in 7 cases when the patient did not
progress during the trial (6%), and in 8 cases (7%) when the
scanner change occurred between the time points immediately
before and at progression.

Early Progression Review

In 19 patients (23 scans), advice was sought from the CRRC re-
garding imaging performed either at week 10 (52%) or at the end
of cycle 3 (48%). There were 5/11 patients who had an imaging
event suggestive of progression documented on the week 10 scan,
but for whom the local investigator decided to continue with
treatment. Following cycle 3 scan reviews, treatment for 8/11 pa-
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Table 2: Breakdown of elements of the RANO Criteria in
assessing progression

Table 3: Readers’ subjective scores of the influence of diffusion
and perfusion scans on their assessment

Reason for Unique Reason
Progression for Progression
(No.) (%) (No.) (%)
Clinical 41(47.7) 3(3.5)
Radiologic 78(90.7) 40 (46.5)
Target SPD increase 8(9.3) 0(0.0)
New lesions® 54 (62.8) 15(17.4)
Nontarget lesions® 33(384) 4(47)
Total 86 62

Note:—SPD indicates sum of products of diameters.

*New lesions may be enhancing or nonenhancing (T2WI/FLAIR). New enhancing
lesions do not need to meet the size criteria for being considered measurable but
must, in the best judgment of the reviewer, be true tumor lesions rather than benign
or incidental findings.

5 At baseline, any radiologic evidence of disease beyond the designated target lesion
may be identified as nontarget lesions. These include enhancing TIWI nonmeasurable
and nonenhancing lesions on FLAIR/T2WI.

tients was discontinued, including in all those for whom an imag-
ing event had been documented at week 10.

Adjudication Rates

On an individual scan basis, of 613 structural imaging assess-
ments, 304 (49.6%) were not adjudicated, while 309 (50.4%) re-
quired adjudication due to a divergent response of a neuroradi-
ologist. On a per-patient basis, adjudication corresponding to the
primary trial end point (ie, the number of all cases that were
adjudicated for the date of progression or recurrence) was under-
taken in 17/116 patients (14.7%).

Reading Times

The average time to read a scan was estimated at 15 minutes. With
2 reviewers and an adjudication rate of 50% and an average of 4.9
scans per patient in the trial, the average RANO reading time per
patient was just >3 hours.

Breakdown of RANO Decision Components

Of a total of 86 cases of progression or recurrence, clinical reasons
were reported in 41 cases (47.7%), and radiologic reasons, in 78
(90.7%). A breakdown of the different reasons for progression
can be seen in Table 2.

The increase in diameter of the target-enhancing lesion was a
reason for progression in 8 of 86 cases (9.3%). In these 8 cases,
there were always other coexisting reasons for progression at the
same visit, either clinical (neurologic deterioration with stable or
increased corticosteroid use, n = 4) or radiologic (unequivocal
nontarget progression, 7 = 3; new lesions, n = 7).

RANO and Multimodal Imaging

The addition of diffusion/perfusion data changed the structural
imaging EFS, with 1/89 (1.2%) patients for whom it occurred later
and 5/89 (5.8%) for whom it occurred earlier. These differences in
EFS were not significantly different according to a Wilcoxon
signed rank test: structural imaging EFS median = 300 days, dif-
fusion/perfusion EFS median = 288 days; Z = 21.0, P = .28.
These 5 patients would have been classified as having an event, on
average, 95 days earlier on the basis of inclusion of MM imaging,
which mostly corresponded to the previous scan visit, though for
2 patients, it was evident from even earlier scans. Of these 5 pa-
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Diffusion Perfusion

Influence Score No. % No. %
5 (Higher influence) 14 27 4 1.8
4 43 8.2 15 6.6
3 1o 21.0 58 257
2 177 33.8 101 447
1 (Lower influence) 180 343 48 212
Total 524 226

tients, there was only 1 case in which an earlier EFS would have
been called on the basis of perfusion imaging alone. In the re-
maining cases, either an event was also apparent on diffusion
images (n = 4) and/or there was no perfusion imaging available
(n=2).

The subjective influence of multimodal imaging is reported in
Table 3. As perceived by the readers, for most time points that
included multimodal scans (>65%), this additional evaluation
had little-or-no influence on the reader’s decision.

RANO Central Read versus Local Investigator

There were 34 patients of 86 (39.5%) for whom the EFS deter-
mined by local investigators was later than according to the EFS
determined by the CRRC and 4 patients (4.7%) for whom it was
earlier. A Wilcoxon signed rank test indicated that EFS deter-
mined by local investigators (median = 322 days) was statistically
significantly different from EFS determined by the CRRC (me-
dian = 288 days, Z = 943.0, P < .01).

Pseudoprogression

Initially, 33 cases (28.4%) were designated pseudoprogression at
the week 10 scan. Of those, 19 were deemed at a later visit to have
progressed or recurred and thus were retrospectively assigned as
progressive/recurrent disease, while 14/116 (12.1%) were deemed
to have been stable disease and therefore assigned as true pseudo-
progression. A post hoc analysis indicated that leptomeningeal
spread and evolution of distant lesions would further bring down
the number of true pseudoprogression cases to 10/116 (8.6%). No
confirmed cases of pseudoresponse were identified in this study
cohort.

DISCUSSION

The HERBY study is one of the largest Phase II, open-label, ran-
domized, international pediatric high-grade glioma trials that has
been undertaken. The primary end point was to evaluate whether
the addition of BEV to RT/TMZ would significantly increase the
event-free survival (as determined by radiologic evaluation of the
imaging by a panel of 5 experienced pediatric neuroradiologists
who formed the CRRC) in children with newly diagnosed non—
brain stem high-grade gliomas. Structural imaging was analyzed
by the CRRC using the now-established adult-based RANO crite-
ria’ and subsequently re-evaluated alongside multimodal imag-
ing” with the prespecified aim to evaluate these criteria in the
pediatric age group. While the quality of the structural imaging
was generally high, the number of cases with consistently acquired
multimodal imaging was relatively low and of variable quality,
reflecting the reality of clinical practice in a wide range of centers



investigating and managing children with these tumors. The number
of cases with evaluable MR spectroscopy was too low to allow valid
inclusion in this process. In addition, the European Medicines
Agency only required that diffusion-weighted imaging and perfusion
imaging be used for this study. The poor compliance rates for the
multimodal imaging arm of the study reflected the overestimation of
local site capability/commitment for acquiring these sequences (par-
ticularly the case for MR spectroscopy).

Lack of preoperative imaging availability largely related to
cases in which children were initially investigated in a nonspecial-
ist hospital and subsequently transferred to the local primary
treatment center without electronic transfer of the imaging to the
clinical research organization of the study. The pretreatment im-
aging characteristics of the tumor provide important correlative
information for the pathologic and, increasingly, molecular eval-
uation of the tumor type and in the future may help in individu-
alizing treatment. Thus, inclusion of preoperative imaging should
be considered a prerequisite for any future such studies.

Lack of adherence to the study imaging protocol was a concern
for this trial, as has been the case for previous multicenter studies.
Adoption, at a national level, of standardized imaging protocols
that have been proposed in both North America® and Europe’
and electronic dissemination of trial-specific scanner protocols
using these agreed sequences offer the potential for ensuring con-
sistent high-quality imaging, reducing the variability of response
assessment and improving the validity and comparability of re-
search in this field.

The logistics of undertaking independent analysis of imaging
within a large treatment trial must be taken into consideration in
the study design. After an initial training period, all 5 CRRC neu-
roradiologists undertook the study reads, working independently
with a trial monitor. Each read required, on average, 15 minutes
per time point. In the HERBY study, this involved a range of read
times from 0.5 to 3.8 hours per patient, with an average of 1.3
hours per radiologist per patient. Read times for trials involving
more imaging time points could be significantly higher. The early
progression review was instituted to support local investigators
who may value advice on imaging features. This was found to be a
useful resource in 19 of 121 cases (16%) and could be considered
in future study designs.

The EFS was assigned earlier by the CRRC than by local inves-
tigators on average by 1 month. This is shorter but similar to
findings in adult trials (2-3 months).>’

Measured lesion diameters were never the unique reason for
determining a radiologic event on their own and were always ac-
companied by unequivocal progression of either a nontarget le-
sion or the appearance of a new lesion. There were some cases
(7%) in which the same patient was scanned with a different mag-
netic strength scanner near the point of progression. Although
this could subtly affect the enhancement pattern, we believe the
variability of these effects would be far less than the interobserver
variability associated with drawing postoperative ROIs around
poorly defined lesions and the related diameter measurements. In
addition, even if there were subtle differences in radiologic inter-
pretation due to changes in scanner magnetic field strength, be-
cause we found that change in lesion diameter was never the
unique reason for assigning progression, the field strength change

would not influence the assignment of progression. Lesion diam-
eter measurements account for a large proportion of the reading
time; however, we found that they did not influence the final
response-assessment decision in this trial. Volumetric evaluation
of tumor size was not part of the initial trial methodology but will
be evaluated in subsequent imaging analysis of the HERBY
cohort.

The addition of MM imaging to the response criteria only
modified the assessment in a small number of cases, and in most
of these cases, progression was determined earlier than by the
assessment of structural imaging alone. The acquired rates of MM
imaging were lower than indicated by the initial site survey re-
sponses. Diffusion was the most commonly acquired technique,
which was also the technique that most influenced the modified
response assessment. Unfortunately, due to the inconstant provi-
sion of diffusion and perfusion data, we cannot validate the path-
way used in HERBY for incorporating diffusion and perfusion as-
sessment into the final radiologic response.” However, the relatively
low acquisition of diffusion and perfusion in practice across the con-
tributing sites is, in itself, an important finding. In addition, in the
cases in which multimodal imaging was provided, the observation
that it modified the radiologic response of that imaging time point in
only a small number of cases is also of note.

Imaging assessment of postsurgical and subsequent treatment
surveillance in pediatric high-grade gliomas is challenging in view
of the heterogeneous and poorly enhancing imaging characteris-
tics of these tumors. This challenge can be further confounded by
pseudoprogression (a local inflammatory reaction after RT and
TMZ, resulting in increased enhancement in the early post-radi-
ation therapy imaging, followed by radiologic improvement with-
out therapy modification) and pseudoresponse. Interobserver
variability in determining the date of progression can be as high as
40%-50%," and a similar figure was observed in this study. No
confirmed cases of pseudoresponse were identified in the HERBY
study. Potential pseudoprogression, occurring within 12 weeks of
initiation of treatment, was present in 33/116 cases. Of these 33
cases, 23 showed imaging features of continued tumor growth or
development of distant lesions and were therefore subsequently
re-assigned as progressive/recurrent disease. In the remaining 10/
116 (8.6%) cases, follow-up imaging showed that the tumor had
stabilized or regressed; therefore, the previous time point was
maintained as pseudoprogression. This differs from the propor-
tion of pseudoprogression generally reported in adult HGG stud-
ies: 31%'° and 48%,'" though the AVAglio study reported only
6%.° The greater biologic variation of these tumors in children,
with a higher proportion of centrally located thalamic tumors and
a higher proportion of poorly or nonenhancing tumors, may, in
part, explain this contrast with adult HGG cases.

The protocol for HERBY was approved in 2011 and incorpo-
rated contemporary radiologic evaluation to assess the response,
as reported here. Since then, a number of groups have suggested

12-15 and

modifications and improvements to the RANO criteria
its implementation in clinical trials. Reardon et al'® provided
guidance on incorporating imaging criteria into glioblastoma
clinical trials and identifying a number of the issues also found in
the HERBY trial, as well as highlighting the need to pay attention

to early progression and early response, as implemented in
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HERBY. Ellingson et al'” proposed modifications to the imaging
protocol used for RANO, especially focusing on 3D MR imaging
acquisitions and the volumetric parameters that can be calculated
from them, as well as the promise of using subtractions maps of
post- and precontrast imaging to increase lesion conspicuity.
These are incorporated into more detailed proposed response as-
sessments. While this article focuses on reporting results from the
HERBY trial as performed, the newer proposed assessments can
also be applied retrospectively to the HERBY imaging data, which
may better characterize the imaging assessment. In addition to
these modified and more quantitative metrics derivable from
structural MR imaging, other quantitative metrics can be ex-
tracted from the multimodal imaging,'>'®*’ building on the
qualitative radiologic assessment performed here,” to inform on
their value in pediatric response assessment. This will form the
basis for ongoing evaluation of data from the HERBY study.

CONCLUSIONS

This work evaluated the practical implementation of the use of
RANO and RANO plus multimodal imaging to inform the end
point of a large multinational trial of high-grade brain tumors in
a pediatric cohort. Thus, the results reported provide an indica-
tion for future studies on practical issues. These include the
following:

e Appropriate radiologic resources needed to implement RANO
(1.3 hours per radiologist per patient).

e The expected compliance to the MR imaging protocol, which
could be improved by incorporating radiology-specific site ini-
tiation to include evidence of imaging compliance in advance of
opening the site.

e Adjudication rates (of approximately 50%).

o The variability of the RANO criteria when comparing retro-
spective central assessment with that performed locally (earlier
event identification by an average of 1 month).

Of note, the finding that no assessment of progression or recur-
rence was dependent on the evaluation of the lesion diameters
alone has implications in the use of this particular quantitative
metric. In addition, the effect of implementing a new proposed
pathway for incorporating multimodal imaging assessment into
the structural RANO? criteria was assessed and was found to in-
dicate earlier progression or recurrence (by an average of 95 days)
in only 5/86 cases. These findings will inform the development of
future radiology-focused response-assessment criteria in pediat-
ric high-grade gliomas, in particular that the measurement of tu-
mor diameters and compliance of diffusion or perfusion are not
of primary importance, because we found that simple metrics
derived from these made little difference in the determination of
the time point of radiology-defined progression.
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Underdevelopment of the Human Hippocampus in Callosal
Agenesis: An In Vivo Fetal MRI Study

V. Knezovi¢, ““'G. Kasprian, ““A. Stajduhar,

ABSTRACT

E. Schwartz,

M. Weber, ““’G.M. Gruber, ““'P.C. Brugger, ““'D. Prayer, and

M. Vuksi¢

el — | |

BACKGROUND AND PURPOSE: In subjects with agenesis of the corpus callosum, a variety of structural brain alterations is already present
during prenatal life. Quantification of these alterations in fetuses with associated brain or body malformations (corpus callosum agenesis
and other related anomalies) and so-called isolated cases may help to optimize the challenging prognostic prenatal assessment of fetuses
with corpus callosum agenesis. This fetal MR imaging study aimed to identify differences in the size of the prenatal hippocampus between
subjects with isolated corpus callosum agenesis, corpus callosum agenesis and other related anomalies, and healthy controls.

MATERIALS AND METHODS: Eighty-five in utero fetal brain MR imaging scans, (20—35 gestational weeks) were postprocessed using a
high-resolution algorithm. On the basis of multiplanar T2-TSE sequences, 3D isovoxel datasets were generated, and both hippocampi and
the intracranial volume were segmented.

RESULTS: Hippocampal volumes increased linearly with gestational weeks in all 3 groups. One-way ANOVA demonstrated differences in
hippocampal volumes between control and pathologic groups (isolated corpus callosum agenesis: left, P = .02; right, P = .04; corpus
callosum agenesis and other related anomalies: P < .001). Differences among the pathologic groups were also present for both sides.
Intracranial volume and right and left hippocampal volume ratios were different between corpus callosum agenesis cases and controls (P <
.001). When we corrected for intracranial volume, no differences were found between corpus callosum agenesis and other associated
anomalies and isolated corpus callosum agenesis (left, P = .77; right, P = .84). Hippocampal size differences were more pronounced at a
later gestational age.

CONCLUSIONS: Callosal agenesis apparently interferes with the normal process of hippocampal formation and growth, resulting in
underdevelopment, which could account for certain learning and memory deficits in individuals with agenesis of the corpus callosum in
later life.

ABBREVIATIONS: aACC = corpus callosum agenesis and other associated anomalies; ACC = agenesis of the corpus callosum; GW = gestational weeks; HF =

hippocampal formation; iIACC = isolated agenesis of the corpus callosum; ICV = intracranial volume

s thelargest of the human forebrain commissures, containing
>190 million axons, the corpus callosum begins to develop
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between 13 and 14 gestational weeks (GW) in the region of the
ventral lamina reuniens and becomes fully mature at around 10
years of age."”> Many complex biologic processes are involved in
its formation, such as birth and migration of commissural neu-
rons, growth and elongation of their axons, crossing of the mid-
line structures, synaptogenesis, and retraction of exuberant ax-
ons. Consequently, numerous human genetic disorders result in
either complete or partial agenesis of the corpus callosum (ACC),
which currently is the most common brain malformation and
occurs in 1:4000 individuals.” ACC is a very heterogeneous group
of congenital malformations that can be found as isolated agenesis
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FIG 1. In vivo T2-weighted images of a control fetal brain, at 30 GW. An example of 3D-recon-
structed MR imaging and segmentation borders for the left (red) and right (green) hippocampus in

sagittal (A), axial (B), and coronal (C) views.

of the corpus callosum (IACC) or can be associated with other
brain and body malformations (aACC). When associated with
other comorbid features, ACC is part of a wide range of genetic
and chromosomal anomalies, toxic syndromes, or metabolic dis-
eases and, therefore, has a severe clinical presentation.* On the
contrary, individuals with iACC have a more favorable prognosis,
with a normal range of intellectual functioning. They display a
typical pattern of neuropsychological and psychosocial deficits,
which include impaired verbal learning and memory.*” Several
studies have indicated that the absence of callosal fibers during
development might influence the maturational processes of other
brain regions; this influence can lead, for example, to a reduction
in cortical thickness in some brain regions.®’

Because the appearance and growth of callosal fibers coincide
with the development of the human hippocampus, we hypothe-
sized that ACC could, consequently, affect the proper formation
of this structure, which is crucial for learning and memory func-
tions.®'* Therefore, in this retrospective MR imaging study, we
aimed to determine the relationship between ACC and the devel-
opment of the human hippocampal formation.

MATERIALS AND METHODS

Fetuses and MR Imaging

We retrospectively selected 85 fetal MR imaging datasets obtained
from singleton pregnant women who underwent 1.5T fetal MR im-
aging examinations between January 2010 and March 2017, after a
clinical indication for referral to the Department of Radiology, Med-
ical University of Vienna. These women gave written, informed con-
sent for a prenatal MR imaging study before the examination. The
local ethics committee approved the study protocol (registration No.
EKNr. 2174/2016), and the research was conducted according to the
principles expressed in the Declaration of Helsinki. All image data
were pseudonymized before further analysis.

All MR imaging scans were re-reviewed by a pediatric neuro-
radiologist (G.K.) with extensive experience in fetal MR imaging.
Inclusion criteria for the entire cohort were the following: avail-
able multiplanar T2-TSE sequences, acquired on a 1.5T MR

imaging scanner (cardiac or body coil;
Philips, Best, the Netherlands) in the left
decubitus or supine position without se-

Reconstruction

dation (orthogonal axial, coronal, and
sagittal views; Fig 1) (TE = 140 ms,
FOV = 200-250 mm, slice thickness =
3-4.4 mm, 0.7-mm in-plane resolu-
tion), and gestational age between 20
and 35 GW.

The inclusion criteria for the healthy
reference cases were the following: nor-
mal central nervous system findings at
screening sonography and MR imaging
examinations, no known genetic or
chromosomal diseases, and normal fetal
growth (On-line Table 1). The inclusion
criteria for the iACC group were the fol-
lowing: complete or partial absence of
the corpus callosum, no known genetic
abnormality (as detected by a chromo-
somal microarray), and no additional
body or brain malformation (as seen by screening sonography
and/or fetal MR imaging) (On-line Table 2). The inclusion crite-
ria for aACC were the following: complete or partial absence of
the corpus callosum and additional body and/or brain malforma-
tion as detected by prenatal sonography and/or MR imaging (On-
line Table 3). Cases with motion-degraded T2WI were excluded
from further analysis (On-line Figure). Fetal age was calculated
from the first day of the woman’s last menstrual cycle (gestational
weeks) and determined with reference to a previous sonographic
examination.

Overall, 85 fetuses were retrospectively selected. The control
group consisted of 39 fetuses with normal brain development, with
gestational ages ranging between 20 and 35 GW (mean age, 28 = 3.8
GW). Two groups with ACC comprised 31 cases with iACC, with a
gestational age ranging between 22 and 34 GW (mean age, 28 * 3.5
GW) and 15 cases with aACC, with a gestational age ranging between
21 and 32 GW (mean age, 26 * 3.7 GW).

MR Imaging Postprocessing

Fiducials placed manually at the distal ends of the lateral ventricles
served as the initialization for an atlas-based brain-masking pro-
cedure on each anisotropic scan. The side of the scan was deter-
mined on the basis of the location of the stomach.

Three anisotropic scans in approximately orthogonal views
were merged using a slice-wise motion-correction procedure and
were used to reconstruct a high-resolution isotropic representa-
tion of the fetal brain (Fig 1)."' Automatic brain extraction was
performed by nonlinear registration of a publicly available spatio-
temporal atlas of fetal brain development'* to the reconstructed

isotropic volume.

Volume Measurement

One reader (V.K.) manually performed the segmentation of the
hippocampal formation (HF) using ITK-SNAP, Version 3.6, soft-
ware (www.itksnap.org).'” For this study, we defined the HF as a
structure that includes the dentate gyrus, the cornu ammonis, the
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subiculum, the fimbria, and the alveus (Fig 2). The anatomic bor-
ders used for segmentation of the fetal HF were based on prior
studies'®'® and were traced from the anterior head to the poste-
rior tail. The left HF was always segmented before the right. The
segmentation protocol would start in the sagittal plane, followed
by the axial, and then was confirmed in the coronal plane (Fig 1).
Note that although the HF in this study comprised the dentate
gyrus, the cornu ammonis, the fimbria, the alveus, and the subic-
ulum, these structures were indistinguishable (or partly distin-
guishable) on fetal MR imaging and, thus, were roughly sampled
as a whole complex.'* A few brains had recording artifacts on
some sections where borders of the HF were difficult to recognize.
In these cases, it was necessary to navigate and compare several
sections, forward and backward, to identify the shape and posi-
tion of the structures where the borders were clear.

We obtained intracranial volume (ICV) from labeling the tis-
sue types in the fetal brain using an atlas-based approach, using
successive rigid and nonrigid registrations to a publicly available
spatiotemporal atlas of fetal brain development.'? Available tissue
segmentations in the atlas space were projected onto the individ-
ual case and served as frame for a graph-based segmentation pro-
cedure.'® ICV was then computed as the sum of the volumes of
the gray matter, white matter, thalamus, germinal matrix, brain
stem, cerebellum, ventricles, and CSF.

Statistical Analysis
Statistical analysis was preformed using SPSS Statistics for Win-
dows, Version 24.0 (IBM, Armonk, New York). Absolute volumes

FIG 2. Axial view of a 3D surface model of the left (red) and right (green) hippocampus at 23 GW

(A) and 30 GW (B).
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(hippocampal volumes and ICV) are presented in cubic millime-
ters. Relative hippocampal volumes are ratios of the absolute hip-
pocampal volume and ICV. Metric data are presented as mean *
SD and counts, and percentages were used for nominal data. To
determine differences between the ACC and iACC groups, as well as
among age groups, we used a 2-way ANOVA. Paired ¢ tests were
assessed to analyze the differences between the left and right hip-
pocampal volumes. An intraclass correlation coefficient from re-
peated measurements of 18 randomly selected fetal brains, obtained
8 months later, was calculated as a measure of rater segmentation
consistency. The level of significance was set at a = .05.

RESULTS

Segmentation Reliability

An intraclass correlation coefficient was calculated from 18 re-
peated measurements (21.2%). The intraclass correlation coeffi-
cient for the left hippocampus was 0.953, and for the right, 0.906.

Volume Analysis

As shown in Fig 3, absolute volumes of the left and right hip-
pocampus demonstrated an almost linear increase in the control
group, the iIACC group, and the aACC group. No significant dif-
ferences between the left and right hippocampal volumes were
present in the control group and the aACC group (Table). How-
ever, the iACC group showed a significant difference between the
left and the right hippocampal volumes, with the right hippocam-
pus having higher values (Table). One-way ANOVA analysis re-
vealed significant differences between the absolute hippocampal
volumes of the control and the pathologic
groups. When we compared the means of
the left and right hippocampal volumes
between the control group and the iACC
group, the P values were .02 and .04, and
for the aACC group, the P value was
<.001. Differences between the patho-
logic groups were also present for both
sides (left, P = .005; right, P = .01). When
comparing absolute ICV, there was no dif-
ference between the control group and the
pathologic groups (IACC, P = .08; aACC
P = .19). However, when we included the
ratios of absolute left and right hippocam-
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FIG 3. Scatterplots present absolute hippocampal volumes of controls, IACC, and aACC for the left (A) and right (B) hippocampus.
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pal volumes and their ICVs in the analysis, we found a great differ-
ence between the control group and the pathologic groups (P <
.001), while a comparison of the ratios of iACC and aACC did not
show any differences (left, P = .77; right, P = .84).

To gain an even better insight into the extent of differences
among our groups, we divided our data into 3 different time in-
tervals: 20-25 GW, 26-30 GW, and 31-35 GW. Change of vol-
ume was significant, indicating that the difference among the 3
groups is not the same for different age groups. As can be seen

Mean volumes of hippocampi and P values of left-right
difference

Left Right
Volume Volume P
Groups (mm?3) SD (mm?3) SD Value
601.21 328.40 621.51 347.10 180
iACC 416.23 216.20 454.58 223.80 .003
aACC 248.07 125.20 276.27 160.90 .070
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from Fig 4, the differences among groups increased with advanc-
ing age (Fig 4).

DISCUSSION

This quantitative prenatal neuroimaging study aimed to assess
hippocampal development in human fetuses with complete
and/or partial callosal agenesis. Compared with age-matched
controls, there were reduced hippocampal volumes in both the
iACC and aACC groups during the early second and third trimes-
ters of pregnancy, suggesting the distinct impact of callosal for-
mation on early hippocampal development.

Correlation of the Development of the Corpus Callosum
and the Hippocampal Formation

The corpus callosum begins to develop between 13 and 14 GW in
the region of the ventral lamina reuniens and becomes fully ma-
ture at around 10 years of age."* The first callosal fibers originate
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FIG 4. Moderation effects of age groups on volume group differences were found for the left (A) and right (B) hippocampal volumes but not

for the ratios of absolute hippocampal volume and ICV (C and D).
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from neurons located in the cingulate cortex, then cross the mid-
line through the transient zone, known as the massa commissu-
ralis, and grow toward the contralateral hemisphere, guided by
many molecular factors and elaborate intercellular interac-
tions.'”>* These initial growing pioneer axons serve as “guide-
posts” for later-arriving axons, which have to decide at several
decision points to travel in the proper direction."® All parts of the
adult corpus callosum (rostrum, splenium, truncus, and genu)
are visible around 20 GW. Moreover, after 20 GW, the corpus
callosum continues with active growth, as well as with intense
reorganizational processes, until 31 GW, characterized by the re-
traction of an abundant portion of the callosal fibers.**

The HF emerges around 10 GW in the dorsomedial region of
the cerebral hemisphere in the dorsal part of the lamina reuni-
ens.® Between 10 and 14 GW, before the formation of the corpus
callosum, the HF occupies most of the medial hemispheric wall.*
However, around 14 GW, coincident with the emergence of the
formation of the future corpus callosum, the supracallosal por-
tion of the HF starts to display regressive changes.'’ In adult ver-
tebrates that lack a corpus callosum, the HF occupies a large por-
tion of the medial surface, and the human HF manifests the same
features until the outgrowth of the first callosal fibers. Between 14
and 15 GW, the HF starts to rotate as a result of the growth of
surrounding brain structures, particularly the expansion of the
corpus callosum. As an archicortical structure, the HF grows
more rapidly than the surrounding neocortical regions.”® Be-
tween 18 and 20 GW, the rotation of the HF is nearly complete,
and by this time, the hippocampal morphology begins to resem-
ble that in the adult. After this period, the HF grows more slowly
than other neocortical regions.

Is reduced hippocampal volume directly caused by the ACC or
isita completely independent event? The absence of callosal fibers
during development is frequently associated with various limbic
system malformations®” and an abnormal vertical orientation of
the HF, and an arrest of the normal process of its inversion has
been reported.”®** In addition to its abnormal orientation, the
HF appears to be hypoplastic in human patients lacking a corpus
callosum.””~*? According to animal studies, the axonal collaterals
of developing hippocampal neurons serve as guideposts for cal-
losal axons while crossing the midline structures on their way to
the contralateral hemisphere.'*** Hence, abnormal hippocampal
development may indirectly influence the proper growth and
elongation of callosal fibers.

The formation of the corpus callosum is a very complex pro-
cess, and disruption of any of the multiple steps involved in its
development, such as the generation and migration of callosal
neurons, axon elongation, glial patterning at the midline, or syn-
aptogenesis, could lead to partial or complete absence of this com-
missure. It may therefore be assumed that the different genes re-
sponsible for guiding all these processes overlap significantly with
those that are important for hippocampal development. One of
the genes known to be crucial for both hippocampal and corpus
callosum development is doublecortin, a gene required for normal
neural migration. In both knockout doublecortin mice and dou-
blecortin-mutated human patients, severe abnormalities of both
of these structures were found, indicating a potentially conserved
role for doublecortin in hippocampal and callosal development.”*
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Our data from control cases are in accordance with those in
previous studies on fetal hippocampal development that demon-
strate a linear increase in total hippocampal volume between 20
and 31 GW."*"” It is known that the HF is the fastest growing
brain structure until 20 GW, but after 30 GW, its development
lags behind neocortical regions.'® Because we found an arrest of
hippocampal growth in the second phase of this period in subjects
with ACC, the question is whether this decrease of hippocampal
volume found in subjects with ACC is a result of slowing of nor-
mal growth in this period, or is it possibly a consequence of accel-
erated regressive changes? Thus, it is particularly difficult to de-
cide whether the poorly formed hippocampus results from
hypoplasia or from atrophy. Hypoplasia is defined as underdevelop-
ment of an organ or tissue. Extending postnatal observations, > we
were able to demonstrate that the fetal hippocampus in cases of cal-
losal agenesis mostly does not reach an age-appropriate size, even
during prenatal life. Thus, the term “underdevelopment” or “hyp-
oplasia” was used to describe the reduction in volume of this ar-
chicortical brain structure. Decreased size and connectivity of the
cingulum have also been reported in ACC.>> Thus, as previously
assumed,’ size differences and positional changes of the hippocam-
pus in ACC may be a consequence of changes in the paralimbic
cortices.

To our knowledge, there are no dedicated histologic analyses
of the HF in fetal ACC. To ultimately clarify this point, histologic
studies on postmortem human brain tissue have to be performed
in the future, which will be able to precisely demonstrate possible
changes in cellular and extracellular components in the HF in
cases of ACC.

Finally, a certain limitation of this study is lack of postnatal or
postmortem confirmation of prenatal findings in most of the
ACC cases and healthy controls.

CONCLUSIONS

Our study suggests a relationship between abnormal commissural
development and development of the human HF at prenatal
stages of human life. In fetuses with ACC, the HF follows an ab-
normal anatomic developmental trajectory compared with
healthy subjects, which ultimately results in an underdeveloped
and smaller brain structure. The clinical impact of hippocampal
underdevelopment on postnatal cognitive function in learning
and memory-processing domains must be assessed by future
postnatal follow-up studies.
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Robert H. Ackerman, MD, MPH
(1935-2018)

obert Harold Ackerman, MD, MPH, Emeritus Director of the
RMassachusetts General Hospital Neurovascular Laboratory
and Associate Professor at Harvard Medical School, died on De-
cember 18 at 83 years of age after a long and productive career in
the Departments of Neurology and Radiology. He was a pioneer
in stroke imaging and prevention, who devoted his professional
life to studying blood flow to the brain for the diagnosis and treat-
ment of stroke and stroke-prone patients.

Bob grew up in New York City, attending Horace Mann School in
Bronx-Riverdale. He received his BA degree from Brown Univer-
sity in 1957 and his MD degree from the University of Rochester
in 1964. His immediate postcollege years—just at the start of the
“Sputnik” era—were spent largely as a journalist in Great Britain;
it was the subsequent “space race” however that, at least in part,
sparked his enthusiasm for science. He interned at the Mary Imo-
gene Bassett Hospital in Cooperstown, New York, and completed
residencies in neurology (1970) and radiology (1975) at the Massachu-
setts General Hospital (MGH). Bob was unique in having earned Board
Certification from both the American Boards of Radiology and Psychi-
atry and Neurology; he continued to practice clinically in these depart-
ments throughout his tenure at MGH.

Dr Ackerman trained under Drs C. Miller Fisher and Michael
Moskowitz to become an international expert in the imaging eval-
uation of carotid disease and cerebral blood flow and metabolism;
during his lengthy career he, in turn, served as a mentor to many
of the leading stroke neurologists and neuroradiologists world-
wide. He was an MGH Dalton Scholar at the Neurologic Institute
Queen Square, London, from 1970 to 1971, where he studied
cerebral blood flow techniques. In 1974, back at MGH, he
founded the first consultative noninvasive neurovascular lab in
the country. Since then, his research interests continued to
focus on building a “diagnostic armamentarium” of noninva-
sive tools for the detection and management of patients with
acute stroke or at risk of stroke.'

From 1977 to 2009, Dr Ackerman served as Co-Principal In-
vestigator with Dr Moskowitz on a National Institute of Neuro-
logical Disorders and Stroke—funded Interdepartmental Stroke
Program Project Grant and was one of the first to image acute
cerebral ischemia in vivo with positron-emission tomography.
His seminal, highly cited 1981 article, “Positron Imaging in Isch-
emic Stroke Disease Using Compounds Labeled with Oxygen 15:
Initial Results of Clinicophysiologic Correlations,” reported alter-
ations in brain tissue metabolism following stroke that are still
highly relevant to current, novel “late window” (6-24 hours
postonset) treatment trials.” He reported that in acute stroke, PET
data on oxygen metabolism correlated better with tissue viability
than data reflecting cerebral blood flow.

Dr Ackerman’s bibliography includes nearly 100 scientific
publications on neurovascular disease. Bob helped develop and
champion the use of extracranial and transcranial Doppler sonog-
raphy as a safer, noninvasive alternative to conventional angiog-
raphy for the diagnosis and monitoring of carotid artery stenosis.
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MEMORIAL

FIG 1. Robert Ackerman.

He was also among the first to advance the “new” technology of
head CT scanning—as an extension of the neurologic physical
examination—when, in 1974, MGH installed what was then the
second CT scanner in North America.

From July 1991 to June 1992, Dr Ackerman was selected as
Distinguished Scientist in the Department of Radiologic Pathol-
ogy at the Armed Forces Institute of Pathology, where he made
important contributions to research and education.’ In 2013, he
was honored at an MGH Ether Dome ceremony, where it was
announced that the Neurovascular Laboratory would be renamed
the R.H. Ackerman Neurovascular Lab; Ackerman served as its
director until 2001, and subsequently as emeritus director.

The list of trainees and colleagues who rotated through Bob’s
neurovascular lab reads like a “Who’s Who” of vascular neurol-
ogy. Notables include but are not limited to “first ever” cerebral
blood flow fellow Dr Jean-Claude Baron, followed closely by
IV-tPA and Mobile Stroke Unit innovator Dr Jim Grotta—both
members of the “original” MGH “stroke team”—as well as Dr
Stephen Davis, Director of the Melbourne Brain Centre at the
Royal Melbourne Hospital and Immediate Past President of the
World Stroke Organization. Dr Ackerman mentored and helped
advance the neurology-related careers of numerous other former
neurovascular lab fellows, among them Dr Viken Babikian (Bos-
ton University Medical Center Vascular Diagnostic Lab), Dr
Kevin Barrett (Mayo Clinic, Jacksonville), and Drs Shin, Romero,
and Lev (all currently at MGH). Through his many collaborations

FIG 2. Javier Romero, Robert Ackerman, and Michael Lev.



FIG 4. The “first-ever” MGH stroke team, from left to right and top
to bottom: Gouliamos (2nd CBF fellow), Nat Alpert, Jack Correia, Mrs
Taveras, Prof Juan Taveras, Bob’s Doppler technician, Bob Ackerman,
Jean Claude Baron (st CBF fellow), Wang (physicist/IT engineer), John
(2nd CBF technician on the PET stroke grant).

and during his several years leading the Boston Stroke Society,
Bob remained a highly valued and respected member of the vas-
cular neurology community and interacted closely with such lu-
minaries as Drs C. Miller Fisher, Juan Taveras, Ken Davis, Jay P.
Mobhr, J. Philip Kistler, Louis Caplan, Geoffrey Donnan, Gordon
Brownell, Carlos Kase, Walter Koroshetz, Ferdi Buonanno, Lee
Schwamm, Gil Gonzalez, and Michael Pessin.*

Bob’s achievements and contributions were celebrated at a
dinner he attended last October, hosted by MGH Neuroradiology
Division Chief Dr R. Gil Gonzalez. In tributes posted this past
week, his friends, patients, and fellow members of the Cambridge

FIG 5.

Rowing Club praised his thoughtful and caring nature, positive
attitude and intellect, and skill and persistence in tracking down
and treating the “causes of illness”; many remarked that Bob was
a “true gentleman” who “took care of friends near and far,” and
“always made me feel good.” Perhaps Dr Stephen Davis best
summed up the feelings of all when he observed:

“He was a wonderful mentor and highly valued friend. He has
contributed hugely to the developments in stroke diagnosis and
treatment. He performed early seminal work on the imaging of
ischemic penumbra at the Massachusetts General Hospital and
Harvard University. He was a leader in the evaluation of carotid
artery disease and its clinical significance. He has been a great
teacher and mentor to many stroke neurologists. He was a renais-
sance man, a lover of literature and music. He will also be remem-
bered for his enthusiasm for rowing and of course his beloved
home in Gloucester. He will be sorely missed.”

Dr Ackerman will be remembered by friends, colleagues, and
family as a devoted teacher, scholar, and mentor, as well as an avid
rower who competed for decades in the Head of the Charles Re-
gatta and a raconteur with a deep knowledge of medical history.
His wit, wisdom, gentle humor, and keen insights will indeed be
sorely missed by his patients and by all who knew him; his impact
and legacy will continue.
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LETTERS

Engorged Medullary Veins in Neurosarcoidosis:
A Reflection of Underlying Phlebitis?

We read with interest the recent article describing the en-
gorgement of deep medullary veins (DMV) in patients
with neurosarcoidosis (NS)." The findings of DMV engorge-
ment on susceptibility-weighted imaging have also intrigued
us, and we recently published our experience in such cases.?
We agree with some of the findings reported in this article,
such as occurrence of perivascular enhancement (PVE) in
about half of these patients, increased occurrence of microhe-
morrhages, and a tendency toward worse neurologic out-
comes. Even though the latter was not statistically significant,
we suspect that it may, at least partially, be related to the small
sample size.

Even though the authors mention that the DMV engorgement
is not secondary to downstream venous occlusion, they agree that
the pathophysiology of these findings remains unclear. This issue
is further compounded by the absence of any correlation with
neural tissue biopsy, conventional angiography studies, or any
changes in DMV with time, especially with regard to immunosup-
pressive therapy, which limits any educated extrapolation or in-
ference of the presented data.

We suspect that the engorged DMVs, as seen on SWI, reflect
underlying venous phlebitis. This is based on the previously re-
ported postmortem literature, which showed that the venous in-
volvement was most common in the paraventricular region, and
our own experience, in which we evaluated 4 patients with en-
gorged DMVs.>? In all of our patients, we also had conventional
angiography data as well as neural tissue biopsy. The venous phase
of the angiographic studies confirmed the presence of tortuous
and engorged veins, and the brain biopsy also found a predomi-
nant venous involvement.

Even though venous involvement in NS is fairly well-recog-
nized in the postmortem literature, the under-recognition on
imaging is likely due to lack of sequences such as SWI, which
are more sensitive to tissue susceptibility. The introduction of
SWI as a routine clinical sequence has more recently led to
greater recognition of this imaging finding. In some ways, we
wonder if SWT has provided the missing link that connects the
postmortem literature and in vivo findings. Another reason for

http://dx.doi.org/10.3174/ajnr.A5951
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our suspicion is based on our anecdotal experience with pa-
tients with NS, in which mild cases of engorged DMVs do
improve when patients receive immunosuppressive therapy
and also appear worse when patients present with NS flare. In
patients in whom they have been present for a while, such
fluctuations, however, tend to be less frequent, possibly sec-
ondary to irreversible injury. The presence of PVE in a similar
distribution also supports the possibility that there is a super-
imposed component of perivascular inflammation. We agree
with the authors that this may be a combination of engorged
vessels and perivascular involvement. In fact, we recently per-
formed vessel wall imaging in 1 such case and noted that the
cortical veins did show circumferential enhancement, corre-
sponding to the SWI findings, a likely reflection of underlying
vascular inflammation.*

An interesting question here, if SWI does indeed reflect
venous involvement, is whether SWI findings can be used as a
surrogate biomarker for ongoing vascular inflammation in NS
cases. Even though this is open to further research, on the basis
of our experience with limited patients, we suspect that vessel
wall imaging and SWT are reflecting different components of
venous involvement. One, therefore, may not be substituted
for the other, especially because the SWI findings may become
irreversible in chronic cases. Nevertheless, the possibility that
SWI findings likely reflect underlying NS-associated phlebitis
does add a new dimension to the NS imaging spectrum. Even
though a lack of any neural tissue banks in NS would preclude
retrospective evaluation of imaging and postmortem data and the
overall uncommon nature of NS would limit a prospective single-
center study, the significance of SWI findings may be better clar-
ified through multicenter pooling of cases in which neural biopsy
and conventional angiography data are available.
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REPLY:

e thank Dr Bathla and colleagues for their comments and

for sharing their experience with cerebrovascular findings
in patients with neurosarcoidosis. Some of the figures in their
recent article' show engorged and tortuous deep medullary veins
that are similar to what we have described. We are glad to see that
their study and ours share some common observations and agree
that larger studies may be able to elucidate the clinical significance
of this finding. As Dr Bathla and colleagues point out, it is reason-
able to think that venous engorgement may be an effect of inflam-
mation; however, we could not prove this in our study due to lack
of histologic data. Their anecdotal experience of patients with

http://dx.doi.org/10.3174/ajnr.A5968
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mild engorgement showing improvement after therapy is also in-
teresting. Although we do not have sufficient long-term data, the
5 cases that we could follow did not show any change in venous
engorgement after treatment. This is something that could be
explored in a future study.
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LETTERS

High-Resolution Vessel Wall MR Imaging as an Alternative to

e commend Zeiler et al' for their study entitled “Vessel

Wall MRI for Targeting Biopsies of Intracranial Vasculi-
tis,” recently published in American Journal of Neuroradiology, in
which the authors tested the applicability of contrast-enhanced,
high-resolution 3D vessel wall MR imaging for the detection of
vascular inflammation and assistance with direct open biopsies of
intracranial vessels and adjacent brain parenchyma. The authors
concluded that this MR imaging technique could be used to iden-
tify inflamed intracranial vessels, enabling precise biopsy localiza-
tion guidance.

Traditionally, biopsy is considered essential for a definitive
diagnosis of central nervous system vasculitis and exclusion of
similar-appearing conditions.” Given the invasiveness of bi-
opsy, we believe there should be consideration of whether it
may be replaced with high-resolution vessel wall MR imaging,
especially in patients with secondary vasculitis. In this context,
we present the case of a 37-year-old man with a history of
headache, right hemiparesis, and reduced consciousness. He
had no skin lesions. A 3T MR imaging study in this patient
showed an acute stroke in the left nucleocapsular region and
vasogenic edema in the brain parenchyma around the horizon-
tal segment of the left middle cerebral artery. MR angiography
showed no changes. High-resolution vessel wall imaging
showed smooth and concentric wall thickening and enhance-
ment of the left MCA. White blood cell and protein levels were
elevated in the patient’s CSF. Polymerase chain reaction for
Varicella zoster virus was positive in the CSF. The patient was
treated for presumed Varicella zoster virus vasculitis with acy-
clovir and pulse therapy with corticosteroids. After the treat-
ment, the patient recovered clinically with headache allevia-
tion and an improvement in his level of consciousness.
Posttreatment high-resolution vessel wall MR imaging showed
a reduction in the arterial wall thickening and enhancement
(Figure).

Brain biopsy retains an essential role in the diagnosis of CNS
vasculitis and is the criterion standard for the diagnosis of primary
CNS vasculitis. Some authors even recommend that a biopsy,
including cortical and meningeal tissue, be performed in all sus-
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Brain Biopsy

picious cases if possible.” However, these articles were published
when high-resolution vessel wall MR imaging was an emergent
technique and larger studies examining it had yet to be reported.
Since then, vessel wall imaging has become an important tool for
evaluating vascular diseases and physicians are becoming increas-
ingly familiar with changes revealed by this technique. Further-
more, an open cranium operation, even for a simple biopsy, has
serious risks, including infection, skull fracture, and hemorrhage.
Such complications can increase the morbidity and mortality
risks, prolong postoperative recovery, and delay treatment.
Avoiding an operation eliminates the risk of surgical complica-
tions and reduces the cost of care.

Similar to our patient, patient number 6 of Zeiler et al' had
brain vasculitis secondary to Varicella zoster virus. However,
we did not perform a biopsy to confirm the diagnosis in our
patient. Other authors have also published cases of Varicella
zoster brain vasculitis without brain biopsy data or with incon-
clusive biopsy results in which high-resolution intracranial
vessel wall MR imaging was used to diagnose and track the
treatment response.” Although Obusez et al* have seen incon-
sistent results in follow-up vessel wall imaging findings after
treatment of primary CNS vasculitis, the potential role of this
technique as a marker of treatment response in CNS vasculitis
should continue to be investigated because there is a heteroge-
neity of disease activity and patient response to treatment.
Also, there is a lack of longitudinal studies evaluating the role
of this technique in tracking treatment response in secondary
CNS vasculitis.

Hence, the growing clinical applicability of intracranial vessel
wall imaging has contributed to making this technique part of a
state-of-the-art MR imaging protocol for vascular disease diagno-
sis. Physicians should be aware that vessel wall imaging may be
used to avoid invasive procedures such as brain biopsy and to
track treatment response.
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FIGURE. Brain vasculitis secondary to Varicella zoster virus infection. A, Intracranial vessel wall imaging after intravenous contrast injection
revealing smooth, concentric arterial wall thickening and enhancement of the horizontal segment of the left MCA, compatible with inflamma-
tory vasculopathy. B, Posttreatment intracranial vessel wall imaging shows diminished vessel wall thickening and enhancement.
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