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NOW AVAILABLE

BARRICADE COMPLEX
FINISHING COIL

¢ Extremely soft profile of The Barricade Finishing
coil now in a complex shape

¢ Excellent microcatheter stability for confident
coil placement

¢ Available in a size range of Tmm-5mm

BARRICADE COIL SY9STEIT

= MADE IN AMERICA

The Barricade Coil System is intended for the endovascular embolization of intracranial aneurysms and other neurovascular
abnormalities such as arteriovenous malformations and arteriovenous fistulae. The System is 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. Refer to the instructions for use for complete product information.
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DETACHABLE COILS

Smooth and Stable

Whether you are framing, filling or finishing, Target Detachable Coils deliver
consistently smooth deployment and exceptional microcatheter stability.

Focused on design, Target Coils feature a host of advantages to ensure the
high-powered performance you demand.

For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.

stryker

Neurovascular

Copyright © 2014 Stryker
NV00006677.AA

Stroke: Our Only Focus. Our Ongoing Promise.



CALL FOR AJNR EDITORIAL
FELLOWSHIP CANDIDATES

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

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

2016 Candidate Information and Requirements

GOALS

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

« Increase understanding and participation in the AJNR review process.

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

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

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

* Increase visibility of AJNR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP

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

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

« Access to our electronic manuscript review system will be granted so that the candidate can learn how
these systems work.

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

« Participate in all monthly Senior Editor telephone conference calls.

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

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

« Write at least one editorial for AJNR.

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

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

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

« Participate in Web improvement projects.

* Invite Guest Editors for AINR's News Digest to cover a variety of timely topics.

QUALIFICATIONS

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

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

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

APPLICATION

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

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

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

*Applications should be received by March 4, 2016 and sent to Ms. Karen Halm, AJNR Managing Editor,
electronically at khalm@asnr.org.
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Multidisciplinary Patient Centered Approach:
Synergy of Imaging and Procedures in the Accurate
Diagnosis and Treatment of Spinal Disorders
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Spinal Stenosis and Degeneration

Spin e i A 7 g- Tl 3 : Clinical Skills for the Interventional Spine Radiologist

Pediatric Spine Imaging

P roce d ures 7 { g s D Advanced Interventional Spine Procedures

The Valued Spine Imaging Report and Imaging Protocols

Wo r ks h o p s' ' ¢ : @ “ 4 = The Operative Spine: Pre-op / Post-op Evaluation and Imaging
L < :

Advanced Imaging Techniques

WORLD-RENOWNED SPEAKERS IN SPINE IMAGING AND PROCEDURES:
Michael T. Modic, MD - Cleveland Clinic Foundation
Jeffrey S. Ross, MD - Mayo Clinic
Wade H.M. Wong, DO - UCSD
Kieran P.J. Murphy, MD, FRCPC - Toronto General Hospital
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See online registration page for details!

AMERICAN SOCIETY OF SPINE RADIOLOGY

2016 ANNUAL SYMPOSIUM
FEBRUARY 18-21, 2016 - PRESIDENTS’ WEEK

HYATT REGENCY COCONUT POINT RESORT AND SPA - BONITA SPRINGS, FLORIDA
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Specific Sessions of the meeting program will be submitted to the ABR for SAM qualification.

REGISTER NOW!

Visit the ASSR website for registration/hotel links and more information:

www.theASSR.org

Abstract submission deadline is December 21, 2015
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Target® Detachable Coil

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

INTENDED USE /INDICATIONS FOR USE

Target Detachable Coils are intended to endovascularly obstruct or occlude

blood flow in vascular abnormalities of the neurovascular and peripheral

vessels.

Target Detachable Coils are indicated for endovascular embolization of:

 Intracranial aneurysms

 Other neurovascular abnormalities such as arteriovenous malformations
and arteriovenous fistulae

 Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS

None known.

POTENTIALADVERSE EVENTS

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

WARNINGS

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

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

Neurovascular representative.

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

reprocessing or resterilization may compromise the structural integrity

of the device and/or lead to device failure which, in turn, may result in

patientinjury, iliness 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.

This device should only be used by physicians who have

received appropriate training in interventional neuroradiology or

interventional radiology and preclinical training on the use of this

device as established by Stryker Neurovascular.

Patients with hypersensitivity to 316LVM stainless steel may suffer an

allergic reaction to this implant.

MR temperature testing was not conducted in peripheral vasculature,

arteriovenous malformations or fistulae models.

o The safety and performance characteristics of the Target Detachable
Coil System (Target Detachable Coils, InZone Detachment Systems,

Copyright © 2014 Stryker
NV00006677.AA

Trevo® XP ProVue Retrievers

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

INDICATIONS FOR USE

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

COMPLICATIONS

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

COMPATIBILITY

3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20 mm
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238).
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. The Merci® Balloon Guide Catheters are
recommended for use during thrombus removal procedures. Retrievers
are compatible with the Abbott Vascular DOC® Guide Wire Extension
(REF 22260).

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

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

— Take care to appropriately size Retriever to vessel diameter at

Copyright © 2014 Stryker
NV00009028.AA
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delivery systems and accessories) have not been demonstrated with
other manufacturer's devices (whether coils, coil delivery devices, coil
detachment systems, catheters, guidewires, and/or other accessories).
Due to the potential incompatibility of non Stryker Neurovascular
devices with the Target Detachable Coil System, the use of other
manufacturer’s device(s) with the Target Detachable Coil System is not
recommended.

To reduce risk of coil migration, the diameter of the first and second coil
should never be less than the width of the ostium.

In order to achieve optimal performance of the Target Detachable Coil
System and to reduce the risk of thromboembolic complications, it

is critical that a continuous infusion of appropriate flush solution be
maintained between a) the femoral sheath and guiding catheter, b) the
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter
and Stryker Neurovascular guidewire and delivery wire. Continuous flush
also reduces the potential for thrombus formation on, and crystallization
of infusate around, the detachment zone of the Target Detachable Coil.
Do not use the product after the “Use By" date specified on the package.
Reuse of the flush port/dispenser coil or use with any coil other than the
original coil may result in contamination of, or damage to, the coil.
Utilization of damaged coils may affect coil delivery to, and stability
inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

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

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

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

Verify there is no coil loop protrusion into the parent vessel after coil
placement and prior to coil detachment. Coil loop protrusion after coil
placement may result in thromboembolic events if the coil is detached.
Verify there is no movement of the coil after coil placement and prior to
coil detachment. Movement of the coil after coil placement may indicate
that the coil could migrate once it is detached.

Failure to properly close the RHV compression fitting over the delivery
wire before attaching the InZone® Detachment System could result in
coil movement, aneurysm rupture or vessel perforation.

Verify repeatedly that the distal shaft of the catheter is not under stress
before detaching the Target Detachable Coil. Axial compression or
tension forces could be stored in the 2-tip microcatheter causing the tip
to move during coil delivery. Microcatheter tip movement could cause
the aneurysm or vessel to rupture.

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

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

intended site of deployment.

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

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

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

recommendations:

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

— Do not rotate or torque Retriever.
— Use caution when passing Retriever through stented arteries.

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

The Retriever is a delicate instrument and should be handled carefully.
Before use and when possible during procedure, inspect device carefully
for damage. Do not use a device that shows signs of damage. Damage
may prevent device from functioning and may cause complications.

Do not advance or withdraw Retriever against resistance or significant
vasospasm. Moving or torquing device against resistance or significant
vasospasm may result in damage to vessel or device. Assess cause

of resistance using fluoroscopy and if needed resheath the device to
withdraw.

If Retriever is difficult to withdraw from the vessel, do not torque
Retriever. Advance Microcatheter distally, gently pull Retriever back into
Microcatheter, and remove Retriever and Microcatheter as a unit. If undue
resistance is met when withdrawing the Retriever into the Microcatheter,
consider extending the Retriever using the Abbott Vascular DOC
guidewire extension (REF 22260) so that the Microcatheter can be
exchanged for a larger diameter catheter such as a DAC® catheter.
Gently withdraw the Retriever into the larger diameter catheter.

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

Damaged delivery wires may cause detachment failures, vessel injury or
unpredictable distal tip response during coil deployment. If a delivery wire
is damaged at any point during the procedure, do not attempt to straighten
or otherwise repair it. Do not proceed with deployment or detachment.
Remove the entire coil and replace with undamaged product.

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

CAUTIONS /PRECAUTIONS

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

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

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

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

Some low level overhead light near or adjacent to the patient is required
to visualize the fluoro-saver marker; monitor light alone will not allow
sufficient visualization of the fluoro-saver marker.

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

Ifitis necessary to reposition the Target Detachable Coil, verify under
fluoroscopy that the coil moves with a one-to-one motion. If the coil does
not move with a one-to-one motion or movement is difficult, the coil may
have stretched and could possibly migrate or break. Gently remove both
the coil and microcatheter and replace with new devices.

Increased detachment times may occur when:

— Other embolic agents are present.

— Delivery wire and microcatheter markers are not properly aligned.

— Thrombus is present on the coil detachment zone.

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

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

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

]

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538-6515

stryker.com/neurovascular
Date of Release: FEB/2014
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PRECAUTIONS
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PERSPECTIVES

Title: The Forgotten

While radiologists typically focus on medical imaging, this single photograph provides a powerful glimpse into a past, and primitive, part of the larger field of medicine. The
Georgia Lunatic Asylum (later renamed Central State Hospital) opened in 1842 in the southern town of Milledgeville. This vast facility of 200 buildings over 2000 acres,
became the world’s largest psychiatric asylum and housed 13,000 patients at its peak occupancy. Patient care approaches consisted of lobotomies, straightjackets, insulin
shock, and early forms of electroshock therapy. Today, many of the buildings of Central State Hospital are empty yet preserved with haunting reminders of the poor
facility conditions endured by those who lived there. Within the property is Cedar Lane Cemetery, where numbered grave markers coat the hillside to acknowledge the
25,000 inmates who died there. More of the Dr. Meltzer's work can be seen at: http://carolynmeltzer.com/.

Carolyn Meltzer, MD, Atlanta, Georgia
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Emergent Neurovascular Imaging:
A Necessity for the Work-Up of
Minor Stroke and TIA

S.B. Coutts and “’M. Goyal

M ostischemic strokes are judged “minor” and nondisabling.'
Symptoms being too mild or minor is the most common
reason for withholding thrombolysis.> However, this seemingly
mild presentation is misleading because the prognosis is not be-
nign, with up to one-third of patients having died or being dis-
abled at follow-up.?

Natural History and Imaging Findings

We can identify a subset of patients with minor stroke who are at
the highest risk of poor outcome by using noninvasive CT angiog-
raphy. Patients with minor stroke with documented intracranial
arterial occlusion are at particularly high risk of early neurologic
deterioration and disability.* This is true whether the occlusion
is proximal or distal® or whether the initial deficits have com-
pletely resolved.” Even in the absence of neurologic deterioration,
these patients are at higher risk of disability than those with minor
stroke without intracranial occlusion. This presumably is from a
mechanism such as silent infarct growth.® These patients repre-
sent at least 10% of those with minor stroke,* and this number is
likely higher with better imaging techniques, such as multiphase
CTA (mCTA)? and perfusion, helping to identify more distal
occlusions.

Why Image Minor Stroke?

Why bother identifying patients with minor stroke with intracranial oc-
clusion? We believe that understanding disease pathophysiology is the
first step in the treatment of these patients. Stroke is a plumbing disorder,
so better identification of the problem and its exact location would result
in better diagnosis and treatment. Few stroke physicians, particularly in

the era of endovascular treatment' "

of stroke, would disagree that early
vascular imaging with CTA is crucial for the early management of pa-
tients with moderate-to-severe stroke. We believe that the same is true

for patients with minor cerebrovascular events (TIA and minor stroke).

What Imaging Technique to Use

In most institutions, imaging of minor stroke is best completed by using
CT, CTA and mCTA, or CT perfusion. In some parts of the world, MR
imaging is easily performed, but vascular imaging is still required. DWTis
useful in confirming that the patient actually has ischemia, but for many
patients, the absence of a DWI lesion will not change the management
plan.'? The management plan is driven by finding an intracranial occlu-
sion or an intracranial or extracranial stenotic lesion, thus making urgent
vascular imaging a key part of the initial work-up.

http://dx.doi.org/10.3174/ajnr.A4553
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EDITORIAL

Triage and Management Decisions

At our institution, for several years, all patients with suspected
stroke symptoms undergo a plain head CT, CTA, and mCTA.
Clinical trials are being performed in patients with intracranial
occlusion.'? Ideally, patients would be randomized in such a trial.
In the absence of an available trial, a decision can be made on an
individual patient basis as to whether to perform thrombolysis or
to use dual antiplatelet therapy, for example.'* Further stroke
etiology is an important driver of outcome because it strongly
influences the early risk of recurrence with as much as 50% of
early recurrences being due to large-artery disease.'” In addition,
recognizing of the magnitude of the problem, better understand-
ing its natural history, and understanding the underlying patho-
physiology will trigger new solutions for improving outcomes.
Thus, it makes sense to image both the intracranial and extracra-
nial circulation simultaneously in the emergency department.
This allows urgent treatment decisions to be made quickly and a
treatment plan to be implemented.

We have safely used findings from urgent CTA to triage pa-
tients who need to be seen that evening versus those than can be
seen in the clinic the next day. Patients with high-risk vascular
lesions are seen that night and admitted to the hospital, and those
whose symptoms have resolved and have normal CTA findings
are usually sent home. From an overall expense perspective, we
believe that urgent CTA does not add additional cost because
these patients require neurovascular imaging anyway (even if per-
formed in a nonemergent fashion). Additionally, by standardiz-
ing the protocol for acute stroke work-up across major and minor
stroke, we have been able to improve efficiency at all levels, in-
cluding image acquisition, postprocessing, and interpretation.

In the near future, all patients with minor stroke and TIA
should have emergent neurovascular imaging. This is a necessary
step toward improving outcomes in these patients.

Disclosures: Mayank Goyal—RELATED: Other: GE Healthcare, Comments: licensing
agreement for Systems of Stroke Diagnosis (patent pending); UNRELATED: Consul-
tancy: Covidien, Comments: for teaching engagements; for design and conduct of
the Solitaire With the Intention For Thrombectomy as PRIMary Endovascular Treat-
ment trial; Grants/Grants Pending: Covidien,* Comments: part funding of the En-
dovascular Treatment for Small Core and Anterior Circulation Proximal Occlusion
with Emphasis on Minimizing CT to Recanalization Times trial. *Money paid to the
institution.
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REVIEW ARTICLE

Recognizing Autoimmune-Mediated Encephalitis in the
Differential Diagnosis of Limbic Disorders

ABSTRACT

AJ. da Rocha, ““R.H. Nunes, A.C.M. Maia Jr, and L.L.F. do Amaral

O=

SUMMARY: Limbic encephalitis is far more common than previously thought. It is not always associated with cancer, and it is potentially

treatable. Autoantibodies against various neuronal cell antigens may arise independently or in association with cancer and cause autoim-

mune damage to the limbic system. Neuroimaging plays a key role in the management of patients with suspected limbic encephalitis by

supporting diagnosis and excluding differential possibilities. This article describes the main types of autoimmune limbic encephalitis and

its mimic disorders, and emphasizes their major imaging features.

ABBREVIATIONS: AME = autoimmune-mediated encephalopathy; AMPAR = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CASPR2, contactin-asso-
ciated protein-like 2; GAD65 = 65-kD isoform of glutamic acid decarboxylase; GABA = gamma-aminobutyric acid; HSE = herpes virus encephalitis; LE = limbic
encephalitis; LGI1 = leucine-rich glioma inactivated 1; PLE = paraneoplastic limbic encephalitis; TL = temporal lobe; VGKC = voltage-gated potassium channel

imbic encephalitis (LE) was initially described in 3 patients

with malignancies (and in the absence of a better explanation)
as a subacute encephalitis of later adult life that mainly affected
the limbic areas.' More than halfa century later, most forms of LE
have been recognized as a potentially treatable nonparaneoplastic
autoimmune encephalopathy with a broad spectrum of recogniz-
able symptoms that include psychiatric or behavioral features,
seizures, hallucinations, and cognitive abnormalities.>?

Current knowledge has improved our recognition of the neu-
rologic presentation and outcomes of patients with LE. Early di-
agnosis is always desirable because a satisfactory response to im-
munotherapy can be achieved.” On electroencephalography or
MR imaging, most patients with LE present inflammatory fea-
tures in the CSF associated with temporal lobe (TL) abnormalities
and detectable antineuronal antibodies.>* However, LE is not the
first diagnosis in clinical practice because clinical and paraclinical
markers are often unavailable. In addition, symptoms can precede
the diagnosis of cancer, and T2/FLAIR hyperintensity in the me-
dial aspect of the TL may mimic several other disorders.* ">

From the Division of Neuroradiology (AJ.dR, RH.N, ACMM., LLFd.A), Santa
Casa de Sdo Paulo School of Medical Sciences, Sao Paulo, Brazil; Division of Neuro-
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MR imaging plays a key role in the management of patients
with suspected LE and is used as part of the LE diagnostic criteria
to rule out differential diagnoses. Certain imaging and clinical
peculiarities may narrow the list of possible diagnoses; however, a
complete list of differential diagnoses remains beyond the scope
of this article. Our current aim was to describe the most com-
monly reported MR features of LE and its mimic disorders.

Autoimmune Encephalopathies
Both paraneoplastic LE (PLE) and nonparaneoplastic LE present a
similar clinical picture that includes CSF and MR imaging abnormal-
ities. It is estimated that 60% to 70% of cases are PLE; however, a
neurologic disorder can precede neoplasia by months or even
years.>’

Autoimmune-mediated encephalopathy (AME) can be distin-

guished by its association with autoantibodies™"?

and by certain rec-
ognizable features on MR imaging, which (besides LE) include cere-
bellar degeneration, striatal encephalitis, brain stem encephalitis, and
leukoencephalopathy.'*'® A comprehensive search for an underly-
ing malignancy is always considered when AME is suspected.” The
position of the causal antigens is correlated with the disease mecha-
nism and with concurrent cancer.>>'? In general, antibodies against
intracellular antigens are associated with cytotoxic T-cell mecha-
nisms; in these cases, neuronal damage seems to be irreversible, as-
sociations are found with underlying malignancies and poor prog-
nosis, and structural abnormalities are not restricted to the limbic
structures.'® Conversely, in restricted LE, neuronal cell-surface anti-
gens are targeted, an associated malignancy is unusual, and its ex-
pected response to immunotherapy is superior.”



FIG1. A 62-year-old man with subacute cognitive impairment and seizures. A, An enlarged and
hyperintense right hippocampus in a coronal FLAIR image (arrowhead). Additional right amygdala
involvement was observed, but no abnormal enhancement was documented after intravenous
gadolinium administration (not shown). B, Body CT after contrast administration shows a right
hilar mass (arrow) with an enlarged lower paratracheal lymph node (asterisk). Endobronchial
biopsy specimen revealed an small cell lung carcinoma, and the diagnosis was consistent with PLE.

Paraneoplastic LE

The classic mechanism reported in PLE is a systemic neoplasia
that expresses coincident antigens within the CNS, which results
in the production of antibodies that target neoplastic tissue (on-
coneural antigens) as well as intracellular antigens.>'>'* The cor-
rect diagnosis of PLE is relevant because earlier recognition often
allows the discovery and treatment of the underlying malignancy.
Cancer control is a crucial step in the management of PLE, which
is usually followed by the remission of the paraneoplastic
syndrome.'”

PLE Associated with Autoantibodies against Intracellular
Antigens

Hu Antibodies. The Hu antineuronal nuclear antibody is a type
ITa antineuronal nuclear antibody type I, which can appear in any
part of the nervous system. Approximately 75% of the patients
have small cell lung carcinoma and often develop symptoms re-
lated to inflammation across widespread areas of the CNS or the
peripheral nervous system.'® MR imaging reveals variable abnor-
malities according to clinical features, including T2/FLAIR hyper-
intensity in the mesial TL (Fig 1), cerebellar edema or atrophy,
and brain stem abnormalities.* Rarely, patients have epilepsia
partialis continua, which results from restricted lesions in non-
limbic cortical areas.*® First-line immunotherapies often fail, and
the prognosis of this condition is usually poor despite
immunotherapy.°

Ma2 Antibodies.
body-related encephalitis often have accompanying symptoms of

Patients with Ma2 antineuronal nuclear anti-

diencephalic inflammation (sleep disturbances, dysthermia, and
endocrine abnormalities) and upper brain stem inflaimmation
(eye movement abnormalities and hypokinetic syndrome). Ap-
proximately 75% of patients have abnormal MRI, usually with
classic LE findings.>' The remaining patients have signal abnor-
malities that are either isolated or associated with the hypothala-
mus and thalamus or with the brain stem.”> Nodular parenchy-
mal enhancement in the affected regions has been reported,
which may mimic a brain tumor or an infection.”"** This AME

occurs mostly in association with testic-
ular germinal cell tumors in younger
male individuals; but, in older individu-
als, there may be an underlying non—
small cell lung carcinoma or breast
cancer.”” Improvement with immuno-
therapy is more likely than in other
forms of LE that involve antibodies
against intracellular antigens.**

CV2/Collapsing Response Mediator
Protein-5 Antibodies. Bilateral striatal
encephalitis with T2/FLAIR hyperinten-
sity is a typical finding, which causes
choreiform movement disorders and is
highly suggestive of CV2/collapsing re-
sponse mediator protein-5 antineuronal
nuclear antibody-related encephalitis
associated with underlying small cell
lung carcinoma or malignant thymoma,
among others disorders.>**> However,
patients may also present with a range of imaging patterns that
rarely include LE and typically do not include striatal restriction
on DWI, which may help to distinguish this AME from prion
diseases.”

PLE Associated with Autoantibodies against Extracellular
Antigens

N-Methyl-D-Aspartate Receptor Antibodies. A specific immu-
noglobulin G antibody against the GluN1 subunit of the anti—N-
methyl-D-aspartate receptor results in a highly characteristic and
recognizable LE that is far more common than previously be-
lieved®® and mostly affects young women and children.”” Two
major well-characterized stages are noticeable.”® A viral-like pro-
drome followed by severe psychiatric features characterizes the
earliest involvement of the cortical regions. In addition, patients
may develop amnesia and seizures.>® After a few days to a few
weeks, subcortical areas are affected and a movement disorder
appears (often dyskinesia of the mouth and face) followed by a
decreased level of consciousness and dysautonomia, which re-
quires intensive care support. A lymphocytic pleocytosis is ob-
served in the CSF, and, less commonly, increased protein and/or
oligoclonal bands are present.*”

The most common MR imaging abnormality is unilateral or
bilateral LE’®?'; however, approximately 66% of patients have an
unremarkable MR imaging. Cerebellitis, striatal abnormalities,
and brain stem encephalitis have also been described.’*>' Gado-
linium enhancement is uncommon, and imaging follow-up could
reveal complete recovery or focal atrophy (Fig 2).7°%>!

The concurrence of tumors is reportedly age dependent.
Whereas approximately 45% of adult woman had ovarian tera-
toma, only 9% of younger girls had this type of tumor. Identifi-
cation and removal of the tumor were crucial because patients
without tumor removal recovered less frequently and had an in-
creased risk of relapse.?” In patients older than 45 years, the out-
come was reportedly favorable, whereas 23% of patients had un-
derlying carcinomas instead of teratomas.** Despite this ominous
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FIG2. Apreviously healthy 44-year-old woman presented with subacute psychiatric disturbance
with no fever or seizures. A, Bilateral and asymmetric hyperintensity was observed on an axial
FLAIR image in the enlarged amygdalae and hippocampi (asterisks), predominantly on the left
side. B, A faint ill-defined enhancement of the left hippocampus was documented on an axial T1
postcontrast image (arrowheads). Autoimmune encephalitis was considered, and the presence
of anti—-N-methyl-D-aspartate receptor autoantibodies was confirmed. C and D, Imaging fol-
low-up revealed signal abnormalities and atrophy on FLAIR that involved the hippocampus,
amygdala, parahippocampal gyrus, and left insula (arrowheads), compatible with severe sequelae.

clinical presentation, approximately 50% of patients respond to
first-line immunotherapies, often with full remission, whereas
patients who do not respond to treatment or who experience re-
lapse should be reassessed for the presence of an underlying con-
tralateral or recurrent teratoma.”

Gamma-Aminobutyric Acid Receptor Antibodies. Anti—gam-
ma-aminobutyric acid (GABA) B-receptor antibody-related en-
cephalitis usually presents as LE. Most patients have early and
frequent seizures associated with unilateral or bilateral T2/FLAIR
hyperintensity in the mesial TL that are potentially reversible after
treatment.*

As is most commonly reported in older patients, approxi-
mately 50% of patients with GABA B-receptor AMEs have under-
lying small cell lung carcinoma or lung neuroendocrine tumors.”
This AME usually precedes a cancer diagnosis but represents the
second most common cause of LE related to small cell lung
carcinoma.”®

An AME associated with anti-GABA A-receptor antibodies
was recently described in children and adults who developed a
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rapidly progressive encephalopathy
with refractory seizures, status epilepti-
cus, and/or epilepsia partialis continua
that was preceded by or associated with
behavioral changes.”” Unlike patients
with other LEs in whom MR imaging is
either normal or shows predominant in-
volvement of the limbic system, these
patients have multifocal and extensive
T2/FLAIR brain abnormalities. In addi-
tion, they respond well to immunother-
apy and rarely have an underlying tu-
mor. When a tumor is present, it is
usually a thymoma. Patients are often
misdiagnosed with the 65-kD isoform of
glutamic acid decarboxylase (GAD65)
antibody-associated ~encephalitis or
Hashimoto encephalitis due to the fre-
quent co-occurrence of GAD65 and an-
16,37

tithyroid antibodies.

Other PLEs with Autoantibodies against
Extracellular Antigens. In anti-a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) encephalitis, pa-
tients develop antibodies against the
GluRl and GluR2 of the
AMPAR, and present with symptoms and

subunits

MR imaging features of unilateral or bilat-
eral LE that rarely involve extrahippocam-
pal limbic structures. In some cases, the
manifestations are purely psychiatric.
Most of these patients are women who are
harboring a tumor in the lung, breast, or
thymus.*®

Hodgkin lymphoma is the third
most common cause of LE after small
cell lung carcinoma and testicular germ
cell tumors.* This association has been
called Ophelia syndrome, and it is characterized by generalized or
partial complex seizures in 50% of the patients. It is also more
commonly associated with short-term memory loss or amnesia,
psychiatric changes, and even frank psychosis with visual or au-
ditory hallucinations or paranoid ideation.'”>*

Intriguingly, AME is not typically associated with non-Hodg-
kin lymphoma.'” Although Hodgkin lymphoma rarely infiltrates
the CNS, the onset of an LE in this setting should be attributable to
either a concurrent infection or an AME (Fig 3). Successful treat-
ment of the tumor results in complete neurologic recovery, prob-
ably due to an association with an antibody against the metabo-
tropic glutamate receptor 5, which is highly expressed in the
hippocampus and presumably promotes reversible neuronal dys-
function rather than neuronal death.'”*°

Nonparaneoplastic LE

It is assumed that nonparaneoplastic LE is more common than
classic PLE and affects a wider age range of patients, though
predominantly young patients. Nonparaneoplastic LE is a re-



FIG 3. A 22-year-old man with Hodgkin lymphoma presented with acute onset of short-term
memory loss and mental confusion. A, An evident hyperintensity and subtle enlargement of the
right hippocampus and amygdala were noticed on an axial FLAIR image (arrow). B, No parenchy-
mal enhancement was observed (arrowhead). In addition to the fact that CNS involvement is not
expected in Hodgkin lymphoma, a lack of enhancement is not the expected imaging pattern.
After the patient did not respond to antiviral treatment, PLE was considered. The findings fulfilled
the criteria for Ophelia syndrome, which consists in an interval of <4 years between the onset of
neuropsychiatric disturbance and the diagnosis of the Hodgkin lymphoma, exclusion of other
cancer-related complications, and evidence of hippocampal abnormalities on MR imaging.

FIG4. A38-year-old woman presented with personality and behavioral changes associated with
progressive drug-resistant epilepsy. Memory testing revealed an anterograde episodic memory
disorder, and electroencephalography showed TL epileptiform discharges. A, A selective hyper-
intensity in the hippocampi that extended to the amygdalae bilaterally was noticed on an axial
FLAIR image, predominantly on the left side (arrow). B, Imaging follow-up revealed bilateral
hippocampal sclerosis, which is shown in a coronal FLAIR image (arrowheads). Whole-body
PET/CT and pelvic sonography were unremarkable (not shown). Autoimmune encephalitis was
suggested, and a high titer of GAD65 antibodies was confirmed.

present with severe TL epilepsy, with less
pronounced cognitive-behavioral fea-
tures and a poorer response to first-line
epilepsy drugs.*'

MR imaging frequently shows signal
abnormalities and swelling predomi-
nantly in the amygdala and hippocam-
pus, which may resolve or progress to
mesial temporal sclerosis on follow-up
imaging (Fig 4)."'

Nonparaneoplastic LE Associated
with Autoantibodies against
Extracellular Antigens

Voltage-Gated Potassium Channel-

Complex Antibodies.  Anti-leucine-
rich glioma inactivated 1 (LGI1) and
anti—contactin-associated protein-like 2
(CASPR2) antibodies have been de-
scribed as voltage-gated potassium
channel (VGKC) antibodies and the
most common cause of nonparaneo-
plastic LE.'® Results of recent studies
highlight the relevance of discriminating
both LGI1 and CASPR2 from VGKC-
complex antibodies. Although LGI1 and
contactin-associated protein-like 2 anti-
bodies are specifically associated with
limited subsets of syndromes, VGKC-
complex antibodies lack specificity
and may be found in nonautoimmune
diseases, including Creutzfeldt-Jakob
disease.*>*’

LGI1 antibodies occur most often in
young male patients (2:1) who develop a
classic LE with peculiar features, such as
hyponatremia (60%), rapid eye move-
ment-sleep behavior disorders, and
normal CSF. In a few patients, a charac-
teristic clinical manifestation described
as faciobrachial dystonic or tonic sei-
zures is observed. Fewer than 10% of pa-
tients with LGI1 antibodies have an un-
derlying neoplasm, which is usually a
thymoma.'®**

Approximately 78.6% of patients
present with typical LE MR imaging

sult of antibodies against neuronal cell surface or synaptic
receptors.’

Nonparaneoplastic LE Associated with Autoantibodies
against Intracellular Antigens

GAD65 Antibodies. Some patients with nonparaneoplastic LE
have antibodies against the intracellular antigen GAD65. How-
ever, unlike other intracellular antibodies, anti-GADG65 is not typ-
ically related to underlying malignancies. Patients typically pres-
ent with stiff man syndrome or cerebellar ataxia, but they also may

findings (Fig 5). Restricted DWT is observed in approximately
50% of these patients, whereas up to 25% have associated mild,
ill-defined contrast enhancement and extrahippocampal involve-
ment, including striatal encephalitis.'"**>

Antibodies against the VGKC-complex have been identified in
a subgroup of patients with epilepsy that appears on imaging as
mesial temporal sclerosis, which indicates that some patients with
epilepsy who are poorly responsive to conventional antiepileptic
drugs may have an immune-mediated etiology.'"*® Recognition
and appropriate treatment with immunotherapy are recom-
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mended to prevent structural damage due to severe encephalitis
as well as cognitive dysfunction.'®*”

LGI1 antibodies are almost exclusively expressed in the CNS.
They often result in LE or epilepsy but primarily result in non-
paraneoplastic LE (Fig 5). Conversely, CASPR2 antibodies ex-
pressed in the peripheral nervous system are involved in Morvan
disease or peripheral nerve hyperexcitability—neuromyotonia
spectrum disorders and are typically associated with thymomas.
Myasthenia gravis and LE can also be found in some patients.*®

Limbic Disorders That Mimic AME

Abnormal MR signal intensity that involves the TL has a broad dif-
ferential diagnosis that includes a range of unrelated disorders that
are rarely reported, for example, Whipple disease,*® 4-aminopyri-

FIG 5. A healthy 46-year-old woman presented with an acute onset of psychiatric disturbance
and hyponatremia. A, Bilateral hyperintensity and mild enlargement were noticed on an axial
FLAIR image in both hippocampi and amygdalae. B, No abnormal restricted diffusion was ob-
served on DWI. The final diagnosis was anti-VGKC encephalitis. Restricted diffusion may occur in
approximately 50% of patients at this phase and is usually restricted to the limbic system. The
presence of faciobrachial dystonic or tonic seizures, hyponatremia, and unremarkable CSF in the
setting of LE should raise concern that anti-LGIT encephalitis is present.

dine toxicity,”® and hypoglycemia.>* Neuroradiologists must recog-
nize these disorders and their imaging features more often.

Infectious LE

Herpes Virus Encephalitis.
causes at least 20% of acute LE cases.”” Although human herpes

Herpes virus encephalitis (HSE)

virus 6 is associated with posttransplantation acute LE,'® the most
common agent is herpes virus type 1, which has high mortality
and morbidity rates.>?

The clinical and imaging findings of LE caused by either AME
or HSE may overlap. Although almost 50% of patients with AME
present with or develop fever during their disease course and have
prodromal symptoms with abnormal CSF, these findings favor
HSE. The absence of psychiatric symp-
toms and the sudden and rapid progres-
sion also support the early administra-
tion of antiviral therapy based on a
presumed diagnosis of HSE.'® In addi-
tion, even though both HSE and LE in-
volve the TL, basal ganglia involvement
on MR imaging favors nonherpetic
etiologies.'”

It has been demonstrated that some
types of viral encephalitis can trigger au-

toimmune LE,>>%*

particularly anti-N-
methyl-D-aspartate receptor encephali-
tis.>® This phenomenon occurs when
prolonged or atypical neurologic symp-
toms recur after successful control of the
viral infection. Some patients with neg-
ative viral results develop a syndrome
described as relapsing post-HSE or cho-
reoathetosis post-HSE. A few weeks af-
ter recovery from HSE, children present
with abnormal movement and adults

FIG 6. A 47-year-old man with HSE. A, Bilateral symmetric cortical swelling and hyperintensity on axial FLAIR were observed in the
anteromedial TLs (arrows) and also affected the insular cortex and rectus gyri (arrowhead). B, Restricted diffusion was documented in the
same areas on DWI (asterisks). Bilateral and usually asymmetric involvement of the limbic system sparing the basal ganglia in the setting
of acute LE should raise concerns for HSE. The presence of hemorrhagic foci and gyriform enhancement are also of diagnostic value in
more-advanced disease. C, A similar pattern with bilateral asymmetrical involvement of the anteromedial TLs (arrows) on coronal FLAIR
was observed in addition to the extensive white matter changes (arrowheads) in a 59-year-old man with progressive dementia who was

later diagnosed with neurosyphilis.
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FIG7. Apreviously healthy 67-year-old man presented with a transient isolated episode of partial complex seizures and dysphasia. A, A cortical
abnormality that involved the lateral aspect of the left TL (asterisk) and a subtle hyperintensity on coronal T2 were noticed in the ipsilateral
hippocampus. B, Restricted diffusion on DWI was visible in the same areas (arrowhead), and a diagnosis of postictal edema was considered. C,
After 2 months and a worsening of the clinical manifestations, a necrotic mass in the left TL (arrow) was observed on a T1 postcontrast image.
A diagnosis of glioblastoma was confirmed after surgery. High-grade gliomas can manifest early as ill-defined lesions that usually have restricted
diffusion and involve the cortex with a lack of a mass effect. Follow-up imaging and advanced imaging techniques are crucial for making the

diagnosis.

FIG 8. A 15-month-old child presented with a prolonged generalized tonic-clonic seizure epi-
sode. A, Extensive hyperintensity on an axial FLAIR image that involves the cortex and the white
matter of the right TL (asterisk) indicated postictal edema. B, Comparative FLAIR imaging results
on follow-up after 6 months are consistent with right mesial temporal sclerosis (arrowhead) in

this patient who developed chronic epilepsy.

present with behavioral changes that are not associated with ad-
ditional brain lesions on MR imaging or response to antiviral
therapy.

Neurosyphilis. The incidence of neurosyphilis, caused by a spi-
rochete (Treponema pallidum), has once again begun to increase
in the era of acquired immunodeficiency syndrome.”® MR imag-
ing shows a variety of usually nonspecific findings, including se-
lective involvement of the TL that mimics HSE and LE.'®*° In
older subjects with a long latency period of infection or in patients
who are immunocompromised, T2/FLAIR hyperintensities in the
mesial TL areas that may or may not be associated with either
atrophic or gadolinium-enhanced areas increase the likelihood
that neurosyphilis is present rather than other etiologies (Fig 6).

Neoplastic Limbic Disorders
Diffuse gliomas and gliomatosis cerebri
may mimic the imaging features of LE.
The hallmark feature on MR imaging is
an infiltrative pattern with poorly de-
marcated boundaries that is usually not
restricted to the limbic system.®'"*”
Gliomatosis cerebri, as well as low-grade
diffuse gliomas, may progress slowly,
with seizures or even focal deficits.
Moreover, high-grade tumors might
present with atypical imaging features
that rarely mimic LE but then progress
invariably to a recognizable MR imaging
pattern of necroticlesions (Fig 7). In this
setting, MR-perfusion and MR-spec-
troscopy techniques are useful to detect
and enable

brain tumors surgical

planning.*®

Vascular Limbic Disorders
Differentiation between primary vascu-
litis and LE may represent a real challenge under certain condi-
tions of subacute presentation. Abnormal vessels on angiography
and cytotoxic edema on DWT that usually extends throughout the
compromised vascular territory and is not restricted to the limits
of the limbic system are helpful to confirm imaging suspicions.’
Transient global amnesia also affects the hippocampal formation,

but its clinical and imaging presentation is rather typical.>

Seizure-Related Limbic Disorders

Hippocampal sclerosis associated with TL abnormalities is the
multifactorial hallmark of mesial temporal sclerosis. This condi-
tion could be a consequence of prolonged unilateral febrile sei-
zures or status epilepticus, which occurs mainly in children when
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the hippocampus is more vulnerable to convulsion-induced exci-
totoxic damage and involves the sectors of the hippocampus rich
in kainate or N-methyl-D-aspartate receptors and, therefore, that
lack protection against calcium overload.®

Prolonged seizures or status epilepticus may appear as TL ab-
normalities on MR imaging, including cortical hyperintensities
on DWI that mimic LE and are attributable to hippocampal pos-
tictal edema.”®" Imaging follow-up with typical clinical and elec-
troencephalographic features may aid diagnosis. This condition is
potentially reversible or can result in atrophy with mesial tempo-
ral sclerosis (Fig 8).°

Hippocampal sclerosis may also be related to a rare neurode-
generative condition called pure hippocampal sclerosis dementia.
Despite its similarity to mesial temporal sclerosis on imaging, de-
mentia is always observed in the absence of epilepsy and usually
occurs in the elderly.®

Febrile infection—related epilepsy syndrome, or acute enceph-
alitis with refractory repetitive partial seizures, is considered a
severe epileptic encephalopathy with multifocal refractory status
epilepticus, which occurs mostly in young children but also in
adult patients.®* The initial phase is characterized by a simple
febrile infection, followed by an acute phase with recurrent focal
seizures that evolve rapidly into refractory status epilepticus, gen-
erally without fever and additional neurologic features. The diag-
nosis is made after an exhaustive negative search for an active CNS
infection and autoimmune or metabolic disorders. Early MR im-
aging may be normal in approximately half of the cases; however,
T2 abnormalities are detected in some patients, predominantly in
the temporal regions but also in the insula and basal ganglia,
which mimics LE.®*®° In the chronic phase, MR imaging shows
mesial temporal sclerosis in half of the patients, and bilateral hy-
pometabolism of orbitofrontal and temporoparietal regions is of-
ten demonstrated on PET.®* The etiology and mechanisms that
underlie it are still unknown, and, even though an autoimmune
mechanism could be considered and autoantibodies have previ-
ously been described in epilepsy, up to now there is no evidence to
support that autoantibodies are the etiology of febrile infection-
related epilepsy syndrome.®*°¢

Other Autoimmune Disorders

Autoimmune systemic disorders are associated with LE.” Sjogren
syndrome, lupus erythematosus, Bechet disease, primary angiitis
of the CNS, and antiphospholipid syndrome can occasionally
cause clinical and/or radiologic abnormalities in the limbic sys-
tem that are not antibody mediated but that are accompanied by
histopathologic evidence of cellular inflammation.’

Hashimoto encephalopathy or steroid-responsive encepha-
lopathy associated with autoimmune thyroiditis®” manifests as a
diffuse progressive AME characterized by dementia, psychiatric
disturbances, and seizures; there also is a vasculitic type charac-
terized by multiple strokelike episodes, seizures, and fluctuating
consciousness.®® This disorder is more common in women and is
associated with autoimmune antithyroid antibodies. There is in-
creasing evidence that these antibodies are not pathogenic but
rather are markers of autoimmunity for other associated but cur-
rently unclassified antineuronal antibodies.®” MR imaging may
mimic patterns of LE (Fig 9),”° but leukoencephalopathy with
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FIG 9. A 45-year-old woman presented with strokelike episodes
associated with fluctuating and progressive cognitive impairment.
Severe atrophy and bilateral hyperintensity in the hippocampi (ar-
rowheads) along with mild cortical atrophy and scattered white
matter changes were observed on a coronal FLAIR image. Although
the patient had euthyroid status, she presented with high titers of
serum antithyroperoxidase (490 U/mL; reference value, <60
U/mL). After excluding other causes, the diagnosis of steroid-re-
sponsive encephalopathy associated with autoimmune thyroiditis
was considered.

bilateral patchy or confluent supratentorial subcortical and
periventricular white matter T2/FLAIR hyperintensities is the
most common abnormality and is usually reversible after
corticotherapy.®”

A rare cause of LE is relapsing polychondritis, in which clini-
coradiologic involvement of the limbic system might be more
common than was previously thought.”"”* This condition is a
disorder of unknown etiology that manifests as episodic and pro-
gressive inflammation of the cartilaginous structures of the body,
as is suggested by the detection of autoantibodies against type II
collagen restricted to the cartilage in the sera of 30%—-50% of
affected patients.”> MR imaging findings are coincident with LE;
however, peculiar cartilage involvement may help identify this
entity.

Recommended Diagnostic Approach to Limbic Disorders
An algorithm that describes an approach to the diagnosis of lim-
bic disorders by using clinical and neuroimaging features is pre-
sented in Fig 10.

CONCLUSIONS

LE and the mimic disorders presented in this review have always
existed. However, they have just begun to be clearly distinguished
over the past decade. Their association with autoantibodies influ-
ences their prognosis and results in recognizable imaging patterns
that vary according to the position of the causal antigens (intra- or
extracellular) and the concurrence of cancer. Mimic disorders
may represent a complication of an underlying malignancy or
may occur independently. MR imaging is the best technique for
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* HSE is always suspected and its prompt treatment should remain until a definitive diagnosis is confirmed.
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FIG 10. Proposed approach to the diagnosis of LE and its mimic disorders. SCLC indicates small cell lung carcinoma; SIADA, syndrome of
inappropriate antidiuretic hormone; TPO, thyroperoxidase; NMDA, N-methyl-D-aspartate; STREAT, steroid-responsive encephalopathy asso-
ciated with autoimmune thyroiditis; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor.

recognizing limbic disorders and is useful for differentiating

among them and for improving their investigation.
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SUMMARY: In April 2015, the American Roentgen Ray Society and the American Society of Neuroradiology cosponsored a unique

program designed to evaluate the state of the art in the imaging work-up of acute stroke. This topic has grown in importance because of

the recent randomized controlled trials demonstrating the clear efficacy of endovascular stroke treatment. The authors, who were

participants in that symposium, will highlight the points of emphasis in this article.

ABBREVIATIONS: NINDS = National Institute of Neurological Disorders and Stroke; ECASS = European Cooperative Acute Stroke Study; MR CLEAN = Multi-
center Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands; ESCAPE = Endovascular Treatment for Small Core and
Anterior Circulation Proximal Occlusion with Emphasis on Minimizing CT to Recanalization Times; EVT = endovascular treatment; EXTEND-IA = Extending the Time for
Thrombolysis in Emergency Neurological Deficits—Intra-Arterial; MR RESCUE = Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy; SWIFT-
PRIME = Solitaire With the Intention for Thrombectomy as Primary Endovascular Treatment

For >2 decades, intravenous tissue plasminogen activator was
the only proved therapy for acute ischemic stroke, despite hav-
ing limited efficacy for large-vessel occlusions and a restrictive
timeframe for administration."> The recent publication of ran-
domized controlled trials demonstrating a high degree of efficacy
for endovascular treatment (EVT) in strokes caused by large-ves-
sel occlusions heralds a new era of acute stroke therapy. The Mul-
ticenter Randomized Clinical Trial of Endovascular Treatment
for Acute Ischemic Stroke in the Netherlands (MR CLEAN),? En-
dovascular Treatment for Small Core and Anterior Circulation
Proximal Occlusion with Emphasis on Minimizing CT to Recan-
alization Times (ESCAPE),* Extending the Time for Thromboly-
sis in Emergency Neurological Deficits—Intra-Arterial (EXTEND-
IA),” and Solitaire With the Intention for Thrombectomy as
Primary Endovascular Treatment (SWIFT-PRIME)® trials dem-
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onstrated that patients with acute ischemic stroke with a proximal
large-vessel occlusion of the anterior circulation have significantly
improved functional outcomes when EVT is initiated within 6
hours after stroke onset. EVT was used in combination with
standard-of-care IV-tPA, resulting in an absolute risk reduc-
tion of stroke disability by 14%—-31% (the number of patients
needed to treat for one patient to have good outcome ranged
from 3 to 6).

So why did these trials work when other endovascular trials,
including the Interventional Management of Stroke-I1I,” the Me-
chanical Retrieval and Recanalization of Stroke Clots Using Em-
bolectomy (MR RESCUE),® and the Local Versus Systemic
Thrombolysis for Acute Ischemic Stroke® trials, had failed? A ma-
jor contributor to the success of these endovascular trials was
superior mechanical thrombectomy devices resulting in safer,
faster, and higher rates of reperfusion. Another contributor to the
success of these trials seems to have been the use of rapid and
accurate imaging screens to select patients with the greatest po-
tential to benefit from the EVT.'>!!

As treatment for stroke has advanced, the demands for imag-
ing to help select appropriate patients for various treatments have
increased. Initially, imaging was used primarily to rule out hem-
orrhage and stroke mimics. With the more advanced therapeutic
options that are currently available, imaging is now used to deter-
mine the following: 1) the location of thrombus, 2) the volume of
the infarct core, 3) tissue viability, and 4) the degree of collateral
circulation. In this portion of the review, we will debate the merits
of multimodal CT versus multimodal MR imaging as a tool to
identify candidates for intervention, address safety and quality



Efficacious acute stroke randomized controlled trials

One study showed a higher risk of symp-

Trial Time Window (hr) Treatment Screening Imaging Modality tomatic hemorrhage after intravenous
NINDS' 0-3 IV-tPA NCCT thrombolysis in patients with >5 microb-
ECA;S i 345 IV-tPA NCCT leeds but no association with less favor-
TNK 3 0-6 IV tenecteplase NCCT+CTA+CTP able outcome.'” More studies to assess the
MR CLEAN 0-6 IA thrombectomy ~ NCCT+CTA/MRA/DSA . deffecti fth bolvsisi
ESCAPE* 0-12 IA thrombectomy ~ NCCT+multiphase CTA safetyand eflectiveness of thrombolysis in
EXTEND-IA® 0-6 IA thrombectomy ~ NCCT+CTA+CTP patients with microbleeds are needed.
SWIFT-PRIME® 0-6 IA thrombectomy ~ NCCT+CTA/MRA=CTP/MRP

Note:—NINDS indicates National Institute of Neurological Disorders and Stroke; ECASS, European Cooperative
Acute Stroke Study; TNK, tenecteplase; MR CLEAN, Multicenter Randomized Clinical Trial of Endovascular Treatment

for Acute Ischemic Stroke in the Netherlands; IA, intra-arterial; MRP, MR perfusion.

Supraganglionic Level

Ganglionic Level

FIGURE. ASPECTS? scoring on an NCCT of a 52-year-old woman 2.5
hours after the onset of a left hemiparesis. Ten defined regions of the
MCA distribution are identified on a normal left cerebral hemisphere
at ganglionic (A) and supraganglionic (B) levels: the caudate nucleus
(C), the lentiform nucleus (L), the internal capsule (IC), the insular
cortex (1), and M1, M2, M3, M4, M5, and Mé. The outlined areas in the
right hemisphere show hypoattenuation in 8 regions given an
ASPECTS score of 2.

issues in stroke imaging, and highlight key aspects of vessel wall
imaging.

Multimodal CT as an Effective Screening Tool for Acute
Stroke Treatment

A review of each of the positive randomized controlled trials for
acute ischemic stroke treatment revealed that CT was the imaging
technique of choice to select patients for treatment (Table). Only
a few randomized controlled trials, Echo planar Imaging Throm-
bolytic Evaluation trial,'* Study of Desmoteplase In Acute Isch-
emic Stroke phase II,"* and MR RESCUE,? used MR imaging as a
screening tool (some also permitted CTP); but none of these trials
demonstrated efficacy. Multimodal CT, including NCCT, CTP,
and CTA, is capable of addressing all the acute imaging needs
required for screening thrombectomy candidates: ruling out
hemorrhage and identifying large-vessel occlusion, detecting in-
farct core and penumbra, and assessing collateral flow. Most im-
portant, in most settings, accessibility to CT is fast and efficient.

Rule Out Hemorrhage. NCCT is widely accepted as the criterion
standard for imaging intracerebral hemorrhage and can reliably
identify acute hemorrhage with high sensitivity. Despite the
heightened sensitivity of SWI to microbleeds, several studies sug-
gest that neither the presence nor the number of cerebral microb-
leeds is associated with a significantly increased risk of hemor-

rhagic transformation in tPA-treated or untreated patients.'*'¢

Detection of Large-Vessel Occlusion.

Vascular imaging was required in all 4 of
the positive endovascular trials. CTA was
the imaging technique of choice in the 4
randomized controlled trials for thrombectomy.'® CTA can be
performed immediately following NCCT. It is fast, less prone to
motion, and widely available in the community. It is safe and can
be performed without first screening for renal function (discussed
below). The only contraindication to CTA is a severe contrast
allergy, in which case MRA can be performed but will poten-

tially delay time-sensitive therapies by 18—30 minutes.'**°

Detection of Core and Penumbra. Patients with a large infarct
core are unlikely to benefit from endovascular therapy. One sur-
rogate measure for the extent of the core is the semiquantitative
Alberta Stroke Program Early CT Score (Figure), which quantifies
early ischemic changes in the middle cerebral artery territory on
NCCT.?! This 10-point scoring system systematically rates early
signs of ischemia in defined brain regions; a score of 10 indicates a
scan with normal findings, and 1 point is subtracted for each
abnormal brain region. A score of <4 is considered significant,
indicating a large infarct core, and is associated with increased risk
of hemorrhagic transformation and poor outcomes after throm-
bolysis.>> Because of these associations, patients with an
ASPECTS of <6 were excluded from enrollment in 3 of the 4
positive thrombectomy trials.*®

The ischemic penumbra, defined as brain tissue that will die if
untreated but survive if reperfused, can be assessed with either
MR perfusion or CTP. There are strong advocates for using CTP
to select patients for endovascular therapy, though a growing
number think that CTP is inappropriate in an individual patient,
arguing that the error bars associated with the noisy postprocessing
algorithms are large.”»** CTP was used in 3 positive randomized
controlled trials of endovascular therapy (ESCAPE,* EXTEND-IA,?
and SWIFT-PRIME®) and a trial using IV tenecteplase®® (geneti-
cally modified tissue plasminogen activator), to identify the pen-
umbra before inclusion in the trials. These outcomes do not es-
tablish the necessity of CTP for identifying patients who will
benefit from reperfusion therapy because numerous trials that did
not use perfusion imaging still demonstrated efficacy.

Detection of Collateral Flow. Multiphase CTA is a new tech-
nique that allows a quick visual assessment of collateral flow in the
affected territory.?® The technique requires 3 scans after a contrast
bolus to capture the arterial, midvenous, and late venous phases.
The degree of enhancement of pial arteries distal to the occlusion
positively correlates with the degree of collaterals (On-line Fig-
ure). In the setting of a proximal large-vessel occlusion, the pres-
ence of good collateral vessels is more likely to be associated with
a smaller core and more salvageable brain tissue and has been
shown to be a strong predictor of good outcomes. Patients with
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poor collaterals were excluded from the ESCAPE and SWIFT
PRIME trials, to help refine patient selection. The challenge of
using collateral-based selection is the following: the nonstandard-
ized approach to collateral grading and the dependence of the
technique on noninvasive evaluation.””

CT has the advantage of having a rapid and efficient workflow
(see discussion below). “Time is brain” is an important concept
that stems from meta-analyses of IV-tPA trials demonstrating
that the number of patients needed to be treated for 1 good out-
come increases from 5 to 9 to 15 patients with every 90-minute
delay in treatment.”® A similar inverse relationship is seen be-
tween outcome and time to reperfusion for endovascular inter-
ventions.”” The total scan time for a multimodal CT is approxi-
mately 5 minutes, while rapid MR imaging protocols can be
reduced to 10—15 minutes. Although the difference in actual im-
aging time between CT and MR imaging is small, a number of
additional hurdles can add significantly to MR imaging times: the
availability of a scanner, screening for MR imaging safety, trans-
porting patients to the scanner often outside the emergency de-
partment, transferring patients in and out of the scanner with MR
imaging— compatible equipment, positioning the patient, and so
forth. These delays of 18—30 minutes may seem small, but when
considering an emergency department arrival to groin puncture
times of 95 minutes, the delays are significant.'>*° In addition to
delays, MR imaging is contraindicated in up to 20% of patients
with acute stroke due to patient-related factors such as cardiac
pacemakers and medical instability.*®

In summary, MR imaging may be equivalent or superior to CT
in its ability to address all imaging goals for acute ischemic stroke.
However, obstacles for its use in the acute setting of stroke may
limit its utility, though these obstacles may be overcome with
workflow optimization. CT is faster and, some argue, able to sat-
isfy the various imaging requirements for current time-sensitive
therapeutics in a wider population. Most important, it is the most
consistently used imaging technique in the trials of acute ischemic
stroke treatments that were shown to be efficacious.

Multimodal MR Imaging as an Effective Screening Tool
for Acute Stroke Treatment

All of the recent positive trials used CT for imaging selection. As
such, no class I clinical evidence supports patient evaluation by
using MR imaging. However, this lack of evidence does not signify
the superiority of CT, just its greater feasibility in current clinical
practice. Strong evidence supports the use of MR imaging to im-
prove the safety profile and cost-effectiveness of intra-arterial
treatment, which relies primarily on the greater accuracy of DWI
to depict acute brain infarction. Using a streamlined protocol,
MR imaging can provide all the necessary information for treat-
ment decision-making and can be performed without a signifi-
cant time delay.”"

Rule Out Hemorrhage. Gradient recalled-echo T2*-weighted
imaging and SWI are highly sensitive to blood-breakdown prod-
ucts. In acute stroke, gradient recalled-echo T2*WI has been
shown to be as accurate as NCCT for the detection of acute intra-
cranial hemorrhage and is superior to CT in the detection of
chronic hemorrhage.* Within 6 hours of stroke onset (ie, treat-
ment window for reperfusion), 1 study found a 96% concordance
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between CT and MR imaging for acute intracranial hemor-
rhage,>® while another study reported a 100% accuracy of MR
imaging for detecting intracerebral hemorrhage by using experi-
enced readers and NCCT as the reference standard.?® On the basis
of these results, MR imaging is an excellent technique for distin-
guishing ischemic and hemorrhagic stroke for consideration of
reperfusion therapy and is supported by recent American Heart
Association guidelines (class 1, level of evidence A).**

Documenting Proximal Artery Occlusion. Occlusive thrombus
in the proximal intracranial arteries is the target of intra-arterial
therapy. Therefore, noninvasive vessel imaging is critical for the
rational delivery of this treatment (American Heart Association
class I, level of evidence A).>* Moreover, it provides important
pretreatment data for the neurointerventionalist, who can choose
the appropriate access tools in the case of arterial tortuosity or
when treatment is required for steno-occlusive disease at the ca-
rotid bifurcation.

Although CTA provides the best noninvasive evaluation of the

intracranial vessels,”> MRA appears sufficient for decision-mak-
ing regarding intra-arterial therapy. 3D TOF MRA has been
shown to have 84%-—87% sensitivity and 85%-98% specificity for
identifying proximal artery occlusion.'®?® Contrast-enhanced
MRA offers faster acquisition times, wider coverage, and less flow-
related signal loss but has lower spatial resolution and venous con-
tamination.”” Both CTA and MRA are recommended for noninva-
sive vessel imaging during acute stroke evaluation by American Heart
Association guidelines (class I, level of evidence A).**
Identifying Large Infarcts for Treatment Exclusion. It is biologi-
cally intuitive that patients with large infarcts will do poorly irre-
spective of treatment. Although thresholds that define what is too
large for treatment vary depending on the clinical setting (eg, age,
outcomes of interest), it is generally accepted that infarct volumes
of >70-100 mL are highly predictive of poor outcome.*®* This
volume approximates one-third of the MCA territory, but quan-
tification (eg, by using the ABC/2 ellipsoid approximation) im-
proves the precision over the traditional method of gross visual
estimation. Moreover, such infarcts appear to be at higher risk for
treatment-related complications, namely reperfusion hemor-
rhage.”®*° For these reasons, it is important to have an accurate
and reliable method for determining infarct volume in the treat-
ment window.

Currently, DWI is the best clinically available technique to
depict hyperacute infarction (American Heart Association class I,
level of evidence A).*"** It has a reported 91%—100% sensitivity
and 86%-100% specificity for infarct detection within the first 6
hours, as well as excellent interrater reliability.*>** Moreover,
given the superior tissue contrast, it allows volumetric quantifica-
tion. Despite early reports of diffusion lesion reversal, subsequent
studies have shown that true reversal is rare and not clinically
significant.*” Even with near-complete (>>90%) reperfusion, the
rate of significant diffusion lesion volume reversal was <5%.*° In
comparison, all the CT-based techniques have major limitations.
Like CTP, CTA source imaging is limited by technique, and hy-
poattenuated lesion volume has been shown to vary depending on
when the brain is imaged during contrast transit.*” The most re-
liable CT sign of early infarction is tissue hypoattenuation on



NCCT, which reflects a net increase in tissue water. This sign
demonstrates limited sensitivity (~70%) but is highly specific
(100%) for infarction.*®

Two recent studies have shown the superiority of DWI over
NCCT for evaluating patients who undergo EVT. The first was a
post hoc analysis of patients receiving EVT in the Diffusion
Weighted Imaging Evaluation for Understanding Stroke Evolu-
tion Study 2 who had pretreatment MR imaging and NCCT. The
investigators found that ASPECTS graded on DWT had superior
interrater agreement (intraclass correlation coefficient, 0.87 ver-
sus 0.58) and predicted 90-day good outcome better (C statistic,
0.71 versus 0.55; P = .03) than NCCT ASPECTS.*® The second
study was a single-center cohort analysis in which 2 separate im-
aging-selection approaches were compared.*® In the first cohort,
patients with proximal artery occlusions were evaluated for intra-
arterial therapy by using NCCT and CTA, and in a subsequent
cohort, DWI was performed in addition to NCCT and CTA. Most
important, in both cohorts, the investigators analyzed outcomes
in patients who were both treated and excluded from treatment
and found that the cohort in which DWI was performed had
better 30-day good outcomes (mRS 0-2: 23.6% versus 9.1%),
lower mortality (25% versus 48.5%), and lower symptomatic
hemorrhage rates (3.9% versus 10.2%), despite fewer patients be-
ing treated endovascularly (51.7% versus 96.6%). This finding
suggests that MR imaging is appropriately excluding patients who
are being harmed by intra-arterial therapy, namely those with
large infarcts, and it equates to more cost-effective treatment de-
livery. Taken together, these studies support the promise of im-
proved patient selection by using MR imaging.

Quality and Safety in Stroke Imaging

Imaging in the Stroke Workflow. As we integrate the evidence
from the newer trials into our stroke workflow, time is critical.
The national quality-improvement initiative of the American
Heart Association and American Stroke Association to improve
care in acute stroke, termed “Target: Stroke,” highlights best prac-
tice strategies to reduce treatment times.”' Urging rapid
acquisition and interpretation of brain imaging, the authors rec-
ommend that 80% of patients with acute stroke evaluated for
revascularization should have NCCT or MR imaging within 25
minutes, and 80% of patients should have interpretations within
45 minutes of arrival.>?

Given the overwhelmingly positive results of the randomized
controlled trials, there will be a shift toward increased use of ad-
vanced imaging in acute stroke. However, the randomized con-
trolled trials also emphasized faster door-to-reperfusion times. In
fact, the stroke workflow needs to run in a parallel fashion rather
than being a linear process.”®>* IV-tPA could be administered in
the imaging suite as soon as the NCCT excludes hemorrhage,
while CTA/CTP imaging is simultaneously being performed.>>
The stroke imaging protocols need to be modeled after trauma,
necessitating the same level of urgency, targeting all points of
delay: stroke-alert notification to radiologists, point-of-care test-
ing, forgo blood work to verify creatinine levels, separation of
reads of NCCT from multimodal imaging (CTA/CTP), rapid au-
tomated postprocessing of perfusion when performed, and con-

vergence of teams to CT/MR imaging, where management deci-
sions are made.”

MR imaging protocols usually have longer acquisition times
and limited availability compared with CT, taking up to 15-20
minutes.”® A faster 6-minute multimodal MR imaging protocol
for acute stroke by using a combination of echo-planar and par-
allel acquisition has recently been published.’’ Centers that rou-
tinely use MR imaging—based paradigms for stroke need to design
efficient process flows, including the availability of MR imaging in
the emergency department, rapid safety screening (from charts, pa-
tients, family, and examination for scars), point-of-care creatinine
level evaluation to minimize the risk for gadolinium-induced neph-
rogenic systemic fibrosis, and efficient stroke protocols.

In addition, one must optimize data collection to drive system
improvement,5 7 including time intervals and clinical outcomes,
into a database, trial, or registry such as Get With The Guidelines
Stroke Patient Management Tool (http://www.heart.org/HEARTORG/
HealthcareResearch/GetWithTheGuidelines/GetWithThe
Guidelines-Stroke/Get-With-The-Guidelines-Stroke-Patient-
Management-Tool_UCM_308035_Article.jsp). Standardized
and comprehensive data collection can be a powerful tool in pro-
viding feedback and bench marking to national averages and
eventually changing outcomes.

Radiation Safety. It has been well-publicized in the media that
>200 patients undergoing CTP in 1 center were exposed to >8
times the normal radiation dose, resulting in bandlike alopecia.
One reason cited was an unrecognized alteration in the scanning
protocols that did not diminish image quality and thus went
undetected.”®

Dose-length product is routinely used to estimate dose per
patient. This can be converted to millisieverts as a measurement of
“effective dose.” The typical millisievert exposure for a total stroke
imaging NCCT, CTA, and CTP is approximately 9—10 mSv. If one
puts that into perspective, a head CT with and without contrast is
estimated to have an effective dose of 4 mSv, equivalent to
approximately 16 months’ background radiation.”® Some centers
without CTP are using multiphase CTA, which incurs an incre-
mental 1 mSv of exposure.®®

Dose is dependent on tube current (milliampere-second), ki-
lovolt peak, pitch, and collimation. The most frequent method
used to limit dose is to reduce the milliampere-second; however,
this reduction increases image noise. Image noise may be partially
compensated by postprocessing techniques such as iterative re-
construction without incurring a dose penalty. Iterative recon-
struction leads to a qualitative smoothing of image edges. Reduc-
ing kilovolt peak is a well-accepted strategy as long as it is not met
with an automatic increase in milliampere-second to compensate
for image quality. Currently, 80 kilovolt peak is the standard for
CTP, with some newer research exploring the dose benefits of 70
kilovolt peak.®® Another method of potentially reducing exposure
is increasing the sampling interval for CTP examinations without
significantly impacting image quality.®’ Therefore, awareness of
the dose parameters affecting imaging quality is imperative. Add
to the CT dosage the new recommendations for fluoroscopically
guided EVT, and radiation exposure in a young patient with
stroke may become a safety consideration.

AJNR Am J Neuroradiol 36:2206—13  Dec 2015 www.ajnr.org 2209



Contrast Safety. The overall risk of contrast-induced nephrop-
athy is approximately 2%-5% for patients with a glomerular fil-
tration rate of 15-40 and higher for patients with a glomerular
filtration rate of <15.°* Multiple studies have demonstrated that
administration of a contrast-enhanced protocol involving CTA/
CTP and DSA in select patients does not appear to increase the
incidence of contrast-induced nephropathy.®>* The risk of con-
trast-induced nephropathy is overestimated, and a significant
proportion of transient creatinine elevation is due to expected
fluctuation and underlying disease.®® Hence the concern regard-
ing the need to verify renal function before administering iodin-
ated contrast in the acute stroke setting is overstated. Nephro-
genic systemic fibrosis has been virtually eliminated by restricting
gadolinium usage to patients with glomerular filtration rates of
>30.%

Endovascular Treatment Center Availability. Historically, it has
been difficult to estimate the number of patients treated with
EVT.®”%® Increasing demands for EVT will be accompanied by a
commensurate change in the workload for existing regional and
comprehensive stroke centers. Currently, it is estimated that ad-
equate staffing is available to roughly 95% of the US population.®®
However, the recent trials have set lofty targets for revasculariza-
tion times. In ESCAPE, the median time from stroke onset to CT
imaging was 134 minutes and an imaging to groin puncture was
51 minutes, resulting in an onset-to-reperfusion time of just >4
hours (241 minutes). In SWIFT PRIME, the median time from
arrival in the emergency department to groin puncture was 90
minutes, and from qualifying image to groin puncture, it was 57
minutes. Achieving these targets will be challenging in regions
where geography limits accessibility to centers with neurointer-
ventional expertise.

The Future of Hyperacute Stroke Imaging: Emphasis on
Large Vessels?

With the recent excitement over the success of EVT, there will no
doubt be increasing demands on acute multimodal diagnostic
imaging to further guide therapeutic decision-making to enhance
efficacy. In particular, large vessels may need further characteriza-
tion to assess the benefits and risks tailored to specific acute ther-
apies or for subsequent management decisions. Many studies
have focused on direct cranial intravascular thrombus imaging by
using NCCT or MR imaging to predict recanalization efficacy
with EVT. Because a large thrombus burden is associated with
lower rates of recanalization with EVT,”° reconstructed thin-sec-
tion NCCT (0.625-1.25 mm) has been used to improve the sen-
sitivity of clot detection and the accuracy of clot quantification in
the middle cerebral artery.”"”? In addition, unlike pharmacologic
fibrinolysis, recanalization rates by using mechanical thrombec-
tomy are influenced more by the morphology of the target throm-
bus than its volume. One study showed that the recanalization
rate is 3 times more common with a straight unbranched throm-
bus than with a branched tortuous thrombus as measured on
gradient recalled-echo T2*WI by using the Merci device (Concen-
tric Medical, Mountain View, California) for thrombectomy.””
This outcome is primarily due to the mechanical force dispersion
with a different shape of the clot during the retrieval. Thus, imag-
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ing characteristics of the thrombus may help in choosing the best
EVT for successful recanalization.

Although past vascular imaging effort was largely focused on
extracranial vessel imaging, some of the same principles may ap-
ply to large proximal intracranial vessels. This research will have
greater application for intracranial atherosclerotic disease and its
treatment than for embolic occlusions, which account for most
conditions of patients undergoing thrombectomy.

MR vessel wall imaging is a powerful tool for extracranial (eg,
carotid) plaque characterization, enabling the determination of
stroke risk from carotid plaque rupture.”* Recently, this tech-
nique has been implemented in several population-based studies
to determine the plaque component prevalence and the associ-
ated risk that leads to stroke.”® Both the Atherosclerosis Risk in
Communities study”® and the Multi-Ethnic Study of Atheroscle-
rosis’” have shown that the extent of carotid plaque and lipid core
presence measured on MR imaging is associated with blood cho-
lesterol levels. However, very few epidemiologic MR imaging
studies have reached adequate numbers of outcomes (stroke
events) since the initial MR imaging study. The Multi-Ethnic
Study of Atherosclerosis carotid MR imaging study first reported
associations of carotid plaque features with future events.”® It
showed that the remodeling index and lipid core presence mea-
sured on MR imaging added a risk for a new event beyond tradi-
tional risk factors in individuals without a history of cardiovascu-
lar disease. Future population-based studies to explore the
predictive value of other high-risk plaque elements (eg, intra-
plaque hemorrhage or fibrous cap thinning/rupture) could pro-
vide insight in identifying asymptomatic individuals at risk for
events. This insight will allow us to define a subgroup of asymp-
tomatic patients who may benefit from therapeutic strategies that
can target such vulnerable features.

Compared with extracranial atherosclerosis, intracranial ath-
erosclerosis has been much less commonly studied in epidemio-
logic research due to the lack of an appropriate diagnostic tool to
depict the intracranial vessel wall. Recent developments in 3D
vessel wall MR imaging enable screening of major intracranial

atherosclerosis”®®°

and provides reliable wall measurements in a
population-based study (Atherosclerosis Risk in Communities—
Neurocognitive study®'). The prevalence of intracranial athero-
sclerosis in the Atherosclerosis Risk in Communities population
(mean age, 77.1 years) was 34.4% and higher in African Ameri-
cans compared with whites.?' Future prospective epidemiologic
studies that examine intracranial plaque burden in relation to risk
factors and vascular markers (contemporaneous and change from
earlier baseline measures) would contribute to a more compre-
hensive understanding of stroke risk.

Vessel wall imaging techniques have emerged to complement
luminal stenosis assessments by providing a more detailed evalu-
ation of intracranial vasculopathies. For example, recent studies
suggest that multisequence, high-resolution MR wall imaging
may differentiate atherosclerosis from other causes of vessel nar-
rowing, such vasculitis,** and might aid in determining the etiol-
ogy after acute ischemic stroke, given that culprit atherosclerotic
lesions may preferentially demonstrate wall enhancement.®
Larger, prospective studies with vessel wall imaging techniques
are warranted to examine whether such methods could play a



more routine role in stroke prevention and diagnosis in patients
with large-vessel atherosclerotic disease.

CONCLUSIONS

As we enter this new era of acute stroke therapeutics, our reliance
on rapid diagnostic imaging to help guide therapy will continue to
increase. The goal of imaging is to enhance the therapeutic index
of available treatment options by selecting patients who have the
greatest potential to benefit. Vital to the efficacy of any acute
stroke treatment is time; therefore, diagnostic tests must be fast,
reliable, and operationally efficient. Current treatment algo-
rithms favor multimodal CT imaging even though MR imaging
may be superior in individual diagnostic tasks. MR imaging shows
promise in providing signatures for penumbra and core and may
one day provide information beyond anatomic large-vessel occlu-
sion to help guide advanced endovascular approaches as our ther-
apeutic and diagnostic technology evolves.
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ORIGINAL RESEARCH
ADULT BRAIN

MRI Texture Analysis Reveals Bulbar Abnormalities in

Friedreich Ataxia

T.A. Santos, C.E.B. Maistro, C.B. Silva, M.S. Oliveira, M.C. Franga, Jr, and G. Castellano

ABSTRACT

o-=HH

BACKGROUND AND PURPOSE: Texture analysis is an image processing technique that can be used to extract parameters able to describe
meaningful features of an image or ROI. Texture analysis based on the gray level co-occurrence matrix gives a second-order statistical
description of the image or ROL. In this work, the co-occurrence matrix texture approach was used to extract information from brain MR
images of patients with Friedreich ataxia and a control group, to see whether texture parameters were different between these groups. A
longitudinal analysis was also performed.

MATERIALS AND METHODS: Twenty patients and 21 healthy controls participated in the study. Both groups had 2 sets of Tl-weighted MR
images obtained 1year apart for every subject. ROIs chosen for analysis were the medulla oblongata and pons. Texture parameters were
obtained for these ROIs for every subject, for the 2 sets of images. These parameters were compared longitudinally within groups and
transversally between groups.

RESULTS: The comparison between patients and the control group showed a significant differences for the medulla oblongata (t test,
P < .05, Bonferroni-corrected) but did not show a statistically significant difference for the pons. Longitudinal comparison of images
obtained 1year apart did not show differences for either patients or for controls, in any of the analyzed structures.

CONCLUSIONS: Gray level co-occurrence matrix—based texture analysis showed statistically significant differences for the medulla
oblongata of patients with Friedreich ataxia compared with controls. These results highlight the medulla as an important site of damage in
Friedreich ataxia.

ABBREVIATIONS: C1 = the first control acquisition; C2 = the second control acquisition; FA = Friedreich ataxia; GLCM = gray level co-occurrence matrix; P1 = the

first patient acquisition; P2 = the second patient acquisition

D igital images have revolutionized medicine because in addi-
tion to the readily available visual information provided by
their analog counterparts, they can be mathematically manipu-
lated by myriad processing techniques that allow extraction of
many other types of information. In particular, the human eye can
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only distinguish around 60 shades of gray for a given adjustment
of the pupil, whereas digital medical images such as those pro-
vided by MR imaging or x-ray CT normally use around 4000 gray
levels for data encoding. Texture analysis' is the name given to a
set of image-processing approaches that may be used for an effi-
cient image classification based on a reduced parameter set or to
detect subtle alterations in the gray level distribution of an image
or ROLI. Texture analysis approaches have been widely applied in
medicine to differentiate normal and pathologic tissue, such as in
epilepsy,”* Machado-Joseph disease,” and central nervous system
tumors.®® In particular, texture analysis based on the gray level
co-occurrence matrix (GLCM) gives a second-order statistical de-
scription of the image or ROL>'® In this work, the GLCM ap-
proach was used to extract information from brain MR images of
patients with Friedreich ataxia (FA) and a control group. We were
primarily interested in looking for differences between these
groups, but we also investigated whether texture parameters cor-
related with clinical data in the FA group.

FA is the most common autosomal recessive ataxia, and it is



characterized by early onset and slowly progressive gait ataxia,
dysmetria, dysarthria, and deep sensory abnormalities."" It is
caused by homozygous triplet GAA expansions in the first intron
of the FXN gene on chromosome 9q13 in 96% of patients.'*'?
This leads to dramatic underexpression of the encoded protein
frataxin, which is essential for proper neuronal mitochondrial
functioning."' The net results of the mutation are marked and
progressive neuronal loss in the dorsal root ganglia, pyramidal
tracts, and dentate nuclei of the cerebellum.'*

Brain MR imaging of patients with FA does not present clearly
visible changes. However, some previous studies have already
shown alterations by using advanced techniques. Indeed, previ-
ous voxel-based morphometry studies showed gray matter and
white matter atrophy in portions of the cerebellum and brain
stem in FA.">"'® The spinal cord area was found to be reduced in
these patients."” Also, patients with FA have WM damage in the
brain stem, cerebellum, and cerebellar peduncles.'®'”*°">2 To the
best of our knowledge, there is no previous study on GLCM tex-
ture analysis of MR imaging in FA. We believe such a study would
be important because texture analysis is a powerful tool able to
identify subtle abnormalities before true atrophy appears.>” It has
proved useful in finding damaged areas in closely related condi-
tions, such as Machado-Joseph disease.” In addition, it is highly
reproducible and provides quantitative results. Taken together,
these characteristics make texture analysis a technique appropri-
ate for longitudinal MR imaging—based studies, which are ex-
tremely rare in FA. In this scenario, we recruited a representative
cohort of patients who underwent 2 MR imaging scans 1 year
apart and performed transversal and longitudinal texture analy-
ses. We focused the analyses on brain stem structures, the pons
and medulla oblongata, because these play a key role in the patho-
genesis of the disease.

MATERIALS AND METHODS

Twenty patients with FA (mean age, 27.6 = 9.6 years; 14 women)
and a control group of 21 healthy subjects (mean age, 28.6 £ 5.3
years; 12 women) participated in this study. All patients had mo-
lecular confirmation of FA and were followed at the Neurogenet-
ics Clinic at the University of Campinas. Mean ages at diagnosis
and disease duration were 15.4 = 5.2 and 13.1 = 8.4 years, respec-
tively. We used the Friedreich ataxia rating scale at each visit to
quantify disease severity for each patient.””> The study was ap-
proved by the local ethics committee, and all participants signed
an informed consent form, before data acquisition.

MR imaging data were acquired in a 3T Achieva scanner
(Philips Healthcare, Best, the Netherlands) at the Clinics Hospital
of our university. Images used for texture analysis were T1-
weighted, acquired with an 8-channel head coil, with an FOV of
240 X 240 X 180 mm?, voxel size of 1 X 1 X 1 mm?>, TR of 7 ms,
and TE of 3.2 ms.

Given an ROI in an image and a pixel distance in a given
direction (eg, 2 pixels in the vertical direction), the GLCM ap-
proach consists of calculating, for every possible pair of gray lev-
els, how many times they co-occur in the ROl in this direction and
distance. From a GLCM,, statistical parameters can then be com-
puted, the most usual ones being the following>*: contrast, homo-
geneity, correlation, variance, sum average, sum variance, differ-

FIG 1. Example of segmented ROIs in the center section of the MR
imaging examination for a patient with FA. The region in red indicates
the pons, and the region in green indicates the medulla oblongata.

ence variance, uniformity, entropy, sum entropy, and difference
entropy. Formulas and descriptions for these parameters can be
found in the On-line Table.

As mentioned, the ROIs investigated in this work were the
medulla oblongata and the pons, known to be affected by FA.
These structures were manually segmented, by using MaZda soft-
ware (http://www.eletel.p.lodz.pl/programy/mazda/),*® in 7 sag-
ittal sections for each subject (consisting of the central section
plus 3 anterior and 3 posterior sections). Figure 1 shows an exam-
ple of these ROIs, segmented in 1 section, for a patient with FA,
where the region in red is the pons and the region in green is the
medulla oblongata. GLCMs were computed for every section, also
by using the MaZda software. This software computes GLCM:s for
4 directions (horizontal, vertical, and 2 diagonals) and 5 distances
(1-5 pixels), giving 20 GLCMs per section or, in the present case,
140 GLCMs per ROI (280 per subject). Because the aforemen-
tioned 11 parameters were computed for every GLCM, the total
number of parameters was 1540 per ROI (3080 per subject).

To reduce the number of parameters, we computed 2 averages.
First, an average over the 7 ROI sections was calculated for each
parameter, weighted by the segmented area in each section; this
procedure had the effect of “merging” the information obtained
for a given ROI that was previously “sliced.” Second, an average
over the 4 directions was calculated for each parameter. The idea
behind this approach was to make the parameters direction-inde-
pendent, because even if a given tissue had a preferred structural
direction, the position axes of the acquired MR images might be
slightly different for different subjects; this difference could affect
the results. After these procedures, parameters were reduced to 55
per ROI (110 per subject).

Finally, GLCM texture parameters were compared statisti-
cally, by using a ¢ test, Bonferroni corrected, with a significance
level of v = .05. Each GLCM parameter was analyzed longitudi-
nally within a group, comparing images taken 1 year apart, and
transversally between the groups. For the longitudinal compari-
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GLCM texture parameters, which were significantly different between patients with FA and controls for at least 1 comparison between

groups®
Comparison (P Value,
GLCM Distance Group (Mean) Bonferroni-Corrected, t Test)
(pixel) Parameter P1 P2 Cl C2 PIxCl P1xC2 P2xCl P2xC2
Medulla oblongata
1 Correlation 027003 025%+005 045+0.09  041+010 .000° .000° .000°  .000°
1 Variance N84 +336 1280*+414  1771+510 1560 =483 .008> 188 413 1.00
1 Sum average  86.25*+345 8618 =262 1075+583 10348 1432 .000° .002°  .000° .002°
1 Sum variance  32.55*=9.52  34.61%+10.86 5024 £1652 4356 +1479 014> 103 484 1.00
1 Entropy 146 * 015 147 =007 200*008 186=*023 .000° .000°  .000° .000°
1 Sumentropy 098 =008 099*+004 136+006 125*017 .000° .000° .000°  .000°
1 Difference 071004 072+004 093*005 086*01  .000° .000° .000°  .002°
entropy
1 Homogeneity =~ 021005 020*002 027003 027 +004 004> 165 000°  .000°
2 Correlation 0.05+005 0.04+006 018%+008 017*010 .000° .00° .000°  .002°
3 Correlation 0.04*+0.05 0.02*005 0I3*0.07 014 +0.08 .002° .004>  .000° .000°
4 Correlation —0.01£0.04 —003+005 008*+007 008+008 .004> .013° .000° .001°
5 Correlation ~ —0.02*=0.03 —0.03*+005 0.06*007 005*007 .006°> .055 008> .049°
Pons
1 Difference 727 +224  756+189 558 *145 538 =111 490 142 125 034
variance

2 Both patient acquisitions were compared with both control acquisitions.
® Significant.

son, only 16 (of 20) patients had the corresponding MR imaging
acquisitions; therefore, these analyses were made considering this
reduced group (16 patients). In addition, GLCM parameters that
were found significant were correlated to clinical variables (age,
age at onset, disease duration, GAAI, GAA2, Friedreich Ataxia
Rating Scale total score) within the patient group. A ¢ test com-
paring the age of the groups was also performed to ensure that
ages were matched.

RESULTS

We will refer to P1 as the group corresponding to the first set of
images (20 images) of the patients with FA, P2 as the group cor-
responding to the second set (16 images, obtained 1 year later) of
the patients with FA, and C1 and C2 correspond to the first and
second sets of control acquisitions, respectively (21 images each,
obtained 1 year apart).

The FA and control groups were not significantly different
regarding age (ttest; P = .99 for P1 X C1; P = .69 for P1 X C2; P =
.60 for P2 X C1; P = .86 for P2 X C2).

Longitudinal comparison of GLCM texture parameters for
images obtained 1 year apart did not show significant alterations
for either the control group (Cl1 X C2, t test, P > .05 for all
parameters) or the FA group (P1 X P2, ¢ test, P > .05 for all
parameters) for the analyzed structures (medulla oblongata and
pons).

For the transversal study, because there were no significant age
differences between groups, both patient acquisitions were com-
pared with both control acquisitions, to verify the reproducibility
of the results. Significant changes between patients with FA and
controls were found for many GLCM parameters for the medulla
oblongata, for all comparisons (P1 X C1,P1 X C2,P2 X C1,P2 X
C2); and only 1 parameter, for 1 comparison (P2 X C2), showed
significant differences for the pons. These results are summarized
in the Table. In this Table, only parameters that were significant
for at least 1 comparison are shown. All remaining parameters
were not significant, for any comparison.

2216 Santos Dec 2015 www.ajnr.org

There were no significant correlations between significant
GLCM parameters and clinical variables.

DISCUSSION

The aim of the present work was to investigate brain stem damage
in FA by using texture analysis of T1-weighted images. Indeed,
texture analysis based in the GLCM is a technique capable of ex-
tracting a set of parameters that characterize the gray level distri-
bution of the analyzed ROIs. In turn, the gray level distribution
reflects physical properties of the underlying tissues, in this case
related to the local proton attenuation and T1 constant of the
tissue, because T1-weighted MR images were used. In addition,
because the resolution of the images used was 1 mm?, the reflected
tissue properties are an average of microscopic characteristics (see
De Certaines et al*® for a discussion on the limitations of corre-
lating texture analysis results to histology). Nevertheless, obtained
results showed significant alterations for patients with FA com-
pared with controls, mainly for the medulla oblongata. In partic-
ular, the results for the medulla were very robust because most of
the significant parameters were robust for all the comparisons
made between the different sets of images obtained from patients
with FA and controls. Conversely, the result found for the pons, in
which only 1 parameter was significant (difference variance) for
only 1 of the comparisons (P2 X C2), may be regarded as a highly
probable spurious finding. Most interesting, there were no alter-
ations found in the longitudinal study. This could be because the
time span (1 year) was too small for noticeable changes in such a
slowly evolving disorder. In fact, in analyses of a large set of con-
trol images, no changes with age were found in texture parameters
for the medulla oblongata or pons (unpublished data, T.A.S. and
G.C., 2014).

We believe that the texture abnormalities found here reflect
bulbar structural changes, but not exactly atrophy of the struc-
ture. This hypothesis is supported by a previous texture-based
study in patients with a related neurodegenerative disorder,
namely amyotrophic lateral sclerosis, that identified prominent



texture abnormalities earlier than true volumetric reduction.”
Also in line with these findings, some previous volumetric studies
in FA failed to identify bulbar atrophy,'” and others actually
found it,"” but it was restricted to the dorsal part of the structure
in such a way that it would be difficult to explain our consistent
texture modifications. Therefore, we opted not to include volu-
metric measurements of the medulla as a covariate in our statis-
tical approach to compare groups.

The GLCM parameters that were significant for the medulla
oblongata can be roughly divided into 3 groups, according to “the
purpose of the weights in the corresponding equations.”*® These
groups can help chart a slightly more intuitive meaning of the
findings.

One group is related to descriptive statistical measures of the
GLCM?® and includes the parameters correlation, variance, sum
average, and sum variance. In particular, the correlation parame-
ter, which gives a measure of the linear dependency between the
gray levels of co-occurring (separated by the given distance) pix-
els, was consistently significant for the medulla oblongata for all
GLCM distances for all comparisons, with the only exception be-
ing distance 5 for P1 X C2, though in this case, the P value was
very close to significance (P = .055, Table). It has already been
shown that this measure has the same expectation as the autocor-
relation coefficient, particularly when the distance between pixels
used in the GLCM calculation is small compared with the ROI
dimensions,* which was the case here for the smallest GLCM
distances (1 and 2 pixels) (Appendix). The correlation was smaller
for patients compared with controls, for all distances; this differ-
ence therefore indicates a decrease in the autocorrelation coeffi-
cient for the gray level distribution of the medulla oblongata for
the patients with FA. In other words, the gray level distribution of
this ROI is less stationary or less periodic for patients than for
controls.

The variance parameter measures the dispersion of the gray
level distribution; the sum average and sum variance parameters
measure, respectively, the mean and the dispersion of the distri-
bution related to the sum of the co-occurring gray levels (On-line
Table). From these 3 parameters, only the sum average was sig-
nificant for all comparisons (Table), with variance and sum
variance only significant for the comparison P1 X C1. All these
parameters were smaller for patients with FA compared with
controls. This finding therefore indicates a smaller mean and
perhaps a tendency to a decrease in dispersion of the co-occur-
ring gray level values for the medulla oblongata of patients with
FA.

In another group are the entropy measures (entropy, sum en-
tropy, and difference entropy). Entropy is a widely known mea-
sure coming from information theory,?® which can be used to
evaluate the amount of orderliness or the information content of
a dataset. The greater the entropy, the more random is the under-
lying distribution (in this case, the distribution of the co-occur-
ring gray levels or the distribution of the sum of the co-occurring
gray levels or the distribution of the difference of the co-occurring
gray levels). In the present analysis, all these measures were de-
creased for patients with FA compared with controls. In terms of
the gray level distributions (both the original between co-occur-
ring pixels and the sum and difference distributions), the decrease

of the entropy measures points to the appearance of some sort of
orderliness in the data of patients with FA for the medulla oblon-
gata, which was not there in the control data.

Finally, in the last group, related to contrast measures, which
“use weights related to the distance from the GLCM diagonal,”*®
is homogeneity, which, as shown by its name, is related to the
homogeneity of the ROI This parameter was significant for 3 of
the comparisons (the only exception being P1 X C2, Table), and it
decreased for patients with FA compared with controls.

Together, these results indicate probable changes in the un-
derlying tissue composing the medulla oblongata. Although, to
the best of our knowledge, there are no studies correlating in

vivo texture measures with histopathology, Zhang et al*"

per-
formed a study in which they found correlation among histo-
pathology and texture parameters obtained from MR imaging
of postmortem tissue samples of patients with multiple sclero-
sis. Possible tissue changes in the medulla oblongata are in line
with previous pathologic reports in FA. In fact, medullar atro-
phy has been described since the original descriptions of Niko-
laus Friedreich.>* This atrophy is mostly due to neuronal loss
and shrinkage of gracile and cuneate nuclei, which are related
to the dorsal sensory pathways in the spinal cord. In addition,
corticospinal tracts are also damaged at this point.'* The lack
of correlation between texture parameters and clinical data was
somewhat unexpected but might be related to our segmenta-
tion strategy. We opted to use large ROIs that included the
whole medulla oblongata, and neurodegeneration in FA is not
homogeneous in this region (posterior structures are more se-
verely damaged). Future studies using smaller ROIs within the
medulla might prove useful in this setting.

CONCLUSIONS

In the present work, we found statistically significant differences
for the medulla oblongata of patients with Friedreich ataxia com-
pared with healthy individuals, by using GLCM-based texture
analysis. These results highlight the medulla as an important site
of damage in FA.

APPENDIX

ROI dimensions decrease with GLCM distance. In this work, the
mean ROI areas used ranged approximately from 110 pixels
(for a distance of 5 pixels) to 240 pixels (for a distance of 1
pixel) for the medulla of the patients with FA; from 160 to 300
pixels for the medulla of the controls; from 380 to 570 pixels
for the pons of the patients with FA; and from 320 to 500 pixels
for the pons of the controls. The area distributions were not sig-
nificantly different between groups for any of the ROIs.
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ORIGINAL RESEARCH
ADULT BRAIN

Longitudinal Study of Gray Matter Changes in
Parkinson Disease

X.Jia, P. Liang, Y. Li, L. Shi, D. Wang, and K. Li
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ABSTRACT

BACKGROUND AND PURPOSE: The pathology of Parkinson disease leads to morphological brain volume changes. So far, the progressive
gray matter volume change across time specific to patients with Parkinson disease compared controls remains unclear. Our aim was to
investigate the pattern of gray matter changes in patients with Parkinson disease and to explore the progressive gray matter volume
change specific to patients with Parkinson disease with disease progression by using voxel-based morphometry analysis.

MATERIALS AND METHODS: Longitudinal cognitive assessment and structural MR imaging of 89 patients with Parkinson disease (62 men)
and 55 healthy controls (33 men) were from the Parkinson’s Progression Markers Initiative data base, including the initial baseline and
12-month follow-up data. Two-way analysis of covariance was performed with covariates of age, sex, years of education, imaging data from
multiple centers, and total intracranial volume by using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra tool
from SPM8 software.

RESULTS: Gray matter volume changes for patients with Parkinson disease were detected with decreased gray matter volume in the
frontotemporoparietal areas and the bilateral caudate, with increased gray matter volume in the bilateral limbic/paralimbic areas, medial
globus pallidus/putamen, and the right occipital cortex compared with healthy controls. Progressive gray matter volume decrease in the
bilateral caudate was found for both patients with Parkinson disease and healthy controls, and this caudate volume was positively
associated with cognitive ability for both groups. The progressive gray matter volume increase specific to the patients with Parkinson
disease was identified close to the left ventral lateral nucleus of thalamus, and a positive relationship was found between the thalamic
volume and the tremor scores in a subgroup with tremor-dominant patients with Parkinson disease.

CONCLUSIONS: The observed progressive changes in gray matter volume in Parkinson disease may provide new insights into the
neurodegenerative process. The current findings suggest that the caudate volume loss may contribute to cognitive decline in patients with
Parkinson disease and the progressive thalamus enlargement may have relevance to tremor severity in Parkinson disease.

ABBREVIATIONS: BA = Brodmann area; Controll = control baseline; Control2 = control follow-up; DARTEL = Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra Toolbox; GMV = gray matter volume; MDS-UPDRS Ill = Movement Disorder Society—Unified Parkinson’s Disease Rating Scale Ill; MNI =
Montreal Neurological Institute; MoCA = Montreal Cognitive Assessment; PD = Parkinson disease; PD1 = PD baseline; PD2 = PD follow-up; VBM = voxel-based
morphometry

arkinson disease (PD) is a progressive neurodegenerative
disorder characterized by the degeneration of dopamine
neurons in the substantia nigra, with other neurons in the
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assess the cortical gray matter changes in patients with PD. Some
cross-sectional studies were performed to compare the differ-
ences between patients with PD and healthy controls. However,
these PD-VBM studies have not yet drawn any congruent conclu-
sions. Some studies have shown distributed brain atrophy in cor-
tical and subcortical regions, including the frontal lobe, temporal
lobe, parietal lobe, occipital lobe, and the limbic/paralimbic ar-
eas.'™ On the other hand, 1 study reported an increase of GM in
the thalamus in patients with PD with unilateral resting tremor
compared with controls.” A recent study has observed not only
brain volume loss in the occipital region but also volume in-
crease in the limbic/paralimbic system.'® In addition, some
studies have failed to find any GM change.'''* In fact, few of
these previous findings were wholly consistent with each other.
These inconsistencies may result from the patient heterogene-
ity, such as the age, disease duration, disease severity, and vari-
able covariates used in VBM analysis, which may confound the
effect of results in between-group differences. Therefore, this
issue of brain volume change in PD groups required further
examination.

To our knowledge, few studies have focused on the progres-
sion of regional volume changes in PD by using VBM. One lon-
gitudinal study showed a progressive gray matter volume (GMV)
decrease in patients with PD with and without dementia with
disease progression during a mean follow-up period of 25
months.'” In that study, a progressive GMV decrease in the lim-
bic/paralimbic and temporo-occipital regions was observed in pa-
tients with PD, while in patients with dementia, the loss mainly
involved the neocortical regions. However, in that study, no
healthy matched controls were included. So far, the progressive
GMV change across time specific to patients with PD compared
with controls remains unclear.

Thus, the main goals of the present study were to examine
the GMV change in the PD group compared with healthy con-
trols and to explore the progressive GMV change specific to
patients with PD compared with controls with disease
progression.

MATERIALS AND METHODS

Data Acquisition Centers

In the present study, the data were selected from the following 7
MR imaging centers: Emory University, Atlanta, Georgia; Johns
Hopkins University, Baltimore, Maryland; Northwestern Univer-
sity, Chicago, Illinois; Baylor College of Medicine, Houston, Tex-
as; Universitat Tubingen, DZNE und Hertie-Institut fur Klinische
Hirnforschung, Tubingen, Germany; Paracelsus-Elena Clinic
Kassel/University of Marburg, Kassel, Germany; and Cleveland
Clinic Foundation, Cleveland, Ohio.

Subjects

Data used in this article were from the Parkinson’s Progression
Markers Initiative data base (http://www.ppmi-info.org/data).
This is the first large-scale, comprehensive, observational, inter-
national, multicenter study to identify PD progression biomark-
ers to improve the understanding of the disease etiology and the
effectiveness of disease-modifying therapeutic trials.'® Inclusion
criteria of patients with PD for multiple centers were the follow-
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ing: 1) atleast 2 of the following: resting tremor, bradykinesia, and
rigidity (must have either resting tremor or bradykinesia) or ei-
ther asymmetric resting tremor or asymmetric bradykinesia; 2)
Hoehn and Yahr stage 1 or 2 at baseline; 3) dopamine transporter
SPECT scan showing a dopamine transporter deficit; 4) not ex-
pected to require PD medication within at least 6 months from
baseline; and 5) 30 years of age or older. Exclusion criteria for
patients with PD were the following: 1) currently taking levodopa,
dopamine agonists, monoamine oxidase inhibitors—B, amanta-
dine, or other PD medications or taking them within 60 days of
baseline; and 2) use of investigational drugs or devices within 60
days before baseline.

Inclusion criterion for healthy controls was 30 years of age or
older. Exclusions were the following: 1) current or active clinically
significant neurologic disorder; 2) first-degree relative with idio-
pathic PD; 3) Montreal Cognitive Assessment (MoCA) score of
=26; and 4) use of investigational drugs or devices within 60 days
before baseline.

In the present study, all subjects were selected on the basis of
the following criteria: 1) Participants did not have depression,
with a Geriatric Depression Scale score of <5,'” or dementia,
which was determined by the following: A) cognitive function
that is impaired in >1 cognitive domain, B) decline from premor-
bid function, and C) significant impact of cognitive impairment
on daily function;'® 2) Subjects were studied 2 times (ie, baseline
and 1-year follow-up) by September 12, 2013, and with the same
scanning parameters; and 3) all MR imaging data were obtained
on a Tim Trio 3T scanner (Siemens, Erlangen, Germany). There
were 89 patients with PD (62 men, 62.0 * 8.7 years of age) and 55
healthy controls (33 men, 58.4 * 11.1 years of age). Table 1 shows
the demographic and clinical data of the subjects.

Clinical Assessment

For patients with PD, the disease stage was scored by using the
Hoehn and Yahr stage score, and the disease severity, by using the
Movement Disorder Society—Unified Parkinson’s Disease Rating
Scale IIT (MDS-UPDRS III). In addition, all subjects were admin-
istered the University of Pennsylvania Smell Identification Test
for assessment of olfactory function and Scales for Outcomes in
Parkinson’s Disease—Autonomic for assessment of autonomic
disorder. To evaluate the neuropsychological state, we adminis-
tered the following to all the subjects: the Benton Judgment of
Line Orientation Score, the Geriatric Depression Scale, the
MoCA, the Semantic Fluency total score, the Hopkins Verbal
Learning Test, the Modified Schwab and England Activities of
Daily Living, and the Symbol Digit Modalities score.

MR Imaging Data Acquisition

MR imaging data acquisition was performed on a Tim Trio 3T
scanner (Siemens). High-resolution structural images were col-
lected by using a 3D magnetization-prepared rapid acquisition of
gradient echo T1-weighted sequence with the following parame-
ters: sagittal section thickness, 1.0 mm; no gap; TR, 2300 ms; TE,
2.98 ms; flip angle, 9% FOV, 240 X 256 mm; matrix size, 240 X
256; TI, 900 ms; voxel size, 1 X 1 X1 mm?’. The image plane
aligned in the sagittal plane along the hemispheric fissure and
axially along the anterior/posterior commissure plane. The 176



Table 1: Clinical results at baseline and follow-up in PD and control samples®

Baseline Follow-Up

PD(n=89) Control (n=55) P Value® PD (n = 89) Control (n=55) P Value
Age (yr) 62.0 =87 584 =11 <.05 63.0 =87 594 =11 <.05
Sex (male/female) 62/27 33/22 234 62/27 33/22 234
Education (yr) 152 £29 154 £29 .62 152 £29 15429 .62
Total intracranial volume (mL) 1570.2 1435 15059 = 1423 .01 1,560.2 14311 1,515.3 £140.9 .057
Hoehn and Yahr stage 1605 - - 1805 - -
MDS-UPDRS Part I11° 219 =91 0.55 =133 <.001 23.0 £10.0 0.82 =144 <.001
Dose of levodopa-equivalent medication - - - 409.8 * 369.3 - -

(mg/day)

Benton Judgment of Line Orientation score 127 £22 133*+18 .099 1253 £2.2 126 =25 146
Geriatric Depression Scale 27 %29 15*=3.0 <.05 28 +30 1425 <.05
Montreal Cognitive Assessment® 275*20 28412 .001 262*29 27620 0.002
Semantic Fluency total score 487 £938 524 +11.6 <.05 482 103 537 1.6 <.05
HVLT Delayed Recognition False Alarms 15*15 1519 958 13+13 1317 943
HVLT Delayed Recognition hits n5*08 12=*10 <.05 n5*08 M0£16 <.05
HVLT Immediate Recall 26447 243 *+54 <.05 272 £ 44 233*x 61 <.001
Modified Schwab and England ADL 947 54 - - 91.8 = 6.8 - -
Symbol Digit Modalities score 409 £99 48.9 = 11.20 <.001 39.6 £11.2 471£10.0 <.001
UPSIT 211£9.0 33249 <.001 - - -
SCOPA-AUT 92*64 6944 <.001 N9 =64 7.6 58 <.001

Note:—MDS-UPDRS indicates Movement Disorder Society-Unified Parkinson’s Disease Rating Scale; HVLT, Hopkins Verbal Learning Test; ADL, Activities of Daily Living; UPSIT,
University of Pennsylvania Smell Identification Test; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease—Autonomic; —, no value.

@ Values are expressed as mean (SD).

© P values were derived from the Student t-test comparing the 2 groups except for “Sex,” which was derived using the x? test.

“MDS-UPDRS Il was performed in the off-state at follow-up.

9 There were 83.15 % of patients with PD who were on dopaminergic therapy at 1-year follow-up.
€ Significant score decrease in the follow-up both for patients with PD and healthy controls compared with baseline (P < .05).

sections covered the entire brain from ear to ear and the bottom of
the cerebellum to the vertex.

VBM-Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra Analysis

Voxel-based morphometry was performed by using SPMS8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8) and the Dif-
feomorphic Anatomical Registration Through Exponentiated Lie
Algebra Toolbox (DARTEL, part of SPM) registration method.'®
The VBM preprocessing included 5 steps: 1) T1-weighted images
were segmented by using the standard unified segmentation
model in SPM8 to produce gray matter, white matter, and CSF
probability maps in the Montreal Neurological Institute (MNI)
space; 2) the study-specific GM templates were created from the
entire image dataset by using the DARTEL technique; 3) an initial
affine registration of the GM templates to the tissue probability
maps in MNI space was performed; 4) nonlinear warping of GM
images to the GM template in MNI space was performed and then
was used in the modulation step to ensure that the relative vol-
umes of GM were preserved following the spatial normalization
procedure by the Jacobian determinant of the deformation field
to adjust volume (:hamges;19 and 5) The modulated, normalized
GM images (representing GMV; voxel size, 1.5 X 1.5 X 1.5 mm?)
were smoothed with a 6-mm full width at half maximum isotropic
Gaussian kernel. The total intracranial volume was represented by
the sum of the GM, WM, and CSF volumes. In addition, in the
VBM-DARTEL analysis, checking of sample homogeneity was
performed in SPM8 on the normalized data for quality control.

Statistical Analysis
Demographic data and neuropsychological measures at baseline
were analyzed by SPSS, Version 19 (IBM, Armonk, New York),

with the Student ¢ test for continuous variables and the x” test for
dichotomous variables.

The present study was organized into 2 [(time: 12-month fol-
low-up versus baseline) X 2 (group: PD versus control)] flexible
factorial designs. We thus had 4 conditions: PD baseline (PD1),
PD follow-up (PD2), control baseline (Controll), and control
follow-up (Control2). Age, sex, years of education, imaging data
from multiple centers, and total intracranial volume were entered
as regressors into the flexible factorial design to establish the re-
gional GM volume changes.

The main effect of “group” was revealed by the following 2
contrasts: The decreased GM volumes for patients with PD were
determined by the contrast of [(Controll + Control2) > (PD1 +
PD2)], and the increased GM volumes for patients with PD were
determined by the contrast of [(PD1 + PD2) > (Controll +
Contol2)].

The main effect of “time” was revealed by the following 2 con-
trasts: The decreased GM volumes for follow-up were determined
by the contrast of [(PD1 + Controll) > (PD2 + Control2)], and
the increased GM volumes for follow-up were determined by the
contrast of [(PD2 + Control2) > (PD1 + Controll)]. In addi-
tion, 2 simple main effects of (PD1 > PD2) and (Controll >
Control2) were performed.

The interaction effect of “group” by “time” was revealed by
the following 2 contrasts: The increased GM volumes specific
to patients with PD with time was determined by the contrast
of [(PD2 > PDI1) > (Control2 > Controll)], and the de-
creased GM volumes specific to patients with PD with time
were determined by the contrast of [(PD1 > PD2) > (Con-
troll > Control2)].

The statistical significance threshold was set at P < .001 cor-
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Table 2: GMV changes for patients with PD compared with controls

—49, 30), hippocampus (MNI coordi-

MNI nates: —22, —19, —11), and hypothala-
Regions BA Cluster Size (Voxel) X Y Z  TScore mus (MNI coordinates: 1, =9, —5) by
Control > PD using WFU_PickAtlas software (http://
Rt. superior frontal gyrus 9 262 24 56 40 1709 software.incf.org/software/wfu_pickatlas/
Rt. superior frontal gyrus 9 18 60 36 8.52 download). For each subject at a single
Rt. middle frontal gyrus 10 24 63 27 7.00 time point (baseline and follow-up), the
Rt. middle frontal gyrus 9 466 39 42 4 148 bo P
Rt. middle frontal gyrus 10 39 6 16 106  GMVineach ROlwas computed by
Rt. superior frontal gyrus 9 36 53 31 9.84 the sum of the volume of each voxel in
Lt. superior frontal gyrus 9 790 —18 59 34 1337 the ROL To illustrate the mean change
Lt. superior frontal gyrus 8 —26 44 48 13.05 in volume, we computed annualized
Lt. superior frontal gyrus 9 =23 53 42 12.68 ercentage change by subtracting the
Lt. inferior temporal gyrus 37 813 —65 —60 —8 1078 p . 8 se by 8
Lt. middle temporal gyrus 21 —65 —62 6 1015 baseline volume from the follow-up
Lt. inferior temporal gyrus 20 —63 —54 —20 1010 value, dividing by the baseline volume
Rt. superior parietal lobule 7 225 45 —69 48 8.55 and multiplying by 100.
Rt. inferior parietal lobule 40 53 —6l 48 775
Rt. angular gyrus 39 57 —67 36 7.38 . .
rrelation An i
Lt. caudate body 459 -9 =1 21 1390 ”?g ;lat' ° ally.:.s r d
e Body 6 3 5 1324 e Pearson corre a. ion xtvas performe
Lt. caudate body 2 -9 2 104 to evaluate the relationship between the
Rt. caudate body 460 8 6 15 1.70 GMV in ROIs and clinical assessments
Rt. caudate body 2 -6 22 948 in Table 1, including the Hoehn and
Rt. caudate body 5 =15 25 852 yahr stage, MDA-UPDRS III, Benton
PD > Control d t of Line Orientati G
Lt. inferior frontal gyrus 47 109 ~15 24 -15 1063 JudgmentoflineOrientationscore, Ge-
Rt. superior frontal gyrus 1l m 23 51 —23 935  riatricDepression Scale, MoCA, Seman-
Rt. superior frontal gyrus 24 60 —21 863 tic Fluency score, Hopkins Verbal
Rt. superior frontal gyrus 32 47 18 756 Learning Test, Activities of Daily Living,
Rt. antenorvcmg.ulate cortex 32 182 17 30 30 n.73 Symbol Digit Modalities score, Univer-
Rt. anterior cingulate cortex 15 21 39 10.82 itv of P Ivania Smell Identificati
Rt. anterior cingulate cortex 20 35 21 928 SityolPennsylvaniaSmellldentification
Rt. middle occipital gyrus 19 124 4 -9 18 789  TestandScalesfor Outcomesin Parkin-
Lt. globus pallidus internus 390 -9 0 -5 1384 son’s disease—Autonomic. Two-tailed
Lt. hippocampus -30 -19 -9 978 P < .01 was considered statistically
Lt. globus Pallldus internus -4 -6 -8 847 significant.
Lt. subthalamic nucleus n3 -n -12 -5 180
Rt. globus pallldgs mtgrnus 451 8 -7 -8 11.59 RESULTS
Rt. globus pallidus internus 12 3 =5 11.26 hic Ch L.
Rt. putamen 30 —-18 -8 1097 Demographic Characteristics

Note:—BA indicates Brodmann area; Rt., right; Lt., left.

rected for multiple comparisons (family-wise error) with a mini-
mum cluster size of 100 contiguous voxels, but with an exception
of 50 contiguous voxels for the interaction effect. The coordinates
of voxels were transferred from Montreal Neurological Institute
space to Talairach space by using M. Brett’s transformation
(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).

ROI Analysis

To examine the GMV change with time in the present study, we
defined the ROIs by using 2 methods. On the one hand, those
ROIs based on the results in the present study were defined by
cluster-based method—that is, clusters that showed significant
differences in the contrasts of [(PD1 + Controll) > (PD2 +
Control2)] (bilateral caudate body; MNI coordinates: —38, 3, 18;
9,5,18) and [(PD2 > PD1) > (Control2 > Control1)] (left thal-
amus; MNT coordinates: —21, —24, 3) were defined as ROIs by
using xjView software (http://www.alivelearn.net/xjview). On the
other hand, to compare with the previous longitudinal study,"”
we defined additional ROIs on the basis of a sphere with a radius
of 6 mm centered at the anterior cingulate cortex (MNI coordi-
nates: 1, 31 19), posterior cingulate cortex (MNI coordinates: 11,
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No significant differences in sex, educa-
tion level, and total intracranial volume
were found between the patients with PD and controls. The MDS-
UPDRS IIT of PD was significantly higher than that of controls
(P <.001). Neuropsychological tests showed that behavioral def-
icits in the Geriatric Depression Scale (P < .05) and cognitive
deficits in the MoCA (P < .05), semantic fluency total score (P <
.05), Hopkins Verbal Learning Test Immediate Recall (P < .05)
and delayed recall (P < .05), Symbol Digit Modalities score (P <
.001), Smell Identification Test (P < .001), and Scales for Out-
comes in Parkinson’s Disease—Autonomic (P < .001) were more
severe in the patients with PD than in the control group. In addi-
tion, a cognitive decline in the MoCA scores was found both for
patients with PD (P < .05) and controls (P < .05) at follow-up
compared with baseline. No significant differences in other cog-
nitive subdomains (Benton Judgment of Line Orientation Score,
Hopkins Verbal Learning Test Delayed Recognition False
Alarms) were found between the 2 groups (Table 1).

VBM Results
The main effect of “group” revealed cortical and subcortical GM
volume changes for patients with PD in contrast to controls. The



decreased GM volume was found in the bilateral superior/middle
frontal gyrus (Brodmann area [BA] 9/10), left inferior/middle
temporal gyrus (BA 21/20/37), right superior/inferior parietal
lobule (BA 7/40) and angular gyrus (BA 39), and the bilateral
caudate body, while the increased GM volume was identified in
the left inferior frontal gyrus (orbital, BA 47), right middle
occipital gyrus (BA 19), right anterior cingulate cortex (ante-
rior cingulate cortex, BA 32), bilateral globus pallidus inter-

FIG 1. Gray matter volume changes between patients with PD and
controls. The warm color indicates increased gray matter volume for
patients with PD in contrast to controls, while the cool color indicates
decreased gray matter volume for patients with PD in contrast to
controls. Color bars indicate t scores.

Table 3: GMV changes with time

nus, right putamen, left hippocampus, and left subthalamic
nucleus (Table 2 and Fig 1).

The main effect of “time” revealed decreased GM volume in
the bilateral caudate body for follow-up in contrast to baseline
(Table 3 and Fig 2). In addition, the 2 simple main effects of time
for patients with PD and controls also revealed decreased GM
volume change in the bilateral caudate body with time (Table
3). Reduction in the caudate between baseline and 1-year fol-
low-up was 1.96% for healthy controls and 1.1% for patients
with PD. To compare with a previous study that observed vol-
ume reduction in the limbic/paralimbic regions for patients
with PD with disease progression, we extracted the volumes in
these regions. The results of paired ¢ tests showed that the
decreased volumes in these regions did not reach significant
differences.

In addition, we identified progressive GMV increase specific
to patients with PD in the left thalamus with 160 voxels (P < .05
family-wise error corrected) (MNI coordinates: —21, —24, 3)
close to the ventral lateral nucleus by an interaction effect of
“group” by “time” [(PD2 > PD1) > (Control2 > Controll)]
(Fig 3).

Correlation Results

There were significant positive correlations between the caudate
volume and the MoCA score for patients with PD and controls
(r = 0.32, P = .0039, and r = 0.38, P = .0047, respectively;
On-line Fig 1). There was no significant relationship between
enlarged thalamic volume and MDS-UPDRS III scores. Twen-
ty-three tremor-dominant patients with PD presented initially
with tremor with relatively mild bradykinesia and rigidity,
and the tremor scores were calculated on the basis of the sum-
mation of the rest tremor amplitude of the upper and lower
limbs. However, the post hoc 2-tailed 2-sample ¢ test analysis
showed that a positive relationship
was found between the thalamic vol-

Cluster
Size T~
BA (Voxel) X Y Z Score

Regions

ume and the rest tremor score of 23
MNI T

tremor-dominant patients with PD

Baseline vs follow-up: [(PD1 + Controll) > (PD2 + Control2)]
Lt. caudate body
Lt. caudate body
Lt. caudate body
Rt. caudate body
Rt. caudate body
Rt. caudate body
Follow-up vs baseline: [(PD2 + Control2) > (PD1 + Controll)]
No significant activation
PD1> PD2
Rt. caudate body
Lt. caudate body
Controll > Control2
Lt. caudate body
Lt. caudate body
Lt. caudate body
Rt. caudate body
Rt. caudate body
Rt. caudate body
(PD2 > Control2) > (PD1 > Controll)?
Lt. thalamus
(PD1 > Controll) > (PD2 > Control2)?
No significant activation

566

535

192
151
570

552

160

with scores ranging between 2 and 3
(On-line Fig 2).

—8 318 1455
—6 11 13 1424 To clarify the contributions of these
=12 —1222 1223 measurements with significant differ-
9 5181423 ences between groups to the enlarged
12 —-322 3177 . .
M -3 22 T3] thalamic volume, we performed addi-
’ tional correlations, controlling these
measurements as covariates of no inter-
est. There was no significant correlation.

8 915 827

—6 1210 792 pIscuUsSION

8 318 1685 The.aim of the present studyA was t(.) in-
1 —1322 1549 vestigate the GMV change in patients
17 =2124 737 with PD and to explore the progressive
12 =322 1521 GMV change specific to patients with
9 3181l PD with disease progression compared
1 —1522 1409 with controls. Reduced GMV was iden-
—91-24 3 579 tified in the bilateral caudate for both

patients with PD and healthy controls
with time. It was revealed that patients

#P < .05 family-wise error correction; cluster size >100.

with PD exhibited increased GMV in
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FIG 2. Barplot depicting the mean (and standard error) of the volume in the bilateral caudate between the 2 groups across time (adjusted for
age, sex, years of education, imaging data from multiple centers, and total intracranial volume). The asterisk indicates significant differences at

P <.001.
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FIG 3. Barplot depicting the mean (and standard error) of the volume in the left thalamus specific
to patients with PD across time (adjusted for age, sex, years of education, imaging data from
multiple centers, and total intracranial volume). The asterisk indicates significant differences at

P < .00

the orbitofrontal gyrus, occipital cortex, limbic/paralimbic ar-
eas, and globus pallidus internus/putamen, whereas they had
reduced GMV in the frontotemporoparietal network and the
bilateral caudate, compared with controls. In addition, the
progressive GMV change specific to patients with PD was
found in the left thalamus.

Group Differences: GMV Changes for Patients with PD
Compared with Controls

Previous studies have reported GMV loss in patients with PD
with dementia (for a review, see Pan et al*°). The present study
extended the knowledge by showing that GMV loss can be
found even in patients with early-stage PD. These regions in-
cluded the frontal, temporal, and parietal regions and the sub-
cortical area in the caudate bilaterally. The findings suggest
that the observed GMV decreases may represent an early man-
ifestation of underlying Parkinson disease—related pathologic
changes.®”

However, the neuropathologic correlates of an increase in
GMV are less clear. Consistent with previous studies, the present
study observed the increased GMV in the limbic/paralimbic sys-
tem and globus pallidus internus/putamen in patients with PD
compared with controls.'®*"?* Although the present study pro-
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vides no evidence regarding the mecha-
nisms leading to increased brain volume
in PD, as a chronically progressive neu-
rodegenerative disorder, the effect may
be due to a compensatory response to
impaired cerebral function in early
PD'10,21724

In the present study, the findings of
GMYV changes (decrease and increase) in
patients with PD were not wholly con-
sistent with findings in any of the previ-
ous studies. The patient’s heterogeneity
(eg, age, sex, education, disease severity)
may contribute to the inconsistencies in
the pattern of findings among the stud-
ies. Further studies are required with a
large sample size, controlling for the po-
tential confounding effect.

Longitudinal Evaluation: Progressive Caudate Volume
Loss in Patients with PD and Controls

In the present study, a significantly progressive decrease in the
volume of the bilateral caudate was observed both in the patients
with PD and controls. The reduction in the caudate was observed
in several cross-sectional studies as part of the normal aging pro-
cess.”>*” In the present study, the reduction of caudate volume
was 1.96%/year for healthy controls and 1.1%/year for patients
with PD. The reduction rates in the present study are similar to the
ones reported in a 6-month longitudinal study,*® but greater than
the ones reported in a 5-year longitudinal study.?® This heteroge-
neity may partially reflect differences among these populations.
Additionally, follow-up intervals may contribute to differences in
the reduction rate. In the present study, a reduction in the caudate
was observed in patients with PD compared with controls both at
baseline and follow-up, and this reduction remained in the com-
parison of baseline and control follow-up of patients with PD.
Furthermore, a significant positive correlation was found be-
tween the MoCA score and the caudate volume for both patients
with PD and healthy controls. The caudate is linked with the dor-
solateral prefrontal cortex and lateral orbitofrontal cortex, and
the dysfunction in this region is thought to contribute to the cog-



nitive impairment in PD.?°> The results suggest that the loss in
caudate volume contributed to the cognitive decline for both
groups with time, while the striatal dopaminergic deficiency in
patients with PD may worsen the caudate volume loss compared
with healthy controls.

A previous longitudinal study observed limbic/paralimbic loss
including the hippocampus, hypothalamus, posterior cingulate
cortex, and anterior cingulate cortex for patients with PD with
disease progression with time.'® In contrast, we extracted the
GMV in these regions, and the results showed that the decreased
volumes did not reach a significant difference. The heterogeneity,
methodologic differences, and sample size of patients between the
2 studies may have led to the discrepancies. In particular, the
patients with PD in the present study had a shorter follow-up
period (mean, 12 months) at an earlier disease stage (mean Hoehn
and Yahr stage, 1.6 = 0.5) than the patients in that study (mean
follow-up period, 25 months; mean Hoehn and Yahr stage, 2.9 *
0.8) and a larger sample size (89 patients with PD) than in that
study (13 patients with PD without dementia). In addition, no
covariate was included in that study, though age, sex, years of
education, and total intracranial volume may confound the
results.

Longitudinal Evaluation of Patients with PD versus
Controls: Progressive Thalamic Volume Increase Specific
to the Patients with PD

In the present study, the progressive thalamic volume increase
was observed specific to patients with PD compared with con-
trols. On the contrary, the thalamic volume tended to decrease
with time in controls. The thalamus occupies a pivotal position
within the striatothalamocortical circuits,>****> in which the
thalamus receives input from the basal ganglia.>® In the present
study, the enlarged thalamus close to the ventral lateral nucleus
may relate to motor control.”"*® Consistent with previous stud-
ies, the positive correlation between the thalamic volume and the
tremor score further suggests that the enlarged thalamic volume
(mainly in the ventral lateral) may relate to tremor severity in
PD.9’37

CONCLUSIONS

The present study investigated the progressive GMV change
across time in patients with PD compared with controls. The ob-
served progressive changes in gray matter volume in PD may pro-
vide new insights into the neurodegenerative process. The find-
ings suggest that the caudate volume loss may contribute to
cognitive decline in patients with PD and the progressive thalamic
volume increase may relate to tremor severity in PD. However,
the present study has the following 3 limitations: First, consider-
ing the highly nonlinear effect in age range,*® further study should
be limited to a restricted sample with less age heterogeneity. Sec-
ond, the brain volume change in the present study was seen only at
1-year follow-up, and further study should include multiple fol-
low-up time windows to explore the dynamic changes of GM
volume. Finally, to clarify whether the presence of tremor was
actually driving the larger thalamic volumes, the study should
compare thalamic volumes of tremor- and non-tremor-domi-
nant patients with PD.

Disclosures: Xiugin Jia—UNRELATED: Grants/Grants Pending: National Natural Sci-
ence Foundation of China.
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ADULT BRAIN

Differentiation of Parkinsonism-Predominant Multiple System
Atrophy from Idiopathic Parkinson Disease Using 3T
Susceptibility-Weighted MR Imaging, Focusing on Putaminal

I. Hwang, ““'C.-H. Sohn,

ABSTRACT

K.M. Kang, B.S. Jeon, H.-J. Kim,

Change and Lesion Asymmetry

S.H. Choi, “*TJ. Yun, and “¥J.-h. Kim

BACKGROUND AND PURPOSE: Asymmetric presentation of clinical feature in parkinsonism is common, but correlatable radiologic
feature is not clearly defined. Our aim was to evaluate 3T susceptibility-weighted imaging findings for differentiating parkinsonism-
predominant multiple system atrophy from idiopathic Parkinson disease, focusing on putaminal changes and lesion asymmetry.

MATERIALS AND METHODS: This retrospective cohort study included 27 patients with parkinsonism-predominant multiple system
atrophy and 50 patients with idiopathic Parkinson disease diagnosed clinically. Twenty-seven age-matched subjects without evi-
dence of movement disorders who underwent SWI were included as the control group. A consensus was reached by 2 radiologists
who visually assessed SWI for the presence of putaminal atrophy and marked signal hypointensity on each side of the posterolateral
putamen. We also quantitatively measured putaminal width and phase-shift values.

RESULTS: The mean disease duration was 4.7 years for the patients with parkinsonism-predominant multiple system atrophy and 7.8 years
for the patients with idiopathic Parkinson disease. In the patients with parkinsonism-predominant multiple system atrophy, putaminal
atrophy was frequently observed (14/27, 51.9%) and was most commonly found in the unilateral putamen (13/14). Marked signal hypoin-
tensity was observed in 12 patients with parkinsonism-predominant multiple system atrophy (44.4%). No patients with idiopathic Parkinson
disease or healthy controls showed putaminal atrophy or marked signal hypointensity. Quantitatively measured putaminal width, phase-
shift values, and the ratio of mean phase-shift values for the dominant and nondominant sides were significantly different between the
parkinsonism-predominant multiple system atrophy group and the idiopathic Parkinson disease and healthy control groups (P < .001).

CONCLUSIONS: 3T SWI can visualize putaminal atrophy and marked signal hypointensity in patients with parkinsonism-predominant
multiple system atrophy with high specificity. Furthermore, it clearly demonstrates the dominant side of putaminal changes, which
correlate with the contralateral symptomatic side of patients.

ABBREVIATIONS: IPD = idiopathic Parkinson disease; MSA-p = parkinsonism-predominant multiple system atrophy; MSA-c = cerebellar dysfunction type

multiple system atrophy; ROC = receiver operating characteristic

P arkinsonism-predominant multiple system atrophy (MSA-p)
is one of the Parkinson-plus syndromes that has a clinical
manifestation similar to that of idiopathic Parkinson disease
(IPD) and is often challenging to diagnose in its early stage. MR
imaging plays a role in differentiating MSA-p from IPD and is
included as an additional feature for the diagnosis of possible
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multiple system atrophy.' Various conventional and func-
tional MR imaging findings regarding the putamen in MSA-p
have been repor'[ed.z'6 However, these findings had limited
sensitivity and specificity.®

An asymmetric presentation of clinical features is common for
IPD in its early stage, while symmetric symptoms are more com-
mon in MSA-p than in IPD.”"® However, the clinical manifesta-
tion of parkinsonism develops asymmetrically in many patients
with MSA-p, and it has been reported that approximately 40%—
50% of patients with MSA-p present with initial asymmetric
symptoms.®” This presentation increases the difficulty of clini-
cally differentiating IPD from MSA-p in the early stage of disease.
However, to our knowledge, there are few previous reports that
used imaging to examine the asymmetry of putaminal abnormal-
ities in MSA-p.

Susceptibility-weighted imaging (SWI), which was recently
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introduced and is now widely used in clinical brain imaging, re-
flects the physical magnetic properties of tissues because suscep-
tibility changes in tissues, such as iron deposition, are very sensi-
tive.'® In addition to the sensitivity of SWI to paramagnetic
material, corrected phase images that are calculated to form final
SWI can provide quantitative phase-shift values that reflect tissue
iron content.'! Recently published studies attempted to use SWI
to differentiate movement disorders, including MSA—p,12 and
demonstrated different iron-deposition patterns between MSA-p
and IPD by measuring phase-shift values by using corrected phase
images of SWI sequences.'> However, most previous studies re-
garding SWI were performed on 1.5T or weaker main magnetic
field MR imaging machines. When main magnetic field is in-
creased to 3T, spins process at a higher frequency, which may
result in phase shifts caused by susceptibility changes being more
exaggerated on SWI.

Thus, the purpose of the present study was to evaluate the
imaging findings of 3T SWI for differentiating MSA-p from IPD,
focusing on putaminal changes and lesion asymmetry.

MATERIALS AND METHODS

Study Population

This retrospective cohort study was approved by the institu-
tional review board of our hospital, and the requirement for
informed consent was waived. The investigators searched all
patients who were referred from the Movement Disorder Cen-
ter to undergo brain MR imaging, including SWI, for further
evaluation of parkinsonism between April 2010 and May 2012
(n=207). Among those patients, we enrolled subjects who had
been initially, clinically diagnosed with either MSA-p (n = 33)
or IPD (n = 50). All routine brain MR imaging protocols per-
formed during the study period for the evaluation of move-
ment disorders included SWI, except in 1 patient. Neurologists
experienced with movement disorders (H.-J.K. and B.S.].)
made the final clinical diagnosis by reviewing the initial and
follow-up clinical data in December 2013. MSA-p was diag-
nosed according to the “Second Consensus Statement on the

»1

Diagnosis of Multiple System Atrophy”' and was categorized
as probable or possible. IPD was diagnosed on the basis of the
UK Parkinson’s Disease Society Brain Bank criteria."*

Five initial patients with MSA-p were excluded for the follow-
ing reasons: an old intracerebral hemorrhage involved the basal
ganglia (n = 1), diagnoses were changed to cerebellar dysfunction
type multiple system atrophy (MSA-c) (n = 3), and final diagno-
sis found no movement disorder (n = 1). One initial patient with
IPD was excluded due to lack of SWI by a technical error. One
initial patient with MSA-p had the final diagnosis changed to IPD.
Finally, there were 27 patients with MSA-p and 50 patients with
IPD. Twenty-seven age-matched subjects who met the following
criteria were enrolled as the control group: 1) They underwent
brain MR imaging with SWI between September 2012 and No-
vember 2012, 2) had no definite focal lesions in the brain paren-
chyma, and 3) had no clinical evidence of neurodegenerative dis-
eases or movement disorders. The control group subjects were
age-matched 1:1 with the subjects with MSA-p. Finally, our study
included 27 patients with MSA-p (17 probable and 10 possible),
50 patients with IPD, and 27 healthy control subjects.

2228 Hwang Dec 2015 www.ajnr.org

MR Imaging Protocol

All subjects underwent brain MR imaging by using a 3T scanner
(Magnetom Verio; Siemens, Erlangen, Germany) with a 32-chan-
nel head coil. A set of images was acquired by using a 3D fully
flow-compensated gradient-echo SWI sequence along the trans-
verse plane parallel to the anterior/posterior commissure lines.
The imaging parameters were as follows: TR = 28 ms, TE = 20
ms, flip angle = 15°, section thickness = 2 mm, FOV = 178 X 220
mm, matrix size = 364 X 448, and number of excitations = 1.
Therefore, the voxel size was 0.49 X 0.49 X 2.0 mm’. The magni-
tude and phase images were processed to create final SWI on the
MR imaging console workstation (syngo MR B17; Siemens). The
corrected phase images and final processed SWI were used for
further analyses.

Image Interpretation

Two radiologists (I.H. and C.-H.S., with 4 and 17 years of experi-
ence in neuroradiology, respectively), who reached a consensus,
reviewed the processed SWI. The investigators qualitatively eval-
uated the imaging findings for putaminal atrophy and signal in-
tensity of the posterolateral putamen compared with adjacent
structures in the basal ganglia (eg, globus pallidus). In particular,
loss of lateral convexity of the posterolateral putaminal border
was also indicative of putaminal atrophy.” In addition to the SWI
findings, cerebellar and brain stem findings were also reviewed
with T2-weighted axial images for the following: 1) hot-cross bun
sign of the pons, 2) high signal intensity in the middle cerebellar
peduncle, and 3) cerebellar atrophy. The putaminal signal inten-
sity was graded by using a relative 4-step scale introduced by Kraft
etal,'® in which the signal of the putamen was rated as higher = 0,
equal = 1, hypointense = 2, or markedly hypointense = 3. Other
image findings were rated as negative = 0, suspicious = 1, or
definitely positive = 2. Laterality was also recorded if a finding of
putaminal atrophy was rated as suspicious or definitely positive or
the signal intensity was rated as marked hypointensity. During the
interpretation, images were presented randomly and investigators
were blinded to the patients’ diagnoses.

Quantitative Image Analysis

We quantitatively measured the putaminal width and phase-shift
values in corrected phase images. Image analyses were also per-
formed by 2 radiologists who performed qualitative image inter-
pretation and reached a consensus. The most representative sec-
tion demonstrating the largest width and most well-demarcated
border of the posterior putamen was selected for further analysis.
The images were analyzed by using ImageJ 1.46r software (Na-
tional Institutes of Health, Bethesda, Maryland) with 400% mag-
nification to more easily determine the boundaries of the basal
ganglia structures. Investigators drew 3 straight lines with widths
of 3 pixels crossing the midportion, posterior half, and far poste-
rior portion of the putamen in the right-to-left direction, as
shown in Fig 1A. Using the Plot Profile function in Image], we
plotted phase-shift values along the straight line, and putaminal
positive phase-shift values were easily recognized (Fig 1A). The
width and the mean phase-shift value on each side of the putamen
were recorded by using the 3 lines. The phase-shift value was
recorded in Siemens Phase Units, which range from 0 to 4096
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FIG 1. Measurement of putaminal width and mean phase-shift values from corrected phase images by using Image) software. A, Three lines
crossing the mid-, posterior half, and far posterior putamen are drawn to allow measurements. B, The corresponding plot profile of the line
crossing the far posterior portion of the putamen demonstrates increased phase-shift values in both putamina (arrows).

Table 1: Demographic and clinical characteristics of the study groups®

MSA-p IPD Healthy Control P Value
No. 27 50 27
Mean age (yr) 64.8 *+ 8.6 (47-77) 66.5 * 6.7 (54-8]) 647 + 8.5 (47-77) 521
Male/female ratio 1314 23:27 116 .850°
Mean disease duration (yr) 47 +29 7.8 £50 NA .010¢
H&Y scale 2.85* 072 195 + 0.57 NA <.001
No. of patients with asymmetric presentation 17 10 NA <.001¢

Note:—H&Y scale indicates modified Hoehn and Yahr scale; NA, not applicable.
2 Data are presented as mean =+ SD, with ranges in the parentheses.
® One-way analysis of variance test.

€X° test.

9 Mann-Whitney U test.

corresponding to —rto + 7 radian.'® To normalize the putamen
width by brain size, we also measured the largest biparietal diam-
eter of the brain parenchyma on the same image plane. The nor-
malized putaminal width (putaminal width/biparietal diame-
ter X mean of biparietal diameter of all subjects) was calculated
and used for the statistical analysis. Dominant-side values
(shorter putamen width or higher mean phase-shift value) and
the mean of the values of both sides were calculated and used for
the statistical analysis. Finally, to evaluate the asymmetry of the
measured values, we also calculated the dominant/nondominant
side ratios of the measured values. All analyses were performed for
each straight line drawn at the mid-, posterior half, and far poste-
rior portion of the putamen; then, the level that showed the most
differentiation was selected and further analyzed.

Neurologic Assessment

Experienced neurologists (H.-J.K. and B.S.J.) assessed the final
clinical diagnoses of IPD or MSA-p by reviewing the initial and
follow-up clinical data. Those neurologists also assessed initial
modified Hoehn and Yahr scale scores. In addition, the clinical-
onset side of resting tremors or bradykinesia was recorded if the
patient presented with asymmetric symptoms at the time of dis-
ease onset. If the symptom onset was not asymmetric or informa-
tion regarding the side of onset was unclear, the more severe
symptomatic side was recorded.

Statistical Analyses
All statistical analyses were performed by using MedCalc for Win-
dows, Version 14.10.2 (MedCalc Software, Mariakerke, Belgium).

For all statistical analyses, a P value < .05 was considered a statis-
tically significant difference. For the qualitative assessment, the
prevalence of each finding was calculated. In addition, the sensi-
tivity and specificity for differentiating MSA-P from IPD were
also investigated. To assess interrater agreement, we calculated
the weighed k coefficient for 2 major qualitative imaging findings
(putaminal atrophy and signal intensity of the posterolateral pu-
tamen) on the basis of the initial review data before the 2 reviewers
arrived at a consensus. A xz test, Mann-Whitney test, 1-way anal-
ysis of variance test, and Kruskal-Wallis test were used to compare
the clinicopathologic characteristics and quantitatively measured
values for the MSA-p, IPD, and control subjects, as appropriate. A
pair-wise comparison was used for the post hoc analysis. Further-
more, a receiver operating characteristic (ROC) curve was drawn
for the variables that were significantly different by the Kruskal-
Wallis test for differentiating MSA-p from IPD. The area under
the ROC curve was calculated to evaluate the diagnostic perfor-
mance of those variables.

RESULTS

Demographic and Clinical Characteristics

The demographic and clinical characteristics of each group are
described in Table 1. The mean disease duration at the time of MR
imaging was significantly longer for the IPD group than the
MSA-p group.

Qualitative Image Interpretation
Table 2 shows the prevalence of putaminal atrophy and marked
signal hypointensity. No subject showed suspicious or definite
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Table 2: Prevalence of each image finding by visual interpretation of SWI in each group

Imaging Finding MSA-p IPD Healthy Control
No. 27 50 27
Putaminal atrophy
Suspicious 3 (11.1%) 0 0
Definite 11(40.7%) 0 0
Putaminal signal intensity
Hyperintense 10 (37.0%) 24 (48.0%) 15 (55.6%)
Isointense 3(11.1%) 22 (44.0%) 10 (37.0%)
Hypointense 2(7.4%) 4(8.0%) 2(7.4%)
Markedly hypointense 12 (44.4%) 0 0
Hot-cross bun sign 2(7.4%) 0 0
High signal intensity of middle cerebellar peduncle
Suspicious 3(1.1%) 0 0
Definite 1(37%) 0 0
Cerebellar atrophy
Suspicious 11(40.7%) 10 (20.0%) 0
Definite 3(11.1%) 0 0
50 25 4
O MSA-p O MSA-p
45 = IPD = PD
= Control = Control
40 20
;; 30 - g 15
s 25- s
£ 20 £ 10
Z 451 z
10 5
0 : ] . . 0o = ; , .
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A Putaminal Atrophy B Posterolateral Putamen Signal Hypointensity

FIG 2. Distribution of putaminal atrophy (A) and posterolateral putaminal signal intensity (B) in each group. Putaminal atrophy: 0 =
negative, 1 = suspicious, 2 = definite; posterolateral putaminal signal intensity: 0 = hyperintense, 1 = isointense, 2 = hypointense, 3 =

markedly hypointense.

Table 3: Correlation between the clinically symptomatic side and asymmetry of imaging findings

Putaminal Atrophy (n = 14)

Marked Signal Hypointensity (n = 12)

Clinical Symptom Symmetric Right Left Symmetric Right Left
Symmetric 0 1 2 1 1 0
Right-dominant 1 0 4 2 0 3
Left-dominant 0 5 1 1 3 1

putaminal atrophy or marked signal hypointensity in the IPD or
healthy control groups. Therefore, the specificity for each finding
was 100%. The sensitivities of putaminal atrophy and marked
signal hypointensity were 51.9% (14/27) and 44.4% (12/27), re-
spectively (Fig 2). Most of these findings were unilateral rather
than bilateral (Table 3).

Table 3 summarizes the correlation between the clinically
symptomatic side and asymmetry in the imaging findings. Among
14 subjects with MSA-p with suspicious or definite putaminal
atrophy, 9 subjects presented with a symptomatic side that was
contralateral to the atrophy side determined by imaging. The re-
lationship between the clinically symptomatic side and marked
signal hypointensity was weaker: Six subjects demonstrated a con-
tralateral correlation between the symptomatic side and the
marked hypointense signal side.

Simultaneous putaminal atrophy with marked putaminal
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signal hypointensity was observed in 11 of 27 patients with
MSA-p (40.7%). One patient with MSA-p had bilateral marked
signal hypointensity without putaminal atrophy. Otherwise,
all patients with MSA-p with marked signal hypointensity
showed a loss of lateral convexity. Representative images from
the patients with MSA-p and patients with IPD are shown in
the Figs 3 and 4.

The weighted « coefficients for 2 major qualitative imaging
findings—putaminal atrophy and signal intensity of the postero-
lateral putamen—were 0.728 (95% CI, 0.561-0.894) and 0.636
(95% CI, 0.461-0.812), respectively.

Comparison of Measured Putaminal Width and
Phase-Shift Values

The On-line Table summarizes the measured values and the
dominant/nondominant side ratios of the measured values at
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FIG 3. A7l-year-old woman who initially presented with right-leg dragging 3 years ago was clinically diagnosed as having probable MSA-p. A, On
the T2-weighed axial image, the bilateral posterolateral putamen shows subtle hypointensity. The phase image (B) and final SWI (C) show a
marked phase shift in the left posterolateral putamen with loss of lateral convexity of the posterolateral aspect of the putamen, suggesting
atrophic change. D, Phase values along the far posterior of both putamina show asymmetric phase-shift values, and mean phase-shift values of

the left putamina are measured as 2686.5 Siemens Phase Units.

the midportion, posterior half, and far posterior portion of the
putamen. The measured values at the far posterior putamen
showed the most significant differences between the MSA-p
and IPD and control groups. Table 4 demonstrates the values
of the far posterior putamen, and further analyses were based
on the values measured at the far posterior putamen. The dom-
inant-side (shorter) putaminal width and the mean of both
putaminal widths were smaller in the MSA-p group compared
with IPD and healthy control groups. The dominant-side mean
phase-shift values and the mean phase-shift values of both pu-
tamina were also significantly different in the MSA-p group
compared with the IPD and healthy control groups. The
MSA-p group showed the highest phase-shift values among all
groups. In terms of the dominant/nondominant side ratios, the
differences in the putaminal width ratios were marginally in-
significant between groups. The dominant/nondominant side
ratio of the mean phase-shift values was significantly different
between the MSA-p group and the IPD and healthy control

groups; this difference suggested that the phase-shift value was
significantly more asymmetric in the MSA-p group compared
with the IPD and healthy control groups.

ROC Curve Analysis for Values Measured to Differentiate
MSA-p from IPD

An ROC curve analysis was performed for the values that were
quantitatively measured at the far posterior portion of the puta-
men to differentiate MSA-p from IPD. The area under the ROC
curve was highest for the phase-shift value of both putamina
(0.803;95% CI, 0.697—0.885), followed by the phase-shift value of
the dominant side (0.793; 95% CI, 0.685—-0.877), the putaminal
width of the dominant side (0.761; 95% CI, 0.650—0.851), the
mean putaminal width of both sides (0.754; 95% CI, 0.643—
0.845), and the dominant-to-nondominant side ratio of the
phase-shift value (0.752; 95% CI, 0.640—0.843). Figure 5 demon-
strates the ROC curve of the measured values. The optimal cutoff
point of the phase-shift value of both putamina was 2121.6 Sie-
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FIG 4. A 69-year-old woman who initially presented with gait disturbance and bradykinesia 8 years ago was clinically diagnosed with IPD. The
T2-weighed axial image (A), phase image (B), and final SWI(C) show no substantial signal alteration or atrophy in the bilateral putamina, while excessive
iron deposition in the bilateral globus pallidus is observed. D, Phase values along the far posterior portion of both putamina show symmetric phase-shift
values, and mean phase-shift values of the right and left putamina are measured as 2114.5 and 2111.7 Siemens Phase Units, respectively.

Table 4: Quantitatively measured putaminal width and phase-shift values: the ratios of dominant-to-nondominant-side values in the

far posterior portion of putamen®

MSA-p IPD Healthy Control P Value

Measured values: dominant side

Putamen width® 3.7 £0.65 3.81+0.53 3.87 £ 047 <.001

Phase-shift value® 23222 +236.9 21215+ 444 2136.7 = 458 <.001
Measured values: mean of both sides

Putamen width® 342 +0.57 3.98 = 0.52 4,05+ 0.45 <.001

Phase-shift value® 22584 +180.1 2108.1 = 39.8 21225+ 37.6 <.001
Ratio of dominant/nondominant side

Putamen width (shorter/longer side) 0.866 * 0.123 0.921 + 0.070 0.912 £ 0.048 .095

Phase-shift value® (higher/lower side) 1.057 = 0.065 1.013 = 0.01 1.013 = 0.011 <.001

?Data are presented as means.

® MSA-p was significantly different (P < .05) from IPD and healthy controls by post hoc analysis.

mens Phase Units, and the diagnostic performance was defined by
77.8% sensitivity and 76.0% specificity.

DISCUSSION
We investigated the 2 imaging findings of the putamen, putami-
nal atrophy and marked signal hypointensity, as a result of iron
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deposition on 3T SWI. Our results suggest that these image find-
ings are very specific for patients with MSA-p (100% specificity)
and appear asymmetrically in those patients. The sensitivity of
previously reported imaging findings for MSA-p ranged from ap-
proximately 50% to 85%.° Previous studies were most commonly
performed by using an MR imaging system with a main magnetic
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FIG 5. Receiver operating characteristic curves of values measured at
the far posterior putamen to distinguish MSA-p from IPD.

field of =1.5T and fast spin-echo techniques; this procedure may
be the reason for the lower sensitivity of these studies because
multiple refocusing radiofrequency pulses during fast spin-echo
imaging reduce the paramagnetic effect of T2 hypointensity gen-
erated by iron deposition.” However, our study was performed on
a 3T MR imaging scanner and also revealed only slightly >50%
sensitivity for the detection of MSA-p. In contrast, the specificity
of our findings was 100%, suggesting that putaminal atrophy and
marked signal hypointensity in the posterior putamen could be
specific, rather than sensitive, findings for MSA-p. The sensitivity
of this study was similar or slightly lower than those previously
published for studies that used conventional fast spin-echo-based
3T MR imaging findings.'”'® The sensitivity of our study was
comparable with those of published studies that used T2*-
weighted imaging.'®2° By ROC curve analysis of the quantitative
phase-shift values, sensitivity was increased to 77.8%, while spec-
ificity was slightly decreased (76.0%). We suggest that quantita-
tive measurement could be used to increase the sensitivity for the
detection of MSA-p.

By visual assessment, putaminal atrophy and marked signal
hypointensity usually occurred asymmetrically. Quantitative
measurement of the phase-shift value of the posterior aspect of
the putamen showed significantly higher asymmetry in the
MSA-p group compared with the IPD and healthy control groups.
These findings suggest that iron deposition in the posterior puta-
men in patients with MSA-p usually occurs asymmetrically. Fur-
thermore, these imaging findings were frequently detected in the
contralateral side of the symptomatic, dominant side. Our results
were consistent with a few previous studies that used MR im-
aging and ['®F] fluorodeoxyglucose positron-emission tomog-
raphy.>">> As mentioned earlier, the clinical manifestation of
parkinsonism develops asymmetrically in approximately 40%-—
50% of patients with MSA-p.®® We believe that 3T SWI can visu-
alize asymmetric putaminal changes, including atrophy and iron
deposition, in the contralateral, symptomatic side. This finding
was not clearly indicated by previous imaging studies, even those
that used 3T imaging or 3T SWL.'®**

Our quantitative measurement method was not a volumetric

method and did not include all putaminal areas or consider the
high-iron-deposition area that was proposed to be meaningful by
previous publications.'""'” Haacke et al'' demonstrated that pu-
tative iron deposition in the high-iron-content region increases
with age. Our study was focused on imaging findings, and quan-
titative measurement was performed to support our imaging
findings. For routine clinical practice, volume measurements
would not be practical because they require meticulous drawing
of the volume of interest and are time-consuming. In contrast,
our measurement method can be easily performed, is less time-
consuming, and might be used for cases that are highly suspicious
for MSA-p clinically but do not show asymmetry by visual analy-
sis. When putaminal atrophy was severe, the posterior putamen
was difficult to differentiate from the medial and lateral portions
of the putamen and globus pallidus. This problem makes volu-
metric measurement of the posterior putaminal signal and vol-
ume separate from the pallidum difficult to achieve. However, our
method can be easily used in this situation and could supplement
the visual assessment of putaminal atrophy.

For differentiation of parkinsonism with imaging techniques,
advanced MR imaging with a machining-learning technique
showed excellent discrimination of IPD from atypical parkinson-
ism by support vector machine analysis by using DTI data.** In
that study, consecutive symptomatic patients with parkinsonism
were referred for imaging to minimize confounding for individ-
ual-level classification. Our study also intended to differentiate
IPD and MSA-p by using SWI for the patients who were referred
for further evaluation of parkinsonism. Although machine learn-
ing—based classification showed excellent discrimination, that
method could be easily but not directly available for routine clin-
ical practice. Our visual inspection and measurement method of
SWI can be directly applicable in routine clinical practice and does
not require additional resources. In addition, our study demon-
strated frequent asymmetric presentation of known putaminal
change in MSA-p, which may not be discovered by support vector
machine analysis.

In addition to the intrinsic limits of retrospective studies, a few
limitations of this study should be mentioned. First, our study did
not directly compare the diagnostic performance of our method
with that of known findings on conventional spin-echo MR im-
ages and T1- and T2-weighted images. However, the diagnostic
performance of our method could be compared with those of
previous studies. Second, the longer disease duration in the IPD
group may have decreased the proportion of unilateral disease
manifestation. In the early disease stage, IPD frequently shows
asymmetric symptoms, but in later stages, IPD has a more sym-
metric presentation. However, it is well-known that IPD shows no
substantial putaminal changes by imaging studies, and our results
were consistent with those of previous studies.® Third, the diag-
nosis at the time of MR imaging did not discriminate between
probable and possible MSA-p. Unfortunately, the data for prob-
able and possible diagnosis for MSA-p were not available in all
patients due to retrospective study design. The final diagnosis was
made by reviewing the initial and follow-up clinical data in De-
cember 2013, while the imaging study had been done before May
2012. The direct comparison of imaging findings between final
probable and possible MSA-p groups might lead to misclassifica-
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tion bias. Thus, imaging differences between patients with prob-
able and possible MSA-p could not be analyzed.

CONCLUSIONS

3T SWI can visualize putaminal atrophy and marked signal hy-
pointensity in patients with MSA-p with high specificity. Further-
more, it clearly demonstrates the dominant side of putaminal
changes, which correlate with the contralateral symptomatic side
of patients. We suggest that 3T SWT is a practical method for the
evaluation of putaminal atrophy and iron deposition; thus, it
could be helpful for differentiating MSA-p from IPD in clinical
practice.
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ORIGINAL RESEARCH
ADULT BRAIN

The Added Prognostic Value of Preoperative Dynamic
Contrast-Enhanced MRI Histogram Analysis in Patients with
Glioblastoma: Analysis of Overall and Progression-Free
Survival

Y.S. Choi, D.W.Kim, S.-K. Lee, J.H. Chang, S.-G. Kang, E.H. Kim, S.H. Kim, T.H. Rim, and S.S. Ahn

ABSTRACT

BACKGROUND AND PURPOSE: The prognostic value of dynamic contrast-enhanced MR imaging in patients with glioblastoma is con-
troversial. We investigated the added prognostic value of dynamic contrast-enhanced MR imaging to clinical parameters and molecular
biomarkers in patients with glioblastoma by using histogram analysis.

MATERIALS AND METHODS: This retrospective study consisted of 61 patients who underwent preoperative dynamic contrast-enhanced
MR imaging for glioblastoma. The histogram parameters of dynamic contrast-enhanced MR imaging, including volume transfer constant,
extravascular extracellular volume fraction, and plasma volume fraction, were calculated from entire enhancing tumors. Univariate
analyses for overall survival and progression-free survival were performed with preoperative clinical and dynamic contrast-enhanced MR
imaging parameters and postoperative molecular biomarkers. Multivariate Cox regression was performed to build pre- and postoperative
models for overall survival and progression-free survival. The performance of models was assessed by calculating the Harrell concordance
index.

RESULTS: In univariate analysis, patients with higher volume transfer constant and extravascular extracellular volume fraction values
showed worse overall survival and progression-free survival, whereas plasma volume fraction showed no significant correlation. In
multivariate analyses for overall survival, the fiftth percentile value of volume transfer constant and kurtosis of extravascular extracellular
volume fraction were independently prognostic in the preoperative model, and kurtosis of volume transfer constant and extravascular
extracellular volume fraction were independently prognostic in the postoperative model. For progression-free survival, independent
prognostic factors were minimum and fifth percentile values of volume transfer constant and kurtosis of extravascular extracellular
volume fraction in the preoperative model and kurtosis of extravascular extracellular volume fraction in the postoperative model. The
performance of preoperative models for progression-free survival was significantly improved when minimum or fifth percentile values of
volume transfer constant and kurtosis of extravascular extracellular volume fraction were added.

CONCLUSIONS: Higher volume transfer constant and extravascular extracellular volume fraction values are associated with worse
prognosis, and dynamic contrast-enhanced MR imaging may have added prognostic value in combination with preoperative clinical
parameters, especially in predicting progression-free survival.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; EGFR = epidermal growth factor receptor; KPS = Karnofsky performance scale; K" = volume transfer
constant; MGMT = Oé6-methylguanine-DNA methyltransferase; OS = overall survival; p = percentile; PFS = progression-free survival; v, = extravascular extracellular
volume fraction; v, = plasma volume fraction

G lioblastoma is the most common primary brain malignancy  date the prognostic factors of glioblastoma, including clinical fac-

and its prognosis is dismal." Although the median survival  tors such as age, Karnofsky performance scale (KPS), and extent

time is approximately 14 months, occasional long-term survival
and significant response to therapy have been reported in a subset
of patients.>” Many investigations have been conducted to eluci-
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of tumor resection.*> Molecular and genetic biomarkers of glio-
blastoma, including O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation, epidermal growth factor recep-
tor (EGFR), p53, and Ki-67 index, are also emerging prognostic
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factors predicting the biologic behavior of tumors.®'® However,
profiles of molecular biomarkers can only be obtained by invasive
procedures such as biopsy or resection. Thus, MR imaging has
been actively applied as a noninvasive tool for prognosis predic-
tion and diagnosis and evaluation of treatment response; conven-
tional imaging findings, such as edema, necrosis, or tumor size,
have been known to be related to prognosis.>''~'* Advanced MR
imaging techniques have also been found to be of increasing util-
ity in predicting prognosis of gliomas. For example, the lower
apparent diffusion coefficient of diffusion-weighted imaging and
higher relative cerebral blood volume of dynamic susceptibility
contrast imaging have been reported to be correlated with worse
prognosis in gliomas.">™'® Nevertheless, conflicting results were
reported for the prognostic value of apparent diffusion coeffi-
cient.">'®' In addition, relative cerebral blood volume may in-
volve biases of T1 effects and extravascular contrast leakage of
tumor vessels and susceptibility artifacts,>® though T1 effects
and extravascular contrast leakage can be limited by several
techniques.?*>*

Using dynamic contrast-enhanced (DCE)-MR imaging, one
can evaluate the blood-brain barrier by measuring quantitative
permeability parameters such as volume transfer constant
(K™%), extravascular extracellular volume fraction (v.), and
plasma volume fraction (v,), which are quantitative metrics of
vascular permeability, extravascular extracellular volume, and
plasma volume, respectively. While K™ has been reported to
increase with glioma grade, its prognostic value for overall sur-
vival (OS) remains controversial***® and its prognostic value for
progression-fee survival (PFS) and added value to other previ-
ously known prognostic factors have not been investigated.

The purpose of our study was to investigate the association of
DCE-MR imaging—derived parameters with OS and PFS in pa-
tients with glioblastoma, and their added prognostic value to pre-
operative clinical parameters and postoperative molecular bio-
markers by using histogram analysis.

MATERIALS AND METHODS

This retrospective study was approved by the Severance Hospital
of Yonsei University College of Medicine review board, which
waived the requirement for informed consent.

Subjects

From October 2010 through April 2014, 98 consecutive patients
with newly diagnosed glioblastoma, who underwent preoperative
DCE-MR imaging, were reviewed. All patients were treated ac-
cording to the standard regimen consisting of an operation and
postoperative involved-field radiation therapy with temozolo-
mide, as described elsewhere.?® Inclusion criteria were the follow-
ing: 1) pure glioblastoma without other cell components men-
tioned in the pathologic report; 2) available profile of molecular
biomarkers reported postoperatively, including MGMT methyl-
ation, EGFR, p53, Ki-67 index, and isocitrate dehydrogenase 1 mu-
tation; and 3) patients who underwent either total, subtotal, or
partial resection of tumor. Exclusion criteria were the following:
1) glioblastoma mixed with other cell components, such as an
oligodendroglial component, or any specific subtype of glioblas-
toma such as giant cell glioblastoma or gliosarcoma (n = 22); 2)
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positive or unknown isocitrate dehydrogenase 1 mutation status
(n = 10); and 3) patients who did not undergo an operation (n =
2) or underwent biopsy only (n = 3). We excluded glioblastomas
with heterogeneous cellular components and isocitrate dehydroge-
nase I mutations, to exclude confounding factors that affect prog-

nosis*”*®

and to conduct accurate survival analysis with pure pri-
mary glioblastoma only. Therefore, 61 patients were enrolled in

this study (male/female ratio = 32:29; 63.0 £ 9.8 years of age).

Image Acquisition

Preoperative MR imaging was performed by using 3T imaging
(Achieva; Philips Healthcare, Best, the Netherlands) and an
8-channel sensitivity encoding head coil. The preoperative MR
imaging protocol included conventional sequences consisting of
T1-weighted imaging (TR, 2000 ms; TE, 10 ms; FOV, 240 mmy;
section thickness, 5 mm; and matrix, 256 X 256), T2-weighted
imaging (TR, 3000 ms; TE, 80 ms; FOV, 240 mm; section thick-
ness, 5 mm; and matrix, 256 X 256), and fluid-attenuated inver-
sion recovery imaging (TR, 10,000 ms; TE, 125 ms; FOV, 240 mm;
section thickness, 5 mm; and matrix, 256 X 256). For DCE-MR
imaging, 60 dynamic phases of DCE T1-weighted images were
acquired with the following parameters: TR, 6.3 ms; TE, 3.1 ms;
FOV, 240 mm; matrix, 192 X 192 mm; section thickness, 3 mm;
and flip angle, 15°. After acquiring the fifth phase of image vol-
ume, gadolinium-based contrast (0.1-mL/kg gadobutrol, Gada-
vist; Bayer Schering Pharma, Berlin, Germany) was injected at a
rate of 3 mL/s. The total acquisition time for DCE-MR imaging
was 6 minutes 18 seconds.

DCE-MR Imaging Analysis

DCE-MR imaging data were moved to a personal computer and
processed off-line with commercial software (nordicICE; Nordic-
NeuroLab, Bergen, Norway), which is based on the pharmacoki-
netic model established by Tofts et al.>> DCE-MR imaging pa-
rameter maps of K"*™, v, and v, were generated after calibration
of motion correction and determination of arterial input func-
tion, which was calculated from 5 spots on the M1 segment ipsi-
lateral to the tumor. The baseline T1 value was fixed at 1000 ms in
this study.?®** The ROI was drawn by 1 neuroradiologist (Y.S.C.)
and confirmed by another neuroradiologist (S.S.A.) on the basis
of the last phase of DCE-MR images to contain the entire enhanc-
ing tumor volume by using a semiautomatic method by thresh-
olding of signal intensity. The histogram parameters consisting of
mean, minimum, fifth percentile (p5), and 25th (p25), 50th
(p50), 75th (p75), and 95th (p95) percentiles and maximum val-
ues, skewness, and kurtosis of K", v, and v,,, were calculated
from ROIs overlaid on DCE-MR imaging parameter maps.

Other Prognostic Parameters

We recorded the following clinical parameters: age, sex, and pre-
operative KPS. The extent of tumor resection was classified as
total, subtotal, or partial on the basis of the surgeon’s intraoper-
ative impression in conjunction with examination of postopera-
tive images, with “subtotal resection” meaning <100% but =75%
tumor removal and “partial resection” meaning <75% gross tu-
mor removal. In addition, tumor descriptors on conventional MR
images were determined by consensus of 2 neuroradiologists



(Y.S.C. and S.S.A., with 2 and 5 years of experience in brain MR
imaging, respectively) and were considered preoperative pa-
rameters in subsequent analyses, which consisted of enhancing
tumor volume, degree of edema, and the presence of non-
contrast-enhancing tumor. Enhancing tumor volume was au-
tomatically calculated from ROIs drawn for DCE-MR imaging
analysis. Edema was scored by using the maximum distance of
edema from the tumor margin as 0 (not apparent), if <1 cm; 1
(mild to moderate), if >1 and <2 cmj;and 2 (severe), if >2 cm.
Non-contrast-enhancing tumor was defined as intermediate
T2 signal intensity (less than the intensity of CSF) that is asso-
ciated with mass effect and architectural distortion. Non-con-
trast-enhancing tumor was visually assessed and classified as
positive if non-contrast-enhancing tumor volume was >25%
of enhancing tumor volume, or negative otherwise.

We also recorded postoperatively obtained profiles of molec-
ular biomarkers, including MGMT methylation, EGFR, p53, and
Ki-67 index.

Definition of Survival Time

“Overall survival” was defined as the time from diagnosis to death
or last follow-up date when the patient was known to be alive.
“Progression-free survival” was defined as the time from diagno-
sis to tumor progression, recurrence, death, or the last follow-up
date in which the patient showed no disease progression. The
definition and date of tumor progression were based on the Re-
sponse Assessment in Neuro-Oncology criteria: in brief, 1) the
first follow-up date showing =25% increase in an enhancing le-
sion or an increase in a nonenhancing lesion inside the radiation
field, which increased in size at a consecutive MR imaging fol-
low-up or was pathologically proved to be a recurrent tumor; 2)
the initial follow-up date with a newly appearing enhancing lesion
outside the radiation field; 3) the date showing clinical deteriora-
tion secondary to disease; and 4) the date of death for patients who
died and did not meet the above criteria. The date of tumor pro-
gression on MR imaging was determined by consensus of 2 neu-
roradiologists (Y.S.C. and S.S.A.).

Statistical Analysis
Univariate analysis by using the Cox proportional hazard analysis
was performed for both OS and PFS, with the histogram param-
eters of DCE-MR imaging (K""*", v, and Vp), clinical parameters
(age, sex, KPS, extent of resection), tumor descriptors (eg, en-
hancing tumor volume, edema, non-contrast-enhancing tumor),
and postoperative molecular biomarkers (MGMT methylation,
EGEFR overexpression, p53, and Ki-67 index). Continuous vari-
ables, including DCE-MR imaging parameters, and categoric
variables of >3 categories were dichotomized by using the K-
adaptive partitioning algorithm to identify the most significant
cutoff points affecting OS and PFS.***°

Multivariate analysis by using the Cox regression model was
performed with significant factors on univariate analysis to build
prognostic models predicting OS and PFS. The prognostic models
were built in 2 ways each for OS and PFS to investigate the added
value of DCE-MR imaging in preoperative and postoperative set-
tings: preoperative models with clinical and DCE-MR imaging

Table 1: Patient characteristics (n = 61)

Variables Mean (SD) or No. (%)

Age (year)? 63.0(9.8)
Sex

Male 32(52.5%)

Female 29 (47.5%)
Karnofsky performance scale® 721(12.)
Enhancing tumor volume (cm?)? 23.5(19.)
Extent of resection

Total 28 (45.9%)

Subtotal or partial 33 (54.1%)
Edema

None 9 (14.8%)

Mild-to-moderate 15 (24.6%)

Severe 37 (60.6%)
Non-contrast-enhancing tumor

Negative 26 (42.6%)

Positive 35(57.4%)
MGMT

Unmethylated 38 (62.3%)

Methylated 23(37.7%)
EGFR

0 10 (16.4%)

1+ 3(4.9%)

2+ 15 (24.6%)

3+ 33 (54.1%)
p53° 17.5(28.0)
Ki-67° 234(19.0)

2 Indicates mean and SD in parentheses.

parameters and postoperative models with clinical and DCE-MR
imaging parameters and molecular biomarkers.

After multivariate analysis, performance of each prognostic
model was evaluated by using the Harrell concordance index (C-
index). A C-index value of 0.5 indicates random prediction, and
1.0 indicates perfect prediction. C-indexes were compared be-
tween the models, with and without DCE-MR imaging parame-
ters, according to the Newson method.*>*” To avoid overestima-
tion of the performance of prognostic models, we used the
jacknife data resampling technique in calculating C-indexes and
their 95% confidence intervals. In addition, multicollinearity was
checked by calculating the variable inflation factor of each vari-
able included in the models. A variable inflation factor of >2.5
was considered multicollinearity, influencing the estimated 3
power. Variable inflation factors of all variables included in prog-
nostic models were <2.0. Statistical analyses were conducted with
the Stata software package (Version 12.1; StataCorp, College Sta-
tion, Texas), and a P value <.05 was considered statistically
significant.

RESULTS

Characteristics of the 61 enrolled patients are summarized in Ta-
ble 1. The locations of the tumors were as follows: frontal (n =
19), temporal (n = 18), parietal (n = 15), occipital lobe (n = 2),
basal ganglia (n = 1), thalamus (n = 4), and corpus callosum (n =
2). Thirteen patients had tumors encasing or abutting the ipsilat-
eral M1 segment. Among the 61 patients, 29 deaths and 37 tumor
progressions occurred. The restricted mean and standard error of
overall survival time was 552.6 * 40.6 days, and the restricted
mean and standard error of progression-free survival time was
359.7 = 31.2 days. The follow-up for those still alive ranged from
24 to 893 days.

AINR Am J Neuroradiol 36:2235-41 Dec 2015 www.ajnr.org 2237



Krans _p5 and overall survival

v, _p50 and overall survival

8 (=3
< " o -
Kirans_p5 < 0.079 min-1 - ve_p50 < 64.4%
o Ktrans_p5 = 0.079 min-1 o ve_p50 > 64.4%
— = " — P-_ -
£ T
_____ g
® 3 ] 33
s° g 5°
g 2 =
Ogl 0w | L
s S L
8. | =l |
o N T T T T T o by T T T T T
A ° 200 400 600 800 0 g oo 200 400 600 800 1000
Time (days) Time (days)
Krars _p5 and progression-free survival v, _p50 and progression-free survival
g 81
T Kirans_p5 s 0.146 min-1 3 ve_p50 £ 64.4%
g, Ktrans_p5 > 0.146 min-1 . L L ve_p50 > 64.4%
g B s -
=1 3 1
7] @ \
=1} 1]
g8 283
Ee &4]
@ @
] D g
& ™ o o ™o
9 a e (=}
o o
8. =l i
s L : : : - s L : : . .
0 200 400 800 800 0 200 400 600 800
C Time (days) Time (days)

FIG 1. Kaplan-Meier analysis of overall survival according to K" (A) and v, (B), and progression-free survival according to K" (C) and v,, (D).

Table 2: Preoperative and postoperative prognostic models for overall survival

Model 1 Model 2° Model 3* Model 4° Model 5°
Parameters HR (95% Cl) P Value HR P Value HR P Value HR P Value HR P Value
Enhancing tumor  138(0.53-3.60) 509 249 (11-558) 027  109(043-278)  .855 0.80(0.3-2.05)  .643  094(0.38-237) .904
volume

Age 347(142-849) 007  249(100-619) 049  155(125-826) 015  291(120-7.04) 018  2.66(.08-6.58) .034
KPS 286(115-715) 024  287(113-7.24) 026  254(102-633)  .046  109(034-347) 888  112(035-3.63)  .845
K™ p5 2.82(104-7.70) 043 - 2.93(164-1574) 005 - -

v,_kurtosis - 7.57(149-3851) 015  21.90(379-14591) .00 - 5.65(113-2837)  .035
K™ kurtosis - - - 4.99(1.05-2378) .04 -

MGMT - - - 7.80 (1.96-31.04) .004 6.82(1.77-26.31) .005
EGFR - - - 4.25 (1.44-12.61) .009 3.65(1.21-10.95) .021

Note:— — indicates not applicable; HR, hazard ratio.

Preoperative models.
2 Postoperative models.

Univariate Analysis for Overall Survival

Histogram analysis of DCE-MR imaging parameters (On-line
Table 1) revealed that high K"*" and v, values showed a trend
toward worse OS and that this trend was statistically significant in
kurtosis, minimum, p5, p25, and p50 values of K"**"* (P values =
.016, .007, .004, .012, and .023, respectively) and kurtosis, mean,
PS5, p25, p50, p75, and p95 values of v, (P values = .005, .034, .005,
.040,.027,.041, and .02, respectively). Histogram parameters of v,
showed no significant correlation with OS. Kaplan-Meier curves
of representative prognostic parameters of K™ and v, are de-
picted in Fig 1. Among other parameters, older than 68 years of
age, KPS of <70, enhancing tumor volume of >30 cm?, MGMT
unmethylation, and EGFR > 2+ were associated with worse OS
(On-line Table 2).

Multivariate Analysis for Overall Survival
In multivariate analysis for preoperative prognostic models with
clinical and DCE-MR imaging parameters, p5 value of K""*"* and
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kurtosis of v, were independently prognostic for OS in addition to
age and KPS, and these 2 parameters remained independently
prognostic when entered into multivariate analysis at the same
time (Table 2). In multivariate analysis for postoperative prog-
nostic models with molecular biomarkers added, kurtosis of
K" and v, were independently prognostic for OS, and these 2
parameters became insignificant when both were entered into

multivariate analysis at the same time.

Univariate Analysis for Progression-Free Survival

Histogram analysis of DCE-MR imaging parameters (On-line
Table 1) revealed that high K"*™ and v, values showed a trend
toward worse PFS and that this trend was statistically significant
in kurtosis, minimum, p5, and p25 values of K™*" (P value =
.033,.008, .029, and .043, respectively) and kurtosis, p5, p50, and
p95 values of v, (P value = .004, .046, 0031, and .029, respec-
tively). Histogram parameters of v, showed no significant corre-



Table 3: Preoperative and postoperative prognostic models for progression-free survival

Model 1 Model 2° Model 3* Model 4* Model 5% Model 6°
Parameters HR P Value HR P Value HR P Value HR P Value HR P Value HR P Value
Enhancing tumor 2.9 (14-6.0) .005 19(0.9-4.0) .05 24(.1-50) .023 3.1(.5-67) .003 18(0.8-3.9) .35 14(0.6-32) 423
volume
Age 24(1.2-4.8) .015 31(14-6.6) .004 24(11-49) .020 25(1.2-52) .0m 34(.6-7.6) .002 24(1-4.9) .020
K" _min 2.8(1.4-5.6) .004 - - 33(1.6-6.7)  .001 - -
K'2™ p5 - 29(1.2-72)  .020 - - 4.0(1.5-10.4) .004 -
v,_kurtosis - - 44(1.7-13) .002 57(22-152) .000 6.0(22-163) .000 53(2.0-14.0) .001
MGMT - - - - - 31(1.3-7.4) .012
Note:— — indicates that the model doesn’t have the corresponding factor as a covacriate; HR, hazard ratio.

2 Preoperative models.
b Postoperative model.

lation with PFS. Kaplan-Meier curves of representative prognos-
tic parameters of K" and v, are depicted in Fig 1. Among other
parameters, age older than 68 years, enhancing tumor volume
>30 cm?, and MGMT unmethylation were associated with worse
PFS (On-line Table 2).

Muiltivariate Analysis for Progression-Free Survival

In multivariate analysis for preoperative prognostic models with
clinical and DCE-MR imaging parameters, minimum and p5 of
K™ and kurtosis of v, were independently prognostic for PFS in
addition to age, and these DCE-MR imaging parameters re-
mained independently prognostic when combined and entered
into the multivariate analysis (Table 3). In multivariate analysis
for postoperative prognostic models with molecular biomarkers
added, only kurtosis of v, remained independently prognostic for
PFS.

Comparison of the Performance of the Prognostic Models
Comparisons of the performance of the prognostic models are
summarized in On-line Table 3. The C-indexes ranged from 0.75
to 0.82 in prognostic models for OS, indicating good perfor-
mance, and were higher in models with DCE-MR imaging pa-
rameters than in those without, though it was not statistically
significant (P > .05). The C-indexes ranged from 0.70 to 0.74 in
prognostic models for PFS and were higher in models with
DCE-MR imaging parameters than in those without. Perfor-
mance of the models appeared to be significantly improved when
kurtosis of v, combined with either minimum or p5 of K"*"*, was
added into the preoperative models for PFS (P values were .034
and .046 for models with kurtosis of v, + minimum of K", and
kurtosis of v, + p5 of K"*", respectively).

DISCUSSION

We investigated the prognostic value of DCE-MR imaging in pre-
dicting OS and PFS and its added value to preoperative clinical
parameters and postoperative molecular biomarkers in patients
with glioblastoma. Higher cumulative histogram parameters and
higher kurtosis of K" and v, had a trend toward worse OS and
PFES with statistical significance, which means that tumors having
relatively higher frequency and peaks at higher v, and K" values
were correlated with worse prognosis.

The C-indexes were higher in models with either K""*" or v, or
both added than in models without DCE-MR imaging parame-
ters, though the difference in C-indexes was statistically signifi-
cant only in the preoperative models for PFS. Our results imply
that DCE-MR imaging may have added prognostic value in

combination with preoperative clinical parameters, especially in
predicting PFS. However, we carefully suggest that the added
prognostic value of DCE-MR imaging in combination with post-
operative molecular biomarkers is uncertain. In our opinion, the
small sample size and the small number of deaths and disease
progression that occurred in our study cohort are primarily re-
sponsible for the lack of significant added value of DCE-MR im-
aging in the prognostic models. Another possible explanation is
that DCE-MR imaging parameters would be less likely to show
added prognostic value in combination with molecular biomark-
ers in postoperative models if correlation between DCE-MR im-
aging parameters and molecular biomarkers is one of the mecha-
nisms by which DCE-MR imaging parameters exhibit prognostic
value. Thus, further investigation with a larger cohort and analysis
of biomarkers is necessary.

The K™ value reflects vascular permeability. In theory, tu-
mor aggressiveness increases in tumors with higher K**" value,
probably due to increased neoangiogenesis and vascular permea-
bility required for tumor growth,*® by which the correlation be-
tween higher K" value and worse prognosis is expected, as seen
in our results. Nonetheless, the relationship between K"*"* and
the prognosis of glioblastoma has been controversial.>**>*° Mills
etal** reported that higher K™ was correlated with good overall
survival in glioblastoma. In contrast, Awasthi et al*? reported the
correlation between higher vascular permeability (K" and v,)
and higher expression of matrix metalloproteinases, which has
been associated with poor survival in glioblastoma. Nguyen et al*®
reported that high K"*** and v, values were associated with poor
overall survival of high-grade glioma, while v, values were not
significantly correlated with prognosis in our study. These con-
flicting results might be due to the enrollment of heterogeneous
gliomas of various grades or with the oligodendroglial compo-
nent, different methods of ROI drawing, and different effects of
covariates affecting survival such as age, KPS, extent of tumor
resection, edema, or necrosis.

V. is a quantitative metric of extravascular extracellular space
volume on DCE-MR imaging and is considered an index of tu-
mor necrosis.*' The correlation between higher v, and worse
prognosis indicates that tumors with higher necrotic portions
have worse prognoses, reflecting microscopic levels of necrosis
undetectable on conventional MR imaging, though we excluded
the gross necrotic portion and included only enhancing tumor
volume in ROIs. This result agrees with a previous study that
reported a positive correlation between v, value and matrix met-
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alloproteinases, an index reflecting cellular proliferation and in-
vasion of tumors.*’

The v,, value reflects vascular volume fraction on DCE-MR
imaging. However, no parameter of v, showed significant corre-
lation with OS or PFS in our study, whereas previous studies with
dynamic susceptibility contrast imaging suggested that increased
relative cerebral blood volume is related to tumor grade, aggres-
siveness, and OS.*>"** In our opinion, these conflicting results for
v, might be partially attributed to the limited accuracy of v,, in a
temporal resolution of >2 seconds. Previous studies recom-
mended a temporal resolution of approximately 2 seconds or

d,*°*8 and our measurement

faster if plasma flow is to be estimate
of v, might be inaccurate because we used a temporal resolution
of 6 seconds. Nonetheless, a previous study with DCE-MR imag-
ing reported v, as a prognostic parameter®> and suggested that
conflicting results may also be related to differences in DCE-MR
imaging protocol and methods for calculating arterial input func-
tion and ROI selection.

As far as we know, our study is the first investigation of the
prognostic value of DCE-MR imaging with the largest and
most homogeneous cohort of glioblastomas. Another strong
point of our study is the semiautomatic drawing of ROIs with
thresholds containing the entire enhancing tumor volume for
histogram analysis of DCE parameters, because visually assess-
ing several “hot spots” and not containing the entire enhancing
tumor might be subjective and fail to reflect the characteristics
of entire tumor. Additionally, we dichotomized the histogram
parameters of K" and v, with the most significant cutoff
values affecting survival, which were identified by the K-adap-
tive partitioning algorithm. The trade-off of this method is that
extreme cutoff values can be selected causing uneven dichoto-
mization. For example, tumors with a kurtosis of v, of >50.3%
occupied only 6.6% of the entire cohort. Similarly, tumors
with a kurtosis of K™ of >0.042 minutes ' and kurtosis of v,
of >27.8% occupied 13.1% and 11.5%, respectively. These ex-
treme cutoff values and subsequent uneven dichotomization
may be more useful as adjunct prognostic parameters to other
prognostic parameters, rather than as a single prognostic pa-
rameter alone.

There are several limitations in our study. First is a lack of
generalizability and standardization of DCE-MR imaging—de-
rived parameters, which can be affected by postprocessing soft-
ware, calibration for T1 relaxation, and the protocol of DCE-MR
imaging. Hence, any specific cutoff values of K™ or v, in this
study cannot be generally used, and this study suggests only the
potential for the added prognostic value of DCE-MR imaging. In
addition, the repeatability of DCE-MR imaging parameters has
been a major problem, though this can be reduced with improved
methodologies for data acquisition and postprocessing.>>*°~>!
Also, arterial input function calculation might have been inac-
curate, especially in the 13 patients with tumors encasing the
ipsilateral M1 segment. Second, the number of deaths and dis-
ease progressions that occurred in our study cohort might be
too small to show the statistically significant added value of
DCE-MR imaging in the prognostic models, except in preop-
erative models for PFS.
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CONCLUSIONS

Higher K" and v, values were associated with worse prognosis,
and DCE-MR imaging may have added prognostic value to pre-
operative clinical imaging parameters, especially in predicting
progression-free survival.
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ABSTRACT

BACKGROUND AND PURPOSE: Relative cerebral blood volume, as measured by T2*-weighted dynamic susceptibility-weighted con-
trast-enhanced MR, represents the most robust and widely used perfusion MR imaging metric in neuro-oncology. Our aim was to
determine whether differences in modeling implementation will impact the correction of leakage effects (from blood-brain barrier
disruption) and the accuracy of relative CBV calculations as measured on T2*-weighted dynamic susceptibility-weighted contrast-en-
hanced MR imaging at 3T field strength.

MATERIALS AND METHODS: This study included 52 patients with glioma undergoing DSC MR imaging. Thirty-six patients underwent
both non-preload dose—and preload dose—corrected DSC acquisitions, with 16 patients undergoing preload dose—corrected acquisitions
only. For each acquisition, we generated 2 sets of relative CBV metrics by using 2 separate, widely published, FDA-approved commercial
software packages: IB Neuro and nordicICE. We calculated 4 relative CBV metrics within tumor volumes: mean relative CBV, mode relative
CBV, percentage of voxels with relative CBV > 175, and percentage of voxels with relative CBV > 1.0 (fractional tumor burden). We
determined Pearson (r) and Spearman (p) correlations between non-preload dose— and preload dose—corrected metrics. In a subset of
patients with recurrent glioblastoma (n = 25), we determined receiver operating characteristic area under the curve for fractional tumor
burden accuracy to predict the tissue diagnosis of tumor recurrence versus posttreatment effect. We also determined correlations
between rCBV and microvessel area from stereotactic biopsies (n = 29) in 12 patients.

RESULTS: With IB Neuro, relative CBV metrics correlated highly between non-preload dose—and preload dose—corrected conditions for
fractional tumor burden (r = 0.96, p = 0.94), percentage > 175 (r = 0.93, p = 0.91), mean (r = 0.87, p = 0.86), and mode (r = 0.78, p = 0.76).
These correlations dropped substantially with nordicICE. With fractional tumor burden, IB Neuro was more accurate than nordicICE in
diagnosing tumor versus posttreatment effect (area under the curve = 0.85 versus 0.67) (P < .01). The highest relative CBV—microvessel
area correlations required preload dose and IB Neuro (r = 0.64, p = 0.58, P = .001).

CONCLUSIONS: Different implementations of perfusion MR imaging software modeling can impact the accuracy of leakage correction,
relative CBV calculation, and correlations with histologic benchmarks.

ABBREVIATIONS: FTB = fractional tumor burden; GBCA = gadolinium-based contrast agents; IBN = IB Neuro; MVA = microvessel area; NICE = nordicICE; PLD =
preload dose; pMRI = perfusion MR imaging; rCBV = relative cerebral blood volume

Perfusion MR imaging (pMRI) has emerged as a powerful di-
agnostic tool in neuro-oncology. Multiple independent stud-
ies have shown how measures of microvessel volume, which are
linked closely to histologic identity and malignant potential, can
facilitate diagnoses that have historically eluded conventional MR
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imaging."” For instance, the metric relative cerebral blood vol-
ume (rCBV), as measured by dynamic susceptibility-weighted
contrast-enhanced pMRI, can identify high-grade components
within nonenhancing glioma,®” distinguish tumor recurrence
from posttreatment effects (ie, pseudoprogression, radiation ne-
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crosis),” ' and predict tumoral response and patient survival af-

ter targeted therapy.'>'¢

Despite the potential clinical impact of pMRI, broad-scale in-
tegration has been slowed by the need to define optimal methodo-
logic conditions to maximize rCBV accuracy. While a number of
factors can affect rCBV measurements (eg, image acquisition,
motion correction, signal fitting, and mathematic modeling),
most methodologic studies have focused on techniques that cor-
rect for T1-weighted leakage errors from blood-brain barrier dis-
ruption and T2/T2*-weighted residual errors from contrast recir-
culation within tortuous microvasculature.'”>* Specifically, DSC
relies on the assumptions that gadolinium-based contrast agents
(GBCA) transit through tissue as a single bolus and remain within
the vascular lumen. Yet, these premises are often violated in the
setting of high-grade glioma, increasing the likelihood of rCBV
inaccuracies.

On the basis of previous comparison studies, the administra-
tion of GBCA preload dose (PLD) and the subsequent use of soft-
ware modeling (during image postprocessing) offer the most ef-
fective methods for rCBV correction.'”*? PLD, given before DSC
acquisition, minimizes T1 leakage effects by presaturating tissue
T1 signal and decreasing subsequent GBCA extravascular diffu-
sion.'”2»2%2¢ Because of theoretic dose-dependent risks of neph-
rogenic systemic fibrosis, the GBCA dose is generally minimized,
with most studies showing effective T1 leakage-correction with a
PLD as low as 0.05-0.1 mmol/kg."* Additionally, modeling cor-
rection has proved necessary to correct residual T1 errors and
T2/T2*-weighted recirculation effects following PLD. While a
number of modeling algorithms have been proposed, the method
published by Boxerman et al'” remains the most highly cited and
validated algorithm to date, and it is widely considered the stan-
dard for DSC-pMRL

Generally speaking, modeling correction requires implemen-
tation of mathematic algorithms through computer software pro-
grams developed either in-house by individual academic centers
or incorporated within vendor-supplied commercial packages.
Vendor-supplied options offer the advantage of wide availability
and ease of standardization across multiple institutions, but the
methods by which the algorithms are implemented can vary by
vendor. While we generally assume negligible differences in how
various software programs incorporate mathematic modeling to
calculate rCBV, this assumption has not been directly tested, par-
ticularly with validation against standard benchmarks such as
histology.

In this study, we compared 2 commonly published, commer-
cially available implementations of the Boxerman algorithm,'” as
integrated within the IB Neuro (IBN, Version 1.1; Imaging Bio-
metrics, ElIm Grove, Wisconsin) and nordicICE (NICE, Version
2.3.13; NordicNeuroLab, Bergen, Norway) software pack-
ages.®* 14718202528 W present data from a cohort of 52 patients
with glioma who underwent DSC-pMRI acquisition at the time of
clinical MR imaging. The goals of this study are to determine the
equivalency of modeling implementation and rCBV calculation
across platforms and to assess whether rCBV variations, if pres-
ent, will significantly impact correlations with histologic bench-
marks. Our overarching goal is to provide information that will

help work toward consensus and standardization of pMRI
methodology.

MATERIALS AND METHODS

Subjects

We searched our data base (2007-2013) for patients with histo-
pathologically confirmed glioma who had conventional 3T MR
imaging with pMRI at 2 different institutions. We included pa-
tients in whom the same examination contained 2 separate DSC-
PMRI acquisitions (and separate bolus contrast injections)
and/or the MR imaging was performed preoperatively for stereo-
tactic resection and/or biopsy within 1 day after imaging. Subjects
were pooled from 2 separate institutions: Barrow Neurological
Institute at St. Joseph’s Hospital and Medical Center and Mayo
Clinic, Arizona. All patient data were anonymized for Health In-
surance Portability and Accountability Act compliance. The insti-
tutional review board approved our study. All patients undergo-
ing pMRI had estimated glomerular filtration rates of >60 mg/
min/1.72 m?,

Perfusion MR Imaging Data Acquisition

Each 3T examination was performed on 1 of 2 MR imaging mag-
nets (Signa HDx; GE Healthcare, Milwaukee, Wisconsin; or Mag-
netom Skyra; Siemens, Erlangen, Germany). All patients under-
went initial preload dose administration that allowed the
acquisition of PLD-corrected DSC-pMRI data, which were all ac-
quired via a second GBCA injection (0.05-mmol/kg, gadodiamide
or gadobenate dimeglumine) by using previously described meth-
o0ds.®'? In all patients, the PLD amount totaled 0.1 mmol/kg,
administered via either a single bolus injection or 2 separate (0.05-
mmol/kg) bolus injections, depending on the departmental pro-
tocol at the time of imaging. In a subset of patients, we acquired
non-PLD-corrected DSC-pMRI data during the initial PLD bolus
injection, by using either 0.05- or 0.1-mmol/kg GBCA injections,
depending on the clinical perfusion MR imaging protocol used at
the time of acquisition. We performed a separate subanalysis to
determine the impact of different injection doses as shown in
On-line Table 1.

All DSC data (gradient-echo echo-planar imaging with TR/
TE/lip angle = 1500-2000/20 ms/60°, FOV = 24 X 24 cm, ma-
trix = 128 X 128, 5-mm section, no gap) were acquired during 3
minutes with the bolus injection occurring at the 1-minute mark
after the start of the DSC sequence. All GBCA injections were via
power injector at 3-5 mL/s, followed by a 20-mL normal saline
flush. The final GBCA dose for all patients (irrespective of the
method of PLD administration) was 0.15 mmol/kg of body
weight.

Perfusion MR Imaging Data Analysis

After transferring all MR imaging data to an off-line workstation
and removing baseline points collected during the first 5 seconds,
we generated whole-brain rCBV maps by using 2 commonly pub-
lished commercial software packages: nordicICE (Version 2.3.13)
and IB Neuro (Version 1.1), both approved by the US Food and
Drug Administration. For NICE, we used all available default op-
tions and included leakage correction in all cases. Default options
consisted of automatic prebolus baseline selection to define the
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prebolus baseline and integration intervals and subsequent noise
threshold adjustment to maximize brain tissue used for CBV cal-
culation. We did not use spatial or temporal smoothing for either
software package, to help maintain data integrity and limit poten-
tial confounding factors. We performed rCBV calculations with y
variate fitting before leakage correction or without vy variate fit-
ting. For IBN, we used all default options including leakage cor-
rection: 1) automated detection of brain tissue mask for voxels
used in CBV calculation, 2) automated detection of contrast ar-
rival within brain mask voxels to define the prebolus baseline and
integration intervals, and 3) leakage correction based on Boxer-
man et al.'” For rCBV generated with either NICE or IBN, we
coregistered the rCBV maps with stereotactic anatomic images
by using registration methods implemented in the Insight Seg-
mentation and Registration Toolkit (www.itk.org) within the
IB Suite (Version 1.0.454; Imaging Biometrics), as previously
described.!”>!82%-30

We normalized all rCBV maps to mean CBV from two 3 X 3
voxel-sized square ROIs within the contralateral frontal and pa-
rietal normal-appearing white matter.>'? To reduce variability,
we used identical normal-appearing white matter ROIs for both
software package analyses to generate all rCBV metrics. We cal-
culated multiple previously published rCBV metrics including the
following: 1) volume fraction of tumor voxels above the rCBV
threshold of 1.75 (percentage >1.75); 2) volume fraction of tu-
mor voxels above the rCBV threshold of 1.0, also known as per-
fusion MR imaging fractional tumor burden (FTB); 3) histogram
mean rCBV; and 4) histogram mode rCBV for all tumor voxels.
We chose the thresholds of 1.0 and 1.75 because of previous stud-
ies reporting the biologic significance of these values.>**° On the
basis of the rCBV maps generated from NICE and IBN packages,
we calculated volume fraction metrics by using the IB Suite and
histogram metrics by using custom code written in Matlab (Ver-
sion R2012a; MathWorks, Natick, Massachusetts). To reduce
variability, we also used identical segmented enhancing tumor
volumes for both software analyses and all rCBV metrics (as de-
scribed below).

Conventional MR Imaging Acquisition and Analysis

For each examination, we acquired routine conventional con-
trast-enhanced MR imaging that included pre- and postcontrast
T1-weighted spoiled gradient-echo (inversion recovery prepped)
stereotactic (ie, volumetric) MR imaging datasets (TT/TR/TE =
300/6.8/2.8 ms, matrix = 320 X 224, FOV = 26 cm, section thick-
ness = 2 mm). Tumor volumes were defined as abnormal en-
hancing tissue by an experienced neuroradiologist (L.S.H.). In
nonenhancing glioma, we defined tumor volumes by using T2-
weighted stereotactic MR imaging (TR/TE = 4500/82 ms, ma-
trix = 256 X 256, FOV = 26 cm, section thickness = 2 mm).

Stereotactic Biopsy, Image Coregistration, and Histologic
Microvessel Analysis

Our cohort included a subset of patients in whom neurosurgeons
collected an average of 2-3 tissue specimens from each tumor by
using stereotactic surgical localization, following the smallest pos-
sible diameter craniotomies to minimize brain shift. Biopsies
were performed without knowledge of rCBV analyses. Similar to
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those in previous studies, biopsy locations and neuronavigational
coordinates were recorded and coregistered with MR imaging to
enable localized rCBV measurement (3 X 3 voxel-sized ROIs) at
corresponding biopsy sites.'"*! Multiple biopsy targets in the
same patient were separated by a minimum of 2 cm. The neuro-
surgeon visually validated stereotactic imaging locations with cor-
responding intracranial anatomic landmarks, such as vascular
structures. Stereotactic biopsy samples were sectioned (10-pum
thickness), CD-34 stained, and submitted for quantification of
total microvessel area (MVA) by using previously published
methods.>'>* Corresponding sections were also stained with
hematoxylin-eosin per standard protocol. For each CD-34-
stained slide, we measured total microvessel area as previously
described.”"**?° Raw data from 7 of these patients were studied
previously.”" The current study differs in the following ways: 1)
We used commercial software packages and modeling correction
to measure rCBV, 2) we determined test performance differences
between packages, and 3) we compared PLD against non-PLD
conditions.

Quantification of Histologic Tumor Fraction in Recurrent
Glioblastoma Multiforme

Our cohort included a subset of 25 patients with recurrent glio-
blastoma multiforme, previously treated with the protocol of
Stupp et al.>® We enrolled each of these patients at the time of
recurrence, at which time they underwent preoperative MR im-
aging (including pMRI) for surgical debulking of newly devel-
oped or enlarging lesions suspicious for recurrence identified on
surveillance contrast-enhanced MR imaging.

Following debulking, we fixed all surgical tissue specimens in
10% formalin, embedded them in paraffin, sectioned them (10
pm), and stained them with hematoxylin-eosin per standard di-
agnostic protocol at our institution. Two neuropathologists
quantified glioblastoma multiforme and/or posttreatment effect
elements for all specimens without knowledge of DSC-MR imag-
ing, by simultaneously estimating histologic fractional volume of
tumor relative to nonneoplastic treatment-related features, as
previously described.®>%>7%® Features of tumor recurrence®® and

posttreatment effect®”>°

were quantified and used to determine
the histologic tumor fraction from surgical resection material to
diagnose either tumor progression (histologic tumor fraction of
=50%) or posttreatment effect (histologic tumor fraction of
<50%) on the basis of group median values. Raw data from these
25 patients have been studied previously.® Like the prior study,
the current study measures FTB but with several important dif-
ferences in experimental design: 1) We used and compared 2 sep-
arate modeling algorithm implementations to calculate FTB, 2)
we assessed performance differences between methods by com-
paring test accuracies (with receiver operating characteristic anal-
ysis), and 3) we use a simplified classification system to establish
the clinical presence/absence of tumor progression.

Statistical Analysis

A biostatistician performed all analyses. We first determined
Pearson and Spearman correlations between non-PLD- and PLD-
corrected conditions for all rCBV metrics as calculated by IBN
and NICE. Second, we used receiver operating characteristic anal-
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FIG1. A-D, Scatterplots correlating rCBV metrics with and without preload dosing (PLD), as measured by 2 separate modeling algorithms (IBN,
NICE without vy variate fitting). PLD- and non-PLD corrected values are shown in the x- and y-axes, respectively. Overall, IBN measurements
demonstrate consistently higher Pearson (r) and Spearman (p) correlations for mean rCBV, mode rCBV, fractional tumor burden (FTB), and
percentage of voxels > 1.75. The thresholding metrics (FTB, percentage > 1.75) correlate most strongly between PLD- and non-PLD-corrected

conditions.

ysis to determine the accuracy of FTB (as measured by IBN and
NICE) to diagnose tumor versus posttreatment effect. Finally, we
determined Pearson and Spearman correlations between local-
ized rCBV and MVA from corresponding stereotactic biopsies.
P < .05 was statistically significant.

RESULTS

Subjects and Tumor Types

We enrolled 52 patients (17 women, 35 men; mean age, 53 years),
of whom 87% (45/52) had high-grade gliomas with 78% (35/45)
presenting at recurrence after standard multimodal therapy.
On-line Table 2 summarizes the tumor types for primary and
recurrent cases.

Comparing rCBV Measurements in the Presence and
Absence of Preload Dose

Comparing rCBV between PLD and non-PLD conditions gives an
indication of how well modeling implementation corrects T1
leakage errors. We acquired both PLD- and non-PLD-corrected
rCBV values in a subset of patients (n = 36) for whom we calcu-
lated 4 separate rCBV metrics (mean, mode, percentage >1.75,

and FTB) by using both IB Neuro and nordicICE software pack-
ages. When we used IBN (Fig 1), rCBV thresholding metrics cor-
related very highly between non-PLD- and PLD-corrected condi-
tions (FTB: r = 0.96, p = 0.94; percentage > 1.75: r = 0.93, p =
0.91); correlations were also high for mean rCBV (r = 0.87, p =
0.86) and mode rCBV (r = 0.78, p = 0.76). With NICE modeling,
these correlations dropped substantially (Fig 1) for thresholding
metrics (FIB: r = 0.70, p = 0.71; percentage > 1.75: r = 0.59, p =
0.60), mean rCBV (r = 0.43, p = 0.62), and mode rCBV (r = 0.51,
p = 0.65). When we added 1y variate fitting, correlations for mean
rCBV by using NICE decreased though the other metrics re-
mained largely unchanged (Table 1). On visual inspection of
thresholding maps, non-PLD and PLD-corrected voxels showed
greater spatial correspondence when using IBN compared with
NICE (Fig 2). Table 1 summarizes correlations for all conditions.
Of these 36 patients, 10 received PLD via 2 separate half-dose
injections. To assess the potential effects of heterogeneity in PLD
administration, we performed a subanalysis (1 = 26) excluding
these 10 subjects, which showed correlations consistent with the
original analysis (On-line Table 1).
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Table 1: Pearson (r) and Spearman (p) correlations between rCBV metrics under PLD-
corrected and non-PLD-corrected conditions, as measured by IBN and NICE perfusion

software algorithms®

(n=12). We determined Spearman and
Pearson correlations between matched

Non-PLD vs P Non-PLD vs PLD P

Non-PLD vs PLD

P rCBV and histologic microvessel area

rCBV Metric  PLD (IBN)  Value (NICE) withgvf Value (NICE) without gvf Value ~ measurements under multiple condi-
Mean r=087  <.001 r=0 54 r=043 01 tions, which varied by method of mod-
p=086  <.001 p=042 .02 p=062 <.001 eling correction or the presence/absence
Mode r=078 <00l r =044 01 r=05l1 0l of PLD correction (Table 2). Both PLD
p=076 <00 p=065 =001 p =065 <001 correction and IBN modeling were
% <175 r=0.93 <.001 r=0.55 <.001 r=0.59 <.001 L. .
p=0091 <001 p =06l <001 p =060 < 00] needed to maximize rCBV correlations
FTB r=096  <.001 r=079 <.001 r=070 <001  with MVA (r = 0.64, p = 0.58, P =
p=094 <001 p=072 <.001 p=07 <001 .001).
Note:—gvf indicates 1y variate fitting.
*NICE calculations were performed with and without gvf. BN modeling shows substantially higher correlation be-  pISCUSSION

tween PLD and non-PLD metrics (compared with NICE), suggesting higher rCBV accuracy in the absence of PLD

correction. Statistical significance is P value < .05.

Non-PLD

Contrast-enhanced MRI

| PLI )—ct}rr‘tui

NICE

FIG 2. Image of a representative case in a 39-year-old patient with
recurrent high-grade ganglioglioma shows an enhancing mass (A).
Color overlay percentage > 1.75 thresholding maps (B-E) depict or-
ange voxels with high rCBV > 175, compared with intermediate yel-
low voxels (rCBV, 1.0-175) and low green voxels (rCBV < 1.0). With
NICE, both spatial distribution and percentage of orange voxels show
high discrepancy between non-PLD- (70%, B) and PLD-corrected (35%,
C) maps. With IBN, the percentage of orange voxels on the non-PLD
map (54%, D) approximates that on the PLD-corrected map (51%, E)
with high spatial congruence.

The Type of Modeling Implementation Impacts the
Accuracy of rCBV to Diagnose Tumor versus
Pseudoprogression/Radiation Necrosis

In a subset of patients with recurrent glioblastoma multiforme
(n = 25) undergoing surgical debulking for suspected tumor re-
currence, we used receiver operating characteristic analysis to de-
termine the accuracy of FTB, as measured by IBN or NICE, to
diagnosed tumor versus posttreatment effect (ie, pseudoprogres-
sion, radiation necrosis). We used histologic tumor fraction from
surgical resection to categorize each subject’s diagnosis as either
tumor recurrence (histologic tumor fraction of =50%) or post-
treatment effect (histologic tumor fraction of <50%). We used
PLD correction for all cases. The area under the curve for FTB, as
measured by IBN (0.85), was significantly higher than that by
NICE (0.67; P < .01) (Fig 3).

Influence of PLD and Modeling Correction on the
Correlation of rCBV with Stereotactic Microvessel Area
Quantification

We measured localized rCBV values corresponding to coregis-
tered stereotactic biopsy samples (n = 29) in a subset of patients
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Relative CBV represents the most robust
and widely used perfusion MR imaging
metric in neuro-oncology.'"*%*¢ Of the techniques that mea-
sure rCBV, DSC is the most commonly used method because of
wide availability, straightforward postprocessing, and easy-to-use
software programs.*>*' DSC uses the indicator dilution theory
based on susceptibility (T2-/T2*-weighted signal drop) from
first-pass transit of a single GBCA bolus injection. DSC assumes
an intact BBB with no extravascular GBCA leakage or recircula-
tion and thus requires correction methods when these factors
occur (discussed below). Dynamic contrast-enhancement MRI
and arterial spin-labeling offer alternative approaches to DSC for
calculation of rCBV. The theory and limitations of these tech-
niques have been described previously.>*2*4-42

Correctly performing DSC requires several technical consid-
erations based on comparison data from prior studies validating
optimal conditions for best practice. First, DSC-pMRI generally
necessitates both PLD and mathematic modeling to achieve the
highest degree of T1 leakage correction and rCBV accuracy.'”"®
Results from our study support this requirement (Table 2). Re-
garding PLD amount, most groups use a single dose (0.1 mmol/
kg) of GBCA,¥* 142022222642 particularly at 1.5T, though ade-
quate PLD correction could be achieved with a GBCA dose as low
as 0.05 mmol/kg at 3T." Second, gradient-echo T2*-weighted
DSC represents the most preferred and widely published method
for DSC. While spin-echo T2-weighted DSC offers a higher sig-
nal-to-noise ratio and fewer susceptibility artifacts,*> double or
triple GBCA injection doses (0.2—0.3 mmol/kg) are typically

C,>"3% to over-

needed during the acquisition of spin-echo DS
come the lower contrast-to-noise ratio (ie, signal drop in response
to the GBCA first-pass bolus). Compared with spin-echo, gradi-
ent-echo DSC offers advantages such as the following: 1) superior
contrast-to-noise ratio (ie, greater signal drop during GBCA first-
pass), which allows lower contrast dosage during DSC acquisition
(0.05-0.1 mmol/kg) and improves the quality of rCBV data, min-
imizing the need for signal denoising; 2) greater sensitivity to
microvessels of all sizes (including larger tortuous glomeruloid-
type vessels commonly observed in high-grade gliomas); and 3)
the ability to use flip angles of <90° to minimize T1 leakage ef-
fects.! 1921424443 Rinally, in regard to mathematic modeling, the

algorithm published by Boxerman et al'”

remains the most highly
cited and validated method to date and has been implemented
commercially for widespread use.

The study results here underscore the importance of how soft-
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with mean rCBV (IBN: r = 0.87; NICE:
r = 0.43) and percentage > 1.75 (IBN:
r = 0.93; NICE: r = 0.59). This suggests
that the modeling correction by IBN
provides more effective correction of T1
errors, which are most prominent at
non-PLD conditions.

While we observed strong correla-
tions between non-PLD and PLD mea-
sures (when using IBN), further studies
are likely needed to determine the fol-
lowing: 1) whether PLD can or should be
omitted, 2) what the optimal conditions
would be to allow PLD omission (ie,
modeling implementation, 3T field
strength), and 3) whether this omission
would significantly impact prognostic
and diagnostic accuracy. Under PLD
conditions, separate experiments con-
firmed significantly higher FTB accu-
racy with IBN (area under the curve =
0.84), compared with NICE (area under

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

False positive rate (1 - Specificity)

FIG 3. Receiver operating characteristic curves for fractional tumor burden to predict histopathology
(tumor versus posttreatment effect) in patients with recurrent glioblastoma multiforme (n = 25). FTB
by IB Neuro (blue) demonstrates a significantly larger area under the curve (AUC) compared with
nordiclCE (without vy variate fitting, orange) FTB measurements (0.85 versus 0.70, P < .01), suggesting
that different modeling algorithms can impact the accuracy in predicting histopathologic diagnosis.
Adding y variate fitting further reduces NICE estimates of FTB (0.67, green).

Table 2: Correlations between rCBV and fractional MVA under different PLD and modeling

09 1 the curve = 0.67, p < 0.01), in diagnos-
ing histopathologically confirmed tu-
mor versus posttreatment effect (ie,
pseudoprogression, radiation necrosis).
IBN also provided the highest degree of
correlation between localized rCBV and
tissue microvessel area (Table 2).

In this study, we chose to validate
rCBV measurements against histopa-

thology rather than outcomes. Imaging

conditions®
Conditions for rCBV Pearson P Spearman P measurements such as rCBV are most
Measurement Correlation (r) Value Correlation (p) Value  directly related to histologic correlates
Fractional MVA 1.00 _ 1.00 _ such as microvessel volume and histo-
No PLD (IBN) 0.46 .02 0.33 12 logic identity (eg, tumor grade, tumor
No PLD (NICE + gvf) 0.51 01 0.26 19 versus posttreatment effect). How these
No PLD (NICE — gvf) 035 10 018 39 histologic features (and their imaging

PLD (IBN) 0.64 <.001 0.58 .001 . p
correlates) predict survival may be con-
PLD (NICE + gvf) 0.53 <.01 0.28 15 founded b ber of diff £

PLD (NICE — gvf) 059 001 040 04 ounded by a number of different factors

Note:—+ indicates with; —, without; —, not applicable; gvf, y variate fitting.

#Both PLD correction and IBN software modeling were needed to achieve maximal correlation.

ware programs implement a particular modeling algorithm for
rCBV calculation. In this study, we tested 2 widely published
FDA-approved commercial packages that offer separate imple-

d’8,9,14721,24,26728 and we eval—

mentations of the Boxerman metho
uated how the modeling implementation by each software pro-
gram would impact T1 leakage correction and rCBV correlation
with histologic measures. We minimized potential confounding
factors by using identical segmented tumor volumes and regions
in normalized white matter to evaluate each implementation
method, and we used default settings and leakage correction for
both software packages. For NICE, these included automated se-
lection of the prebolus baseline and subsequent noise threshold-
ing to maximize brain tissue for calculation of CBV. The rCBV
metrics on IBN (compared with NICE) demonstrated greater
consistency between PLD and non-PLD conditions, most notably

such as age, molecular markers (isocit-
rate dehydrogenase), methylation status
(eg, O6-methylguanine-DNA methyl-
transferase), extent of resection, salvage therapy at the time of
recurrence, and so forth.®'**”>*® While clinical outcomes are de-
sirable as end points, they must be correlated with imaging and
histologic features together in a controlled trial with a larger pa-
tient cohort, which is beyond the scope of this article. Our pur-
pose in this study was simply to determine which method of rCBV
measurement (ie, which software package) came closest to in-
forming of underlying tissue features. We think that this context
justifies the rationale for validating rCBV against histopathologic
benchmarks.

We recognize potential study limitations. First, we limited the
scope of the evaluation to 2 specific software packages, though
many commercial options exist. We simplified the project to
maximize the potential clinical impact because we evaluated the
most published and validated modeling algorithm to date (Box-
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erman et al'”) and the 2 most commonly published commercial
platforms that implement that algorithm. Future studies may in-
corporate other vendor packages in a more comprehensive fash-
ion. In fact, the study results here may motivate the development
of a framework by which to standardize or evaluate modeling
implementation for all vendors. Second, we did not evaluate the
factors underlying the differences in modeling implementation
because the software code was not made available to us for anal-
ysis or modification. Regardless, this comparison study simulates
what would be available to end users within the clinical environ-
ment and demonstrates that differences between programs can
significantly impact rCBV accuracy. Future efforts to develop or
use open-source software may help elucidate some of the differ-
ences among commercial packages. Third, nonuniformity in PLD
administration (single-dose bolus versus 2 separate half-dose in-
jections) may theoretically degrade correlations between non-
PLD- and PLD-corrected rCBV. However, strong correlations
within the full cohort and subanalysis (On-line Table 1) suggest
negligible impact. Fourth, while we used 2 different MR imaging
scanners (Signa HDx; Magnetom Skyra), all MR imaging— histo-
logic correlations came from 1 scanner (Signa HDx). Moreover,
both scanners used identical field strengths (3T) and DSC param-
eters (ie, pulse sequence, injection rates, and so forth). These fac-
tors, along with strong correlations in a subanalysis (On-line Ta-
ble 3), suggest a negligible impact on study results. Fifth, the
observed strength of rCBV-MVA correlations in this study (at
best r = 0.64) may be underestimated because Pathak et al*® have
shown that correlations between rCBV and histologic vascular
fraction can be further improved when accounting for histologic
section thickness as a potential confound. Sixth, there was vari-
ability in the TR (1.5 versus 2.0 seconds) of the DSC acquisitions
for some patients, depending on the clinical protocol used at the
time of imaging. While we do not anticipate this having a signif-
icant effect on correlations, we recognize it as a potential limita-
tion. Finally, nonuniformity of the GBCA type (gadodiamide or
gadobenate dimeglumine) resulted from protocol changes during
the study. Subanalysis (On-line Table 4) based on GBCA type
suggested negligible effects.

CONCLUSIONS

Different implementations of perfusion MR imaging software
modeling can impact the accuracy of leakage correction, rCBV
calculation, and correlations with histologic benchmarks. Future
decisions about pMRI standardization should incorporate com-
parison data that have validated rCBV measurements against clin-
ical benchmarks such as histopathology.

Disclosures: Leland S. Hu, Zachary Kelm, Leslie C. Baxter—RELATED: Grant: National
Institutes of Health.* Timothy J. Kaufmann—UNRELATED: Consultancy: SpineThera,
Comments: startup company hoping to create a sustained-release epidural cortico-
steroid preparation. Peter Nakaji—UNRELATED: Board Membership: Foundation for
International Education for Neurological Surgery, Barrow Neurological Institute co-
management*; Consultancy: Zeiss, Aesculap, AlloSource; Grants/Grants Pending:
Barrow Neurological Foundation*; Payment for Lectures (including service on
Speakers Bureaus): Zeiss; Patents (planned, pending or issued): AlloSource, Gamma-
Tile, Incubeon; Stock/Stock Options: Microfabrica. Bradley J. Erickson, P. Korfiatis—
RELATED: Grant: National Cancer Institute (IUOICA160045).* *Money paid to the
institution.
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ORIGINAL RESEARCH
ADULT BRAIN

Diagnostic Accuracy of PET, SPECT, and Arterial Spin-Labeling
in Differentiating Tumor Recurrence from Necrosis in Cerebral
Metastasis after Stereotactic Radiosurgery

G. Lai, A. Mahadevan, D. Hackney, P.C. Warnke, F. Nigim, E. Kasper, ET. Wong, B.S. Carter, and C.C. Chen
k=

ABSTRACT

BACKGROUND AND PURPOSE: Radiographic assessment of cerebral metastasis after stereotactic radiosurgery remains a major chal-
lenge in neuro-oncology. It is often difficult to distinguish tumor progression from radiation necrosis in this setting using conventional MR
imaging. The objective of this study was to compare the diagnostic sensitivity and specificity of different functional imaging modalities for
detecting tumor recurrence after stereotactic radiosurgery.

MATERIALS AND METHODS: We retrospectively reviewed patients treated between 2007 and 2010 and identified 14 patients with
cerebral metastasis who had clinical or radiographic progression following stereotactic radiosurgery and were imaged with arterial
spin-labeling, FDG-PET, and thallium SPECT before stereotactic biopsy. Diagnostic accuracy, specificity, sensitivity, positive predictive
value, and negative predictive value were calculated for each imaging technique by using the pathologic diagnosis as the criterion standard.

RESULTS: Six patients (42%) had tumor progression, while 8 (58%) developed radiation necrosis. FDG-PET and arterial spin-labeling were
equally sensitive in detecting tumor progression (83%). However, the specificity of arterial spin-labeling was superior to that of the other
modalities (100%, 75%, and 50%, respectively). A combination of modalities did not augment the sensitivity, specificity, positive predictive
value, or negative predictive value of arterial spin-labeling.

CONCLUSIONS: In our series, arterial spin-labeling positivity was closely associated with the pathologic diagnosis of tumor progression
after stereotactic radiosurgery. Validation of this finding in a large series is warranted.

ABBREVIATIONS: ASL = arterial spin-labeling; CE = contrast-enhanced; NPV = negative predictive value; PPV = positive predictive value; RN = radiation necrosis;

SRS = stereotactic radiosurgery; SUV = standard uptake value; TP = tumor progression

Stereotactic radiosurgery (SRS) has emerged as an important
treatment technique for patients with cerebral metastasis. A
major challenge in the clinical management of these patients in-
volves determination of tumor response to treatment.' Radio-
graphically, SRS can induce reactive changes in the irradiated vol-
ume and edema in the surrounding cerebrum. These changes lead
to breakdown of the blood-brain barrier, resulting in contrast
enhancement on conventional MR imaging.>* This phenome-
non, termed “radiation necrosis” (RN), is often difficult to distin-
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guish from tumor progression (TP) by using standard contrast-
enhanced MR imaging (CE-MR imaging). Patients with RN are
treated with steroids, anticoagulants, hyperbaric oxygen, or anti-
angiogenic therapy, while patients with TP require either surgical
intervention or chemotherapy.>® Thus, the ability to distinguish
RN from TP fundamentally drives clinical decision-making and
patient care.

Currently, patients with radiographically ambiguous lesions un-
dergo surgical biopsy or resection.” While these procedures are gen-
erally safe, morbidity ranges from 1% to 9%.”" Most often, the mor-
bidities involve transient neurologic deficits, but rare devastating
neurologic consequences and death have also been reported.”” In
this context, there is a critical need for noninvasive modalities that
would allow reliable discrimination of RN from TP.

Advances in physiologic imaging hold promise as alternate
modalities to aid in the discrimination of RN from TP. Rather
than relying on contrast extravasation, such imaging is based on
the principle of measuring differences in physiologic states be-
tween proliferative tumor tissue and normal cerebrum. To the
extent that RN and TP exhibit distinct metabolic states, physio-



Table 1: Demographic information, clinical course, location of tumor, radiation dose, time between SRS and follow-up imaging, biopsy

results, and imaging results of each patient®

Age SRS to
Pt (yr) Clinical Course Location SRS Dose Imaging Bx PET SPECT  MRASL
1 69  RCC,s/p SRS and stent, new CE Left paraventricular 22Gy X1  11Mo RN Negative Positive  Negative
2 63 NSCLC, s/p SRS, new CE Right frontal 199Gy X1 122Mo TP SUV20  Positive  Positive
3 79  NSCLC, s/p SRS, neurologic deterioration  Right frontal 22Gy X1 8Mo RN SUV49 Negative Negative
4 64  Esophageal cancer, s/p SRS, new CE Left frontal 21Gy X1 4Mo TP Negative Positive  Positive
5 72 SCLC, 3 lesions s/p WBRT + SRS Left parietal 22Gy X1 7Mo TP SUV103 Positive  Positive
6 46  Breast cancer, s/p SRS, new CE Right cerebellar 22Gy X1 4Mo TP SUV6.6  Negative Positive
7 65 Melanoma, s/p SRS, neurologic decline Right temporal 188Gy X1 10Mo RN SUV72  Positive Negative
8 63 RCC,s/p SRS, new CE Right thalamus 166Gy X1 6Mo RN Negative Negative Negative
9 58  Melanoma, s/p IR, enlarged CE Right frontal 199Gy X1 4Mo TP SUVI107 Negative Negative
10 52 NSCLC,s/p SRS, new CE Right cerebellar 188Gy X1 3Mo RN Negative Positive Negative
1 59  Melanoma, s/p SRS Left frontal 22Gy X1 3Mo TP SUV8 Negative Positive
12 52 Breast cancer, s/p SRS Right temporal 8Gy X3 1Mo RN Negative Negative Negative
13 56 RCC, s/p SRS Left temporal 21Gy X1 12Mo RN Negative Negative Negative
4 49 Melanoma, s/p SRS Right frontal 21Gy X1 8Mo RN Negative Negative Negative

Note:—RCC indicates renal cell carcinoma; Bx, biopsy; s/p, status-pos; IR, ionizing radiation; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; WBRT, whole brain

radiation therapy.

2 Patients 1, 6, and 9 are those featured in the illustrative cases. Cells next to patients 1, 3,7, 8,10, and 12-14 represent RN on biopsy; other cells represent TN.

logic imaging may better distinguish these phenomena than
structural imaging.

The objective of the current study was to compare the diag-
nostic utility of FDG-PET, thallium SPECT, and arterial spin-
labeling (ASL)-MR imaging in the setting of brain metastasis with
progression on CE-MR imaging after SRS treatment. We retro-
spectively identified patients with a definitive pathologic diagno-
sis who underwent FDG-PET, thallium SPECT, and ASL before
stereotactic biopsy. Most important, biopsies were targeted to re-
gions of positive signals in these modalities. Sensitivity, specific-
ity, positive predictive value, and negative predictive values were
calculated.

MATERIALS AND METHODS

Patients

This research was approved by the Beth Israel Deaconess Medical
Center, Harvard Medical School Institutional Review Board (IRB
2010-P-000134). The cohort of 267 consecutively biopsied pa-
tients from 2007 to 2011 was previously described.'® The inclu-
sion criteria for this study were the following patients: 1) those
who underwent stereotactic radiosurgery; 2) had radiographic
progression on conventional CE-MR imaging accompanied by
clinical deterioration; 3) underwent FDG-PET, thallium SPECT,
and ASL-MR imaging before biopsy; and 4) had a definitive tissue
diagnosis after biopsy. Patients underwent physiologic imaging
studies and biopsy after review of a brain tumor board consisting
of 3 neurosurgeons, 2 radiation oncologists, 2 neuro-oncologists,
a neuroradiologist, and a neuropathologist. Patient characteris-
tics are summarized in Table 1.

Image Acquisition and Interpretation

All images were reviewed by a board-certified neuroradiologist as
a part of standard patient care. Radiologists interpreting func-
tional results were not precluded from comparing any one study
with studies acquired previously. MR images were acquired on a
Signa HDx 3T scanner (GE Healthcare, Milwaukee, Wisconsin)
with standard T2-weighted, FLAIR, and T1 sequences. Contrast-
enhanced images were obtained after intravenous administration
of Gd-DTPA (Magnevist; Bayer HealthCare Pharmaceuticals,

Wayne, New Jersey). FDG-PET images were obtained on a
4-MDCT PET/CT scanner (GE Healthcare). One hour after IV in-
jection of 20 mCi of FDG, noncontrast CT images were obtained for
attenuation correction and fusion with emission PET images. A se-
ries of overlapping PET images was then obtained. CT images were
coregistered and fused with emission PET images."' The maximum
standard uptake value (SUV) within an ROI drawn around the lesion
was calculated. SUV maximum values of >3.0 were defined as a
positive signal. SPECT scanning was performed after IV injection of
3 mCi of thallium 201 as previously described.'?

For ASL, imaging was achieved with pseudocontinuous label-
ing13 and an interleaved stack of variable-attenuation, spiral, fast
spin-echo sequence. Eight spiral interleaves were performed to
achieve an in-plane resolution of 3.7 mm, and forty 4-mm axial
sections were acquired. A postlabeling delay of 1.5 seconds and a
labeling duration of 1.5 seconds were chosen."* Background sup-
pression was performed with selective and nonselective inversion
pulses applied at optimized times.'>'® Three averages of label and
control images were performed and then automatically sub-
tracted. An additional reference image with a single saturation
applied 2 seconds before imaging was also acquired to enable flow
quantification. Quantification of blood flow was performed by
using previously published methods.'”

For ASL, positivity was determined by the neuroradiologist
(D.H.) by visual inspection according to routine clinical practice.
There have been no clinically used defined thresholds for quanti-
tative measurements of blood flow to differentiate tumor and
nontumor tissue, and calculated thresholds by using the same
dataset would necessarily bias toward maximum accuracy.

Image-Guided Stereotactic Biopsy

The target location for biopsy was determined by the neurosurgeons
(C.C.C.,P.C.W.,, EK.) and was performed as previously described."”
The Riechert frame was used in all biopsies. Biopsies were performed
by using standard Nashold needles with a 10-mm side-cutting win-
dow (Integra LifeSciences, Plainsboro, NJ). To determine biopsy tra-
jectories, we fused CE-MR imaging, PET, SPECT, and ASL by using
Inomed software (Stereoplan Plus, Freiburg, Germany). Using these
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Statistical Analysis

Sensitivity, specificity, positive predic-
tive value (PPV), and negative predictive
value (NPV) were calculated for each
imaging technique (CE-MR imaging,
FDG-PET, thallium SPECT, and ASL) as
they related to the pathology findings.
Accuracy for each technique was calcu-
lated as (true positives + true nega-
tives)/(all positives + all negatives).
Values were also calculated for combi-
nations of 2 or all 3 modalities. More
stringent criteria were defined as posi-
tive tumor recurrence if all modalities
were positive for TP. Less stringent cri-
teria for positivity were defined if at least
1 technique was positive for TP.

FIG 1. Individual images (A) CE MR imaging, thallium SPECT, FDG-PET, and ASL-MR imaging, and

fused images (B) overlaid on CE-MR imaging. Red line represents the biopsy trajectory.

Table 2: Accuracy, sensitivity, specificity, PPV, and NPV for each
imaging modality

CE-MRI PET SPECT MR ASL

Accuracy 46.2% 78.6% 57.1% 92.9%

Sensitivity - 83.3% 50.0% 83.3%

Specificity - 75.0% 62.5% 100.0%

PPV - 71.4% 50.0% 100.0%

NPV - 85.7% 62.5% 88.9%
Note:— — indicates unable to calculate; CE-MRI were all positive for tumor progres-
sion.

Table 3: Accuracy, sensitivity, specificity, PPV, and NPV?

PET or PET or SPECT or

ASL + SPECT + ASL + Any One +
Accuracy 85.7% 71.4% 71.4% 71.4%
Sensitivity 100.0% 100.0% 66.7% 100.0%
Specificity 75.0% 50.0% 62.5% 50.0%
PPV 75.0% 60.0% 57.1% 60.0%
NPV 100.0% 100.0% 7.4% 100.0%

2 Positive = 1 modality positive.

reconstructions, we selected biopsy trajectories to afford sampling of
CE-MR imaging, PET, SPECT, and ASL regions positive for tumor
progression. To maximize the volume of tumor sampled, we planned
a linear trajectory to allow serial sampling through the largest diam-
eter of the tumor based on the imaging technique with the largest
signal. In all cases, the region of biopsy was positive in at least 1 of the
imaging modalities. While positivity differed among modalities
within a single region, in no cases did 2 different modalities define
distinct regions as scoring positive. For instance, there were no cases
in which 1 region of the tumor scored positive for ASL while another
scored positive for PET.

Pathology results were reviewed by a board-certified neuropa-
thologist as a part of standard patient care. In accordance with the
standard clinical practice, patients were classified as having tumor
progression if the neuropathologist identified any histologic evidence
of viable tumor. Patients were classified as having radiation necrosis
only when no evidence of viable tumor was found by the neuropa-
thologist. Results were reviewed with the neuropathologist at the tu-
mor conference to confirm that the diagnosis stated in the formal
pathology report was accurate.
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RESULTS

Of 267 patients stereotactically biopsied
between 2007 and 2011, 14 underwent CE-MR imaging, FDG-
PET, thallium SPECT, and ASL before surgical biopsy for defini-
tive tissue diagnosis. The demographics of the study population
are shown in Table 1. The patient ages ranged from 46 to 79
years. There were 9 male and 5 female patients. The patients
had cerebral metastases from a spectrum of primary sites, in-
cluding 4 lung cancers, 2 breast cancers, 3 renal cell carcino-
mas, 4 melanomas, and 1 esophageal cancer. On the basis of the
final pathology, 6 patients (42%) had tumor progression, while
8 (58%) developed radiation necrosis. A representative coreg-
istration of the 4 imaging modalities and the definition of the
stereotactic target are shown in Fig 1.

Accuracy for tumor recurrence in metastatic cancer was high-
est by using ASL (87%), followed by FDG-PET (73%) and SPECT
(53%), and lowest for CE-MR imaging (50%). Sensitivity was
highest for ASL and PET (71%) and lowest for SPECT (43%). ASL
had a specificity of 100%, while PET and SPECT were 75% and
63%, respectively. ASL also had the highest PPV (100%) and NPV
(89%), whereas SPECT had the lowest (PPV, 50%; NPV, 63%).
For FDG-PET, PPV was 71% and NPV was 86%. Results are sum-
marized in Table 2. Although not used in the current analysis,
quantitative values for ASL analyses are included in the On-line
Table for reference.

For both positive and negative results, ASL and PET measures
were in agreement 74% of the time; ASL and SPECT, 64%; and
PET and SPECT, 50%. Agreement among all 3 modalities was
43%. When ASL-PET, PET-SPECT, and all 3 were in agreement,
the accuracy was 100% in all cases. Accuracy was 93% when ASL
and SPECT were in agreement.

A combination of different modalities did not result in
higher accuracy than ASL alone when positivity was defined as
a positive result in any 1 of a combination of 2 or all 3 modal-
ities (Table 3). Sensitivity and NPV were both 100% when at
one of modality (PET, ASL, or SPECT) was positive. However,
specificity and PPV were lower than those for ASL alone at 75%
and 50% for specificity and 75% and 66.7% for PPV, respec-
tively. SPECT or ASL yielded lower predictive values for all



measures relative to ASL alone. The combination of all 3 mo-
dalities also had high sensitivity and NPV (100%) but low spec-
ificity and PPV (50% and 60%).

If positivity was defined more stringently as a positive result in
both modalities, specificity increased to 100% for all combina-
tions, which did not differ from findings in ASL alone. However,
sensitivities were low. When both ASL and PET-positive, sensitiv-
ity = 67%; when both ASL and SPECT were positive, sensitivity =
50%; and when both SPECT and PET were positive, sensitivity =
50%; and when all 3 were positive, sensitivity = 33%. PPV was
100% for all combinations, but NPVs were all =80%. The accu-
racy of any of the combinations was never higher than that of ASL
alone. See Table 4 for a summary.

Hlustrative Cases

Case I: Radiation Necrosis. A 69-year-old man had a solitary renal
cell carcinoma metastasis to the periventricular white matter of

Table 4: Accuracy, sensitivity, specificity, PPV, and NPV*

PET and PET and SPECT and
ASL + SPECT + ASL + All +
Accuracy 85.7% 78.6% 78.6% 71.4%
Sensitivity 66.7% 50.0% 66.7% 100.0%
Specificity 100.0% 100.0% 100.0% 100.0%
PPV 100.0% 100.0% 100.0% 100.0%
NPV 80.0% 727% 727% 66.7%

2 Positive = all modalities positive.

SPECT (+) PET (-)

SPECT (-)

C CE (+)

SPECT (+)

PET (+)

FIG 2. CE-MR imaging, thallium SPECT, FDG-PET, and ASL-MR images from case 1(A) with meta-
static renal cell carcinoma to periventricular white matter of the posterior left lateral horn.
CE-MR imaging shows new enhancement in the region treated. SPECT was positive while PET and
ASL were negative for tumor recurrence. Biopsy of the target region indicated radiation necrosis
in case 2 (B) with metastatic breast cancer to the right cerebellum. CE-MR imaging shows new
enhancement in the region treated. PET (SUV = 6.6) and ASL were positive for tumor recurrence.
Biopsy of the target region indicated tumor recurrence in case 3 (C) with metastatic melanoma to
the right inferior frontal cortex. Only PET was positive for tumor recurrence (SUV = 10.7). Biopsy

of the target region indicated tumor recurrence.

ASL (-)

ASL (+) BC

ASL ()

the posterior left lateral horn. Progression on CE-MR imaging
was noted 13 months following radiosurgery (18 Gy in a single
fraction, Fig 2A). Physiologic imaging findings were only positive
on SPECT. Biopsy revealed radiation necrosis.

Case 2: Tumor Recurrence. A 46-year-old woman had metastatic
breast cancer metastasis to the right cerebellum. Progression on
CE-MR imaging was noted 9 months following radiosurgery (5
Gy X5 fractions, Fig 2B). Physiologic imaging showed positive
signals on ASL and PET (SUV = 6.6). Thallium SPECT findings
were negative. Biopsy revealed tumor recurrence.

Case 3: Tumor Recurrence. A 58-year-old man had a solitary
melanoma metastasis to the right inferior frontal cortex. Pro-
gression on CE-MR imaging was noted 22 months after SRS
(18 Gy in a single fraction, Fig 2C). Physiologic imaging find-
ings were positive on PET only (SUV = 10.7). Biopsy revealed
tumor recurrence.

DISCUSSION
This study compares the diagnostic utility of FDG-PET, thallium
SPECT, and ASL in the post-SRS setting by using pathologic di-
agnoses secured through targeted biopsies as the criterion stan-
dard. We analyzed imaging results in 14 patients with cerebral
metastases who underwent SRS and were biopsied after clinical or
radiographic progression. Only 46% of patients with enlarging
contrast enhancement on MR imaging had tumor progression
confirmed by histopathology. This find-
ing highlights the inadequacy of conven-
tional MR imaging in this setting. Of the
3 physiologic imaging modalities stud-
ied, ASL exhibited the highest level of
sensitivity and specificity in terms of dis-
criminating between RN and TP. Com-
bining imaging modalities did not sub-
ReG stantially improve the diagnostic utility
of ASL (Table 3).

In clinical practice, FDG-PET and
thallium SPECT are often used for de-
tection of intracranial lesions. In prior
studies, the sensitivity and specificity of
FDG-PET for discriminating TP and RN
for primary gliomas ranged from 77% to
81% and 63% to 90%, respectively.'®2°
Sensitivity and specificity for brain me-
tastases were 86% and 80%.'® These
results are largely in line with those ob-
served in this study (sensitivity 83%,
specificity 75%). However, thallium
SPECT results reported in this study
(sensitivity 50%, specificity 63%) were
markedly lower than those previously

Melanoma

reported (specificity and sensitivity val-
ues of 82.7%—-91% and 82.8%—-90% for
primary gliomas and metastases*"*?). In
fact, a recent review reported that
SPECT was superior to other imaging
modalities for differentiating radiation
necrosis and TP in primary gliomas.>
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However, no studies have directly compared SPECT and ASL in
the same patient population, to our knowledge.

Although ASL perfusion is not yet widely used clinically in the
setting of neoplasm, perfusion MR imaging such as dynamic sus-
ceptibility contrast MR imaging has been of recent interest for the
investigation of brain tumors. Like ASL, DSC measures brain per-
fusion but relies on dynamic measurement of intravenous con-
trast agents.”” Because intravenous contrast agents are typically
administered in the oncologic population, each additional scan
that requires contrast compounds the risk of morbidity. In terms
of the diagnostic utility of the 2 MR perfusion modalities, studies
directly comparing CBF values in ASL and DSC for tumor,'”**
ischemic tissue, and normal brain have consistently noted** high
correlations. For brain metastases, DSC-MR imaging yielded sen-
sitivity and specificity values from 70% to 100% and 95.2% to
100% for differentiation of necrosis and tumor recurrence.”>>® In
differentiating tumor recurrence and radiation necrosis or pseu-
doprogression of primary gliomas, direct comparison between
ASL and DSC-MR imaging showed no statistical significance,
with sensitivity and specificity values of 79%-94% and 64%—
88%.7%?” In terms of detection of gliomas and metastases, ASL
and DSC-MR imaging also showed similar diagnostic yields.***°
However, ASL has the advantages of better signal-to-noise ratio,
fewer distortion effects secondary to hemorrhage, and the poten-
tial for quantification.'” More definitive studies comparing the 2
modalities will be needed in the patient population with postra-
diation metastasis. Furthermore, larger studies using ASL for tu-
mor identification will be necessary to establish generalizable
thresholds for interpretation of quantitative ASL values.

Supporting the idea that perfusion imaging would be an ideal
technique for differentiation of tumor progression and radiation
necrosis is the assumption that tumor has sufficiently more vas-
cularity than fibrous or necrotic tissue. Likewise, FDG-PET pos-
itivity depends on glucose uptake. If the metabolism of the tumor
does not require glucose uptake, then FDG-PET will be falsely
negative. Thallium SPECT positivity is determined by the pres-
ence of functional sodium-potassium adenosine triphosphatase.
If this transporter is not active in the tumor, thallium SPECT
findings will be falsely positive. Reliable detection of tumor post-
radiation may require different functional modalities, depending
on specific characteristics of the tumor. Furthermore, a funda-
mental question in imaging revolves around the resolution and
sensitivity of the imaging technique relative to the strength of
signal based on size, attenuation, and intensity of the measure of
interest of a tumor.

With regard to the use of image-guided stereotactic biopsy,
possible errors of coregistration remain an important consider-
ation. However, our method of registration and biopsy has been
shown, by our group and others, to be highly accurate. Nondiag-
nostic tissue samples occurred at a rate of 4.6%—5%.'%*°

In the current practice setting, there is a high degree of subjec-
tivity in the management of patients with cerebral metastasis who
have radiographic and/or clinical progression after SRS. While
our study is limited by the small sample size, it represents a sys-
tematic effort to address a clinically important question. Most
studies investigating posttreatment imaging use presumptive di-
agnoses or have only a subset of patients with histology. Another
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limitation is the heterogeneity of metastatic tumor types repre-
sented in this study. Metastases may exhibit varying levels of flow
depending on their primary location and individual variability in
tumor physiology. For example, melanomas have a short T1, and
accumulation of the ASL signal can be attenuated.?” Furthermore,
flow in regions with reduced activity due to radiation or vascular
disease may be underestimated by ASL due to delayed arrival of
arterial blood. Such underestimation might be addressed by
newer ASL techniques that can label for longer and also measure
the arterial transit delay.’>*> However, despite the predicted un-
derestimation of effect size given the heterogeneity of our sample,
ASL appeared to provide useful diagnostic information. A larger
study comparing perfusion imaging (ASL and DSC) with tissue
diagnosis would be of importance to validate the present results
and has the potential to fundamentally alter our clinical practice
in the surveillance and management of patients with cancer after
SRS treatment.

CONCLUSIONS

Our results suggest that ASL offers a noninvasive method in the
discrimination of RN from TP in patients with cerebral metastasis
who underwent SRS. Results from the present study provide a
basis for future prospective studies with larger sample sizes to
validate the use of ASL in this setting.
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ORIGINAL RESEARCH
ADULT BRAIN

T1-Weighted Dynamic Contrast-Enhanced MRI as a Noninvasive
Biomarker of Epidermal Growth Factor Receptor vlll Status

). Arevalo-Perez, ““ A.A. Thomas, “*'T. Kaley, ). Lyo, ““K.K. Peck, ““’A.l. Holodny, ““I.K. Mellinghoff,
W. Shi, Z. Zhang, and ““R}J. Young
O

ABSTRACT

BACKGROUND AND PURPOSE: Epidermal growth factor receptor variant Ill is a common mutation in glioblastoma, found in approxi-
mately 25% of tumors. Epidermal growth factor receptor variant Ill may accelerate angiogenesis in malignant gliomas. We correlated
Tl-weighted dynamic contrast-enhanced MR imaging perfusion parameters with epidermal growth factor receptor variant Il status.

MATERIALS AND METHODS: Eighty-two consecutive patients with glioblastoma and known epidermal growth factor receptor variant IlI
status who had dynamic contrast-enhanced MR imaging before surgery were evaluated. Volumes of interest were drawn around the entire
enhancing tumor on contrast Tl-weighted images and then were transferred onto coregistered dynamic contrast-enhanced MR imaging
perfusion maps. Histogram analysis with normalization was performed to determine the relative mean, 75th percentile, and 90th percentile
values for plasma volume and contrast transfer coefficient. A Wilcoxon rank sum test was applied to assess the relationship between
baseline perfusion parameters and positive epidermal growth factor receptor variant Il status. The receiver operating characteristic
method was used to select the cutoffs of the dynamic contrast-enhanced MR imaging perfusion parameters.

RESULTS: Increased relative plasma volume and increased relative contrast transfer coefficient parameters were both significantly
associated with positive epidermal growth factor receptor variant Ill status. For epidermal growth factor receptor variant lll—positive
tumors, relative plasma volume mean was 9.3 and relative contrast transfer coefficient mean was 6.5; for epidermal growth factor receptor
variant lll-negative tumors, relative plasma volume mean was 3.6 and relative contrast transfer coefficient mean was 3.7 (relative plasma
volume mean, P < .001, and relative contrast transfer coefficient mean, P = .008). The predictive powers of relative plasma volume
histogram metrics outperformed those of the relative contrast transfer coefficient histogram metrics (P < = .004).

CONCLUSIONS: Dynamic contrast-enhanced MR imaging shows greater perfusion and leakiness in epidermal growth factor receptor
variant lll-positive glioblastomas than in epidermal growth factor receptor variant lll-negative glioblastomas, consistent with the known
effect of epidermal growth factor receptor variant Ill on angiogenesis. Quantitative evaluation of dynamic contrast-enhanced MR imaging
may be useful as a noninvasive tool for correlating epidermal growth factor receptor variant Ill expression and related tumor neoangio-
genesis. This potential may have implications for monitoring response to epidermal growth factor receptor variant lll-targeted therapies.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; EGFR = epidermal growth factor receptor; K" = contrast transfer coefficient; rk"=" = relative K'"";
ROC = receiver operating characteristic; rVP = relative plasma volume; 75%tile = 75th percentile; 90%tile = 90th percentile; VP = plasma volume

Glioblastoma is the most common and aggressive primary  diochemotherapy.’ Glioblastoma is characterized by histologic

brain tumor. A highly malignant tumor, it is associated with ~ heterogeneity with areas of active cellular proliferation and mito-
a dismal median survival of only 14 months with standard ra-  sesadmixed with areas of necrosis. Large-scale genetic sequencing
has revealed “driver” mutations in several common pathways that
contribute to glioblastoma growth.> Among these, overactivation

of the epidermal growth factor receptor (EGFR) membrane ty-
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rosine kinase receptor pathway contributes to rapid aberrant cell
proliferation and drives tumor growth and development.’”
EGFR variant III (EGFRVIII) is the most common EGFR muta-
tion in glioblastoma, occurring in 25%-35% of cases.” EGFRVIII
is characterized by deletion of exons 2—7 in the extracellular do-
main, rendering the receptor constitutively active. EGFRVIII sta-
tus is determined either through exon sequencing or fluorescence
in situ hybridization on tumor specimens.

The growing interest in EGFRvIII-specific therapy and other
EGFR-targeted treatments for glioblastoma demands a better un-
derstanding of the correlation between molecular changes in tu-
mors and neuroimaging features. Prior studies have demon-
strated a correlation of T2* dynamic susceptibility contrast MR
imaging perfusion with EGFR amplification and EGFRVIII
mutations.>” The role of T1-weighted dynamic contrast-en-
hanced (DCE)-MR imaging in distinguishing molecular sub-
populations of glioblastoma, however, has not been well-es-
tablished, to our knowledge. DCE-MR imaging offers several
technical advantages over DSC-MR imaging, including im-
proved characterization of tumor vascularity through quanti-
fication of plasma volume (VP) and improved characterization
of tumor leakiness through calculation of the contrast transfer
coefficient (K"*"*).%'° The purpose of this study was to exam-
ine the relationship between T1-weighted DCE-MR imaging
perfusion parameters and EGFRVIII status in patients with
newly diagnosed glioblastoma. We hypothesized that patients
with glioblastomas positive for EGFRVIII would demonstrate
increased perfusion and leakiness at DCE-MR imaging com-
pared with patients with EGFRvIII-negative glioblastomas.

MATERIALS AND METHODS

Protocol Approval and Informed Consent

The local institutional review board approved this retrospective
study, which was compliant with the Health Insurance Portability
and Accountability Act regulations. The requirement to obtain
patient informed consent was waived.

Subjects

Ahospital data base was queried from March 2011 through March
2014 to identify all patients meeting the following inclusion crite-
ria: 1) pathologically confirmed glioblastoma diagnosis after bi-
opsy or resection, 2) EGFRVIII status obtained from the biopsy or
the resection specimen, and 3) baseline DCE-MR imaging perfu-
sion scan with matching postcontrast axial T1-weighted images
before surgery. EGFRVIII status was determined by reverse tran-
scriptase polymerase chain reaction amplification of the corre-
sponding exons followed by a single base extension at the site of
the mutation. The single base extension product was detected by
tandem mass spectrometry on a MassArray Spectrometer (Seque-
nom, San Diego, California) and reported in a binary manner as
either positive or negative.

MR Imaging Protocol

MR imaging sequences were acquired with a 1.5T or 3T MR im-
aging scanner (Signa Excite, HDx, and Discovery 750; GE Health-
care, Milwaukee, Wisconsin) and a standard 8-channel head
coil. Gadopentetate dimeglumine (Magnevist; Bayer HealthCare

Pharmaceuticals, Wayne, New Jersey) was power-injected via an
intravenous catheter (18—21 ga) at doses standardized by patient
body weight (0.2 mL/kg body weight, maximum 20 mL) at 2-3
mL/s. DCE-MR imaging of the brain was acquired as part of a
standard clinical protocol with a 3D T1-weighted echo-spoiled
gradient-echo sequence (TR, 4-5 ms; TE, 1-2 ms; section thick-
ness, 5 mm; flip angle, 25% FOV, 24 cm; matrix, 256 X 256; tem-
poral resolution, 5-6 seconds. Ten phases were acquired prein-
jection followed by another 30 phases during the dynamic
injection of intravenous contrast and then a 40-mL saline flush.
Matching contrast T1-weighted (TR/TE, 600/8 ms; thickness, 5
mm) spin-echo images were obtained.

Imaging Analysis

DCE perfusion MR imaging raw data and T1-weighted images
were transferred to an off-line workstation and processed by
using commercially available software (nordicICE; (Nordic-
NeuroLab, Bergen, Norway) by a trained radiologist who was
blinded to the EGFRVIII status. Preprocessing steps included
noise adjustments and semiautomated selection of the arterial
input function. These steps allowed the operator to optimize
the signal-to-noise ratio and the arterial input function by se-
lecting an appropriate artery to characterize the input function
curve and the concentration-time curve.'" The arterial input
function was calculated individually for every patient. Appro-
priate curves demonstrating an optimal relationship between
the arterial input function and the concentration-time curve
were selected. On the basis of the 2-compartment pharmaco-
kinetic model proposed by Tofts et al,'* the perfusion analysis
method was applied to determine pharmacokinetic parame-
ters, and the results were displayed as parametric maps. Vol-
umes of interest were drawn on axial planes on contrast T1-
weighted images, excluding intralesional macrovessels, to not
contaminate the measurements. VOIs were transferred to
coregistered parametric maps to obtain the pharmacokinetic
parameters VP and K'""°. Parameters were then normalized by
using the ratio of tumor to normal white matter by placing
ROIs in normal white matter of the contralateral hemisphere
in a healthy-appearing area of brain parenchyma. The values
were then binned into histograms, and the relative mean VP
(rvP ), 90th percentile VP (rVPg0,.i1)> and 75th percentile
(rVP,50,010) ratios were recorded, along with the relative mean
Kans (pK™es ), 90th percentile K™ (rK™™g 00 i10)> and
75th percentile K™ (rK"™°, 4, i10) Tatios.

mean

Statistical Analysis

Univariate analysis by using the Wilcoxon rank sum test was per-
formed to examine the correlations between the rVP and rK"™
histogram parameters and EGFRVIII status. The cutoffs of the
DCE-MR imaging perfusion parameters were selected by using
the receiver operating characteristic (ROC) method. The areas
under the ROC curves of the perfusion parameters were com-
pared by using the Delong test. The statistical analysis was per-
formed with the software SAS, Version 9.2 (SAS Institute, Cary,
North Carolina) and R package ROCR and pROC (Version 3.1.2;
R statistical computing software; http://www.r-project.org/). The
significance level was set to P = .05.
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RESULTS

Patient Characteristics

Eighty-two consecutive treatment-naive patients with glioblas-
toma were included in the study. Twenty-four (29.3%) patients
had positive EGFRVIII status, while 58 (70.7%) had negative
EGFRVIII status. The median age was 66.7 years (range, 38—87)
years; there were 21 women (25.6%) and 61 men (74.4%).

DCE-MR Imaging
As summarized in the Table, increased VP and K™ were asso-

Analysis of the relationship between baseline perfusion
parameters and EGFRvIIl mutation status

EGFRvlIl Status
(Median, Range)

Perfusion Negative Positive

Parameter® (n=58) (n=24) P Value AUC
VP 36(15-181)  93(29-293) <.001 0818
rVPgosstile 5.1(1.6-19.1) 10.7 (41-30.2) <.001 0.833
VP, gt 42(16-184)  92(3.5-281) <001 0821
KIS 37(11-203)  6.5(17-22.4) 008 0.688
K™ osie 4-8 (1.5-22.6) 7.6 (21-31.8) .02 0.669
KT e 42(14-197)  6.8(19-247) 007 0.692

Note:—AUC indicates area under the curve in the ROC analysis.
2 All values are relative ratios normalized to tumor/contralateral normal tissue.

ciated with positive EGFRVIII status for all histogram metrics.
VP, o TVPo0ouiiier and rVP. .. .. were better predictors than
K™ o TK T 0004110 and TKT, o o with P values < .004.
A representative case is shown in Fig 1. The areas under the ROC
curves for the VP metrics were 0.818—0.833, while those for the
K™ metrics were 0.669-0.692. With ROC analysis, a thresh-
old value for VPygo,1. > 9.50 yielded a specificity of 89.7% and
a sensitivity of 62.5% for predicting positive EGFRVIII status
(Fig 2).

DISCUSSION
We demonstrated that perfusion and leakiness, as determined by
rVP and rK"*" histogram parameters, respectively, were greater
in EGFRVIII-positive glioblastomas than in EGFRvIII-negative
glioblastomas. These results suggest that DCE-MR imaging pa-
rameters may be useful imaging biomarkers to follow in patients
with EGFRVIII-positive tumors or other tumors with abnormal
pretreatment parameters. We postulate that this radiogenomic
characterization may be particularly relevant in patients undergo-
ingactive targeted, mutation-specific treatment, in which changes
in perfusion and leakiness could be used to repetitively and non-
invasively evaluate treatment efficacy in lieu of surgery.
Alteration of EGFR is among the frequent oncogene muta-

FIG 1. Representative DCE-MR images and parametric maps from a patient with EGFRvlll-positive glioblastoma. Axial contrast T1-weighted (A)
image demonstrates a large heterogeneously enhancing tumor in the right frontal lobe. Corresponding VP (B) and K" (C) maps reveal increased
perfusion and increased leakiness, respectively, as indicated by the arrows. Matching images in a non-EGFRvIII glioblastoma in the right frontal

lobe (D—F) show little increase in VP or K",
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FIG 2. Discrimination power of baseline VP (A) and K" (B) perfusion parameters for EGFR status (positive versus negative).

tions in primary glioblastomas.'”"'” In addition to promoting cel-
lular growth and proliferation, EGFRVIII accelerates tumor an-
giogenesis and induction of proangiogenic factors, including
vascular endothelial growth factor, interleukin 18, and angiopoi-
etin-like 4 in the extracellular signal-regulated kinase and c-Myc
pathways, to confer a more heterogeneous and aggressive pheno-
type.'®'? These increases in angiogenic activity in patients with

EGFRVIII may manifest at DCE-MR imaging as increased VP,
which is a measure of the tumor blood plasma volume per unit
volume of tissue, and as increased K™, the volume transfer con-
stant between the blood plasma and the extravascular extracellu-
lar space.

Due to its unique protein sequence and tumor-specific expres-
sion, EGFRVIII is an attractive target for drug therapy. Several
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small molecular tyrosine kinase inhibitors with affinity for the
EGFR receptor are available on the market and under develop-
ment in clinical trials.*° A glioblastoma vaccine based on a unique
EGFRVIII peptide sequence is currently under investigation in a

phase III clinical trial.**

Effective implementation of these novel
targeted therapies will require parallel development of targeted
imaging technologies such as DCE-MR imaging, also specific for
particular mutations.

Perfusion on MR imaging has been shown to correlate with
glioma grade, prognosis, and response to treatment.***® Perfu-
sion parameters may be useful as imaging markers of vascular
attenuation and angiogenesis in gliomas.>*” Increased relative tu-
mor blood volume shown by DSC perfusion MR imaging has
been associated with EGFR amplification and EGFRVIII muta-
tion.>” The T2* technique may render DSC-MR imaging inade-
quate, however, in areas with leakage of contrast through an ab-
normal blood-brain barrier or in areas with strong susceptibility
artifacts due to blood, vessel, bone, and air interfaces such as those
near the skull base.'®*® DCE-MR imaging offers several potential
advantages,8 the most important of which is the more accurate
quantification of perfusion and leakiness through greater spatial
resolution, steady-state imaging, and advanced compartmental
modeling.*' We also advocate the use of histogram analysis after
whole-tumor VOI evaluation, which should yield measurements
that are more objective and reproducible and less user-dependent
than those obtained with the usual ROI-based methods.” >’

There are a few potential limitations to the present study. First,
this retrospective study included patients with glioblastoma with
EGFRVIII status determined by reverse transcriptase polymerase
chain reaction. Whole exome sequencing was not available for
these patients, so we did not account for other mutations or am-
plifications in EGFR that may also correlate with changes in
DCE-MR imaging. Our observed frequency of mutant EGFRVIII,
however, was consistent with the frequency reported in the liter-
ature.”>° Second, given the retrospective nature of this study, an
inherent limitation is the absence of stereotactic localization in
cases of biopsy or subtotal resection. Tissue sampling error may
confound the assessment of EGFRVIII status (ie, undersampling
of less metabolically active areas in heterogeneous tumors may
lead to erroneous correlations, eg, false-negatives). Third, the
VOIs were manually drawn around the enhancing tumor and
then transferred onto the coregistered DCE-MR imaging perfu-
sion maps, which may have introduced bias and variability. For
example, subjectivity would be expected in terms of exclusion of
vessels within the lesions. To account for this subjectivity, we in-
spected the VOIs in each case and adjusted them as necessary to
match the enhancing tumor. To reduce operator variability, we
chose to have all of these steps performed by a single experienced
user trained in the use of the DCE-MR imaging software. Other
groups have advocated semiautomated segmentation and coreg-
istration; however, the validity and interinstitutional reproduc-
ibility of results obtained with their proprietary tools, which were
developed in-house, remain unproven.’’ We believe that the ex-
pertise of a trained user of commercially available DCE-MR im-
aging software best matches the expertise available at most insti-
tutions and broadens the applicability of our results. A dual-rater

2260 Arevalo-Perez  Dec 2015 www.ajnr.org

or multiple-rater consensus approach could have also been an
optimal way to assess uniform ROI placement.

CONCLUSIONS

We found that EGFRvIII-positive glioblastomas demonstrate
greater vascular leakiness and perfusion than do EGFRvIII-neg-
ative glioblastomas. Quantitative evaluation of DCE-MR im-
aging may be useful as a noninvasive tool for correlating
EGFRVIII expression and related tumor neoangiogenesis. This
may have implications for monitoring response to EGFRVIII-
targeted therapies.
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ORIGINAL RESEARCH
ADULT BRAIN

Optimal Diagnostic Indices for Idiopathic Normal Pressure
Hydrocephalus Based on the 3D Quantitative Volumetric
Analysis for the Cerebral Ventricle and Subarachnoid Space

S. Yamada, M. Ishikawa, and “*K. Yamamoto
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ABSTRACT

BACKGROUND AND PURPOSE: Despite the remarkable progress of 3D graphics technology, the Evans index has been the most popular
index for ventricular enlargement. We investigated a novel reliable index for the MR imaging features specified in idiopathic normal
pressure hydrocephalus, rather than the Evans index.

MATERIALS AND METHODS: The patients with suspected idiopathic normal pressure hydrocephalus on the basis of the ventriculo-
megaly and a triad of symptoms underwent the CSF tap test. CSF volumes were extracted from a T2-weighted 3D spin-echo sequence
named “sampling perfection with application-optimized contrasts by using different flip angle evolutions (SPACE)” on 3T MR imaging and
were quantified semiautomatically. Subarachnoid spaces were divided as follows: upper and lower parts and 4 compartments of frontal
convexity, parietal convexity, Sylvian fissure and basal cistern, and posterior fossa. The maximum length of 3 axial directions in the bilateral
ventricles and their frontal horns was measured. The “z-Evans Index” was defined as the maximum z-axial length of the frontal horns to the
maximum cranial z-axial length. These parameters were evaluated for the predictive accuracy for the tap-positive groups compared with
the tap-negative groups and age-adjusted odds ratios at the optimal thresholds.

RESULTS: In this study, 24 patients with tap-positive idiopathic normal pressure hydrocephalus, 25 patients without response to the tap
test, and 23 age-matched controls were included. The frontal horns of the bilateral ventricles were expanded, with the most excessive
expansion being toward the z-direction. The CSF volume of the parietal convexity had the highest area under the receiver operating
characteristic curve (0.768), the z-Evans Index was the second (0.758), and the upper-to-lower subarachnoid space ratio index was the third
(0.723), to discriminate the tap-test response.

CONCLUSIONS: The CSF volume of the parietal convexity of <38 mL, upper-to-lower subarachnoid space ratio of <0.33, and the z-Evans
Index of >0.42 were newly proposed useful indices for the idiopathic normal pressure hydrocephalus diagnosis, an alternative to the Evans Index.

ABBREVIATIONS: AUC = area under the receiver operating characteristic curve; DESH = disproportionately enlarged subarachnoid space; iNPH = idiopathic
normal pressure hydrocephalus; SPACE = sampling perfection with application-optimized contrasts by using different flip angle evolutions

diopathic normal pressure hydrocephalus (iNPH) has been di-
agnosed since the evidence-based guidelines for diagnosis and
management of iNPH were announced in Japan, the United
States, and Europe.' > Frequently, patients with iNPH have short-
stepped gaits at first, followed by cognitive impairment and uri-
nary incontinence. The Study of iNPH on Neurologic Improve-
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ment (SINPHONI) showed that narrow sulci at the high
convexity and an enlarged Sylvian fissure with ventricular di-
lation, which was designated as “disproportionately enlarged
subarachnoid-space hydrocephalus (DESH),” were important
MR imaging features for iNPH diagnosis. The SINPHONI
also confirmed that a lumbar CSF tap test was a necessary
diagnostic test for probable iNPH and predicted a favorable
response to a ventriculoperitoneal shunt surgery.”

Despite the remarkable progress of 3D graphics technology,
the Evans Index proposed by William Evans in 1942 has been the
most popular index of ventricular enlargement,® and an Evans
Index of >0.3 has been adopted as a criterion for ventriculo-
megaly in the Japanese and international iNPH guidelines.'™
However, some studies using volumetric analysis suggested that it
was not a sufficient linear index for evaluating ventricular en-
largement.”'® In recent years, a T2-weighted 3D spin-echo se-



quence with sampling perfection with application-optimized
contrasts by using different flip angle evolutions (SPACE se-
quence; Siemens, Erlangen, Germany) has been developed.'''*
This volumetric sequence enables the decrease of specific absorp-
tion rate limits and a scan of the whole brain in a single slab and a
true isotropic 3D data record with high resolution (voxel size < 1
mm? without interpolation). Taking advantage of the high sensi-
tivity to detect CSF on the T2-weighted 3D-SPACE sequence, a
new automated segmentation technique by using a simple thresh-
old algorithm has been developed.'” The aim of the present study
was to investigate the association between several 1D and 3D pa-
rameters of the ventricles and subarachnoid space and the re-
sponse to the CSF tap test in patients with suspected iNPH in a
systematic manner.

MATERIALS AND METHODS

Study Population

The study design and protocol were approved by the ethics com-
mittee for human research at our hospital. We prospectively col-
lected the patients for 3T MR imaging beginning in November
2013, when the best protocols of imaging acquisition and extrac-
tion of ventricular and subarachnoid CSF were determined. Pa-
tients 60 years of age or older who had ventriculomegaly and
symptoms of short-stepped gait and/or cognitive impairment
were referred to our iNPH center as having suspected iNPH by
neurologists and neurosurgeons around Kyoto. The comorbidi-
ties, including Alzheimer disease and cerebrovascular diseases,
were diagnosed by the neurologists before referral to our iNPH
center and were confirmed on MR imaging and '*’I-N-isopropyl-
p-iodoamphetamine-SPECT in our center. Forty-nine consecu-
tive patients with suspected iNPH underwent CSF removal of 30
mL via a lumbar tap (CSF tap test) concurrently with a T2-
weighted 3D-SPACE sequence on 3T MR imaging and '*’I-N-
isopropyl-p-iodoamphetamine-SPECT. According to the Japa-
nese iNPH guidelines,* improvements of symptoms were assessed
by the iNPH grading scale and the quantitative examination of
gaitand cognition before and at 1 day and 4 days after the CSF tap
test. Gait was assessed with a 3-m Timed Up and Go Test and a
10-m straight walk (time in seconds and number of steps). Cog-
nition was assessed by the Mini-Mental State Examination, the
Frontal Assessment Battery, and the Trail-Making Test. Clinical
improvement was defined as =10% improvement of the best
changes in any of the quantitative examinations or =1 point of
improvement of the iNPH grading scale. On the basis of the re-
sponse to the CSF tap test, 49 patients with suspected iNPH were
divided into 24 patients with positive response to the tap test and
25 with negative response to the tap test. Additionally, 23 age-
matched controls consisting of the healthy volunteers or patients
who were 60 years of age or older who did not have ventriculo-
megaly, the classic triad of INPH, a massive intracranial lesion, or
a fluid collection such as subdural hematoma underwent a T2-
weighted 3D-SPACE sequence with informed written consent.
Patients diagnosed with secondary normal pressure hydrocepha-
lus or congenital/developmental etiology normal pressure hydro-
cephalus were excluded from this study. Seventy-two patients
(mean age, 76.8 * 6.8 years; range, 61-89 years; 46 men, 26
women) were included in this study.

Image Acquisition

All MR imaging examinations were performed with a 64-channel
3T MR imaging system (Magnetom Skyra; Siemens). We prelim-
inarily examined the most adequate TR and TE of the T2-
weighted 3D-SPACE sequence for CSF discrimination. The pa-
rameters of the T2-weighted 3D-SPACE sequence were set at TR,
2800 ms; TE, 286 ms; section thickness, 0.9 mm with 192 sections
in a single slab; FOV, 230 mm; bandwidth, 789 Hz/Px; matrix
(pixel size), 192 X 192; voxel size, 0.6 X 0.6 X 0.9 mm. Image
acquisition time was 4 minutes 16 seconds.

Segmentation and Quantification of the Ventricular and
Subarachnoid Space

The sagittal source images of T2-weighted 3D-SPACE were auto-
matically processed to create 3D volume-rendering reconstruc-
tion and MPR images by using an independent 3D volume-ana-
lyzer workstation (SYNAPSE 3D; Japanese local name, SYNAPSE
VINCENT; Fujifilm Medical Systems, Tokyo, Japan). The intra-
cranial volume was segmented by the use of the combined tech-
niques of the edge-guided nonlinear interpolation and user-
steered live-wire segmen’[ation.ls’17 After that, the CSF spaces
were automatically segmented from brain parenchyma by using a
simple threshold algorithm (Fig 1).'® The threshold range for the
signal intensity of CSF on the T2-weighted 3D-SPACE sequence
of 3T MR imaging was extremely stable at 650—700 of the lower
limit threshold and no upper limit threshold. The bilateral, third,
and fourth ventricles were manually segmented, respectively, and
they were subsequently combined as a total ventricle.

Subarachnoid spaces were automatically segmented as the to-
tal intracranial CSF space minus a total ventricle. Furthermore,
subarachnoid spaces were divided into the upper and lower parts
in a horizontal section on the anterior/posterior commissure
plane at the level of the junction point of the vein of Galen and the
straight sinus. The upper-to-lower subarachnoid space ratio was
defined as the upper part to the lower part of the subarachnoid
spaces (Fig 2). In addition, the subarachnoid space was divided
into 4 parts, frontal convexity, parietal convexity, Sylvian fissure
and basal cistern, and posterior fossa, by using the manual seg-
mentation technique, as shown in Fig 3. The parietal convexity
was defined as the posterior part from the central sulcus.

The labeling of the segmented volumes was measured by
counting the number of voxels automatically. The volume ratios
of the ventricles and subarachnoid spaces (%) were calculated as
ratios of the ventricle volumes to the intracranial volume. To eval-
uate the validity of the measured volumes, we segmented and
measured the ventricles and subarachnoid spaces in the first 11
consecutive patients by using the SYNAPSE 3D workstation and
the open-source 3D Slicer software package (www.slicer.org).'®
The Pearson correlation coefficients among the 2 software pack-
ages were 0.838 for a total intracranial CSF space and 0.989 for the
total ventricular volumes.

3D Coordinates of the Bilateral Ventricle

Three axes for the spatial coordinates of the head position were
used as follows: x is the left/right dimension, y is the posterior/
anterior dimension, and z is the ventral/dorsal or inferior/supe-
rior dimension. The x and z dimensions were perpendicular, and
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FIG 1. Automatic extraction of CSF space. The figures in the top row show the MIP images on the T2-weighted 3D-SPACE sequence in the
representative iNPH case. Light green indicates the subarachnoid space segmented automatically at a threshold intensity of >700 on the
SYNAPSE 3D workstation. The other figures show the 3D volume-rendering reconstruction images of the subarachnoid space on the second line,
total CSF on the third line, and ventricles on the last line. The left, middle, and right column figures show axial, coronal, and sagittal dimensional
views, respectively.
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the y dimension was parallel to the anterior/posterior commissure  length of the frontal horn, which was between the roof and bot-

line. The Evans Index was measured as the maximal width of the =~ tom of the larger lateral ventricle to the maximum cranial z-axial

frontal horns of the bilateral ventricles to the maximal width of  length at the base of the posterior end of the foramen of Monro

the internal diameter of the cranium on the basis of the x dimen-  (Fig 4). In the same procedure, the y-Evans Index was defined as

sion.”!® The z-Evans Index was defined as the maximum z-axial ~ the maximum y-axial length between the posterior end of the

FIG 2. Division of the subarachnoid space into the upper and lower parts. The subarachnoid
space was divided into the upper and lower parts in a horizontal section on the anterior/posterior
commissure plane at the level of the junction point of the vein of Galen and the straight sinus. The
left and right figures show coronal and sagittal views. The Sylvian fissure is typically included in the
lower part of the subarachnoid space. The upper-to-lower subarachnoid space ratio was defined
as the upper part to the lower part of the subarachnoid space.

foramen of Monro and the anterior end
of the frontal horns to the maximum
cranial y-axial length. Additionally, x-,
y-, and z-Maximum Indices were mea-
sured as the maximum width of the bi-
lateral ventricles to the maximum inter-
nal cranium width on each of 3
dimensions, as shown in Fig 4.

Statistical Analysis

The prevalence ratios of high-convexity
tightness, enlarged Sylvian fissure, and
comorbidities such as Alzheimer disease
or dementia with Lewy bodies, Parkin-
sonism, cerebrovascular diseases, nar-
row spinal canal, and disuse muscle at-
rophy were compared among the 3
groups by the x* test. Mean values and
SDs for age and 3D and 1D indices
among the tap-positive, tap-negative,

FIG 3. Division of the subarachnoid space into the 4 parts. The subarachnoid space was divided into the following 4 parts: frontal convexity
(yellow), parietal convexity (magenta), Sylvian fissure and basal cistern (sky blue), and posterior fossa (light green) in the 3D segmentation. The
left, middle, right upper 3D volume-rendering reconstruction images show the axial, coronal, and sagittal dimensional views, respectively. Light
green in the left lower axial MIP image indicates the segmented region of the parietal convexity of the subarachnoid space, and that in the
middle and right lower MIP images indicates axial and coronal views of the Sylvian fissure and basal cistern.
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FIG 4. Three-directional linear indicators for evaluating the size of bilateral ventricles. The figures are the 3-directional MPR reconstruction
images of the T2-weighted 3D SPACE. On the basis of the anterior/posterior commissure line, x-, y-, and z-axes for spatial coordinates of head
position were defined. The green lines show the maximum length of 3-axial directions of the bilateral ventricles. The yellow lines show the
maximum 3-axial length of the frontal horn of the bilateral ventricles. The red lines show the maximum intracranial 3-axial width. In addition to
the original Evans Index, the y- and z-Evans Indices were defined as the maximum length from the foramen of Monro to the anterior and superior
extremities of the frontal horns (yellow lines)/the maximum intracranial y- and z-axial length (red lines), respectively. The x-, y-, and z-Maximum
Indices were defined as the maximum width of the bilateral ventricles (green lines)/the maximum intracranial width on the each of the 3

dimensions (red lines).

Table 1: Clinical characteristics of the study population

No. (%) No. (%) No. (%) No. (%)
(72 Total) (24 Tap-Positive) P Value™ P Value®™ (25 Tap-Negative) P Value>** (23 Controls)

Male sex 46 (64%) 15 (62%) 1.000 917 17 (68%) 831 14 (61%)
Evans Index >0.3 42 (58%) 19 (79%) 005° 252 15 (60%) 145 8 (35%)
Callosal angle <90° 46 (64%) 21(88%) <.001® 962 23(92%) <001 2(9%)
High-convexity tightness 35 (49%) 19 (79%) <.001¢ 154 14 (56%) .002¢ 2(9%)
Enlarged Sylvian fissure 33 (46%) 19 (79%) <.001¢ 154 14 (56%) <.001 0
Alzheimer disease 22 (31%) 4(17%) 666 0424 12 (48%) 205 6(26%)
Parkinsonism 5(7%) 2(8%) 489 1.000 3(12%) 263 0
Cerebrovascular diseases 15 (21%) 1(4%) 0224 s 6(24%) .615 8(35%)
Narrow spinal canal 7 (10%) 3(13%) 248 1.000 4(16%) 139 0
Muscle atrophy of lower leg 12(17%) 5(21%) .065 .802 7 (28%) .019¢ 0
Mean age (* SD) (yr) 76.8(+6.8) 762 (+7.5) 741 541 773 (£5.4) 893 76.8 (+7.8)

2P value": probability value for the x* test between the tap-positive group and controls.
© P value?: probability value for the x? test between the tap-positive and tap-negative groups.

<P value®: probability value for the x? test between tap-negative group and controls.
d Significant.

and control groups were calculated and compared in each group
by the Mann-Whitney-Wilcoxon test. The volumes and volume
ratios of the total ventricles, bilateral ventricles and total sub-
arachnoid space, the 4 segmented parts of the subarachnoid
spaces, upper-to-lower subarachnoid space ratio, 3-directional
linear 1D indices of the bilateral ventricles, and the callosal angle
were calculated as the area under the receiver operating charac-
teristic curves (AUC) to evaluate the optimal thresholds to max-
imize the sum of sensitivities and specificities for differentiation
between the tap-positive and the tap-negative groups. Using the
optimal thresholds from AUC analyses, we calculated age-ad-
justed ORs and 95% CIs for comparing the tap-positive group
with the tap-negative group in a multivariate logistic regression
model. Additionally, 14 patients with shunt-effective iNPH were
evaluated, and their 3D and 1D indices were compared to 25 pa-
tients without response to the tap test. The relationships between
the 2 indices were compared by using the Pearson correlation
coefficient (r). Age was treated as a continuous variable for all
statistical analyses. All missing data were treated as deficit data
that did not affect other variables. Statistical significance was as-
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sumed at P <.05. Statistical analysis was performed by using R
software (Version 3.0.1; http://www.R-project.org).

RESULTS

Clinical Characteristics

An Evans Index of >0.3, callosal angle of <90°, narrow sulci at the
high convexity, and an enlarged Sylvian fissure, which were con-
ventional morphologic indices for iNPH diagnosis, were signifi-
cantly different between the tap-positive group and the controls,
but there was not any statistical significance between the tap-
positive and tap-negative groups (Table 1). The tap-negative
group had a higher frequency of Alzheimer disease (48%) and
cerebrovascular diseases (26%) compared with the tap-positive

group.

Parameters Associated with CSF Tap-Test Responses
Table 2 shows the result of the mean values of the 3D and 1D

indices. Among the 3D indices, volume ratios of the total ventricle
or bilateral ventricles, CSF volume of the total subarachnoid space
or parietal convexity, and upper-to-lower subarachnoid space ra-



Table 2: Parameters among the tap-positive, tap-negative, and control groups

Mean  Mean (24 Tap- P P Mean (25 Tap- P Mean
(72 Total)  Positive)  Value™ Value?® Negative) Value* (23 Controls)
Total ventricle volume (mL) 123 157 <001 060 135 <.001 75.4
Total ventricle volume ratio (%) 81 10.5 <o01 ¢ o¢ 8.8 <.001 5
Bilateral ventricle volume (mL) 14 147 <.001¢ .060 125 <.001 66.9
Bilateral ventricle volume ratio (%) 75 9.8 <oo¢  ond 8.2 <.001 44
Total subarachnoid space volume (mL) 270 251 678 .010¢ 294 127 264
Total subarachnoid space volume ratio (%) 18.0 16.8 .587 0304 19.3 223 7.8
CSF volume of frontal convexity (mL) 511 41.0 .003¢ 0164 521 218 511
CSF volume of parietal convexity (mL) 44 28.4 <009  <.001 441 162 44
CSF volume of Sylvian fissure and basal cistern (mL) 119 121 030 077 136 <.001¢ 19
CSF volume of posterior fossa (mL) 571 59.1 232 1.000 58.9 226 571
Upper-to-lower subarachnoid space ratio 0.55 0.37 <.001¢ .008¢ 0.49 <.001 0.79
Evans Index 0.31 0.34 <00 .028¢ 0.32 .004¢ 0.29
Y-Evans Index 0.22 0.23 001¢ 053 0.22 095 0.21
Z-Evans Index 0.38 0.43 <00 .002¢ 0.39 <.001 031
X-Max Index 0.63 0.65 <001 073 0.64 <.001 0.60
Y-Max Index 0.63 0.67 <o0¢  .048¢ 0.64 001 0.58
Z-Max Index 0.70 0.74 <00 613 074 <.001 0.62
Callosal angle (degree) 80.9 66.2 <.001¢ n7 734 <.001 104

Note:—Max indicates maximum.

2 P value': probability value for the Mann-Whitney-Wilcoxon test between the tap-positive group and controls.
® P value?: probability value for the Mann-Whitney-Wilcoxon test between the tap-positive and tap-negative groups.
<P value® probability value for the Mann-Whitney-Wilcoxon test between the tap-negative group and controls.

9 Significant.

Table 3: At the maximum AUC, thresholds, sensitivity, specificity, and age-adjusted OR (95% ClI) for the tap-positive compared with the

tap-negative group

Optimal
Tap-Positive vs Tap-Negative AUC  Threshold  Sensitivity  Specificity OR (95% ClI) P Value®

Total ventricle volume (mL) 0.657 155 58.3 80.0 149 (113-1.96) .004
Total ventricle volume ratio (%) 0.700 8.6 79.2 56.0 1.49 (1.13-1.96) .005
Bilateral ventricle volume (mL) 0.657 147 54.2 84 1.52 (1.15-2.07) .003
Bilateral ventricle volume ratio (%)° 0.705 7.9 833 56.0 1.40 (1.06-1.84) .019
Total subarachnoid space volume (mL)® 0.714 312 87.5 48.0 0.66 (0.49-0.89) .006
Total subarachnoid space volume ratio (%) 0.682 17.9 75.0 72.0 0.63(0.48-0.82) <.001

CSF volume of frontal convexity (mL)° 0.701 459 79.2 76.0 0.58 (0.45-0.74) <.001

CSF volume of parietal convexity (mL)® 0.768 37.9 917 52.0 0.60 (0.45-0.79) <.001

CSF volume of Sylvian fissure and basal cistern (mL)  0.648 137 75.0 56.0 0.71(0.52-0.96) .028

CSF volume of posterior fossa (mL) 0.500 787 16.7 96.0 1.41(0.89-2.25) 146
Upper-to-lower subarachnoid space ratio® 0.723 033 45.8 92.0 0.62 (0.46-0.83) .002
Evans Index 0.683 0.33 58.3 80.0 1.37 (1.04-1.80) .026
Y-Evans Index 0.662 0.24 417 92.0 142 (0.99-2.03) .057
Z-Evans Index® 0.758 0.42 66.7 88.0 174 (1.35-2.24) <.001
X-Max Index 0.640 0.62 70.8 60.0 1.55 (1.12-2.16) .009
Y-Max Index 0.665 0.69 45.8 92.0 1.69 (1.26-2.27) <.001
Z-Max Index 0.543 0.74 58.3 60.0 1.13 (0.85-1.52) 401
Callosal angle (degree) 0.632 773 87.5 48.0 1.51(1.13-2.02) .005

2 Probability value for the age-adjusted ORs in a logistic regression model.
®Rows in which the AUC > 0.7 and P <. 05 are at the optimal threshold.

tio were significantly different between the tap-positive and tap-
negative groups. The bilateral ventricular volume ratio seemed to
be robust and representative of the ventriculomegaly. The ranges
of the 3-directional expanding ratios for the bilateral ventricles
were 0.55-0.70 at the x-Maximum Index, 0.49-0.71 at the y-
Maximum Index, and 0.36—0.81 at the z-Maximum Index; and
those for the frontal horns were 0.22—0.39 at the Evans Index,
0.17-0.26 at the y-Evans Index, and 0.17-0.48 at the z-Evans
Index. The bilateral ventricles and their frontal horns were most
expanded toward to the z-axial direction in the tap-positive group
with iNPH. The Evans Index, z-Evans Index, and y-Maximum
Index were statistically significant between the tap-positive and
tap-negative groups. For discriminating the tap-test response, the
CSF volume of the parietal convexity was the highest index (AUC,

0.768; sensitivity, 91.7%; specificity, 52.0%), the z-Evans Index
was the second (AUC, 0.758; sensitivity, 66.7%; specificity,
88.0%), and the upper-to-lower subarachnoid space ratio index
was the third (AUC, 0.723; sensitivity, 45.8%; specificity, 92.0%),
as shown in Table 3 and Fig 5. These 3 indices remained statisti-
cally significant for discriminating the shunt-effective iNPH
group from the tap-negative group (On-line Table). There was a
significant relationship between the upper-to-lower subarach-
noid space ratio and CSF volume of the parietal convexity (r,
0.680; 95% CI, —0.533 to —0.788; P < .001). Furthermore, the
z-Evans Index was significantly associated with the upper-to-
lower subarachnoid space ratio (r, —0.527; 95% CI, —0.676 to
—0.336; P <.001) or the CSF volume of the parietal convexity (r,
—0.238;95% CI, —0.445 to —0.007; P = .004). If the patients with
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FIG5. Receiver operating characteristic curves for discriminating tap-positive from the tap-negative group. The ROC graphs show specificity on
the x-axis and sensitivity on the y-axis. The left graph shows the ROC curve of the parietal convexity of the subarachnoid space, the middle one
shows that of the z-Evans Index, and the right one shows that of the upper-to-lower subarachnoid space ratio. The black circle points indicate

the optimal cutoff points of the maximum area under the ROC curve.

suspected iINPH had any of the MR imaging findings—that is, the
CSF volume of the parietal convexity of <38 mL, upper-to-lower
subarachnoid space ratio of <0.33, and/or z-Evans Index of
>0.42—they had the possibility of a >1.5-times higher effective-
ness of the CSF tap test. No useful combination of parameters
obviously increased the AUC compared with the single
parameter.

DISCUSSION

Our quantitative volumetric analyses determined that volume ex-
pansion of the bilateral ventricles, especially at the frontal horns,
was toward the z-axial direction, rather than the x-axial direction,
in the patients with iNPH. Therefore, we newly proposed the z-
Evans Index, which was a representative index for z-axial direc-
tional expansion of the frontal horns of the bilateral ventricles. We
found that the z-Evans Index had the most significant relationship
with the patients with iNPH responded to the tap test among the
parameters of the ventricles. Because DESH or high-convexity
tightness has been recognized as a highly sensitive radiologic find-

6,19

ing for iNPH diagnosis,”"~ a coronal MR imaging section has
been recommended for this diagnosis.**° A coronal MR imaging
section is also suitable for the measurement of the z-Evans Index,
the same as the DESH and callosal angle. As quantitative indices
representing high-convexity tightness and the enlarged Sylvian
fissure, the upper-to-lower subarachnoid space ratio and the CSF
volume of the 4 segmented parts of the subarachnoid spaces were
newly proposed in this study. These 2 parameters were confirmed
to have a significant correlation with each other, and there was a
significantly inverse correlation between the upper-to-lower sub-
arachnoid space ratio and the z-Evans Index. These findings sup-
port the view that high-convexity tightness in iNPH is caused by
outside compression from the z-directional expansion of the bi-
lateral ventricles.

Our study had some limitations. First, the highest AUC for
discriminating the tap-test response was 0.768, which was rela-
tively low. Although differentiating the tap-positive iNPH group
from the controls was simple by using the z-Evans Index (AUC of
0.91), the same as the Evans Index (AUC of 0.84), or the callosal
angle (AUC of 0.93), the Evans Index and callosal angle were not
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sufficiently able to estimate the tap-test response in this study.
These reasons would mainly complicate iNPH diagnosis only by
radiologic findings, and we emphasize that the CSF tap test is
important for the diagnosis of iNPH, though the CSF tap test has
high specificity (73—100%), its sensitivity is low (26—61%) for
diagnosing shunt-responsive iNPH.”*"?* The other limitation
was that the signal-intensity-based CSF segmentation method
based on the T2-weighted 3D-SPACE sequence had not yet been
used in the field of neuroradiology, compared with the atlas-based
automatic segmentation method. However, this simple segmen-
tation method by using high-contrast CSF on a T2-weighted se-
quence will spread throughout the field of neuroradiology with
the progression of high-field MR imaging scanners.

CONCLUSIONS

This study provides novel morphologic evidence that volume ex-
pansion of the bilateral ventricle is toward the z-axial direction,
rather than the x-axial direction, in patients with iNPH responded
to the tap test. In particular, the z-directional expansion of the
frontal horn of the bilateral ventricles, named the z-Evans Index,
was found to be a useful index for predicting the response to the
CSF tap test. Cases of z-directional ventriculomegaly concurrent
with decreased CSF volume at the parietal convexity subarach-
noid space or a decreased upper-to-lower subarachnoid space ra-
tio are thought to constitute a pivotal morphologic finding for
iNPH diagnosis. These novel morphologic findings may contrib-
ute to future studies concerning the pathogenesis of iNPH under-
lying simultaneous enlargement of the ventricles, basal cistern,
and Sylvian fissure and narrowing of the sulci at high convexity.
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Juxtacortical Lesions and Cortical Thinning in Multiple Sclerosis

D. Pareto, J. Sastre-Garriga, C. Auger, Y. Vives-Gilabert, ). Delgado, M. Tintoré, X. Montalban, and A. Rovira

ABSTRACT

BACKGROUND AND PURPOSE: The role of juxtacortical lesions in brain volume loss in multiple sclerosis has not been fully clarified. The
aim of this study was to explore the role of juxtacortical lesions on cortical atrophy and to investigate whether the presence of
juxtacortical lesions is related to local cortical thinning in the early stages of MS.

MATERIALS AND METHODS: A total of 131 patients with clinically isolated syndrome or with relapsing-remitting MS were scanned on a 3T
system. Patients with clinically isolated syndrome were classified into 3 groups based on the presence and topography of brain lesions: no
lesions (n = 24), only non—juxtacortical lesions (n = 33), and juxtacortical lesions and non—juxtacortical lesions (n = 34). Patients with
relapsing-remitting MS were classified into 2 groups: only non—juxtacortical lesions (n = 10) and with non—juxtacortical lesions and
juxtacortical lesions (n = 30). A juxtacortical lesion probability map was generated, and cortical thickness was measured by using
FreeSurfer.

RESULTS: Juxtacortical lesion volume in relapsing-remitting MS was double that of patients with clinically isolated syndrome. The insula
showed the highest density of juxtacortical lesions, followed by the temporal, parietal, frontal, and occipital lobes. Patients with relapsing-
remitting MS with juxtacortical lesions showed significantly thinner cortices overall and in the parietal and temporal lobes compared with
those with clinically isolated syndrome with normal brain MR imaging. The volume of subcortical structures (thalamus, pallidum, putamen,
and accumbens) was significantly decreased in relapsing-remitting MS with juxtacortical lesions compared with clinically isolated syn-
drome with normal brain MR imaging. The spatial distribution of juxtacortical lesions was not found to overlap with areas of cortical
thinning.

CONCLUSIONS: Cortical thinning and subcortical gray matter volume loss in patients with a clinically isolated syndrome or relapsing-
remitting MS was related to the presence of juxtacortical lesions, though the cortical areas with the most marked thinning did not
correspond to those with the largest number of juxtacortical lesions.

ABBREVIATIONS: CIs = clinically isolated syndrome; CISj = CIS with juxtacortical lesion; CISn = CIS with normal brain MR imaging; CISnj = CIS without
juxtacortical lesion; JL = juxtacortical lesion; JLV = juxtacortical lesion volume; LV = lesion volume; RRj = relapsing-remitting MS with JL; RRMS = relapsing-remitting
MS; RRnj = relapsing-remitting MS without JL

ultiple sclerosis is a chronic, persistent inflammatory-de-  though focal cortical demyelinated plaques are also a promi-
myelinating disease of the central nervous system, char-  nent feature, even in the earliest phases of the disease.” Unfor-
acterized pathologically by focal areas of inflammation, demy-  tunately, conventional MR imaging has limited sensitivity for

elination, axonal loss, and gliosis. Brain MR imaging typically =~ detecting cortical lesions because of their small size, the poor
shows multifocal lesions, mainly in white matter regions,"  contrast resolution, and the partial volume effects of the sub-
arachnoid spaces and surrounding cortex.”* Thus, histopatho-
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several studies showed that cross-sectional cortical lesion vol-
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Table 1: Demographic and clinical features of the study sample

0.49 X 0.49 X 3.0 mm?); and 3) sagittal

CISn CISnj CISj RRnj RRj 3D T1-weighted gradient-echo (MPRAGE)
N (women) 24 (15) 33(20) 34 (20) 10 (4) 30(20) sequence (TR = 2300 milliseconds, TE =
Mean (SD)age,y ~ 36 =10 36x7 35x8 4=x7 36x7 3000 milliseconds, voxel size = 1.0 X
Mean (SD) EDSS 14*£09 14£09 19 £11 3220 25*16 1.0 X 1.2 mm®). Total scanning time for
Mean (SD) DIS 3-5mo 3-5mo 3-5mo 104 =82y 10.6 = 7.1y .
LV mL (SD) 0 075+117  410+638  312%371 910 =7.86  thesesequenceswas 15 minutes.

Note:—EDSS indicates expanded disability scale; DIS, disease duration.

Brain atrophy, which is also frequently detected by MR from
the earliest stages of MS, is associated with irreversible neurologic
disability, including cognitive impairment.'*"** Whole-brain atro-
phy has emerged as a clinically relevant component of disease
progression, and results of several studies showed that this pa-
rameter correlates better with disability and, in particular, with cog-
nitive impairment than with focal lesions.'> Although most brain
atrophy measurements are based on global or regional (gray and
white matter) brain volume assessment, cortical thickness has re-
cently emerged as a new way to assess cortical gray matter atrophy
because decreased thickness is related to fatigue, disability in general,
and cognitive impairment in particular.'>'® This measurement
seems to be dependent on focal white matter lesion volume,'” but a
potential relationship between the presence and location of demyeli-
nating juxtacortical lesions (JLs) and cortical atrophy has not been
elucidated. Therefore, the aim of this study was to explore the role of
JLs on cortical atrophy and to investigate whether their presence is
related to local cortical thinning in the early stages of MS.

MATERIALS AND METHODS

Patients

A sample of 91 consecutive patients with a clinically isolated syn-
drome (CIS) and 40 patients with relapsing-remitting MS (RRMS)
who were undergoing brain MR imaging at Vall d’Hebron University
Hospital for diagnostic purposes or monitoring disease evolution
were included in the study. CIS is a clinical description, and many
lesions may exist on MR imaging in these patients.'® Patients with
CIS were classified into 3 groups according to the presence of JLs and
other typical demyelinating lesions on brain MR examination: no
lesions (CISn, # = 24), only non-JLs (CISnj, n = 33), and with JLs
plus non-JLs (CISj, n = 34). Patients with RRMS were divided into 2
groups (none of the patients with RRMS had normal MR images):
with only non-JLs (RRnj, n = 10) and with JLs plus non-JLs (RRj,
n = 30). None of the patients had only JLs in the absence of other
typical MS lesions on MR imaging. The characteristics of the 5 groups
are summarized in Table 1. The study was approved by the local
ethics committee. Because the study was based on MR imaging data
acquired in regular clinical practice, the need for written informed
consent from the participants was waived.

MR Image Acquisition

Images were acquired on a 3T whole-body MR scanner (Tim Trio,
Siemens; Erlangen, Germany) with a 12-channel phased-array
head coil and a whole-body transmit coil. The standard MS pro-
tocol included (besides other sequences): 1) fast dual-echo T2-
weighted transverse sequence (TR = 3080 milliseconds, TE; = 21
milliseconds, TE, = 91 milliseconds, voxel size = 0.78 X 0.78 X
3.0 mm?); 2) transverse T2-FLAIR sequence (TR = 9000 millisec-
onds, TE = 87 milliseconds, TI = 2500 milliseconds, voxel size =

Image Analysis

All supratentorial JLs were identified
and manually delineated on T2-FLAIR images by using Jim soft-
ware (http://www.xinapse.com/home.php). JL volume (JLV) was
also calculated. To obtain JL probability maps, T2-FLAIR images
and the corresponding lesion masks were normalized to the Mon-
treal Neurological Institute template by using Statistical Paramet-
ric Mapping software (SPM8; Wellcome Department of Imaging
Neuroscience, London, U.K.; http://www.fil.ion.ucl.ac.uk/spm/
software/spm8). Once images and masks were spatially normal-
ized, a mean image, which represents the JL probability map, was
generated for the CIS and RRMS groups. A ROI for each brain
lobe was delineated, based on the Automatic Anatomical Labeling
set of ROIs."® The final ROI included gray and white matter. The
percentage of JLs in each brain lobe relative to the total number of
JLs in the whole brain was calculated and normalized to the ROI
volume. White matter lesion volume (LV) was estimated for each
patient by using the automated Lesion Segmentation Toolbox,’
which obtains lesion masks and associated total LVs based on the
T2-FLAIR and 3D T1-weighted images. Toolbox parameters had
been optimized previously for the 2D T2-FLAIR images included
in this cohort.”’ Cortical thickness was measured in single
time points with MPRAGE images by using the FreeSurfer pro-
gram suite (version 5.1; http://surfer.nmr.mgh.harvard.edu/). '°
Briefly, white matter points are chosen based on their locations in
the Talairach space as well as on their intensity and the local
neighborhood intensities. Voxels are then classified as white mat-
ter or something other than white matter based on intensity and
neighbor constraints. Cutting planes are chosen to separate the
hemispheres from each other. An initial surface is then generated
for each hemisphere by tiling the outside of the white matter mass
for that hemisphere. This initial surface is then refined to follow
the intensity gradients between the white and gray matter (this is
referred to as the white surface). The white surface is then nudged
to follow the intensity gradients between the gray matter and CSF
(this is the pial surface). The distance between the white and the
pial surface gives us the thickness at each location of cortex.>**
Subcortical gray matter volume measurements were also obtained
as part of the established pipeline.”>?> Estimated subcortical gray
matter volumes were multiplied by 100 and divided by the corre-
sponding estimated total intracranial volume obtained for each
subject. Finally, the FreeSurfer output segmentations were care-
fully reviewed, particularly checking for accuracy at the sites
where JLs occurred. Cortical thickness was estimated in the whole
brain, lobes, and regions, and at the vertex level in each patient.
The mean cortical thickness value for each lobe was the average of
values obtained for various FreeSurfer parcellations as follows—
frontal lobe: caudal anterior cingulate, caudal middle frontal,
isthmus cingulate, lateral orbitofrontal, medial orbitofrontal,
paracentral, pars opercularis, pars orbitalis, pars triangularis, pre-
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central, rostral anterior cingulate, superior frontal, and frontal
pole; parietal lobe: inferior parietal, pericalcarine, postcentral,
posterior cingulate, precuneus, and supramarginal; temporal
lobe: banks of superior temporal sulcus, fusiform, entorhinal, in-
ferior temporal, middle temporal, parahippocampal, superior
temporal, temporal pole, and transverse temporal; and occipital
lobe: cuneus, lateral occipital, and lingual; and insula.

Statistical Analysis

Whole white matter LV and JLV and distribution were compared
across groups by means of 1-way ANOVA by using the factor
group, followed by pair-wise Bonferroni post hoc comparison to
account for multiple comparisons.

Differences in cortical thickness between the groups were as-
sessed at 3 different levels: by using the global values; by using
values after the parcellation process; and, at the vertex level, by
using the cortical thickness map. First, differences between the left
and right hemispheres were tested by 1-way ANOVA by using the
factor hemisphere, followed by post hoc Bonferroni comparison.
Then, the cortical thickness values obtained were compared
across groups by 1-way ANOVA, followed by pair-wise Bonfer-
roni post hoc comparison. As to the vertex level comparison, sta-
tistical difference maps (between patients with CISnj and patients
with CISj, and RRnj and RRj) were generated based on general
linear model analysis by using the FreeSurfer QDEC tool.

In the estimation of subcortical gray matter volumes, the
right-left difference was assessed by 1-way ANOVA with the fac-
tor hemisphere. Differences in subcortical gray matter volumes

Table 2: Distribution of JLs®
LPMvol CIS, LPMp CIS, LPMvol RRMS, LPMp RRMS,

Lobe no. (%) % no. (%) %
Frontal 116 (39.3) 17 27.0 (46) 40
Insula 13(4.5) 5.0 19(3.2) 7.0
Parietal 77(26.2) 2.0 14.2(24.3) 3.7
Temporal 7.7 (2612) 26 13.9(23.8) 47
Occipital  11(3.9) 07 16(2.8) 0.9

Note:—LPM indicates lesion probability map; LPMvol, absolute volume in milliliters
of JL per lobe (percentage of global JL volume); LPMp, percentage of JL volume
relative to lobe volume.

2 Total JLV (LPMvol) in milliliters (percentage relative to global amount), and percent-
age relative to lobe volume in patients with CIS and patients with RRMS.

were compared across groups by 1-way ANOVA with the factor
group, followed by pair-wise Bonferroni post hoc comparison.

Finally, to assess which disease burden-related parameter
(presence of JL, JLV, or LV) was more relevant in the cortical
thickness measurements, 3 multivariate models were tested by
using the presence of JL, JLV, or white matter LV, as independent
variables. The 3 models included age and sex as covariates. Signif-
icance was set at P < .05.

RESULTS

Whole White Matter Lesion Volume

The mean LV in the various patient groups is reported in Table 1.
The rank order was CISnj < RRnj < CISj < RRj. The between-
group differences in LV were significant (P < .001), and statisti-
cally significant differences were observed for the following post
hoc comparisons (P < .002): RRj > RRnj, RRj > CISj, RRj >
CISnj, and CISj > CISnj.

Juxtacortical Lesion Volume and Distribution, and
Probability Maps

Mean JLV was 1.28 mL (range, 0.03—14.14 mL) in patients with
CIS, and 3.41 mL (range, 0.10-22.70 mL) in those with RRMS.
The absolute JLV was greater at the frontal lobe, followed by the
parietal, temporal, and occipital lobe, and insula in both CIS and
RRMS (Table 2). The calculation of JLV relative to the total vol-
ume of each lobe in patients with CIS showed that the insula had
the highest volume of JLs per volume of lobe, followed by the
temporal, parietal, frontal, and occipital lobes. The rank order for
RRMS was insula, followed by temporal, frontal, parietal, and
occipital (Table 2).

Global and Lobar Cortical Thickness

In general, the lowest cortical thickness was measured in patients
with RRj, followed by CISj, RRnj, CISnj, and CISn at both global
and lobar levels (Table 3). The percentage difference between
CISn and RRj ranged from 0% (insula) to 4%—4.5% (occipital,
temporal, and parietal lobes). Regions with the highest attenua-
tion of JL do not correspond to the ones with the largest thickness
loss. A visual comparison of the lobar cortical thickness loss
(mean of the right and left hemispheres) in RRj compared with

Table 3: Global and lobar mean cortical thickness (in mm) for the groups studied

P Value P Value

Lobe (Factor Group)® CISn CISnj CISj RRnj RRj (Rvs L)b
Global R 064 2.50 (0.3)° 2.47 (0.09) 2.44(0.16) 2.47 (0.09) 2.40 (0.13) 806
Global_L 074 2,50 (0.13) 248(019) 2.45(0.16) 2.49 (0.09) 2.41(0.3)
Frontal R 389 2.55(0.16) 2.53(0.16) 2.51(0.16) 2.55(0.11) 2.49 (0.1) .006
Frontal_L 424 2.52(0.17) 247 (0) 246 (0.15) 2.50 (0.13) 246 (0.12)
Insula_R 944 3.01(0.16) 3.04(0.14) 3.02(0.25) 2.99 (0.15) 3.03(0.3) 7
Insula_L 881 3.05(0.19) 3.05(0.14) 3.01(0.24) 3.03(0.16) 3.02(0.15)
Parietal R 056 2.22(0.)° 217 (0.07) 215(0.17) 219 (0.08) 212(0.13) 414
Parietal_L 025 2.22 (0 2.20(0.09) 217 (0.17) 2.21(0.09) 212(0.14)
Temporal R 9 2.93(0.14) 2.90(0.17) 2.87(0.21) 2.91(0.21) 2.80(0.2]) .002
Temporal_L 084 3.01(0.14) 2,97 (0.16) 2.94(0.20) 2,96 (0.16) 2.88(0.19)
Occipital_R o4 2.29(0.14) 2.30 (0.1)° 2.24(017) 2.29(0.12) 219 (0.14) 224
Occipital_L 047 230(0.13) 2.31(0.09)° 2.28(0.13) 2.29(0.1) 2.22(0.15)

Note:—R indicates right hemisphere; L, left hemisphere. Numbers in parentheses are the SD.
@ P value of the 1-way ANOVA test with group as a factor.
® P value of the hemisphere effect (R vs L hemispheres values).

©P < .05 compared with RRj.
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Juxtacortical lesion
probability map

Cortical thickness loss
in RRj relative to CISn

5% 0%

FIG1. Percentage cortical thickness loss in RRj relative to CISn for the
different brain lobes (frontal, insula, parietal, temporal, and occipital).
Values were color-coded and ranged from 0%-5%. Juxtacortical le-
sion probability map (right) for patients with CIS (cold scale) and pa-
tients with RRMS (warm scale), scaled to the maximum value (10%).
Results were overlaid on the mean filled structural image of the whole
cohort studied.

CISnj and the JL probability map (of patients with CIS and pa-
tients with RRMS) can be seen in Fig 1.

On multivariate analysis of global values, the presence of JLs
was significant (P, adjusted R?) in the right (.004, 0.166) and left
(.005, 0.165) hemispheres, JLV was significant in the right hemi-
sphere (.033,0.303), and LV was significant in the left hemisphere
(.039,0.646). Lobar analysis showed that insular cortical thickness
was not related with the presence of JLs, JLV, or LV, in either
hemisphere. The (P, adjusted R?) right frontal (.048, 0.145; .043,
0.639), right parietal (.005, 0.156; .020, 0.696), and right occipital
(.000, 0.157; .007, 0.753) lobes showed a significant association
with the presence of JLs or LV. JLV was significant in the right
parietal (.018, 0.327) and right occipital (.011, 0.315) lobes. Left
frontal cortical thickness was not associated with any of the fac-
tors; left temporal lobe thickness was associated with the presence
of JLs (P, adjusted R*) (.009, 0.114) and in left parietal (.002,
0.166; .035, 0.649; .005, 0.368) and left occipital lobules (.004,
0.146;.038,0.639;.001, 0.417), thickness was associated with the 3
factors (presence JLs, LV, JLV).

Regional Cortical Thickness

Results at a regional level were along the same lines as the ones
obtained at a global and lobar level, with the group RRj showing
the thinnest cortical thickness, followed by CISj, RRnj, CISnj, and
CISn. Significant (post hoc) comparisons indicate that CISn mea-
sured cortical thickness was greater compared with RRj in the
following regions (by following FreeSurfer nomenclature): right
cuneus, right entorhinal, right and left fusiform, right inferior
parietal, right lateral occipital, right and left precuneus, and left
paracentral. Another (post hoc) comparison that was significant
was CISnj over RRj in the right cuneus, right lateral occipital, left
isthmus cingulate, left paracentral, and left transverse temporal
areas. In addition, RRj showed a significant cortical thinning
compared with CISj in the left banks of superior temporal sulcus

and left paracentral regions. Finally, cortical thickness for CISnj
was significantly thinner compared with CISn at the right frontal
pole.

Cortical Thickness and Juxtacortical Lesion Location

Only patients with JLs (CISj and RRj) were included in this sub-
analysis. The regions analyzed were those in which a JL had been
detected in at least 9 patients: banks of superior temporal sulcus,
fusiform, inferior temporal, insula, postcentral, rostral middle
frontal, superior frontal, superior temporal, and temporal pole. In
separate analyses of the CIS and RRMS groups, the mean cortical
thickness in each selected region was compared between patients
with and without JLs (2-sample t test). In the RRMS group alone,
anonsignificant trend to decreased cortical thickness in the supe-
rior frontal region was seen in patients with JLs (P = .079). Fi-
nally, to visually check whether changes in cortical thickness
showed co-localization with JLs, a binary mask of the JL proba-
bility map was transferred to the inflated brain representation and
overlaid onto the corresponding contrast (CISnj > CISj with the
CIS map, and RRnj > RRj with the RRMS map). On visual in-
spection, cortical thickness changes were not found to co-localize
with JL probability maps (Figs 2 and 3).

Subcortical Gray Matter Volume Changes and Presence
of Juxtacortical Lesions
The estimated total intracranial volume did not differ between

groups: mean (SD) CISn = 1337.73 *= 189.85 mL, CISnj =
1331.71 = 192.74 mL, CISj = 1381.25 = 173.46 mL, RRnj =
1363.95 + 190.06 mL, and RRj = 1392.59 * 184.77 mL. Subcor-
tical gray matter volumes in all the structures analyzed were lower
in patients with RRj (Table 4). Volume loss ranged from 8% (cau-
date) to almost 20% (accumbens) when compared with CISnj.
The largest right-to-left asymmetry was found in the pallidum
(ratio, 0.87-0.92), followed by the putamen (0.94-0.98). The
caudate was also significantly asymmetrical, though in the oppo-
site direction: right-to-left ratio ranged between 1.03 and 1.06.
On multivariate analysis, the presence of JLs was a significant
variable in the right thalamus (P, adjusted R?) (.000, 0.130), left
thalamus (.001, 0.120), right caudate (.000, 0.135), left caudate
(.000, 0.152), right putamen (.000, 0.162), left putamen (.000,
0.147), left pallidum (.000, 0.145), right hippocampus (.020,
0.124), left hippocampus (.046, 0.127), right amygdala
(.004, 0.081), right accumbens (.000, 0.171) and left accumbens
(.000, 0.120); JLV and LV did not reach significance in any region.

DISCUSSION

This study investigated, for the first time, the association between
the presence and topography of JLs and cortical thinning, and
subcortical gray matter volume measurements in patients with
CIS and patients with RRMS.

Patients with RRMS had a larger number of JLs than patients
with CIS. In the cohort studied, the JL volume in patients with
RRMS was twice the volume seen in patients with CIS, but JL
brain distribution was similar in the 2 patient populations. Most
JLs were located in the frontal lobe, followed by the parietal, tem-
poral, and occipital lobes, a distribution that is similar to the re-
ported distribution of pure cortical lesions in RRMS.>**> When
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FIG 2. Inflated brain, displaying areas of reduced cortical thickness (red areas) in CISj compared
with CISnj (significance level P < .01 for display purposes). Blue areas indicate regions where
cortical thickness in CISnj is reduced compared with CISj. The CIS JL lesion probability map was
overlaid in purple (right column, left hemisphere; left column, right hemisphere; superior row,
lateral view; inferior row, medial view). The JL lesion probability map is a binary mask for display
purposes. No overlap was seen between the areas, showing significant changes in thickness and
the JL lesion probability map.

FIG 3. Inflated brain displaying areas of reduced cortical thickness (red areas) in RRj compared
with RRnj (significance level P < .01, for display purposes). Blue areas indicate regions in which
cortical thickness in RRnj is reduced compared with RRj. The RR JL lesion probability map was
overlaid in purple (right column, left hemisphere; left column, right hemisphere; superior row,
lateral view; inferior row, medial view). The JL lesion probability map was a binary mask, just for
display purposes. No overlap was seen between the areas showing significant changes in thick-
ness and the JL lesion probability map.

JLVs were normalized by the lobe volume, the insula appeared to
be the region with the highest attenuation of JLs, followed by the
temporal, parietal, and frontal lobes. The LV was higher in pa-
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tients with RRj, but the value in RRnj
was even lower than in CISj, though the
differences were not significant. These
results may indicate that JL accumula-
tion is not disconnected from accumu-
lation of lesions in other areas of the
brain and that they both are part of the
same disease process regardless of dis-
ease stage.

The RRj group was found to have the
greatest global and regional cortical
thinning in areas of the temporal, pari-
etal, and occipital lobe. The most
marked thickness loss (RRj compared
with CISn) was in the right entorhinal
cortex (8%), in line with the findings of

Narayana et al.*®

Entorhinal thinning is
considered a predictor of cognitive de-
cline in Alzheimer disease.>” Our study
did not include a neuropsychological
evaluation; therefore, we could not ana-
lyze the value of entorhinal atrophy for
predicting cognitive decline in our pa-
tients with MS. When following the en-
torhinal cortex, we found greater thin-
ning at the right precuneus and cuneus
(6%). Decreases in the remaining re-
gions of the right brain hemisphere and
all regions of the left brain hemisphere
ranged from 3% to 5%. The precuneus
and fusiform were the only regions that
showed bilateral cortical thinning.

Our results also indicated that corti-
cal thinning was more closely associated
with the presence of JLs than with total
LV or JL volume, though LV was <10
mL in 90% of patients. Results of studies
reported to date, including LV as a vari-
able, are not conclusive because the
threshold value used to define high and
low LV has not been established univo-
cally.'>'* In a previous study by Charil
et al,'” the frontal, insula, and temporal
regions showed the most marked corti-
cal thinning, and cortical atrophy corre-
lated with lesion load.

Visual inspection of JL probability
maps overlaid onto the cortical change
maps of the 2 hemispheres showed no
overlapping in either patients with CIS
or those with RRMS. A more detailed
subanalysis of this aspect confirmed that
differences in cortical thickness were not
directly related to the presence of JLs in
any specific region, which indicates that

cortical thinning in MS is not closely dependent on the topogra-
phy of JLs. This discrepancy may arise from the fact that only a
percentage of JLs and a minority of intracortical lesions are visible



Table 4: Subcortical gray matter volumes percentage relative to total intracranial volume for the groups studied

Subcortical Gray P Value P Value
Matter (Factor Group)® CISné ClISnj8 CISj® RRnj& RRj& (Rvs L)b
Thal R .000 0502 (0.04)  0486(0.060)°  0473(0.058)°  0477(0.092)  0.424(0.064) 986
Thal_L 003 0492(0.042)°  0.485(0.053)°  0474(0.062)  0476(0.010)  0.432(0.066)
Pallidum_R 029 0.115 (0.013)° 0114 (0.0160  0.09 (0.015) 0.110 (0.017) 0.103 (0.017) .000
Pallidum_L 003 0132(0.018)° 0129 (0.017)¢ 018 (0.023) 0.124 (0.027) 0.113 (0.021)
Caudate R 069 0277(0.037)  0.278(0.036) 0.257 (0.041) 0271(0.052)  0.256(0.035) 015
Caudate L 025 0268(0.036)  0.266(0.034) 0247(0.037)  0259(0.043)  0.242(0.038)
Putamen_R 009 0428(0.037)%  0427(0.074)  0.408(0.072) 0.410(0.085) 0369 (0.072) 020
Putamen_L 002 0452(0.042)°  0452(0.069)°  0.428(0.08)) 0430(0.082)  0.384(0.073)
Accum_R 001 0.054(0.0M7  0.056(0.0M)°  0.052(0.009)  0.057(0.012)%  0.045(0.013) 745
Accum_L 002 0.053(0.007)  0.058(0.012)°  0.052(0.009)  0.054(0.010)  0.047(0.010)
Hippo_R 064 0.305 (0.026) 0315(0.04¢  0.306(0.040)  0306(0.053)  0.283(0.053) 393
Hippo_L 21 0301(0.026)  0.308 (0.041) 0303(0.037)  0.294(0.056)  0.282(0.044)
Amygdala R 005 0129 (0.017) 0140(0.023°  0.128(0.020) 0.131(0.025) 0.119 (0.024) 440
Amygdala_L 158 0126 (0.020) 0.134 (0.021) 0129 (0.019) 0128 (0.021) 0120 (0.028)

Note:—Thal indicates thalamus; R, right; L, left; Accum, accumbens; Hippo, hippocampus.

2P value of the 1-way ANOVA test with group as a factor.

® P value of the hemisphere effect (R vs L hemispheres values).
P =.059.

4p < .05.

¢pP<.0L

fP < .001 compared with RRj.

& Data are expressed as mean (SD).

on conventional MR imaging (mainly because of their size),
though those that are seen highly correlate with the overall num-
ber of cortical lesions detected on a histopathologic study.”” A
study published by Bakshi et al*® found the there was a correlation
between the number of cortical and juxtacortical lesions for a given
region and the cortical atrophy measured in that region. Discrepancy
may arise again from the fact that we evaluated the presence and
volume (not the number) of juxtacortical lesions, which actually rep-
resent a small percentage compared with cortical lesions.

In the present study, the volume of subcortical gray matter struc-
tures was systematically smaller in patients with RRj than in patients
with CISn. Although the volume of subcortical gray matter structures
in RRnj was systematically larger than in CISj, this post hoc compar-
ison was not significant in any of the structures analyzed. A recent
study that compared subcortical gray matter volumes between CIS
and early RRMS' also showed that early RRMS volumes were
smaller compared with CIS and that differences were significant in
some regions (caudate, putamen, thalamus) but not in others
(amygdala, accumbens); this was in contrast with the absence of dif-
ferences in cortical structures. However, these findings were not
stratified by the presence of cortical lesions or JL. In this regard, re-
sults from our multivariate analysis indicated that the presence of JL
was associated with the volume of a number of subcortical structures,
whereas JLV and LV were not.

Taken together, the results reported here would indicate
that the presence of JL could be used as a marker of diffuse gray
matter damage; it could be speculated that the appearance of
JLs is the by-product of the damaging pathologic process on-
going in gray matter of people with MS and not the other way
around (JLs and locally related cortical lesions being the main
cause of damage to gray matter). This hypothesis should be
tested in future studies.

The limitations of our study include the small size of the RRnj
group; this is because few patients with RRMS exclusively have le-
sions other than JLs. Another limitation is that the presence of both
JL and JLV were colinear with the LV, and we were not able to add the

LV asa covariate in the statistical analysis. The lack of a control group
of healthy subjects was also a limitation of the study because compar-
isons with normative values would be of great interest. Further stud-
ies with a larger group and a paired control group would be needed to
confirm the main findings of our work. In addition, identification of
JLs was based on visual inspection by using conventional T2-FLAIR
sequences, which may have underestimated the number of these le-
sions. The partial volume effect could also play a role, which affected
the visualization of the lesions in the axial images. Cortical lesions
are abundantly present in MS and are better detected with dedicated
pulse sequences, such as double inversion recovery, phase-sensitive
inversion recovery, and high-resolution 3D MPRAGE.**°~* Imag-
ing of cortical lesions at standard clinical field strength remains sub-
optimal even when combinations of these sequences (double inver-
sion recovery, phase-sensitive inversion recovery, and MPRAGE) are
used because of limitations in the associated sensitivity and repro-
ducibility.>>?® Thus, although these sequences have made a major
contribution in detecting focal cortical lesions in patients with MS
and have provided important insights about cortical abnormalities
and their association with clinical disability and cognitive impair-
ment in all MS subtypes, substantial research efforts are needed be-
fore they can be used in the diagnostic imaging work-up in clinical
practice. Finally, the local and individual effect of brain juxtacortical
lesions on cortical thickness measurements should also be closely
studied.

CONCLUSIONS

Cortical thinning and subcortical gray matter volume loss in pa-
tients with CIS or RRMS was related to the presence of JLs, though
the cortical areas with the most marked thinning did not corre-
spond to those with the largest number of JLs, which may indicate
that visible focal JLs do not completely explain, but might be used
as markers of the diffuse gray matter damage that is already pres-
ent in the early phases of MS.
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ORIGINAL RESEARCH
ADULT BRAIN

Responses of the Human Brain to Mild Dehydration and
Rehydration Explored In Vivo by 'H-MR Imaging
and Spectroscopy

A. Biller, M. Reuter, B. Patenaude, G.A. Homola, F. Breuer, ““’M. Bendszus, and A ). Bartsch

kgl =1 |

ABSTRACT

BACKGROUND AND PURPOSE: As yet, there are no in vivo data on tissue water changes and associated morphometric changes involved
in the osmo-adaptation of normal brains. Our aim was to evaluate osmoadaptive responses of the healthy human brain to osmotic
challenges of de- and rehydration by serial measurements of brain volume, tissue fluid, and metabolites.

MATERIALS AND METHODS: Serial T-weighted and 'H-MR spectroscopy data were acquired in 15 healthy individuals at normohydration,
on 12 hours of dehydration, and during 1 hour of oral rehydration. Osmotic challenges were monitored by serum measures, including
osmolality and hematocrit. MR imaging data were analyzed by using FreeSurfer and LCModel.

RESULTS: On dehydration, serum osmolality increased by 0.67% and brain tissue fluid decreased by 1.63%, on average. MR imaging
morphometry demonstrated corresponding decreases of cortical thickness and volumes of the whole brain, cortex, white matter, and
hypothalamus/thalamus. These changes reversed during rehydration. Continuous fluid ingestion of 1L of water for 1 hour within the
scanner lowered serum osmolality by 0.96% and increased brain tissue fluid by 0.43%, on average. Concomitantly, cortical thickness and
volumes of the whole brain, cortex, white matter, and hypothalamus/thalamus increased. Changes in brain tissue fluid were related to
volume changes of the whole brain, the white matter, and hypothalamus/thalamus. Only volume changes of the hypothalamus/thalamus
significantly correlated with serum osmolality.

CONCLUSIONS: This is the first study simultaneously evaluating changes in brain tissue fluid, metabolites, volume, and cortical thickness.
Our results reflect cellular volume regulatory mechanisms at a macroscopic level and emphasize that it is essential to control for hydration
levels in studies on brain morphometry and metabolism in order to avoid confounding the findings.

ABBREVIATIONS: HCT = hematocrit; OSM,,,m, = serum osmolality

he regulation of body fluid balance inherently determines se-
rum osmolality. Due to the high permeability of the cell mem-
branes for water, the direction of water movement is determined
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by the osmotic gradient across the cell membrane between the
intra- and extracellular space. Thus, serum hyperosmolality
causes cell shrinkage, whereas hypo-osmolality induces cell
swelling.

In response, the cell initiates regulatory changes to the oppo-
site direction. Initially, cells quickly re-adjust their volume by
transmembranous ion movements. Volume regulation by elec-
trolyte shifts is limited because alterations of ion gradients across
the cell membrane interfere with the structure and function of
intracellular macromolecules and membrane transporters.' To
avoid the adverse effects of changes in ion composition, the cell
uses organic osmolytes, instead of ions, which allow volume ad-
justment without compromising cell function.>® Organic os-
molytes encompass polyalcohols like myo-inositol; methyl-
amines like amino acids’; and

glycerylphosphocholine;
derivatives like glutamine, glutamate, N-acetylaspartate and N-
acetyl aspartylglutamate, and creatine and taurine.>®°

Metabolic responses to fluid imbalance have primarily been
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studied in animals and patients with pathologies affecting serum
osmolality. Previous brain morphometry findings in healthy sub-
jects undergoing de- and rehydration have remained somewhat
inconclusive and inconsistent in terms of the distribution of the
changes and the structures affected. Kempton et al,”'® Dickson
etal,'" and Watson et al'? induced dehydration by thermal exer-
cises. They reported no significant effect of dehydration on brain
volume. Results on ventricular volume ranged from decrease' to
increase,”'® and Dickson et al found no changes.'! Duning et al*?
showed a 0.55% brain volume reduction after 16 hours of thirst-
ing and a 0.72% increase after subsequent rehydration. Similarly,
Streitbiirger et al'* demonstrated an increase in brain volume on
ingestion of 3—4 L of water; however, they failed to show an effect
of dehydration on brain volume by 2 days of restricted water
intake. In a study on ultramarathon runners, Freund et al'® de-
scribed a reversible 6% cortical volume reduction with 2 months
of daily running. Currently, there are no in vivo data on tissue
water changes and associated morphometric changes involved in
the osmoadaptation of normal brains. In this study, we examined
healthy individuals during normo-, de-, and rehydration by MR
spectroscopy and morphometry and analyzed the resulting
changes of global brain volume, gray/white matter volume, corti-
cal thickness, tissue fluid, organic osmolytes, and serum
parameters.

MATERIALS AND METHODS

Ethics Statement

The study was approved by the local Medical Ethics Committee
(Faculty of Clinical Medicine, University of Wiirzburg), and all
participants gave written informed consent before enrollment.
The procedures that followed were in accordance with the Decla-
ration of Helsinki.

Participants

We studied 15 healthy volunteers (6 women, 9 men) who received
an allowance for participating in the study. Female and male par-
ticipants exhibited a narrow age range (mean, 27.67 = 2.26 years)
and body weight (mean, 74.53 * 12.01 kg), which did not differ
across sexes (P > .05, Wilcoxon rank sum test). All subjects were
nonsmokers and free of medication. Exclusion criteria were cur-
rent or past substance abuse other than nicotine and any other
psychiatric, neurologic, and medical illness.

MR Imaging

All measurements were performed on a 3T Tim Trio MR imaging
system (Siemens, Erlangen, Germany) by using a transmit/receive
head coil.

TI-Weighted 3D Imaging and Quantitative TI-Mapping. For vol-
umetric and surface-based morphometry, an isotropic (1.0 X
1.0 X 1.0 mm>) whole-brain T1-weighted MPRAGE sequence
optimized for subsequent image data analysis was acquired (TR =
2300 ms; TE = 2.98 ms; magnetization preparation by nonselec-
tive inversion recovery TT = 900 ms; along with fat suppression/
fast water excitation to reduce signal from fatty bone marrow,
scalp, and dura; excitation flip angle = 9°; 160 sagittal slices; ma-
trix size = 256 X 256).

For quantitative T1-relaxation-time mapping, a partial-brain
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FLASH (GE Healthcare, Milwaukee, Wisconsin) sequence (TR =
330 ms, TE = 1.8 ms, 22 axial slices, matrix size = 384 X 384,
0.5 X 0.5 X 3.0 mm’) was recorded at 2 flip angles (8° and 37°).

'H-MR Spectroscopy. Localized 'H-MR spectroscopy data were
recorded by single-voxel spectroscopy measurements using a
point-resolved spectroscopy sequence (TE = 30 ms, TR = 2000
ms). Automatic dynamic frequency correction was used for MR
spectroscopy with least squares optimization across the main
peaks of the water-suppressed spectra. For all subjects and each of
the longitudinal point-resolved spectroscopy sequence measure-
ments (compare “Protocol of Longitudinal Measurements”), a
voxel volume of 20 X 20 X 20 mm” placed in the left paracentral

lobule was measured. As described earlier,'®'®

placing the voxel
with its inferior edge at the callosomarginal sulcus and with its
posterior edge at the central sulcus allowed highly reproducible
positioning. Because the voxel was placed in white matter mainly
(Fig 1) systematic differences between the partial volume contri-
bution of white matter, gray matter, and CSF were excluded
(ANOVA, P > .23). No partial volume correction was performed.
In vivo resonance changes were quantified by ensuring fixed scan-
ner calibration by using in vitro references and by correcting for
differences in coil load. Spectra with and without chemical shift
selective water suppression were obtained (80 versus 16 acquisi-
tions) to allow eddy current correction and to quantify changes of
brain tissue water in the point-resolved spectroscopy sequence

voxel by using the spectra without water suppression.'**°

Protocol of Longitudinal Measurements

The study consisted of 2 MR imaging examinations measuring
healthy volunteers on normo-, de-, and rehydration. The first
examination studied the regularly hydrated participants, yielding
a baseline '"H-MR spectroscopy and 3D T1-weighted dataset
(normohydration). Normohydration at the time of the first ex-
amination was confirmed by blood and serum parameters (Ta-
ble). Then, subjects were asked not to drink, not to eat meals
containing more than 0.5 L of fluid, and to refrain from physical
activity for 12 hours (dehydration). Subsequently, MR imaging
measurements of the second examination included a 'H-MR
spectroscopy and 3D T1-weighted dataset with subclinically de-
hydrated subjects. Participants then remained within the MR im-
aging scanner without being repositioned, and water was orally
ingested via a plastic tube for 60 minutes at a rate of 1 L per hour
(by using a MRidium MR imaging Infusion System; IRadimed,
Winter Park, Florida) (rehydration). Simultaneously, 19 serial
"H-MR spectroscopy datasets and 1 final 3D T1-weighted struc-
tural scan were recorded during 67 minutes 4 seconds = 6 min-
utes 45 seconds. To control for circadian hormone effects, we
scheduled the first MR image in the evening and the second in the
morning of the following day for every participant.

For measuring serum parameters, 3 blood samples were drawn
consecutively at normo-, de-, and rehydration via an antecubital
IV line. Mean corpuscular hemoglobin concentration and hemat-
ocrit (HCT) values were determined by an automated counter
using the electrical impedance method (Counter S-Plus IV; Beck-
mann Coulter, Fullerton, California).

Serum electrolytes were measured by a potentiometric auto-
analyzer (Ektachem 700XRC; Eastman Kodak, Rochester, New
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'H-MR Spectroscopy. '"H-MR spectros-
copy data were analyzed by using the
frequency-domain-fitting routine of
LCModel (http://www.lcmodel.com/),**
which computes in vivo spectra as a linear
combination of complete model spectra
of specific in vitro metabolites predefined
in basis sets. These basis sets included spec-
tral data of alanine, aspartate, creatine, glu-
cose, y-aminobutyric acid, glutamine, glu-
tamate,

scyllo-inositol,  myo-inositol,

N-acetylaspartate, N-acetyl aspartylgluta-
mate, glycerylphosphocholine, phospho-
choline, guanidinoacetate, lipids, and
macromolecules. Representative spec-
tral data fits for normo-, de-, and rehy-
dration are shown in Fig 1. For fitting
macromolecule resonances, LCModel inte-
grates a priori knowledge on macromole-
cules on the basis of metabolite-nulled spec-

tra at 3T (ie, macromolecule models are
simulated).

On the basis of the principle of reci-
procity,” differences in coil load were
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FIG 1. Representative 'H-MR spectroscopy spectral data fits. The voxel was placed in the left
paracentral lobule. Spectral data fits (upper row) and subtracted spectra (lower row) for visu-
alization of metabolite resonances at normo- (black line, N), de- (blue line, D), and rehydration
(red line, R). tCr indicates total creatine, ml, myo-inositol; tCho, total choline; NAA+NAAG,
N-acetylaspartate and N-acetyl aspartylglutamate; Glx, glutamine + glutamate.

Blood/serum parameters during normo-, de-, and rehydration

corrected for by dividing the measured
metabolite resonances by the required
voltage amplitude to obtain maximum
signal.

The integral of unsuppressed water
was used as a measure of brain tissue wa-
ter (H,O,,,.;n). Data of each metabolite
and of brain tissue fluid were normalized

Parameter Normohyd Dehyd Rehyd (by subtraction) to the second session
Na™ (mmol/L) 1371+27 1385 +22 1369 +23 (dehydration) by using custom-written
K* (mmol/L) 46+ 04° 52 + 0.6 49 + 042 Matlab scripts (MathWorks, Natick, Mas-
HCT (%) 419 +29 43.8 £29 425*29 sachusetts). Outliers were defined as val-
MCHC (g/jl-) 34.3 f 0.9 34.3 f 08 343 f 08 ues exceeding 2.5 SDs, and data were cor-
O mOsmAg  redw masear ma 4y rected for outles. Units were expresed
Glucose (mg/dL) 921+ 6.8 84.4 + 692 855+ 5093  as normalized percentage signal change.

Note:—Normohyd indicates normohydration; Dehyd, dehydration; Rehyd, rehydration; MCHC, mean corpuscular

hemoglobin concentration.

@ Significant changes among different levels of hydration (normo-, de-, and rehydration) at type | error probabilities

of P < .05 (I-sided t tests; df = 14).

York). Serum osmolality was assessed by a cryoscopic osmometer
(Osmomat 030; Gonotec, Berlin, Germany), and dehydration was
confirmed by an increase and rehydration by a decrease in osmo-
lality. Blood glucose levels were determined by photometry (He-
lios Alpha; Spectronic Unicam, Cambridge, UK).

Data Postprocessing

MR Morphometry. Morphometric analyses were performed to
detect changes of whole brain, white matter, subcortical and cor-
tical gray matter volume, and cortical thickness. To extract reli-
able cortical volume and thickness estimates, we automatically
processed images by using the longitudinal stream within
FreeSurfer (Version 5.3.0; http://surfer.nmr.mgh.harvard.edu/).*!
For details, please see the On-line Appendix.

Thus, dehydration was chosen as the ref-
erence to conveniently plot successive
changes (compare “MR Morphometry”
above).

Criteria for assessment of spectral quality were the follow-
ing: 1) the signal-to-noise ratio (defined by the ratio of the
maximum in the spectrum-minus-baseline over the analysis
window to twice the root-mean-square residuals, 2) the line
width (roughly estimated by using the full width at half maxi-
mum), 3) the distribution of residuals, and 4) the SD. In the
LCModel, SD estimates are Cramer-Rao lower bounds. Cra-
mer-Rao lower bounds of >50% indicate that the metabolite
concentration may range from zero to twice the estimated con-
centration. In this study, we selected for further analysis only
spectral data meeting the following: 1) a signal-to-noise ratio
of >4; 2) full width at half maximum of =0.07 ppm; 3) ran-
domly distributed residuals of ~0; and 4) Cramer-Rao lower
bounds of <25%.
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Quantitative TI-Mapping. Quantitative T1-relaxation time maps
were estimated on a voxelwise basis according to the following
formula:

Tic;y = TR/In[(sin(FA,) X cos(FA,) — Q; X sin(FA,)
X cos(FA,))/(sin(FA,) — Q; X sin(FA,))],

where Tlc;, is the T1-value, and Q; , represents the signal inten-
sity ratio for the voxel (j,k). For this purpose, the 2 FLASH acqui-
sitions of the 2 flip angles (FA,, FA,) were coregistered by using
mri_robust_template (part of FreeSurfer?*), and the upper and
lower slices were discarded. To obtain separate T1-estimates for
white and cortical as well as subcortical gray matter, we rigidly
coregistered the segmentations/parcellations of FreeSurfer to this
individual template space (by using mri_robust_register, also part
of FreeSurfer), slightly eroded and applied as masks for extracting
corresponding T1-relaxation times.

Statistical Analyses

All statistical analyses were performed in SPSS Statistics (Version
22; IBM Armonk, New York). On the basis of the assumption
that organic osmolytes are involved in cerebral fluid regulation,
myo-inositol, creatine, glutamine, glutamine+glutamate, and N-
acetyl-aspartate and N-acetyl-aspartyl-glutamate were analyzed
for changes on de- and rehydration. A repeated measures
ANOVA was applied to the spectroscopic estimates of these me-
tabolites, brain tissue fluid, and serum parameters to test for ex-
perimental changes with time (ie, different levels of hydration) by
using a significance level P = .05, which corresponds to a type I
error probability of =5%. Thus, in the repeated measures
ANOVA, the metabolite signal was the dependent measure, and
time (session/level of hydration), the explanatory factor.

Post hoc t test comparisons were used to assess changes be-
tween the different pairs of longitudinal time points. On the basis
of physiologically appropriate assumptions about the direction-
ality of change (ie, that osmolality should increase while brain-
water resonances and volume should decrease on dehydration
and vice versa on rehydration), corresponding P values were esti-
mated 1-sided. All statistical inferences were performed as paired
tests.

The Pearson linear correlation coefficient r was used to assess
1-sided associations among brain tissue fluid, serum parameters,
and morphometry data. P values were corrected for multiple
comparisons (Bonferroni). Linear regression plots were gener-
ated to visualize significant associations among parameters.

Longitudinal morphometric changes of cortical surface
boundaries were analyzed by using a Linear Mixed Effects Matlab
toolbox  (http://www.mathworks.com/help/stats/linear-mixed-
effects-models.html).>> A piece-wise linear model was fitted to
the data to detect changes on de- and rehydration.

RESULTS

Blood/Serum Parameters

On dehydration, the hematocrit and osmolality (OSM
sures clearly indicated loss of body fluid of all participants (Table).

) mea-

serum

The concentrations of K™, (
.01), HCT (P = .00), and OSM

P =.00) and serum glucose (P =
(P =.03) changed appropri-

serum
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FIG 2. Serial data of brain tissue fluid H,O,,;.. Twelve hours of thirst-
ing (dehydration) increased serum osmolality by 0.67% and decreased
H,Op,ain Dy 1.63%. Subsequent oral fluid intake (rehydration) during 1
hour lowered serum osmolality by 0.96% and led to an increase of
H,Op,ain by 0.43%. This finding shows that even subtle changes in
H,Opain ON minor osmotic challenges are detectable by 'H-MR
spectroscopy.

ately on de- and rehydration, whereas changes of sodium and urea
were insignificant.

None of the individuals examined met the criteria for acute
hypernatremia (ie, mean sodium levels remained below 145
mmol/L and osmolality remained below 300 mOsm/kg for all
participants. Thus, blood/serum parameters indicated subclinical
dehydration consistent with 12 hours without drinking overnight.
No participant reported symptoms other than fatigue and thirst
or exhibited clinical signs of dehydration.

'H-MR Spectroscopy

Brain Tissue Fluid. Normalized resonances of tissue fluid content
of H,O,,.;, decreased on dehydration by 1.63 = 2.84% and
steadily increased by 0.43 * 0.92% at the end rehydration (F =
2.49, P = .00) (Fig 2). Post hoc tests demonstrated a significant
H,O0p,ain decrease from normo- to dehydration and significant
increases during rehydration (On-line Table 1). Resonance
changes of brain tissue fluid were associated with volume changes
of the whole brain (r = 0.22, P = .02), cerebral white matter (r =
0.34, P = .02), and the hypothalamus/thalamus (r = 0.18, P =
.05) (On-line Table 2).

Brain Osmolytes. Representative 'H-MR spectroscopy spectral
data fits for normo-, de-, and rehydration are shown in Fig 1
(upper row); subtracted spectral fits (lower row) represent the
respective signal changes. Repeated measurements ANOVA dem-
onstrated no significant changes in myo-inositol, creatine,
glutamine+glutamate, and N-acetylaspartate and N-acetyl-as-
partyl-glutamate in subjects on 12 hours of dehydration and dur-
ing 60 minutes of rehydration.
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FIG 3. Volumetric morphometry at normo-, de-, and rehydration illustrated as percentage volume change normalized to session 2 (dehydra-
tion). Volume changes of the entire brain, cerebral cortex, white matter, and hypothalamus/thalamus were significant in repeated measures
ANOVA and compatible with cell shrinking during hyperosmolality and cell swelling during hypo-osmolality. Subject-specific pair-wise differ-
ences are plotted with respect to dehydration. Post hoc tests revealed hydration states with significant volume changes between each one
(indicated by asterisks; for details see On-line Table 3). Box indicates upper and lower quartiles; thick black line, median; whiskers, most extreme
values of the interquartile range; crosses, outliers; D, dehydration; N, normohydration; R, rehydration; asterisk, significant difference.

MR Morphometry

Volumetry. Repeated measures statistical analyses revealed lon-
gitudinal changes of the whole brain, cortical gray and white mat-
ter volume, and the subcortical hypothalamus/thalamus volume
on de- and rehydration (P = .00) (Fig 3). Specifically, mean vol-
umes of the whole brain, cerebral cortex, white matter, and hypo-
thalamus/thalamus decreased on dehydration by 0.36 = 0.68%,
0.19 * 1.28%, 0.59 = 0.86%, and 0.30 = 1.80% and increased on
rehydration by 0.87 * 0.57%, 1.50 £ 1.03%, 0.23 * 0.82%, and
1.11 £ 1.28%, respectively (Fig 3). Post hoc tests revealed signif-
icant volume changes for the whole brain, cerebral cortex, and
hypothalamus/thalamus during rehydration (and between
normo- and rehydration) and for white matter on dehydration
(On-line Table 3). Except for white matter, the magnitude of vol-
ume changes detected from normo- to dehydration was lower
than that from de- to rehydration, while the associated variance
was generally higher.

Correlation analyses revealed associations between the appro-
priate changes of the whole-brain volume and H,O, ;,, (r = 0.22,
P =.02) (On-line Fig 1A), of the whole-brain volume and hemat-
ocrit values (r = —0.31, P = .00) (On-line Fig 1B), of the cortical
gray matter volume and HCT (r = —0.22, P = .02) (On-line Fig
1C), of the cerebral white matter volume and H,O, ;. (r =
0.34, P = .00) (On-line Fig 1D), of the cerebral white matter
volume and HCT (r = —0.31, P = .00) (On-line Fig 1E), of the
hypothalamus/thalamus volume and H,O,,,;, (r = 0.18, P =
.05) (On-line Fig 1F), and of the hypothalamus/thalamus vol-
ume and OSM,,,,,,, values (r = —0.18, P = .04) (On-line Fig
1G) (On-line Table 2).

Cortical Thickness and Subcortical Surface Changes. Cortical
thinning prevailed on dehydration, and cortical thickening, on
rehydration. These changes of cortical thickness, as averaged
across subjects, were not uniformly distributed over the cerebral
surface (Fig4A). Associated error probabilities (Fig 4B) revealed a
similar consistent pattern and largely excluded changes to the
opposite (ie, thickening on dehydration and thinning on rehydra-

tion), which presumably reflect false-positive detections. Error
probabilities ensure that the detected cortical thickness changes
are not driven by outliers and accompanied by increased variance
measures across subjects. Some areas attained high significance
levels (ie, low error probabilities) (Fig 4B), despite relatively lower
mean cortical thickness change (Fig 4A), due to low variability of
the changes across subjects. The patterns of cortical thinning on
dehydration and thickening on rehydration approximately mir-
rored each other and appeared quite similar (ie, symmetric, for
the 2 hemispheres).

Quantitative TI-Relaxation Times

Mean T1-relaxation times during normo-, de-, and rehydration
were 1339 + 86.92 ms, 1314 £ 70.26 ms, and 1321 = 75.28 ms for
the cerebral cortex; 1291 * 68.07 ms, 1285 * 66.96 ms, and
1295 *+ 68.27 ms for the hypothalamus/thalamus; and 834.52 =
58.11 ms, 818.15 = 42.58 ms, and 820.36 £ 46.18 ms for white
matter (Fig 5). Statistical analyses revealed no longitudinal differ-
ences in T1-relaxation times of the cerebral cortex (P = .07),
hypothalamus/thalamus (P = .19), and white matter (P = .09) on
de- and rehydration.

DISCUSSION

In this study, for the first time, the effect of hyper- and hypo-
osmolality on brain tissue fluid, brain volume, and cortical thick-
ness was monitored in vivo. These findings represent cellular
changes of the volume regulatory mechanisms at a macroscopic
level.

Hypernatremia is associated with brain-water loss and corre-
sponding volume reduction, whereas hyponatremia is related to
brain-water accumulation and associated volume increase. Both
conditions have been extensively studied in animal experiments
and reflect osmoadaptive responses of the cell to fluid imbal-
ances.”>?” Acute hypernatremia is defined as a plasma sodium
concentration above 150 mmol/L, and acute hyponatremia, as a
plasma sodium concentration below 120 mmol/L developing
during 2448 hours.?° To that end, a mean plasma sodium con-
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FIG 4. Cortical thickness analysis. Local changes of cortical thickness (A, red-to-yellow: for thinning on dehydration; blue-to-light blue: for
thickening on rehydration). Dehydration primarily induces cortical thinning (upper row), which reverses on rehydration (bottom row). Note that
these prevailing changes are not uniformly distributed over the cerebral surface. Changes on the mesial surface (not shown) were slightly less
pronounced but similar. The corresponding statistical significance (B, red-to-yellow: for thinning on dehydration; blue-to-light blue: for thick-

ening upon rehydration) is expressed by increasingly lower false-positive probabilities across subjects.
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FIG 5. Tl-relaxometry. Quantitative Tl-relaxation times of the cere-
bral cortex (upper row), the subcortical gray (middle row), and white
matter (bottom row) during normo-, de-, and rehydration. Statistical
analyses revealed no longitudinal changes in Tl relaxation times. Box
indicates upper and lower quartiles; thick black line, median; whiskers,
most extreme values of the interquartile range; crosses, outliers.

centration of 138.5 mmol/L on dehydration and 136.9 mmol/L
after rehydration as presented in our study is considered subtle. In
animal models, induced hypernatremia with 200 mmol/L led to a
decrease of brain-water up to 14%, whereas a rapidly evoked (2
hours) hyponatremia with 119 mmol/L resulted in a 16% increase
of brain-water. The rate at which osmolar stress develops defines
whether the osmoadaptive capacities of the brain are exceeded.
Therefore, it is plausible that a slowly induced (48 hours) hypo-
natremia with 107 mmol/L revealed no changes in brain-water.®
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In the study here, 12 hours of thirsting elevated serum osmolality
by 0.67% and resulted in 1.63% reduction of H,Oy,,;,. One hour
of slow continuous oral fluid intake lowered serum osmolality by
0.96% and led to a 0.43% increase in H,O, ;. This finding sup-
ports, in principle and within limits, the sensitivity and reliability
of the H,O,,, i, signal, which is, especially with receive-only mul-
tichannel phased array coils, commonly used for water scaling in
"H-MR spectroscopy.'*>*?°

On de- and rehydration, changes of the global brain volume,
gray and white matter volume, hypothalamus/thalamus volume,
and cortical thickness were observed, which were consistent with
the processes of cell shrinkage and swelling, respectively, and are
in line with findings in previous studies.'®'* Global brain volume
changes on dehydration (0.36%) and rehydration (0.87%) are in
excellent agreement with those in a previous study,'” which re-
ported volume changes of the same magnitude after 16 hours of
thirsting (0.55%) and subsequent rehydration (0.72%). Previous

1,'° and Watson et al,'?

studies of Dickson et al,* Kempton et a
which induced dehydration by thermal exercises, failed to dem-
onstrate brain volume changes.

1'> demonstrated a reversible volume reduction of

Freund et a
cerebral gray matter (6%) after 2 months of daily running during
an ultramarathon, which is in line with the reversible cortical
thinning (0.19%) on dehydration reported in our study. On the
other hand, a recent study with low sample size'* failed to reveal
thinning of the cerebral cortex and shrinking of the hypothala-
mus/thalamus, which are reversed on rehydration. Reversible
cortical thinning by short-term dehydration is not uniformly dis-
tributed over the cerebral surface (Fig 4) (ie, the brain does not
seem to simply shrink by global scaling during dehydration). In-
stead, detected changes of cortical thickness reveal some but no
exclusive overlap with the following: 1) known areas of pro-
nounced cortical thickness®; and 2) atrophy patterns found in
Alzheimer disease,”! cerebrovascular dementia,** and eating dis-
orders,”> for example. Also, more generally, brain volume
changes due to osmotic stress are in/near the magnitude of



changes attributed to annual volume decrease by aging
(0.2%),*?° Alzheimer disease (2%), Lewy body dementia
(1.4%), or vascular dementia (1.9%).>® These results emphasize
that longitudinal changes and cross-sectional differences of corti-
cal thickness in conditions accompanied by altered fluid intake
(such as dementias or eating disorders) can be confounded by de-
and rehydration, which may then be mistaken for brain atrophy
or even regeneration.

Whole-brain, white matter, and hypothalamus/thalamus vol-
umes demonstrated changes related to those in brain tissue fluid.
This finding is further supported by the inverse correlation be-
tween HCT and volume changes of the whole brain, cerebral cor-
tex, and cerebral white matter. The only brain structure that
demonstrated an association between its volume and serum os-
molality changes was the hypothalamus/thalamus. This finding is
consistent with the fact that the hypothalamus includes magno-
cellular neurosecretory cells of the paraventricular and supraoptic
nucleus, which are able to intrinsically detect and respond to
changes in osmolality.>” The magnocellular neurosecretory cell
volume has been shown to be inversely proportional to the osmo-
lality of the extracellular fluid.”® Moreover, in a magnocellular
neurosecretory cell subset of the paraventricular and supraoptic
nucleus, vasopressin is synthesized. Axons project into the neuro-
hypophysis, where vasopressin release occurs. Thus, the associa-
tion between volume changes of the hypothalamus/thalamus as
found in our study may reflect the relationship between magno-
cellular neurosecretory cell volume and osmolality of the extra-
cellular fluid. However, we acknowledge that magnocellular neu-
rosecretory cells are distributed over different subcortical gray
matter nuclei and cannot be directly assessed by MR imaging
at 3T.

No statistically significant changes of cerebral osmolytes on
dehydration or after rehydration were observed. This finding may
be due to these changes falling below the between- and within-
session reproducibility limits of the spectroscopy measurements.
Note that the between-session variance exceeded the within-ses-
sion variance across subjects for all morphometric and spectro-
scopic measures studied (Figs 2, 3, and 5), which presumably
results from repositioning and reshimming. Alternatively, 12
hours of mild dehydration may not produce changes in organic
osmolytes large enough to be detectable by MR spectroscopy—at
least not in all individuals—that is, osmolytes may already act as
osmotic active substrates in some individuals but not in others.
Although the resulting metabolite data might demonstrate plau-
sible kinetics of organic osmolytes in a subset of individuals, there
is a high variance in the data across subjects, which emphasizes
such interindividual differences. In this study, mild dehydration
was associated with a 0.67% increase in serum osmolality, and
rehydration resulted in a 0.29% decrease in serum osmolality. For

comparison, Videen et al®”

reported cerebral osmolyte changes
(reduction of myo-inositol, choline, total creatine, and N-acetyl-
aspartate) on hyponatremia in patients with pituitary tumors,
congestive heart failure, or syndrome of inappropriate anti-
diuretic hormone secretion associated with an average 12.98%

reduction in serum osmolality. Lien et al*® examined severe hy-
pernatremia in rats, which led to a mean 33.55% increase in serum

osmolality and also demonstrated changes in organic osmolytes

(increase of myo-inositol, choline, phosphocreatine, glutamine,
and glutamate) in brain tissue.

Limitations of this study are methodologically inherent be-
cause assigning resonances of "H-MR spectroscopy data to me-
tabolites, for example, is itself error-prone. Data quality and se-
lection of an adequate fitting routine are therefore essential.

Atleast in theory, morphometric changes may also result from
purely physical changes in tissue relaxation times and contrast
induced by fluid changes influencing tissue segmentation. How-
ever, there were no changes in T1-relaxation times of the cerebral
cortex and the subcortical gray and the white matter among
normo-, de-, and rehydration, while the average T1-values them-
selves were in excellent agreement with previous data.*' Also, the
correlations between morphometry measures and serum param-
eters support physiologic effects. Moreover, whether physiologic
and/or physical, the key message is that hydration levels constitute
an important confound for morphometric studies, and this is the
first study demonstrating relevant changes of cortical thickness
related to subclinical dehydration and rehydration. Brain tissue
fluid resonances, rapidly assessed by unsuppressed "H-MR spec-
troscopy, are suitable for water scaling and, along with serum
parameters, also correlate with whole-brain, white matter, and
hypothalamus/thalamus volume changes.

CONCLUSIONS

This study suggests the following: 1) Morphometric brain changes
during de- and rehydration match the concept of osmotically in-
duced cell volume changes, and 2) the cerebral cortex, white mat-
ter, and the hypothalamus/thalamus are affected by these changes.
Our results emphasize that it is essential to control for hydration
levels in any study on cerebral morphometry or metabolism to
avoid confounding the findings. This is especially important be-
cause hydration levels can systematically differ across population
samples and longitudinal follow-up, in particular for patients
with dementias, eating disorders, and other conditions accompa-
nied by even slightly altered fluid intake.
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ORIGINAL RESEARCH
ADULT BRAIN

Effect of Collaterals on Clinical Presentation, Baseline Imaging,
Complications, and Outcome in Acute Stroke

E.M. Fanou, ““). Knight, R.I. Aviv, S.-P. Hojjat, S.P. Symons, L. Zhang, and “*M. Wintermark

ABSTRACT

BACKGROUND AND PURPOSE: Good CTA collaterals independently predict good outcome in acute ischemic stroke. Our aim was to
evaluate the role of collateral circulation and its added benefit over CTP-derived total ischemic volume as a predictor of baseline NIHSS
score, total ischemic volume, hemorrhagic transformation, final infarct size, and a modified Rankin Scale score >2.

MATERIALS AND METHODS: This was a retrospective study of 395 patients with stroke dichotomized by recanalization (recanalization
positive/recanalization negative) and collateral status. Clot burden score was quantified on baseline CTA. Total ischemic volumes were
derived from thresholded CTP maps. Final infarct size was assessed on follow-up CT/MRI. We performed uni-/multivariate analyses for
each outcome, adjusting for rtPA status, using general linear (continuous variables) and logistic (binary variables) regression. Model
comparison with collateral score and total ischemic volume was performed using the F or likelihood ratio test.

RESULTS: Collateral presence independently and inversely predicted all outcomes except hemorrhagic transformation in patients
who were recanalization negative and mRS >2 in patients who were recanalization positive. The greatest collateral benefit occurred
in patients who were recanalization negative, contributing 16.5% and 19.2% of the variability for final infarct size and mRS >2. The
collateral score model is superior to the total ischemic volume for mRS >2 prediction, but a combination of total ischemic volume
and collateral score is superior for mRS >2 and final infarct prediction (24% and 28% variability, respectively). In patients who
were recanalization positive, a model including collateral score and total ischemic volume was superior to that of total ischemic
volume for hemorrhagic transformation and final infarct prediction but was muted compared with patients who were recanalization
negative (11.3% and 16.9% variability).

CONCLUSIONS: Collateral circulation is an independent predictor of all outcomes, but the magnitude of significance varies, greater in
patients who were recanalization negative versus recanalization positive. Total ischemic volume assessment is complementary to collat-
eral score in many cases.

ABBREVIATIONS: CBS = clot burden score; CS = collateral score; HT = hemorrhagic transformation; R+ = recanalization positive; R— = recanalization negative;
TIV = total ischemic volume; bNIHSS, baseline NIHSS score

I n the setting of acute ischemic stroke, revascularization thera-
pies are administered with the intent of salvaging ischemic pen-
umbra by restoring antegrade flow." Even though conventional
angiography is considered the gold standard for collateral circu-

Received January 5, 2015; accepted after revision May 14.

From the Division of Neuroradiology (E.M.F.,J.K, RI.A, S.-P.H., S.P.S., L.Z.), Depart-
ment of Medical Imaging, University of Toronto and Sunnybrook Health Sciences
Centre, Toronto, Ontario, Canada; and Division of Neuroradiology (M.W.), Depart-
ment of Radiology, Stanford University, California.

Please address correspondence to Richard I. Aviv, MD, FRCR, Sunnybrook Health
Sciences Centre, 2075 Bayview Ave, Toronto, Ontario, Canada M4N 3M5; e-mail:
richard.aviv@sunnybrook.ca

E Indicates article with supplemental on-line tables.
http://dx.doi.org/10.3174/ajnr.A4453

lation assessment, CT angiography is increasingly used in triaging
patients with acute stroke.”

Growing evidence underscores the importance of the collat-
eral circulation in maintaining the penumbra and predicting ra-
diological and clinical response to revascularization.>* Good
CTA collaterals independently predict good outcome in acute
ischemic stroke"> and correlate with smaller admission infarct
size.> CTA collateral scoring demonstrates good interrater reli-
ability>*%; is widely available, including after-hours; and has the
advantage of not requiring advanced postprocessing, which is
subject to a host of technical differences.” The best means of ac-
curate collateral assessment is debated"'°*3; however, irrespec-
tive of the method of assessment, collateral status significantly
predicts clinical outcome and risk of infarct.>'*'® Limitations of
collateral evaluation are that vessel opacification is time- and ac-
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quisition speed—dependent, indicating the need for time-invari-
ant CTA imaging.'®'" Additionally, the tissue perfusion status is
not directly imaged in contradistinction to CT perfusion, in
which penumbral prediction is well-studied.'®

A recent study suggested that a good clinical outcome could
only be achieved in the presence of recanalization and good-to-
intermediate collateral status. No effect was seen in patients with-
out recanalization. Furthermore, the effect of other comorbid
clinical (blood pressure, glycemic status, presence of vascular risk
factors, and so forth) or radiological features (clot burden score
[CBS], clot location, hemorrhagic transformation [HT]) was not
considered in outcome determination.'” The relationship of col-
lateral status and these other imaging and clinical stroke predic-
tors, independent of recanalization status, for major outcomes is
also not well-established in large acute stroke populations. Em-
phasis on collateral status has increased due to its recent inclusion
in patient selection for endovascular treatment'’; however, the
added predictive value of collateral score (CS) over perfusion im-
aging assessment of total ischemia is not well-studied. We hy-
pothesized that for a given recanalization status in the absence of
perfusion availability, collateral determination significantly pre-
dicts baseline stroke severity (quantified by the baseline National
Institutes of Health Stroke Scale score [bNIHSS]) and clinical
(hemorrhagic transformation, 90-day modified Rankin Scale
score of > 2) and radiological outcomes (final infarct volume). In
the present study, we also sought to quantify the added value of a
CS over CTP-estimated total ischemic volume (TIV). The added
contribution was assessed independent of recanalization status
and accounted for additional important clinical and imaging co-
variates in multivariate models.

MATERIALS AND METHODS

Study Design and Patient Cohort

The study and medical chart review were approved by the local
research ethics board. Consent was obtained from all patients or
legal guardians for participation. We performed a retrospective
review of 395 consecutive patients (from a prospectively main-
tained stroke data base) presenting between 2009 and 2013 with a
confirmed anterior circulation stroke diagnosed and treated with
IV rtPA by a stroke neurologist within 4.5 hours of onset. In-
cluded patients demonstrated a confirmed vessel occlusion on
admission stroke work-up, including noncontrast CT, CT angio-
gram, and CT perfusion. Recanalization was determined on CTA
performed at =24 hours, while follow-up MR imaging or CT at
5-7 days was used for final infarct assessment. Clinical history,
laboratory results, demographics, stroke risk factors, and NIHSS
score were collected for all patients by medical chart review. Time
to CT was calculated as the time interval between symptom onset
(last seen normal for patients with nonwitnessed symptom onset)
and the time to arrival in the emergency department CT scanner.
A follow-up modified Rankin Scale score was obtained in the
stroke prevention clinic at 90 days, with a score of >2 defining a
poor outcome.

Imaging Acquisition Protocol and Image Postprocessing
CT stroke protocol was performed on a 64—detector row CT
scanner (LightSpeed VCT; GE Healthcare, Milwaukee, Wiscon-
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sin). Pre- and postcontrast head CT parameters were as follows:
120 kV(peak); 300 mA; rotation, 1 second; section thickness, 5
mm. Baseline and 24-hour CT angiogram parameters were as
follows: 0.7-mL/kg of iodinated contrast agent up to a maximum
of 90 mL (iohexol, Omnipaque 300 mg iodine/mL; GE Health-
care, Piscataway, New Jersey); 5- to 10-second delay; 120 kVp; 270
mA; rotation, 1 second; 1.25-mm-thick sections; table speed,
20.62 mm per rotation. Biphasic CT perfusion protocol from the
basal ganglia to the lateral ventricles was the following: 80 kVp;
150 mA; collimation, 8 X 5 mm; rotation, 1 second for 45 seconds
followed by 6 further acquisitions 15 seconds apart for a total of
135 seconds. Iodinated contrast agent of 0.5 mL/kg (maximum,
50 mL) at 4 mL/s was administered 5 seconds before start of the
sequence. Cerebral blood flow, cerebral blood volume, and mean
transit time were calculated as previously described by using a
delay-corrected algorithm commercially available on CT Perfu-
sion 4 (GE Healthcare).'®

Image Analysis
All baseline and follow-up imaging assessments were per-
formed separately by the same neuroradiologist (R.I.A., 10
years of experience) blinded to imaging and clinical outcomes.
Baseline imaging features included ASPECTS, clot location,
clot burden score, and CS. The occlusion site was considered
“proximal” if involving the ICA and proximal M1 MCA seg-
ment, whereas clot distal to this was considered “distal.” Re-
canalization status was graded on follow-up CTA by evaluating
the restoration of patency of the previously occluded vessel by
using the adapted Thrombolysis in Myocardial Infarction
score, in which a score of =2 was considered recanalization-
positive (R+).'? Collateral flow was graded on a 0-3 scale."”
Scores of 0 and 1 (<50% of ischemic territory demonstrate
collaterals) were considered poor collateral status, whereas
scores of =2 were assigned a good collateral status. The CBS is
a scoring system that defines anterior circulation thrombus
extent scored on a scale of 0—10 by using CTA. Two points are
subtracted for thrombus in each of the supraclinoid ICAs and
the proximal and distal half of the MCA trunk. One point is
subtracted for thrombus in each of the infraclinoid ICAs or
anterior cerebral artery and each affected M2 MCA branch (to
a maximum of 2). A score of 10 connotes clot absence, while
zero represents complete multisegment vessel occlusion.'”
CT perfusion source images were normalized to Montreal
Neurological Institute space and segmented into gray and white
matter by using SPM8 software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm8). Within the ischemic hemisphere, volumes
of core, penumbra proceeding to infarction and benign oligemia
were calculated by using previously published institution-vali-
dated thresholds for GM and WM.?° Absolute CBF (milliliters/
100 g/min) defined the GM/WM core and GM/WM benign oli-
gemia was defined as =13.8/9.8 and =21.4/14.1, respectively.
GM/WM penumbra proceeding to infarction was represented by
>13.8 to <21.4/>9.8 to <14.1, respectively, while GM/WM be-
nign oligemia was >21.4/ 14.1, respectively.”® TIV represents the
sum of all thresholded ischemic regions above. Final infarct was
traced on follow-up imaging, with either NCCT if clearly delin-
eated or FLAIR MR imaging by using Medical Image Processing,



Analysis, and Visualization (Version 7.0.2; National Institutes of
Health, Bethesda, Maryland).

Statistical Analyses

Continuous scaled demographic data were expressed as mean *+
SD, whereas discrete data were expressed as median and inter-
quartile range. Frequency data were expressed as proportions.
Natural log-transformation was applied if appropriate to some
continuous variables to normalize their distribution. Patients
were divided into 4 groups according to recanalization and col-
lateral status; groups A and B were recanalization-negative (R—)
and collateral-negative and -positive, respectively, whereas
groups C and D were R+ and collateral-negative and -positive,
respectively. A Bonferroni-adjusted P value < .0125 was consid-
ered statistically significant after controlling for multiple compar-
isons and adjusting for rtPA status, by using general linear regres-
sion for continuous variables and logistic regression for binary
variables. The outcome was each demographic or clinical variable;
the independent variable was a categorical variable of “group”
with rtPA as a confounding factor. The interaction term “rtPA X
group” was also inserted; however, no significant interaction was
demonstrated, suggesting that rtPA treatment effects are not ad-
ditive to the significant group effects, permitting inclusion of pa-
tients treated both with and without rtPA within each group. Uni-
and multivariate logistic analyses were performed for each group
comparison, with the predefined outcomes of bNIHSS, hemor-
rhagic transformation, final infarct size, and 90-day modified
Rankin Scale, after adjusting for rtPA and collateral status as con-
founding factors. For each independent predictor odds ratio, 95%
CI was calculated. Only factors with P < .10 in univariate analysis
were advanced into a multivariate analysis with backward step-
wise selection. TIV/CS collinearity was tested by using a variance
inflation factor for all outcomes.

After establishing no collinearity (variance inflation factor of
<2), the added benefit of CS over CTP-derived TIV was tested.
Each of 2 null-nested models was compared by using an F-test or
a likelihood ratio test for continuous or binary outcomes. Null
models included either collaterals or TIV, while the alternative
model included both collaterals and TTV. The likelihood ratio test
statistic was determined by —2 log-likelihood for the null model
and +2 log-likelihood for the alternative model, assuming a x*
distribution. Degrees of freedom were the difference between the
number of parameters of the alternative model and the null
model. SAS (Version 9.2; SAS Institute, Cary, North Carolina)
was used for all analyses, and a P value < .05 was considered
significant.

RESULTS

The average patient age was 72 * 14 years with 198 (50.1%)
women. Median (interquartile range) ASPECTS and baseline
NIHSS score were 7 (6-9) and 14 (7-19), respectively. A clot
burden score of >6 was present in 45.8% (181/395) of patients,
and 78.9% (310/395) had good collateral status. Occlusion was
proximal in 43% (170/395) and distal in 57% (225/395). Intrave-
nous recombinant tissue plasminogen activator was administered
in 273/395 (69.1%) patients, with a median time to treatment of
147 minutes (interquartile range, 125-179 minutes). Recanaliza-

tion occurred in 220/395 (55.7%) patients diagnosed on CTA ata
mean time of 24 = 6 hours; 26/220 demonstrated poor collaterals
(11.8%). Time to scanning was not significantly different between
groups and therefore was not considered in multivariate analyses.
Poor collaterals were present in 57/175 (32.6%) patients without
recanalization. The median 90-day mRS was 3 (interquartile
range, 2-5), with a good outcome in 144/395 (37%) patients.
Hemorrhagic transformation occurred in 174/395 (44.1%) of pa-
tients. Hemorrhagic infarction (HI 1/2) dominated in 133/174
(76.4%) patients overall, but no difference in hemorrhage type
(hemorrhagic infarction versus parenchymal hematoma) was
seen between collateral-positive and -negative groups for patients
who were R+ and R— (P = .67 and P = .31, respectively). The
median final infarct size was 38 cm® (interquartile range, 10—
124.3 cm?).

No significant group differences in rtPA use were present
on the basis of baseline thresholded ischemic penumbra or
core size, though patients receiving rtPA were treated earlier
and tended toward higher baseline NIHSS, more proximal clot
location, and smaller final infarct size than those receiving
supportive medical care. The absence of collaterals was associ-
ated with larger total GM/WM ischemic volumes, including
infarct core irrespective of recanalization status (On-line Table
1). Significant group interaction with rtPA was present for all
outcome measures except hemorrhagic transformation, which
just missed significance (P = .0178). All outcome measures
were significantly worse in the absence of collaterals, irrespec-
tive of recanalization status, with the exception of hemorrhage,
which did not meet statistical significance (On-line Table 1). In
R+, however, there was no significant difference in dichoto-
mized mRS, though the median mRS score was significantly
lower in the presence of collaterals.

Outcome Assessment and Added Value of CS Assessment
over CTP

Baseline Stroke Severity. Poor collateral circulation, greater clot
burden (lower CBS), and TIV were significantly related to
bNIHSS, irrespective of recanalization status on uni- and multi-
variate analyses (On-line Tables 2 and 3). Age remained signifi-
cant on multivariate analysis for patients who were R+ only (P <
.0051). If one considered confounders, collateral absence re-
mained significantly related to bNITHSS. There was no significant
interaction between CS and other predictive factors. TIV ac-
counted for 33.3% of bNIHSS severity compared with 27.5% by
using CS only (27.5%; P = .0019). The highest R* was achieved
when both CS and CTP-derived TIV were included (36.5%) (On-
line Table 3).

Hemorrhagic Transformation. HT risk was not related to rtPA or
collateral status in patients who were R— (On-line Table 2). In
patients who were R+ but not R—, collateral status was a signifi-
cant predictor of HT (On-line Table 2). In multivariate analysis,
collateral presence (OR, 0.36; 95% CI, 0.14—0.88; P = .0284) was
inversely related to HT risk in patients who were R—, while prox-
imal clot location (OR, 2.22; 95% CI, 1.21-4.12; P = .0102) and
hyperglycemia (OR, 3.07; 95% CI, 1.45-6.70; P = .0039) were
positively related to HT in patients who were R+ (On-line Table

AJNR Am J Neuroradiol 36:2285-91 Dec 2015 www.ajnr.org 2287



collateral absence (P = .0005, P = .0026)
and lower CBS (P = .0028, P = .002),
respectively, were strongly associated
with larger infarct size (On-line Table
2). Patients who were R+ receiving rtPA
(P = .0276) demonstrated smaller in-
farcts. For patients who were R—, CS
contributed little to overall infarct pre-
diction in the presence of TIV assess-
ment, but a model including both CS
and TIV accounted for greater vari-
ability than CS alone (28% versus
16.5%; P = .005, respectively). For pa-
tients who were R+, CS significantly
improved a model of only TTV and ac-
counted for 16.9% variability for in-
farct volume (On-line Table 3).

DISCUSSION

Our study demonstrates that collaterals
are important for all measured out-
comes irrespective of recanalization.
However, the magnitude of the added
benefit of CS over TIV assessment is de-
pendent on recanalization status, and in
many cases, CS and TIV are comple-
mentary. The greatest benefit of collat-
erals occurs in the absence of recanaliza-
tion, in which collaterals contribute to

FIG 1. A 57-year-old woman who presented 69 minutes from symptom onset with right-sided

acute stroke symptoms. Significant medical history included atrial fibrillation. Her baseline NIHSS
score was 11. NCCT shows an ASPECTS of 10 (A). CTA shows carotid terminus occlusion involving
the proximal M1 segment of the left MCA and proximal Al segment of the left anterior cerebral
artery (CBS = 5) (arrow) with a collateral score of 3 (B). The CTP MTT map shows perfusion
abnormality involving the left MCA territory (C, arrows). She received rtPA. Follow-up CTA shows
nonrecanalization of the occluded vessels (not shown). DWI shows infarct in the left superior
frontal region (D, arrows), significantly smaller than the initial perfusion deficit, highlighting the
role of collateral circulation in maintaining the penumbra and its association with smaller infarct

size. The follow-up mRS score was 2.

3). In contradistinction to CS, TIV was significantly associated
with HT in patients who were R— but not in those who were R+.
No significant model differences were seen in patients who were
R—, in whom CS and TIV accounted for between 5.7% and 7.3%
of HT variability, respectively; however in patients who were R+,
CS contributed significantly to a model including TIV, account-
ing for 11.3% of HT variability (On-line Table 4).

mRS Greater Than 2. The risk of mRS >2 was significantly re-
lated to collaterals in patients who were R— but not in those who
were R+. Multivariate analysis demonstrated that in patients who
were R—, collateral presence was inversely related (OR, 0.15; 95%
CI, 0.04-0.48; P = .0037) to mRS >2. Older age was associated
with poor outcome in both R— and R+ groups (OR, 1.04, 95%
CI, 1.01-1.07; P = .0046 and OR, 1.05; 95% CI, 1.03-1.08; P <
.0001, respectively.) In patients who were R—, CS added signifi-
cantly to a model including only TIV and accounted for 24.1% of
mRS >2 variability (On-line Table 3).

Final Infarct Size. The absence of collaterals was strongly associ-
ated with larger infarct size irrespective of recanalization status
(P < .0006 and P = .0001). In patients who were R— and R+,
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16.5% of the variability of final infarct
size and 19.2% of the likelihood of mRS
>2 but not to the risk of HT. Our re-
sults, therefore, extend the findings of a
recent study demonstrating effect mod-
ification of collaterals in patients who
were R+ but not R—."> Notably, CS
adds benefit over TIV for prediction of
mRS >2, but a combination of both TIV and CS is superior to CS
alone for both mRS >2 and final infarct prediction, accounting
for 24% and 28% of outcome variability, respectively. In patients
who were R+, a model including both CS and TIV was superior to
that with TIV alone for prediction of HT and final infarct. The
variability associated with these outcomes was more muted com-
pared with patients who were R— and accounted for 11.3% and
16.9% of the model’s prediction of HT and final infarct size, re-
spectively, in R+ patients. An inverse association between collat-
eral presence and mRS >2 was demonstrated in patients with R+
and R— status but was most significant in the absence of recana-
lization. Most important, the proportion of patients of mRS >2 in
patients who were R— with good collaterals was similar to that of
patients who were collateral-negative and R+, reinforcing the im-
portance of both recanalization and collaterals in avoiding futile
recanalization.”"**

The findings underscore the utility of collateral assessment in
predicting outcome irrespective of final recanalization status,
consistent with findings of others.>* Preserved collaterals irre-
spective of recanalization status were associated with reduced



FIG 2. A 69-year-old man who presented 179 minutes from symptom onset with right-sided acute stroke symptoms. Significant medical history
included diabetes mellitus, hypertension, high cholesterol, and smoking. His baseline NIHSS score was 25. NCCT shows an ASPECTS of 6 (A). CTA
shows occlusion of the M1segment of the left MCA and proximal M2 segment of the left MCA (CBS = 4) (arrows) with a CS of 1(B). The CTP MTT
map shows perfusion abnormality involving almost the entire left MCA territory (C, arrows). He received rtPA. Twenty-four-hour CTA shows
nonrecanalization of the occluded vessels (not shown), and follow-up DWI on day 5 shows a large infarct in the left MCA territory (E, arrows),
similar in size to the initial perfusion deficit. NCCT shows hemorrhagic transformation in the left basal ganglia region (D, small arrows). Follow-up

mRS was 4.

baseline ischemic tissue (including baseline infarct core) and
smaller final infarct volume, contributing to a better outcome
(Fig 1). The findings are consistent with prior studies empha-
sizing the role of collaterals in preserving penumbral viability
by minimizing ischemic injury severity and maintaining tissue
perfusion.?*23-2°

In the present series, no significant difference in HT frequency
was present in the absence of recanalization irrespective of collat-
eral status. Patients who were R+ without collaterals were more
likely to undergo HT than those with collaterals. Although recan-
alization contributes significantly to better outcome in stroke series,
our results emphasize that recanalization in the absence of collat-
erals may have significant adverse outcomes, such as increased
HT following restoration of blood flow to nonviable tissue and
damaged vasculature.?® This finding is in agreement with IV rtPA
and endovascular therapy studies, in which poor collateral status
was associated with higher rates of HT.”>* The frequency of poor
collaterals in the present series (11% and 30% in patients who
were R— and R+, respectively) is similar to that of other se-
ries”**; this similarity indicates that most patients with acute
ischemic stroke manifest collateral preservation at baseline and
are eligible for recanalization therapy.

CBS <6 (reflecting larger and usually more proximal clot) was
independently associated with greater bNIHSS and infarct vol-

umes, irrespective of recanalization and collateral status.”” In-

creased clot burden (low CBS) was also associated with a higher
risk of HT (Fig 2). Collateral status is critically dependent on the
level and magnitude of clot burden. More proximal clot is associated
with larger baseline infarct core and penumbral tissue volumes.
These appearances are mediated by a combination of reduced/de-
layed proximal clot lysis, reduced collateral pathway availability, and
cerebral hypoperfusion, provoking profound ischemia inconsistent
with viable tissue.”” > Indeed Saqqur et al’*® demonstrated that pa-
tients with more distal clot were twice as likely to have a favorable
clinical outcome as patients with more proximal occlusions. Hence,
careful evaluation of collateral status should be made in patients with
lower CBS before aggressive recanalization strategies.

We considered the role of collaterals in bNIHSS. Clinical def-
icit in the hyperacute phase reflects the size of both the in-
farcted and penumbral zones, whereas early NCCT findings
reflect only infarcted tissue. An NIHSS/CT mismatch, there-
fore, represents salvageable brain®' and indicates a risk of early
neurologic deterioration.>> We demonstrated that age, clot location,
and collaterals were independently associated with stroke severity
(On-line Table 2); younger patients with good collateral circulation
and distal clot are more likely to have a good outcome. Hyperglyce-
mia was associated with a higher risk of hemorrhagic transformation
in patients who were recanalization-positive. Studies evaluating out-
come in patients with diabetes and acute stroke have been contradic-
tory. In one study of patients with diabetes and acute ischemic stroke
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treated with IV-rtPA, baseline glucose and diabetes were indepen-
dent predictors of intracranial hemorrhage.” However more recent
studies have refuted the association between diabetes and intracra-
nial bleed,** rather suggesting that hyperglycemia itself accelerates

vascular injury in the ischemic area through biochemical changes in

the endothelium and by hampering fibrinolysis.>>>

A limitation of the present study in view of recent endovascular
study results is that none of the patients in the present series under-
went mechanical or intra-arterial thrombolysis. Therefore, results
are limited to those receiving IV rtPA only. In the present series, a
consistent characterization of recanalization was performed at
around 24 hours for all patients, thereby attenuating any systematic
bias that may have been introduced. However, this approach would
not distinguish between early and late recanalizers. Nevertheless the
expected findings of reduced infarct size and better outcome in the
context of recanalization support our definition as clinically relevant.

CONCLUSIONS

Collateral circulation is an independent predictor of bNTHSS, fi-
nal infarct volume, hemorrhagic transformation, and mRS >2.
The extent of significance varies between patients who are reca-
nalization-negative and -positive, with the greatest impact in
those without recanalization. TTV assessment is complementary
to CS in many cases.

Disclosures: Sean P. Symons—UNRELATED: Payment for Lectures (including service
on Speakers Bureaus): Biogen Idec Canada (for MS talks).
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Medial Occipital Lobe Hyperperfusion Identified by Arterial
Spin-Labeling: A Poor Prognostic Sign in Patients with Hypoxic-

Ischemic Encephalopathy

A. de Havenon, A. Sultan-Qurraie, D. Tirschwell, W. Cohen, J. Majersik, and J.B. Andre

ABSTRACT

SUMMARY: Hypoxic-ischemic encephalopathy carries an uncertain prognosis. We sought to retrospectively assess the prognostic value

of arterial spin-labeling MR imaging in 22 adult patients diagnosed with hypoxic-ischemic encephalopathy. Quantitative CBF maps were

generated from the MO map, and arterial spin-labeling data on a per-voxel basis were regionally interrogated via visual inspection and ROI

placement. Hyperperfusion was defined as regional increases in CBF of >20% (relative to global CBF) and/or >100 mL/100 g/min. Eleven

of 22 patients had prominent bilateral medial occipital lobe hyperperfusion, all of whom died before hospital discharge. One patient who

had nondistinct arterial spin-labeling hyperperfusion and restricted diffusion survived. Medial occipital lobe hyperperfusion is a distinctive

pattern that merits prospective investigation in a cohort of patients with moderate hypoxic-ischemic encephalopathy to determine its

predictive ability in patients with a higher likelihood of survival.

ABBREVIATIONS: ASL = arterial spin-labeling; HIE = hypoxic-ischemic encephalopathy; MOLH = medial occipital lobe hyperperfusion

ypoxic-ischemic encephalopathy (HIE) can result from car-
diac arrest, profound hypotension, or respiratory distress
secondary to a variety of medical causes, which share the final
common pathway of neuronal death from failure of oxidative
metabolism.' Despite advances in its treatment, patients with HIE
have high rates of morbidity and mortality.” Given that the sever-
ity of HIE varies widely, a wealth of predictive prognostic tools
exist, ranging from clinical markers, including level of conscious-
ness and motor response to central noxious stimulation, to neu-
rophysiologic testing, such as electroencephalogram, laboratory
markers, and somatosensory-evoked potentials. Although tradi-
tionally difficult to perform in this typically clinically unstable
population, MR imaging examination is the neuroimaging test of
choice, despite the observation that functional recovery following
extensive gray matter infarction can occur, suggesting that con-
ventional MR imaging findings lack specificity.”
CBF is typically reduced in the first 24 —48 hours after HIE, but
delayed cerebral hyperperfusion can develop thereafter, a finding
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first observed with xenon-enhanced CT.*” This hyperperfusion
appears to correlate with poor clinical outcome and was theorized
to be the result of a loss of vascular resistance. Hyperperfusion
after HIE has also been observed with arterial spin-labeling (ASL)
MR imaging in both pediatric and adult patients, but in nonspe-
cific patterns that have often corresponded with regions of re-
stricted diffusion.®” ASL is a noninvasive MR imaging technique
that produces perfusion maps that are comparable with contrast-
based methods such as dynamic susceptibility contrast MR imag-
ing.® Because the brain and kidneys are both very sensitive to
hypotension and lack of oxygen, HIE is often accompanied by
transient acute renal injury, which can be a contraindication to
gadolinium-based contrast agent administration in MR imag-
ing.>'% In light of this limitation, we sought to further clarify
whether the presence of hyperperfusion, as previously reported in
patients with HIE® and detected with ASL, could be used as a
marker of survival prognosis and to examine its relationship to
standard prognostic tests.

Case Series

We performed a retrospective data base and patient chart review
at an urban tertiary care academic hospital and included adult
patients (18 years of age or older) with a discharge diagnosis of
HIE. All patients had been admitted to our intensive care unit
between September 2012 and January 2014 with a Glasgow Coma
Scale score of <8. All patients underwent routine brain MR im-
aging on a 3T scanner (Tim Trio; Siemens, Erlangen, Germany) as
part of standard clinical care. Acquired sequences varied slightly




FIG 1. Brain MR imaging from a 44-year-old woman who had a ventricular fibrillation cardiac
arrest 5 days prior. Top left: axial DWI with extensive parieto-occipital cortical and deep gray
matter restricted diffusion. Top right: axial ADC map with a lesser amount of corresponding
hypointensity from low ADC values, primarily located in the occipital cortex, likely secondary to
early pseudonormalization. Bottom left: axial ASL CBF with prominent hyperperfusion of the
bilateral medial occipital lobes. Bottom right: axial SWI MIP with near-absence of venous blood

oxygen level-dependent signal in the parieto-occipital cortices.

depending on the specific imaging protocol used but always in-
cluded axial diffusion, T1- and T2-weighted, fluid-attenuated in-
version recovery, and susceptibility-weighted imaging or gradient
recalled-echo sequences.

Cerebrovascular perfusion was evaluated by using a commer-
cially available pulsed ASL sequence that incorporates quantita-
tive imaging of perfusion by using a single subtraction (QUIPSS),
second version (QUIPSS II), with thin-section TI, periodic satu-
ration (Q2TIPS), and proximal inversion with a control for oft-
resonance effects (PICORE) with the following parameters: 52
label and control image pairs with section spacing (0-mm section
gap); 5 mm for 21 sections or 7.5 mm for 17 sections (dependent
on protocol); TE = 12 ms; TI1 = 800 ms; TI2 = 1800 ms; TR =
3400 ms; receiver bandwidth = 2367 Hz/px; flip angle = 90°%
FOV = 192; 64 X 64 matrix. Quantitative CBF was calculated
from ASL data on a voxelwise basis (in milliliters per 100
g/min).'" Areas of regional hyperintensity on quantitative CBF
maps (suggesting regional hyperperfusion) were visually assessed

by 1 reader (J.B.A.) who was blinded to
patient clinical history and outcome.
Reader assessment was supplemented
with ROI placement within the corti-
cal and basal ganglia gray matter. Re-
gional increases in CBF of >20% (rel-
ative to global CBF) and/or >100 mL/
100 g/min were considered meaning-
ful and defined as hyperperfusion.

After several cases demonstrated hy-
perperfusion predominantly in the me-
dial occipital lobes, classified as medial
occipital lobe hyperperfusion (MOLH),
we differentiated MOLH and hyperper-
fusion in any other vascular distribu-
tion, classified as “nondistinct.” Addi-
tional assessment was performed to
determine the extent of diffusion restric-
tion and abnormalities on SWI. Patient
chart review was performed (A.d.H) to
determine clinical outcome, which was
defined as a dichotomous outcome of
death or survival before hospital dis-
charge. Descriptive and frequency statis-
tical analyses were obtained by using
STATA software, Version 13.1 (Stata-
Corp, College Station, Texas). Statistical
significance for intergroup differences
was assessed by the Pearson y* or the
Fisher exact test for categoric variables
and by the Student ¢t or Mann-Whitney
U test for continuous variables.

Twenty-two patients met the inclu-
sion criteria. Mean age was 51.0 £ 19.6
years with a male predominance (77.3%).
The mean admission Glasgow Coma
Scale score was 3.5 * 1.1, and the time
from hospital admission to MR imaging
was 3.2 = 1.7 days. The etiology of HIE
included cardiac arrhythmia and/or ar-
rest (45.5%), respiratory arrest and/or depression (22.7%), drug
overdose (18.2%), and hanging (13.6%). Eleven patients (50%)
underwent therapeutic hypothermia (32°-34° C for 24-72
hours). Seventeen patients demonstrated nondistinct regional hy-
perperfusion; 16 died. Eighteen patients had restricted diffusion
of the cortical gray matter and/or the basal ganglia, and 17 died.
Most patients died secondary to withdrawal of care based on the
severity of their injury and poor prognostic indicators. Four of the
5 patients with normal perfusion survived. By visual inspection,
the ASL abnormalities comprised smaller volumes than the diffu-
sion abnormalities.

Eleven of 22 patients had MOLH: prominent or isolated hy-
perperfusion on ASL involving the bilateral medial occipital lobes
(Fig 1). The presence of hyperperfusion, either in any vascular
territory (nondistinct) or as MOLH, was associated with in-hos-
pital death (nondistinct, P = .003; MOLH, P = .018). The pres-
ence of cortical and/or deep gray matter restricted diffusion was
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FIG 2. Brain MR imaging of a 36-year-old woman who had respiratory arrest secondary to opiate
overdose 2 days prior. Top left: axial DWI with global cortical and deep gray matter diffusion
restriction. Top right: axial ASL CBF with MOLH. Bottom left: axial SWI MIP with near-absence of
venous blood oxygen level-dependent signal throughout the brain. Bottom right: axial SWI MIP
from another patient in the cohort, for comparison, who did not have diffusion restriction or
hyperperfusion, with ample venous blood oxygen level-dependent signal in both hemispheres.

also associated with in-hospital death (P = .001). Seven of the 11
patients with MOLH were treated with therapeutic hypothermia
(63.6%), while 4 of the 11 patients without MOLH (36.4%) un-
derwent therapeutic hypothermia (P = .197). The patients with
MOLH and therapeutic hypothermia were more likely to die
(100%, 7/7) than the patients with therapeutic hypothermia with-
out MOLH (25%, 1/4) (P = .024). Fifteen patients underwent
SWI, of whom 8 demonstrated a relative absence of the typical
cortical blood oxygen level-dependent signal from venous struc-
tures, which was notable in corresponding areas of hyperperfu-
sion or diffusion restriction (Fig 2) and was associated with inpa-
tient death (P = .007). In patients with MOLH, the absent SWI
blood oxygen level-dependent venous signal was identified in the
occipital lobes in 4/4.

DISCUSSION

Hypoxic-ischemic encephalopathy is often associated with a grim,
yet uncertain, prognosis. We evaluated the presence of regional
hyperperfusion in a sample of patients with severe HIE, who sub-
sequently underwent MR imaging with ASL, and identified non-
distinct regional hyperperfusion in most (77%) patients and a
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specific pattern of MOLH in half of
them (50%). The mechanism of hyper-
perfusion following HIE is not clearly
understood but is theorized to result
from a delayed loss of vascular resistance
following an initial period of hypoperfu-
sion.® The mean time to MR imaging
from the hypoxic or anoxic insult was
3.2 days in our cohort, which exceeds
the 24- to 48-hour period of hy-
poperfusion following HIE.* The pre-
ferential involvement of the medial
occipital lobes in HIE is incompletely
understood but may be due to the high
baseline metabolic demand of this re-
gion, rendering it more susceptible to
hypoxic or anoxic injury.'?

ASL hyperperfusion following HIE
has been previously described,®” but
selective hyperperfusion involving the
medial occipital lobes represents a novel
finding. Preferential or isolated re-
stricted diffusion involving the occipital
lobes has been reported following HIE,
though we did not observe such prefer-
ential regional cortical involvement in
our patient cohort.'””> An interesting
finding was the absence of venous de-
oxyhemoglobin blood oxygen level-de-
pendent signal on SWIinareas ofhyper-
perfusion. Following cardiac arrest,
evaluation with PET has demonstrated a
reduction of oxygen metabolism and ex-
traction in the occipital lobes, associated
with worse outcome.'* The specific ab-
sence of venous deoxyhemoglobin in the
medial occipital lobes on minimum-
intensity-projection SWI-processed images, observed in the pa-
tients with MOLH, would support this observation and suggests
the development of possible physiologic shunting of diamagnetic
oxygenated blood through dilated vascular channels.

We acknowledge referral bias in this study, because MR imag-
ing examinations were preferentially ordered for patients pre-
sumed to have a poor prognosis. As a result, the mortality rate of
77.3% in our sample was notably high for HIE, but it proffered a
unique opportunity to identify imaging biomarkers that could be
studied in more heterogeneous cohorts of HIE. We did observe
survival in 1 patient, who exhibited both deep gray matter re-
stricted diffusion and nondistinct hyperperfusion, which are con-
cerning false-positive findings. Nonetheless, the universal poor
prognosis of patients with the highly distinctive imaging pattern
of MOLH emerged from our retrospective investigation and can
be viewed as hypothesis-generating.

CONCLUSIONS
ASL may have a unique complementary role in the evaluation of
patients with HIE, who are often unable to undergo contrast-



based perfusion scans secondary to acute renal insufficiency. In
our small cohort, a patient survived despite having poor prognos-
tic indicators, including nondistinct hyperperfusion and re-
stricted diffusion. Multimodal, accurate diagnostic testing is cru-
cial for decision-making in this setting. MOLH is a distinctive
imaging pattern with a plausible physiologic basis. Our findings
warrant additional study, particularly in light of the potential util-
ity of MOLH in patients undergoing therapeutic hypothermia,
which has led to uncertainty in the reliability of traditional prog-
nostic markers validated in the prehypothermia era.'”> A pro-
spective trial would determine if these findings hold true for
patients with moderate HIE, both with and without therapeu-
tic hypothermia.

Disclosures: Jalal B. Andre—UNRELATED: Grants/Grants Pending: Philips Health-
care,* Comments: Grant funding was provided to offset costs of MR imaging scans
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Brain Magnetic Susceptibility Changes in Patients with
Natalizumab-Associated Progressive Multifocal
Leukoencephalopathy

J. Hodel, O. Outteryck, S. Verclytte, V. Deramecourt, A. Lacour, J.-P. Pruvo, P. Vermersch, and X. Leclerc
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ABSTRACT

SUMMARY: We investigated the brain magnetic susceptibility changes induced by natalizumab-associated progressive multifocal leuko-
encephalopathy. We retrospectively included 12 patients with natalizumab—progressive multifocal leukoencephalopathy, 5 with progres-
sive multifocal leukoencephalopathy from other causes, and 55 patients with MS without progressive multifocal leukoencephalopathy for
comparison. MR imaging examinations included T2* or SWI sequences in patients with progressive multifocal leukoencephalopathy (86
examinations) and SWI in all patients with MS without progressive multifocal leukoencephalopathy. Signal abnormalities on T2* and SWI
were defined as low signal intensity within the cortex and/or U-fibers and the basal ganglia. We observed T2* or SWI signal abnormalities
at the chronic stage in all patients with progressive multifocal leukoencephalopathy, whereas no area of low SWI signal intensity was
detected in patients without progressive multifocal leukoencephalopathy. Among the 8 patients with asymptomatic natalizumab—
progressive multifocal leukoencephalopathy, susceptibility changes were observed in 6 (75%). The basal ganglia adjacent to progressive
multifocal leukoencephalopathy lesions systematically appeared hypointense by using T2* and/or SWI. Brain magnetic susceptibility
changes may be explained by the increased iron deposition and constitute a useful tool for the diagnosis of progressive multifocal

leukoencephalopathy.

ABBREVIATIONS: NTZ = natalizumab; PML = progressive multifocal leukoencephalopathy

atalizumab (NTZ), an effective treatment in patients with
N relapsing-remitting multiple sclerosis, is associated with a
risk of progressive multifocal leukoencephalopathy (PML)." Early
diagnosis of NTZ-associated PML (NTZ-PML) may improve the
functional outcome.”> However, the diagnosis of asymptomatic
NTZ-PML remains difficult due to the coexistence of MS lesions
and the different imaging patterns of NTZ-PML lesions.”>
MR imaging is crucial for the recognition of NTZ-PML."*”
The known imaging findings for asymptomatic NTZ-PML in-
clude the following: a subcortical location involving U-fibers, a
sharp lesional border toward the gray matter contrasting with
an ill-defined border toward the white matter, and increased
signal intensity on T2-weighted and diffusion-weighted im-
ages.” Postcontrast enhancement and T2WI hyperintense
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punctate lesions have also been reported in patients with
NTZ-PML.*>*

To our knowledge, there are no data available on the suscep-
tibility changes, evaluated by gradient-echo T2* or susceptibility-
weighted images, in a cohort of consecutive patients with NTZ-
PML. Our purpose was to investigate the brain magnetic
susceptibility changes, detected on T2* or SWI, in a cohort of
consecutive patients with NTZ-PML.

Case Series

Patients. This retrospective study was approved by our institu-
tional review board. From February 2011 to August 2014, 17 con-
secutive patients, including 12 patients with relapsing-remitting
multiple sclerosis treated with NTZ, 2 with leukemia, 2 treated
with immunosuppressive therapies after liver or renal transplant,
and 1 with neurosarcoidosis (8 women; mean age, 48.7 years;
range, 26—63 years), were diagnosed with PML on the basis of the
following:

1) Suggestive clinical and imaging findings associated with posi-
tive DNA polymerase chain reaction for the John Cunningham
virus in the CSF, in 15 patients (“definite PML” according to the
American Academy of Neurology criteria®)



FIG 1. Susceptibility-weighted, FLAIR, and diffusion images in patient 9 with unilobar left frontal NTZ-PML at the asymptomatic stage. A
hypointense rim involving the cortex and the U-fibers of the left frontal lobe is visible on SWI (A, arrow). The NTZ-PML lesion appears

hyperintense on FLAIR (B, arrow) and diffusion (C, arrows) images.

FIG 2. In patient 11 at the symptomatic stage, the NTZ-PML lesion appears hyperintense on the
FLAIR image involving the right precentral gyrus (A, arrows). The SWI sequence reveals a hypoin-
tense rim involving the U-fibers adjacent to the PML lesion (B, arrows).

2) Highly suggestive imaging and clinical follow-up for 2 patients
treated with NTZ (patients 10 and 12) for whom iterative CSF
examination findings were negative.

Characteristics of patients are summarized in the On-line Ta-
ble. Patient 2 underwent postmortem brain neuropathologic
examination.

Eighty-six brain MR imaging scans (Achieva 1.5T [n = 32],
3T [n = 54]; Philips Healthcare, Best, the Netherlands) were
obtained in these 17 patients with PML (mean MR images per
patient, 4.9; range, 1-10). MR imaging was performed at
asymptomatic (n = 8), symptomatic (n = 17), immune recon-
stitution inflammatory syndrome (n = 19), and chronic/fol-
low-up stages (n = 42). MR imaging protocol included pre-
and postcontrast TIWI, T2WI, fluid-attenuated inversion re-
covery, and diffusion MR images. The gradient-echo T2*
sequence was available in 67 MR imaging examinations;
SWI, in 19.

Fifty-five consecutive patients with
MS and without NTZ-PML (37 women;
mean age, 44.2 years; range, 22-61
years; 23 with clinically isolated syn-
drome, 32 with relapsing-remitting
multiple sclerosis) served as a control
group. SWI was performed in all con-
trols at 3T (55 MR imaging examina-
tions, Achieva 3T, Philips Healthcare).

Image Analysis

Three experienced neuroradiologists
(J.H., X.L.,and J.-P.P.) reviewed the 141
MR imaging examinations available in
consensus. For each MR image, they as-
sessed the signal abnormalities on T2* or
SWI defined as

1) Areas of low signal intensity within
the cortex and/or the U-fibers.

2) Low signal intensity and asymmetry of the signal of the basal
ganglia.

In patients with NTZ-PML, consecutive MR images were also
reviewed to analyze the longitudinal changes in each patient re-

garding signal intensity on T2* and SWL

RESULTS

PML Lesions

Twenty supratentorial and 4 infratentorial PML lesions were vis-
iblein the 17 patients with PML involving the frontal (n = 6, right;
n = 4, left), parietal (n = 6, left), occipital (n = 2, right), and
temporal (n = 1, right; n = 1 left) lobes or the middle cerebellar
peduncle (n = 1, right; n = 3, left). In 2 patients (patients 1 and
13), PML was confined to the middle cerebellar peduncle. Eight
patients (11 PML lesions) were explored at the asymptomatic
stage, including 6 patients with =1 subcortical supratentorial
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FIG 3. FLAIRand T2* images in patient 7 at the symptomatic stage. Cortical low signal intensity is visible on T2* images (A, arrowheads) adjacent
to the hyperintense PML lesion (A—C, arrows). Such cortical T2* signal abnormality is also visible (C, arrowhead) with only subtle adjacent
hyperintensity on FLAIR images (D, arrowhead). Note the low signal intensity of the left basal ganglia on both T2* and FLAIR images (E and F,

arrowheads) adjacent to the insular PML lesion (E and F, arrows).

PML lesion, 1 with an infratentorial lesion (patient 1), and 1 with
both supra- and infratentorial lesions (patient 11).

Cortex and U-Fibers
Patient imaging findings are summarized in the On-line Table.

When considering the subcortical PML lesions with MR imaging
available at the chronic stage (18 lesions), T2* and/or SWI demon-
strated areas of cortical low signal intensity in all cases.

For 8 patients (with 11 NTZ-PML lesions), MR imaging, in-
cluding T2* and/or SWI, was available at the presymptomatic
stage. Of the 8 patients scanned at the presymptomatic stage, sus-
ceptibility changes were visible in 6 (75%), including 6 PML
lesions (55%): 4 small subcortical lesions (2 observed with SWI

2298 Hodel Dec 2015 www.ajnr.org

and 2 with T2%; patients 4, 6, 9, and 12; Fig 1) and 2 lesions
involving the middle cerebellar peduncles. For 5 subcortical
PML lesions (45%), the cortical low T2* signal intensity was
not visible initially at the presymptomatic stage and only ap-
peared at the chronic stage. U-fiber low-signal intensity on
SWI is shown in Fig 2.

Longitudinal changes were observed in 8 patients (9 PML le-
sions), with cortical T2* and/or SWI low signal intensity appear-
ing or becoming more prominent.

Cortical or U-fiber T2* hypointensity was systematically adja-
cent to a PML lesion, hyperintense on FLAIR images. However,
only a faint FLAIR hyperintensity was visible adjacent to the area of



FIG 4. FLAIR and T2* images in patient 12 with NTZ-PML at asymptomatic and symptomatic stages. At the asymptomatic stage, a small area of
cortical low signal intensity is visible on T2* image within the right central sulcus (A, arrow), with faint signal abnormalities on FLAIR image (B,
arrowhead). At the symptomatic stage, the cortical hypointensity on T2* image is more prominent (C, arrow), while subcortical FLAIR hyper-

intensity is obvious (D, arrow).

cortical T2* hypointensity for 3 MR imaging examinations: 2 per-
formed at the symptomatic stage in patient 7 and 1 performed at the
asymptomatic stage in patient 12 (Figs 3 and 4, respectively).

Cortical low T2* signal intensity was associated with TIWI
hyperintensity in 2 patients (patients 2 and 4) at the chronic stage.
For all subjects, the areas of low signal intensity did not match
contrast enhancement or diffusion restriction.

A phase map was available in patients scanned with the SWT se-
quence, showing a paramagnetic dipole matching the low signal in-
tensity observed on magnitude images, suggesting iron
deposition.

MR imaging was only available at the chronic stage for patient
2, for whom a postmortem pathologic specimen revealed astro-
cytic gliosis associated with abundant microglial and macrophage
infiltrate within the area of cortical low T2* signal intensity pre-
viously visible on T2* images (Fig 5). Macrophages contained
degraded myelin-filled vacuoles, and there was no visible calcifi-
cation or hemorrhage.

Basal Ganglia

Asymmetric T2* hypointensity within the basal ganglia was
systematically observed when PML was adjacent to the deep
gray matter (7 patients, 8 PML lesions) at any stage (Figs 3 and

6), including the presymptomatic stage for patients 1
and 11.

Consecutive MR images revealed the progressive decrease of
signal of the basal ganglia with PML expansion on FLAIR and T2*
images for 3 patients once the PML lesion became adjacent to the
deep GM.

No low signal intensity was observed within the cortex, U-
fibers, or basal ganglia in controls.

DISCUSSION
All the consecutive patients with PML showed at least 1 area of
low T2* or SWI signal intensity, involving deep or cortical gray
matter, except 1 patient scanned only at the symptomatic stage.
Such data may be clinically relevant because we did not observe
this finding in consecutive patients with MS without PML.
Brain magnetic susceptibility changes may be observed in pa-
tients with PML at the presymptomatic stage, while the find-
ings are subtle by using other MR images such as FLAIR; such
findings suggest a potential added value for T2* or SWI se-
quences in patients suspected of having PML. In addition, sus-
ceptibility changes induced by PML do not appear specific to
NTZ-PML.

The underlying cause of signal hypointensity on T2* and SWI

AJNR Am J Neuroradiol 36:2296-302 Dec 2015 www.ajnr.org 2299



FIG 5. T2* and TIWI at the chronic stage and pathologic specimen (hematoxylin-eosin staining) of patient 2. An extensive PML lesion is
visible involving the left frontal and parietal white matter. Low signal intensity of the left precentral cortex is visible on T2* image (A,
arrow), matching the hyperintensity on TIWI (B, arrow). Pathologic specimen reveals a loss of distinction between GM and WM (C,
arrows) as well as microglial and macrophage infiltrate of the cortical neuropile (D, arrowheads; hematoxylin-eosin staining, high-power

objective).

in patients with NTZ-PML remains unclear. In patients with an
asymmetric hypointensity involving the basal ganglia, phase maps
revealed a paramagnetic dipole, ruling out asymmetric physio-
logic calcifications. Moreover, our pathologic case may suggest
that an accumulation of iron within the macrophages could po-
tentially explain these findings. Iron accumulation in the deep
GM of patients with MS is strongly associated with the duration
and severity of the disease. Increases in iron deposition in subcor-
tical regions were recently demonstrated in patients with MS by
using quantitative susceptibility and R2* mapping.'® This effect
was strongly correlated with myelin degeneration along the WM
skeleton and the Expanded Disability Status Scale.'® Most inter-
esting, while SWT has been extensively evaluated in patients with
MS, such low signal intensity on T2* or susceptibility-weighted
MR images had never been previously reported in patients with
MS plaques, active or not, to our knowledge. Indeed, we may
hypothesize that PML lesions could differ from MS plaques by
further increasing myelin degeneration and thus intracellular ac-
cumulation of iron within macrophages and microglial cells. Why
some PML lesions are associated with T2*/SWTI subcortical hy-
pointensity and some are not at the presymptomatic stage re-
mains unclear. We hypothesize that iron deposition may be in-

2300 Hodel Dec 2015 www.ajnr.org

creased in case of high local iron storage capacity (in the lenticular
nucleus, dentate nucleus, and maybe the precentral cortex) or in
case of high local myelin content (in the middle cerebral peduncle
or pyramidal tract).

Our study had some limitations. We included a relatively small
number of patients with NTZ-PML, and the John Cunningham
virus DNA polymerase chain reaction was negative in 2. However,
the diagnosis of NTZ-PML may be challenging, including nega-
tive findings on CSF examinations, as previously reported.'' Dif-
ferent MR imaging scanners (1.5T and 3T) were used in this ret-
rospective study. However, to assess longitudinal changes with
time, we compared MR images obtained at the same MR imaging
field strength and with the same MR sequence. In this preliminary
clinical report, we did not assess the diagnostic accuracy of low
signal intensity on T2* and SWI for the diagnosis of NTZ-PML.
Indeed both T2* and SWI sequences were used in patients with
NTZ-PML at asymptomatic, symptomatic, and chronic stages.
Susceptibility-weighted or T2* MR images are sensitive to non-
uniform B1 or BO; however, no area of low signal intensity was
observed in the control group, demonstrating that the reported
signal anomalies were not related to artifacts. The absence of sig-
nal abnormalities observed in patients with MS without PML may



FIG 6. FLAIR and SWI in patient 8 at symptomatic and chronic stages. At the symptomatic stage, an extensive PML lesion is visible on FLAIR
images involving the right frontal and temporal white matter and the brain stem (A and B, arrows). Note the low signal intensity of the right
lenticular nucleus on FLAIR images (B, arrowheads). At the chronic stage, the SWI sequence revealed decreased signal-intensity of the right
substantia nigra (C, arrow) compared with the left (C, arrowhead). SWI minimal-intensity-projection view confirms this pattern of asymmetric
hypointensity involving the right lenticular nucleus and substantia nigra, adjacent to the PML lesion (D, arrows).

also suggest a high specificity of this finding. Further prospective
studies are required to assess its real specificity for the diagnosis of
asymptomatic NTZ-PML. Finally, the control group used in our
study did not match the group of patients with PML in terms of
sex, disease severity, and treatment.

CONCLUSIONS

Our study showed that PML, related to NTZ or not, induces brain
magnetic susceptibility changes within U-fibers or deep gray mat-
ter, visible on T2* or SWI and potentially explained by iron depo-
sition. Such findings were observed at the presymptomatic stage
with potential implications for patient care.
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ORIGINAL RESEARCH
INTERVENTIONAL

Determinants of Intracranial Hemorrhage Occurrence and
Outcome after Neurothrombectomy Therapy: Insights from
the Solitaire FR With Intention For Thrombectomy
Randomized Trial

R. Raychev, R. Jahan, “*D. Liebeskind, W. Clark, “*R.G. Nogueira, and J. Saver; The SWIFT Trial Investigators

B

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial hemorrhage is the most dreaded complication of neurothrombectomy therapy for acute
ischemic stroke. The determinants of intracranial hemorrhage and its impact on clinical course remain incompletely delineated. The
purpose of this study is to further investigate the clinical and procedural factors leading to intracranial hemorrhage and to define the
clinical impact of different hemorrhagic subtypes.

MATERIALS AND METHODS: We analyzed data prospectively collected in the Solitaire FR With Intention for Thrombectomy random-
ized clinical trial. A multivariable logistic regression model was used to identify independent clinical, imaging, and procedural predictors of
any intracranial hemorrhage and of 7 intracranial hemorrhage subtypes. Univariate analysis was used to determine the impact of each of
the intracranial hemorrhage subtypes on clinical outcome.

RESULTS: Among the 144 enrolled patients, any radiologic intracranial hemorrhage (21.3% versus 38.2%, P = .035), symptomatic intracranial
hemorrhage (1.1% versus 10.9%, P = .012), and subarachnoid hemorrhage (2.2% versus 12.7%, P = .027) occurred less frequently in the Solitaire
FR than in the Merci retriever arms. The most common independent determinant of hemorrhage occurrence was rescue therapy with
intra-arterial rtPA, which was associated with any intracranial hemorrhage and 4 subtypes and tended to be used more frequently in the
Merci group (10.9% versus 3.4%; P = .09). Among the hemorrhage subtypes, basal ganglionic hemorrhage had the strongest impact on good
clinical outcome at 90 days (OR, 0.30; P = .025) and was associated with higher reperfusion, prolonged time to treatment, and rescue
therapy with intra-arterial rtPA.

CONCLUSIONS: Intracranial hemorrhage, especially subarachnoid and symptomatic intracerebral hemorrhage, occurs less frequently
with the Solitaire FR than the Merci retriever, in part due to less frequent use of rescue therapy with intra-arterial rtPA. Basal ganglionic
hemorrhage strongly affects clinical outcome and is distinctively related to late reperfusion.

ABBREVIATIONS: IA = intra-arterial; ICH = intracranial hemorrhage; IVH = intraventricular hemorrhage; PH = parenchymal hematoma; SICH = symptomatic
intracerebral hemorrhage; SWIFT = Solitaire FR With Intention For Thrombectomy

S ince the introduction of the recanalization therapy for acute
ischemic stroke, both via intravenous fibrinolysis and cathe-
ter-based reperfusion, intracranial hemorrhage (ICH) has re-
mained the most feared complication. The potential occurrence
of ICH has required that the main risk of acute revascularization
be balanced against the benefit of reperfusion.' Various pretreat-
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ment clinical and imaging factors have been associated with hem-
orrhagic transformation after reperfusion treatment, including
age, severity of pretreatment neurologic deficit, ischemic lesion
volume, elevated blood pressure, serum glucose level, history of
diabetes, and absence of collateral flow.>”> However, most avail-
able data on ICH following recanalization therapy in acute isch-
emic stroke are from studies of intravenous and intra-arterial
pharmacologic fibrinolysis and little is known about the clinical
and procedural factors contributing to ICH occurrence after me-
chanical neurothrombectomy.®”

The clinical impact of different ICH subtypes has also been
incompletely studied. Initial emphasis in the intravenous lytic
literature focused on symptomatic intracerebral hemorrhage
(SICH), referring to any intracranial hemorrhage associated with
early neurologic deterioration. However, multiple contending
criteria have been advanced for defining an intracerebral hemor-
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Table 1: Factors included in the prediction model

Clinical Procedural
Age (yr) Vessel treated (ICA/carotid-T vs M1)
Female sex (vs male) Vessel treated (M2 vs M1)
BMI (kg/m?) Vessel treated (all others vs M1)

Baseline mRS = 0 (vs >0)

IV-rtPA failed (vs contraindicated)
Myocardial infarction
Hypertension

Diabetes

Hyperlipidemia

Smoker

Atrial fibrillation

Previous ischemic stroke

NIHSS at baseline

ASPECTS at baseline

Glucose at baseline
Hyperglycemia (>140 mmol/L) at baseline
Systolic BP at baseline

Diastolic BP at baseline

Platelet count at baseline

INR at baseline

Rescue therapy, all

Rescue therapy, rtPA

Rescue therapy, all mechanical

Rescue therapy, Merci only

Rescue therapy, Penumbra only

Rescue therapy, angioplasty

Rescue therapy, medical and mechanical
Rescue therapy, only mechanical

Any rtPA use (IV or IA, baseline or rescue)
Time to treatment (min)

Time to recanalization (min)

Device passes

Anesthesia (sedation vs general)
Procedure time (min)

TIMI score (core lab)

TICI score (core lab)

TIMI at baseline 1(vs 0)

ical factors related to the occurrence of
SICH in the SWIFT trial and to deter-
mine the ICH features with the greatest
impact on clinical outcome.

MATERIALS AND METHODS

The SWIFT trial methods have been pre-
viously described.'® The primary effi-
cacy end point of the study was arterial
recanalization of the target vessel mea-
sured by a Thrombolysis in Myocardial
Infarction score of 2 or 3 without SICH
after up to 3 passes of the assigned de-
vice, as assessed by an independent core
laboratory. In patients for whom ade-
quate recanalization was not achieved,
rescue therapy was allowed with a differ-
ent regulatory agency—cleared neuro-
vascular thrombectomy device, intra-

aPTT at baseline

arterial fibrinolysis with rtPA, or both.

Note:—INR indicates international normalized ratio; BMI, body mass index; aPTT, activated partial thromboplastin

time; BP, blood pressure; TIMI, Thrombolysis In Myocardial Infarction.

Table 2: ICH subtype by group

All Solitaire All Merci Difference
ICH Type (n=89) (n =55) (P Value)

All ICH 213%(19/89)  38.2%(21/55) 035
Symptomatic 1.1% (1/89) 10.9% (6/55) .012
SAH 2.2%(2/89) 12.7% (7/55) 027
IVH 11% (1/89) 7.3% (4/55) 070
PHI 4.5% (4/89) 3.6% (2/55) 1.00

PH2 11% (1/89) 7.3% (4/55) 070
Basal ganglia 15.7% (14/89) 14.5% (8/55) 1.00

Cortical 4.5% (4/89) 14.5% (8/55) .058

rhage as symptomatic.® In addition, other aspects of ICH, in-
cluding subarachnoid versus intraparenchymal, extent (petechial
hemorrhage versus frank hematoma), and topographic location
(deep versus superficial) have been identified in some studies as
predictors of poor outcome after interventional treatment of
acute ischemic stroke.”'' The Solitaire FR With Intention For
Thrombectomy (SWIFT; https://clinicaltrials.gov/ct2/show/
NCT01054560) trial used a refined definition of SICH: any paren-
chymal hematoma (PH), subarachnoid hemorrhage, or intraven-
tricular hemorrhage (IVH) associated with a worsening of
National Institute of Health Stroke Scale score by =4 within 24
hours.'? Compared with SICH definitions used in earlier intrave-
nous and intra-arterial fibrinolysis trials, this definition incorpo-
rated a broader range of hemorrhage types and excluded minor
petechial hemorrhages unlikely to be causally related to neuro-
logic worsening.'>"!”

The SWIFT trial demonstrated the superiority of the Soli-
taire FR stent retriever device (Covidien, Irvine, California)
over the Merci coil retriever device (Concentric Medical,
Mountain View, California) with respect to revascularization
and clinical outcome. Notably, SWIFT also found a substan-
tially lower rate of SICH with stent versus coil retrieval (2.0%
versus 11%).

The aims of this study were to define the procedural and clin-
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In the present study, ICHs were char-
acterized by compartment (intraparen-
chymal, subarachnoid, intraventricular) and symptomatic status
(asymptomatic and SICH). Intraparenchymal hemorrhages were
further subdivided by extent (hemorrhagic infarction type 1,
hemorrhagic infarction type 2, parenchymal hematoma type 1,
parenchymal hematoma type 2) and brain location (cortical ver-
sus deep/basal ganglionic). Basal ganglia ICH was determined by
vascular distribution and included any hemorrhage within the
territory of the lenticulostriate, Heubner, and the anterior choroi-
dal arteries. SAH, IVH, hemorrhagic infarction-1, hemorrhagic
infarction-2, PH-1, PH-2, and basal ganglia ICH classifications
were defined by an independent blinded core laboratory.

The entire study population was analyzed, including patients
enrolled in both the roll-in and randomized phases. All analyzed
clinical and imaging data except for ASPECTS were collected pro-
spectively as part of the SWIFT main trial protocol. ASPECTSs
were obtained by review of the CT imaging data base by 2 physi-
cians (R.J., D.L.) blinded to the assigned device.

In univariate analysis, candidate predictors of ICH included
21 pretreatment demographic, clinical, and imaging variables and
20 procedural variables (Table 1). The associations of ICH fea-
tures with clinical outcomes were analyzed for the following end
points: NIHSS (at 24 hours, 7 days/discharge, 30 days, 90 days),
Barthel Index of Activities of Daily Living (90 days), modified
Rankin Scale of global disability (90 days), trial-defined good neu-
rologic outcome (90 days), and mortality at 90 days. The prespeci-
fied tripartite definition of good neurologic outcome in the trial
was the following: 1) mRS of =2, or 2) mRS equal to the prestroke
mRS if the prestroke mRS was >2, or 3) NIHSS score improve-
ment of =10 points.

Statistical Analysis

The rate of ICH types was compared between groups by using the
Fisher exact test. Univariate logistic models with treatment device
included as a nuisance parameter were run on each individual

predictor, and predictors with a univariate P value < .20 were



Table 3: Predictors of ICH subtypes

strongly between the 2 treatment arms,

ICH Subtype Predictor Odds Ratio Lower CI UpperCl PValue  and the use of rescue IA-rtPA showed a
Any ICH Rescue therapy, IA rtPA 12.06 1.082 134.457 .043 trend toward a difference (Table 4).
SICH NIHSS at baseline 124 1.023 1344 .029
SAH ASPECTS at baseline 3113 1173 8.261 .023 Effect on Outcome
Rescue therapy, IA rtPA 12.46 1731 89.708 .012 Amone all hemorrhagic tvpes analyzed
IVH Rescue therapy, IA rtPA 8.846 1184 66079 033 gl n gic typ yzed,
PH2 INR at baseline 7.267 122 43288 029  basal ganglia ICH and SICH had the
Basal ganglia  Rescue therapy, IA rtPA 18.29 1.89 176.966 .on greatest effect on outcomes, each statis-
Time to treatment (min)* 1114 1.029 1207 .008 tically associated with 4 of 8 outcomes
TIMI score (core lab) 1744 1.009 3.012 .046 and trending toward association with 3
Cortical NIHSS at baseline 119 1.015 1278 .031 additional outcomes (Table 5). The
Rescue therapy, IA rtPA 15.406 2,662 89.149 .002 ’

2 Time to treatment denotes time from symptoms onset to groin puncture.

Table 4: Difference in ICH predictors between the 2 treatment
groups

All Solitaire All Merci
ICH Predictors (n=89) (n =55) P Value
NIHSS (baseline) (mean) 17.4 £4.5(89) 17.5 = 5.1(55) .88

INR (baseline) (mean) 12+03(88) 12+03(54) 97
ASPECTS (baseline) (median) 84 +16(86) 84 *=14(53) .98
TIMI 2-3 (final) 66.7% (54/81)  30.2%(16/53)  <.001
Rescue therapy with IArtPA  3.4%(3/89)  10.9% (6/55) .085

entered into a multivariable logistic regression model. The back-
ward selection method by using a criterion of P < .10 was used to
identify the predictors of each ICH type. The difference in the
identified independent predictors between groups was tested by
using a t test for continuous measures and a Fisher exact test for
discrete measures. The effect of ICH type on outcomes was tested
by using univariate logistic models with the treatment device in-
cluded as a nuisance parameter.

RESULTS

Hemorrhage Frequency by Treatment Group

As shown in Table 2, among the 144 enrolled patients, any radio-
logic intracranial hemorrhage (21.3% versus 38.2%) and symp-
tomatic intracranial hemorrhage (1.1% versus 10.9%) occurred
less frequently in the Solitaire FR than Merci retriever arms.
Among the hemorrhage compartment and anatomic subtypes,
subarachnoid hemorrhage (2.2% versus 12.7%) occurred less fre-
quently with the Solitaire FR than the Merci retriever, with trends
also toward less frequent intraventricular hemorrhage, parenchy-
mal hematoma type 2, and cortical intracerebral hemorrhage.

Predictors of Hemorrhagic Subtypes

Table 3 shows the independent predictors for all intracranial
hemorrhage and 6 hemorrhage subtypes. Among all analyzed
clinical, imaging, and procedural parameters for each individual
hemorrhage subtype included in the multivariate model, the most
consistent predictor was rescue therapy with intra-arterial (IA)-
rtPA, which was an independent predictor for any intracranial
hemorrhage, SICH, SAH, IVH, PH2, and cortical hemorrhage.
Other predictors included the following: baseline NIHSS score
(for SICH and cortical ICH), baseline ASPECTS (for SAH), base-
line international normalized ratio (for PH2), and time to treat-
ment and recanalization (Thrombolysis In Myocardial Infarction
2-3 for basal ganglionic ICH). Among the identified independent
predictors of hemorrhage, achievement of recanalization differed

basal ganglia ICH was inversely associ-
ated with good neurologic outcome at
90 days (OR, 0.300; 95% CI, 0.105—-0.860; P = .025), nondisabled
outcome (mRS, 0-2) at 90 days (OR, 0.248; 95% CI, 0.068 —0.897;
P = .034), higher NIHSS scores at 24 hours (OR, 5.772; 95% CI,
2.209-9.337; P = .002), and NIHSS score at 7 days/discharge
(OR, 8.008; 95% CI, 2.247-13.545; P = .005). SICH was associ-
ated with mortality at 90 days (OR, 5.734; 95% CI, 1.012-32.489;
P =.048), NIHSS score at 7 days/discharge, (OR, 17.998; 95% CI,
8.006-27.990; P = .001), NIHSS score at 90 days (OR, 22.354;
95% CI, 7.285-37.424; P = .004), and level of disability (mRS
shift) at 90 days (OR, 2.414; 95% CI, 0.582—4.247; P = .011). Any
intracranial hemorrhage was associated with NIHSS score at 24
hours (OR, 4.856; 95% CI, 1.964-7.749; P = .001) and NIHSS
score at 7 days/discharge (OR, 6.130; 95% CI, 1.538-10.722; P =
.002). PH1, PH2, SAH, IVH, and cortical ICH were not associated
with any of the clinical outcomes.

DISCUSSION

This study provides important insight into the pathophysiologic
mechanisms of different ICH subtypes after mechanical revascu-
larization and their respective impacts on clinical outcome.

Among all clinical and baseline predictors, NTHSS score
was the strongest predictor of SICH in this study. However,
this association does not explain the lower incidence of hem-
orrhage in the patients treated with the Solitaire because the
baseline NTHSS score did not differ between the 2 groups. It is
likely that other procedural factors causing specific hemor-
rhagic subtypes were contributing to the overall higher rate of
SICH in the Merci group.

The higher incidence of SAH in the Merci group compared
with the Solitaire group (12.7% versus 2.2%; P = .027) is similar
to that in previously reported data. The higher frequency of SAH
with coil retrievers has several potential sources, including greater
device injury to the vessel wall; greater required traction of the
device on clot resulting in displacement of the vascular tree; the
need for multiple retriever passes, increasing the likelihood of
dissection; and the more frequent need for rescue therapy with
IA-rtPA with attendant increased bleeding risk."’

As opposed to the Merci device, which is initially delivered
distal to the target thrombus, the Solitaire FR expands radially
within the thrombus when unsheathed from the microcatheter.
This outward expansion through the thrombus allows stable po-
sitioning within the vessel wall, which likely minimizes the risk of
vessel perforation and/or microdissection during delivery.”® In
addition, the mechanical properties of the Solitaire allow optimal
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Table 5: Effects on outcome (P values)®

Hemorrhage Type
Outcome AllICH BG SICH PHI1 PH2 SAH IVH Cortical

NIHSS at 24 hours 001(OR, 4.85)  .002(OR,577)  .067 329 087 659 988 798
NIHSS at 7 days/discharge 002(OR 613)  .005(OR 801  .001(OR17.99) 747 089 38  .160 508
NIHSS at 30 days 141 .055 .068 609 453 795 .070 611
NIHSS at 90 days 195 .067 .004 (OR, 22.35) 821 362 725 152 464
mRS shift at 90 days .088 .061 .01 (OR, 2.41) 675 431 949 7 453
MRS 0-2 at 90 days 057 034(OR,024) 122 899 770 671 770 626
Good neuro-outcome at 90 days .079 .025 (OR, 0.30) .062 960 .528 531 528 271
Mortality at 90 days 731 382 .048 (OR, 5.73) 575 763 994 763 250

Note:—BG indicates basal ganglia.

@ ORs are provided for P values = .05, which are significant.

® An mRS of =<2 or equal to the prestroke mRS if the prestroke mRS was >2 or an NIHSS score improvement of =10 points.

60 7
wall conformance and flexibility and a minimal vessel-straighten- ,/ !
ing effect, likely reducing the risk of endothelial damage during 50+ P
the pull. Finally, the efficient clot engagement and rapid revascu- %
larization decrease the need for multiple passes and additional G 40+
rescue therapy. Although our data did not reveal any association &
between the number of passes and hemorrhage occurrence, res- ; 30+
cue therapy with IA-rtPA strongly correlated with multiple hem- E
orrhagic subtypes, including any intracranial hemorrhage, SICH, '§ 201
SAH, IVH, PH2, and cortical hemorrhage. Any use of rtPA (IV or &

IA, baseline, or rescue) did not impact hemorrhage occurrence; 101

this outcome suggests that the deleterious effect of the thrombo-

Iytic therapy is only present when used intra-arterially as a rescue VT
100 200 300 400 500

therapy, after initial mechanical thrombectomy. As such, prein-
terventional use of IV-rtPA is not discouraged. The relationship
between IA-rtPA rescue therapy and subarachnoid hemorrhage
was particularly strong, increasing the odds of SAH more than
12-fold. These findings indicate that the fibrinolytic effect of the
medication used as a rescue therapy likely potentiates device-in-
duced vascular injury, eventually resulting in intracranial hemor-
rhage, particularly SAH.

Of all hemorrhagic subtypes, basal ganglia was the only hem-
orrhage associated with successful reperfusion. Parenchymal
ischemic injury may progress particularly rapidly in subcortical,
basal ganglia regions, due to rapidly evolving infarction within the
deep subcortical tissue in the presence of occluded ostia of lentic-
ulostriate arteries that lack collateral flow. This more advanced
ischemic tissue destruction may render subcortical tissues more
vulnerable to reperfusion-mediated hemorrhage. Basal gangli-
onic hemorrhage has been previously associated with poor out-
come after mechanical thrombectomy.'® The association of time
to treatment with basal ganglia ICH (OR, 1.14; 95% CI, 1.029—
1.207; P = .008) in our study demonstrates that for every 10-
minute delay, there is an approximate 11% higher risk of hemor-
rhage within the basal ganglia (Fig 1). This significant impact on
time to treatment confirms the vulnerability of the deep subcor-
tical structures to prolonged ischemia. The distinctive determi-
nants and clinical impact of basal ganglionic-versus-cortical hem-
orrhage demonstrate the importance of identifying these
subtypes, in addition to clinical type (symptomatic versus asymp-
tomatic) and extent (hematoma versus hemorrhagic infarction).
Given the strong impact of basal ganglionic hemorrhages on the
outcome in our study, it is reasonable to consider this hemor-
rhagic subtype as an important predictor of outcome in clinical
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Time to Treatment (minutes)

FIG 1. Plot of predicted probability (%) of basal ganglia ICH based on
time to treatment. The dotted lines represent the upper and lower
confidence bounds of the predicted probability.

practice and in future studies of endovascular revascularization
for acute ischemic stroke.

Limitations

The main limitation of our study was the relatively small number
of hemorrhages in the SWIFT trial, potentially confounding the
results of the regression model as demonstrated by the wide con-
fidence intervals in Table 3. This limitation explains the lack of
definitive association between PH2 and clinical outcome (Table
5). In addition, our outcome data were derived on the basis of
univariate analysis instead of multivariate regression, focusing
only on the hemorrhage effect and excluding other clinical and
procedural variables. However, the goal of the outcome analysis
was to analyze the clinical effect of each ICH subtype compared
with all other hemorrhages, rather than identifying overall predic-
tors of clinical outcome.

CONCLUSIONS

The higher rate of intracranial hemorrhage observed in the
SWIFT trial with the Merci retriever versus the Solitaire FR was
mostly related to increased occurrence of SAH and to a lesser
degree of IVH, PH2, and cortical ICH. Each one of these ICH
subtypes was strongly associated with IA-rtPA rescue therapy. In
comparison with the Merci device, the Solitaire likely offsets SICH
due to a lower incidence of vascular injury and a decreased need
for additional IA rtPA administration.



Basal ganglia ICH has a substantial deleterious effect on clini-
cal outcome and is related in part to reperfusion of subcortical
tissues that have already sustained advanced ischemic injury, in-
dependent of the type of device used.

These findings warrant cautious use of additional rescue IA-
rtPA after mechanical thrombectomy, particularly in patients
with established basal ganglia infarcts and prolonged time from
symptom onset.
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Risk Factors for Hemorrhagic Complications following Pipeline

Embolization Device Treatment of Intracranial Aneurysms:
Results from the International Retrospective Study of the
Pipeline Embolization Device
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ABSTRACT

BACKGROUND AND PURPOSE: Spontaneous intraparenchymal hemorrhage is a dreaded complication of unknown etiology following
flow-diversion treatment. Using the International Retrospective Study of the Pipeline Embolization Device registry, we studied demo-
graphic, aneurysm, and procedural characteristics associated with intraparenchymal hemorrhage following Pipeline Embolization Device
treatment.

MATERIALS AND METHODS: We identified patients in the International Retrospective Study of the Pipeline Embolization Device registry
with intraparenchymal hemorrhage unrelated to index aneurysm rupture post-Pipeline Embolization Device treatment. The rate of
intraparenchymal hemorrhage was determined by baseline demographics, comorbidities, aneurysm characteristics, and procedural char-
acteristics (including anticoagulation use, platelet testing, number of devices used, sheaths, catheters, and guidewires). Categoric variables
were compared with x? testing, and continuous variables were compared with the Student t test.

RESULTS: Of 793 patients with 906 aneurysms, 20 (2.5%) had intraparenchymal hemorrhage. Fifteen intraparenchymal hemorrhages
(75.0%) occurred within 30 days of treatment (median, 5 days; range, 0-150 days). Nine patients with intraparenchymal hemorrhage (45.0%)
died, 10 (50.0%) had major neurologic morbidity, and 1 had minor neurologic morbidity (5.0%). Intraparenchymal hemorrhage was ipsilateral
to the Pipeline Embolization Device in 16 patients (80%) and contralateral in 3 patients (15.0%). Variables associated with higher odds of
intraparenchymal hemorrhage included treatment of ruptured aneurysms (OR, 4.44; 95% Cl, 1.65-11.94; P = .005) and the use of =3 Pipeline
Embolization Devices (OR, 4.10; 95% Cl,1.34—12.58; P = .04). The Shuttle sheath was not associated with intraparenchymal hemorrhage (OR,
0.97; 95% Cl, 0.38-2.45; P = .95).

CONCLUSIONS: Spontaneous intraparenchymal hemorrhage following Pipeline Embolization Device treatment is a rare-but-devastating
complication, with nearly all patients having morbidity or mortality. Variables associated with intraparenchymal hemorrhage included the
use of multiple Pipeline Embolization Devices and treatment of ruptured aneurysms. The Shuttle, a device that was previously thought to
be associated with intraparenchymal hemorrhage, was not associated with it.

ABBREVIATIONS: IntrePED = International Retrospective Study of the Pipeline Embolization Device; IPH = intraparenchymal hemorrhage; PED = Pipeline
Embolization Device

he Pipeline Embolization Device (PED; Covidien, Irvine, Cal-
ifornia) is increasingly used in the treatment of intracranial
aneurysms.'™ The bare metal construct of the PED serves as a
scaffold for neointimal proliferation, thereby excluding the aneu-
rysm sac from the parent artery.>® A number of previous studies
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have demonstrated that the PED is associated with high rates of
aneurysm occlusion with relatively low complication rates."
Spontaneous intraparenchymal hemorrhage (IPH) is one of
the most dreaded complications of aneurysm treatment with flow
diverters.””'? Although rarely reported after stent-assisted coiling
of aneurysms, systematic reviews of flow-diverter treatment sug-
gest that this complication occurs in 2%—4% of patients. Little is
known regarding the exact etiology or risk factors of post-flow-
diverter IPH.””"> A number of theories have been proposed, in-
cluding the use of dual antiplatelet therapy, activation of platelets
despite antiplatelet therapy by shearing over the metal surface
area and subsequent hemorrhagic transformation of embolic
platelet plug—mediated ischemic stroke, hemodynamic perturba-
tions (hypo- or hyperperfusion states) during and immediately



after flow-diverter treatment, and embolization of polyvinylpyr-
rolidone, a compound found in a number of catheters including
the Shuttle guide sheath (Cook, Bloomington, Indiana).'® Using
the International Retrospective Study of the Pipeline Emboliza-
tion Device (IntrePED) registry, we compared the clinical and
procedural characteristics of patients who had postoperative IPH
and those who did not, to determine which clinical and proce-
dural characteristics were associated with IPH.

MATERIALS AND METHODS

Study Design and Participants

This study is a subanalysis of the IntrePED study, which has been
previously published.'* Details regarding ethics committee and
institutional review board approval and inclusion and exclusion
criteria are provided in the original article."* Several additional
subgroup analyses separate from this study are currently under-
way by using data from the IntrePED registry. This study will be
the only subgroup analysis performed examining variables asso-
ciated with IPH in the IntrePED registry. We retrospectively eval-
uated all patients with intracranial aneurysms treated with the
Pipeline Embolization Device in the IntrePED registry. Seven
hundred ninety-three patients treated for 906 aneurysms were
enrolled.

Procedures

Because this was a retrospective registry, procedural details and
patient management varied across centers. All centers reported
baseline characteristics of patients and aneurysms, procedural in-
formation, and follow-up information from clinic visits or tele-
phone calls by using a common study protocol form. Site investi-
gators identified patients who had IPH by using the study
protocol form. All complications including IPH were reviewed in
detail by an Adverse Events Review Committee, comprising 3
members of the Steering Committee, including the overall study
Principal Investigator. The committee determined whether the
IPH was major or minor. A “major” adverse event was defined as
an ongoing clinical deficit at 7 days following the event. All major
adverse events were included in the neurologic morbidity and
mortality rates. Timing of all adverse events was in relation to the
time of the PED placement.

Baseline Characteristics and Outcomes

For each patient, the following characteristics were collected as
part of this study: age, sex, hypertension, control of hypertension,
smoking status, aneurysm location, aneurysm rupture status, an-
eurysm type, aneurysm size, use of antiplatelet medications before
the procedure, use of platelet aggregation studies, heparin admin-
istration and reversal, number of PEDs used, type of sheath used,
type of guide catheter used, type of microcatheter used, type of
guidewire used, balloons used, and type of closure device used.
The incidence of IPH was calculated for each of the above-men-
tioned variables.

In addition, for patients with any cerebrovascular hemor-
rhagic complication, we obtained the following information:
whether the hemorrhage was ipsilateral or contralateral to the
device; timing after surgery; final clinical outcome (minor mor-
bidity, major morbidity, death); and a clinical report of a preced-

ing embolic event and other procedural complications, including
but not limited to vessel perforation. “Minor morbidity” was de-
fined as a clinical deficit that persisted <7 days, and “major mor-
bidity” was defined as a clinical deficit that persisted =7 days.

Statistical Analysis

Statistical analyses were performed by using SAS, Version 9.2 or
higher (SAS Institute, Cary, North Carolina). Descriptive statis-
tics will be used to present the data and to summarize the results.
Discrete variables will be presented by using frequency distribu-
tions and cross-tabulations. Continuous variables will be summa-
rized by presenting the number of observations and mean, SD,
median, minimum, and maximum values. For categoric vari-
ables, differences between the randomized arms were tested by
using appropriate contingency table analyses (Exact or x> approx-
imations). For continuous variables, the differences were tested
by using an unpaired Student ¢ test or a nonparametric test, de-
pending on variable distribution. Odds ratios and 95% confi-
dence intervals were obtained by using the univariate logistic re-
gression. All statistical analyses were performed on a per-patient
basis.

Role of the Funding Source

An academic Principal Investigator and an academic Steering
Committee supervised the trial design and operations. The Prin-
cipal Investigator and Steering Committee were independent of
the funding source. The Steering Committee interpreted the re-
sults, and the Principal Investigator wrote the report. The study
sponsor was responsible for site management, data management,
statistical analysis, and safety reporting. The corresponding au-
thor had full access to all study data and had final responsibility
for the decision to submit for publication.

RESULTS

Patient and Aneurysm Characteristics and IPH

A summary of the baseline characteristics of all patients included
in the IntrePED registry is provided elsewhere.'* Twenty (2.5%)
patients with 21 treated aneurysms had IPH, while 773 patients
(97.5%) did not. There was no difference in the mean age of pa-
tients with and without IPH (61.4 % 13.4 years versus 56.8 * 14.2
years, P = .16). Smoking rates (OR, 1.41;95% CI, 0.40—4.92; P =
.59) were not associated with IPH. There was a trend toward
higher odds of IPH in the hypertension group (OR, 2.45; 95% CI,
0.96-6.23; P = .06). These data are summarized in Table 1.

No aneurysm locations were associated with higher or lower
odds of IPH. There was a similar rate of IPH in anterior circula-
tion versus posterior circulation aneurysms (OR, 1.14; 95% CI,
0.26-5.00; P = .86). Treatment of ruptured aneurysms was asso-
ciated with higher odds of IPH (OR, 4.44; 95% CI, 1.65-11.95;
P =.005). There was no difference in IPH rates by aneurysm type
or aneurysm size. These data are summarized in Table 1.

Procedure Characteristics

Use of =3 PEDs (OR, 4.10; 95% CI, 1.34-12.58; P = .04) was
associated with higher odds of IPH. Use of the Shuttle was not
associated with higher odds of IPH (OR, 0.95; 95% CI, 0.38-2.45;
P = .95). Pretreatment antiplatelet therapy (OR, 0.93; 95% CI,
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Table 1: Demographic and aneurysm characteristics

with associated SAH resulting from

Characteristics IPH/Subtotal OR P Value spontaneous rupture of a treated giant
Sex cavernous carotid aneurysm.
Male 2.5% (4/16)) Ref
Female 2.5% (16/632) 1.02 (0.34-3.09) 97
Hypertension DISCUSSION
Yes 5.2% (13/249) 2.45(0.96-6.23) .06 Our current large, multicenter study of
No 2.2% (7/318) Ref flow-diversion therapy confirms that
Co;trolled hypertension 8% (12/206 058 (0.0215.92 - approximately 2% of patients will have
NZS 0 0; E 0 // " ) 58 kef_ 92) ’ ipsilateral IPH. All patients who experi-
Current smoker e enced IPH in our study had either major
Yes 3.2% (3/94) 132 (0.38—4.60) 66 morbidity or mortality. Most IPH cases
No 2.4% (17/699) Ref occurred within the first week of the
Aneurysm location procedure, and all cases occurred within
Hegieite dirlEifen 2.2%(2/89) Ref 6 months of the procedure. In our series
Anterior circulation 2.6% (18/704) 1.14 (0.26-5.00) .86 . P a . ?
Aneurysm location by vessel treatment variables associated with IPH
Internal carotid artery 2.4% (14/590) Ref included treatment of ruptured aneu-
PcomA 3.8% (2/53) 1.61(0.36-7.30) 78 rysms and the use of =3 PEDs. The
ACA[ 25.0% §2/8)) 13.71 52.54—74.0)2) 01 Shuttle, a device that was previously
Basilar artery 2.3%(1/43 0.98(0.13-7.63 43 . .
tulated to b ted with IPH,
Vertebral artery 3.0% (1/33) 129 (0.16-10.09) 63 postuiated to be assoctated with
Rupture status was not associated with IPH in our
Unruptured 1.9% (14/719) Ref study.'>'* These findings suggest that
Ruptured 8.1% (6/74) 4.44 (1.65-11.94) .00 the etiology of IPH following PED treat-
Aneurysm type ment is multifactorial, due to a constel-
SacF ular 2.0% (12/600) Ref lation of risk factors, including aneu-
Fusiform 3.9% (4/102) 1.92 (0.42-8.82) 91
Dissecting 3.8% (2/53) 2,00 (0.63-6.33) 82 rysm rupture status and the use of
Other 5.3% (2/38) 272 (0.59-12.63) 48 multiple PEDs.
Aneurysm size The exact mechanism of IPH follow-
;]g:;m ;25’ (ﬁ/ gg? - OR7€8f s 84 70 ing PED treatment is uncertain, but a
>;5 rﬁmmm 4.8‘70 &; 6) ) 318 §0.77:13. 0 4)) 9 number of different theories have been

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

0.27-3.23), preprocedual platelet aggregation studies (OR, 0.95;
95% CI, 0.36-2.49; P = .91), and heparin administration (OR,
1.14; 95% CI, 0.26-5.00; P = .92) were not associated with IPH.
No microcatheters, sheaths, or guidewires were associated with
IPH. The use of closure devices was not associated with IPH.
These data are summarized in Table 2.

Timing and Clinical Outcomes of IPH

Of the 20 patients who had IPH, 11 (55.0%) had it within 1 week
of the procedure. Four patients (20.0%) had IPH between 1 week
and 1 month of the procedure, 1 patient had IPH between 1 and 3
months of the procedure (5.0%), and 3 patients had IPH between
3 and 6 months of the procedure (15.0%). No patients had IPH
after 6 months following treatment. The median time of onset for
IPH was 5 days, the mode was 1 day as 6 patients had IPH 1 day
following treatment. In 1 patient, the timing of the IPH was un-
certain. Among patients with IPH, 9 (45.0%) died, 10 (50.0%)
had major neurologic morbidity, and 1 patient (5.0%) had minor
neurologic morbidity. The location of the IPH was ipsilateral to
the device in 16 patients (80.0%) and contralateral to the device in
3 patients (15.0%). In 1 patient, the location of the hemorrhage
was unknown. Four patients with IPH (20.0%) had a clinical
ischemic event (transient ischemic attack or stroke) before the
IPH. One patient had IPH the day after the procedure following
perforation of a vessel with a guidewire, and 1 patient had IPH
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proposed. One histopathologic study of
3 patients who died after PED-associ-
ated intracranial hemorrhage demon-
strated that in each case, there was evidence of a foreign material
(polyvinylpyrrolidone) in the distal vasculature of the hemor-
rhagic lesion."'® Polyvinylpyrrolidone is a substance that is com-
monly used as a coating material for a number of interventional
devices, including the Shuttle guide sheath. In that study, the au-
thors demonstrated that macroscopic bits of polyvinylpyrroli-
done could be released from this device with minimal manipula-
tion.'® In addition, other studies from the interventional
cardiology literature have demonstrated that friction during
placement and manipulation of the Shuttle sheath results in de-
position of hydrophilic embolic materials causing substantial for-
eign-body reactions.'”>"'” Polyvinylpyrrolidone emboli have been
shown to result in angiothrombosis and granulomatous angiitis,
with resultant vascular injuries.'® However, Hu et al'® did not find
any evidence of such granulomatous reaction in association with
these polyvinylpyrrolidone emboli following PED treatment. In
our current study, we found no association between the Shuttle
and IPH following flow-diversion therapy. Given the large size of
our study compared with prior studies implicating the Shuttle as
causing IPH, our data call into question the association.

The use of dual antiplatelet agents has also been proposed as a
potential etiology of IPH. In general, patients treated with flow
diverters such as the PED are treated with at least 3 months of dual
antiplatelet therapy. A number of studies have demonstrated that
most IPHs following PED placement occur within 1 month and



Table 2: Procedure and device characteristics

coil patients suggests an innate increase

Characteristics IPH/Subtotal® OR PValue in the incidence with PEDs. One may
Preprocedural antiplatelet use speculate that the increased metal sur-
Yes 2.5% (17/681) 0.93(0.27-3.23) 9 face area to which the platelets are ex-
N2 i ) 27%(3/m2) Ref posed may result in activation through
Preprocedural platelet aggregation studies . . .
Yes 2.5% (14/564) 0.95(0.36-2.49) 9 increased shear, despite antiplatelet
No 2.6% (6/229) Ref therapy. This may cause activated plate-
Heparin administration let plugs embolizing distally with sec-
Yes 2.6% (18/704) 114 (0.26-5.00) 86 ondary hemorrhagic transformation of
No 2.2% (2/89) Ref resulting ischemic infarcts. This hypoth-
Re\\/(ersal cillepaiy 5 6% (1/18 533(029_18.49 . esis is given credence through our find-
NZS 2:57: Eé /6?89) 51 ﬁef: 9) ' ings of a 4-fold increase in IPH following
No. of PEDs used multiple PEDs, which would nominally
1 1.7% (9/533) Ref reflect a much greater metal surface
2 3.3% (6/183) 1.97 (0.69-5.62) 96 shear area exposed to platelets. To date,
3+ ' 6.6% (5/76) 410 (1.34-12.58) .04 no studies have conclusively linked si-
How multiple PEDs were used .
Overlapping 14% (2/140) Ref lent infarcts to IPH, to our kr.lowledge.
Multiple layers 75%(3/40)  559(0.90-3472) .96 In fact, 1 small study of 4 patients with
Additional length 7.9% (6/76) 5.91(1.16-30.06) 96 post-flow-diverter-therapy IPH and im-
Multiple layers and overlapping 0.0% (0/2) NA aging in the immediate postoperative
Sheaths used period before the IPH found no cases of
Medical Arrow-Flex® ischemic lesions preceding the develop-
Yes 0.0% (0/35) NA o
No 3.5% (19/546) ment of IPH.
Medical Shuttle Select The exact cause behind the signifi-
Yes 3.2% (8/249) 0.97 (0.38-2.45) 95 cantly increased incidence following
No 3.3%(11/332) Ref treatment of ruptured aneurysms as
Pinnacle Destination® 5 noted in our study is not clear. It is pos-
LZS 5391;: 5127/;:37) 195 (0;63;8’80) 39 sible that the increased acute-phase re-
MiereeriEer uwed actant environment could facilitate
Marksman® platelet activation and result in subse-
Yes 3.2% (18/557) 0.77 (0.10-6.00) .80 quent embolic and thereby hemorrhagic
No 42%(1/24) Ref events. While most of the ruptured an-

2 The number of IPHs does not add up to 20 in all subanalyses because these data were missing in some patients.

b Teleflex, Limerick, Pennsylvania.
€ Terumo, Tokyo, Japan.
d Covidien, Irvine, California.

events occurring beyond 6 months are exceedingly rare.>'*'" The
fact that the timing of these events and the duration of dual anti-
platelet therapy coincide cannot be dismissed. In our study, it
would be impossible to find a statistical correlation between the
use of antiplatelet agents and hemorrhage as by design, all patients
were to be maintained on dual antiplatelet regimens. Studies ex-
amining the association between preprocedural P2Y12 reaction
units and the risk of hemorrhagic complications have demon-
strated that P2Y12 reaction unit values of <60 portend a higher
risk of hemorrhage.' ' We did not study the association between
P2Y12 reaction unit values and hemorrhagic complications.
However, we found no association between the use of platelet
testing and the risk of hemorrhagic complications. To date, no
studies have demonstrated a decreased risk of hemorrhagic com-
plications among patients receiving a titration of dual antiplatelet
therapy in response to results of platelet testing, to our knowledge.

Intraparenchymal hemorrhages have been previously re-
ported following standard stent-assisted coiling of intracranial
aneurysms; however, these events tend to be exceedingly rare.202?
Typically, intracranial stent placement requires dual antiplatelet
therapy for at least 3 months, similar to PED use, so the increased
number of reported IPHs among PED patients relative to stent-

eurysms treated in this study were not
treated in the acute phase of subarach-
noid hemorrhage, studies suggest that
acute-phase proteins can remain ele-
vated for several months following subarachnoid hemorrhage.**

Another hypothesis that has been suggested regarding the eti-
ology of IPH is one of hyperperfusion following PED placement.
This is thought to be due to a sudden loss of a large capacitance
chamber in the form of a giant aneurysm. Chiu and Wenderoth>®
postulated that cerebral hyperperfusion syndrome can occur fol-
lowing the placement of a flow-diverting device across an aneu-
rysm neck. In their case report, the authors suggested that by
diverting blood flow from the aneurysm sac into the parent vessel
and reducing aneurysm expansion during systole, flow-diverting
stents effectively increase the degree of perfusion to the distal
arterial territory and can result in cerebral hyperperfusion syn-
drome due to the Windkessel effect.”*> Similar hemodynamic
perturbations have been seen following surgical clipping.*® How-
ever, our data found no correlation with aneurysm size, which
would argue against this concept.

Our study demonstrated a strong association between the use
of multiple PEDs and hemorrhagic events. The use of multiple
PEDs has been shown to be associated with poor neurologic out-
come related to thromboembolic and hemorrhagic complications
in 1 previous series of 74 patients.>” However, to our knowledge,

AJNR Am J Neuroradiol 36:2308-13  Dec 2015 www.ajnr.org 231



no previous study has to date demonstrated a strong statistical
correlation between the use of multiple PEDs and IPH. The asso-
ciation between the use of multiple PEDs and hemorrhagic com-
plications is likely due to multiple factors including prolonged
procedural time, increased platelet activation, and possible hemo-

dynamic alterations from the placement of multiple stents.'*-*>

Limitations

Our study has limitations. First, because the number of IPH
events was low, we are limited in our power to detect associations
between IPH and the above-mentioned variables. Our study pro-
tocol did not require regular postoperative imaging with CT or
MR imaging. Thus, we cannot determine whether these areas of
hemorrhage are due to hemorrhagic transformation of silent in-
farctions. Another limitation is that for patients receiving platelet
testing, we do not have information regarding platelet responsive-
ness before the hemorrhagic event or whether and how antiplate-
let prescriptions changed in response to these tests.

Last, we do not have any consistent data regarding how these
hemorrhages were managed. A recent study by Tomas et al*®
demonstrated that surgical evacuation of IPHs following flow-
diverter treatment resulted in favorable clinical outcome on fol-
low-up. These procedures were safe and effective in all 4 cases in
the Tomas et al study, despite the use of dual antiplatelet therapy
as all patients had platelet transfusion immediately before the sur-
gical procedure. Single antiplatelet therapy with aspirin in the
immediate postoperative period was safe and effective in all 4
cases as no patients had rehemorrhage or in-stent thrombosis or
stroke.

CONCLUSIONS

Spontaneous IPH following endovascular treatment of intracra-
nial aneurysms with the PED is a rare-but-devastating complica-
tion with 100% of patients having major morbidity or mortality.
The exact cause of this complication is not well-established and is
likely multifactorial. Variables associated with IPH include use of
multiple PEDs and treatment of ruptured aneurysms. All IPHs
occurred within 6 months of the procedures, suggesting that the
use of antiplatelet therapy is a potential risk factor. The Shuttle, a
device that was previously thought to be associated with IPH, was
not associated with it in this study. Future efforts for reducing the
risk of hemorrhagic complications following PED placement
should focus on limiting the number of PEDs used, when
possible.
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WEB-DL Endovascular Treatment of Wide-Neck Bifurcation
Aneurysms: Long-Term Results in a European Series

L. Pierot, J. Klisch, “*'T. Liebig, J.-Y. Gauvrit, M. Leonardi, N.P. Nuzzi, F. Di Paola, V. Sychra, B. Mine, and B. Lubicz
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ABSTRACT

BACKGROUND AND PURPOSE: Flow disruption with the WEB-DL device has been used safely for the treatment of wide-neck bifurcation
aneurysms. The stability of aneurysm occlusion after this treatment was evaluated in the short and midterm, but not in the long term. This
retrospective multicenter European study is the continuation of an already published series dealing with short- and midterm anatomic
results and analyzes long-term data in patients treated with the WEB-DL.

MATERIALS AND METHODS: Twelve European neurointerventional centers initially participated in the study. In addition to data col-
lected for the initial publication, images obtained at long-term follow-up were collected and independently analyzed by the same
experienced interventional neuroradiologist.

RESULTS: Of the initial 45 patients, 26 (20 women and 6 men; 35-73 years of age; mean, 55.2 = 10.6 years; median, 55.5 years) with
26 aneurysms treated with the WEB-DL device had long-term follow-up (median, 27.4 months). Three of 26 patients (11.5%) were
retreated between short- and midterm follow-up, and none, between mid- and long-term follow-up. Long-term aneurysm occlusion
in the 19 patients treated with the WEB only and not retreated during follow-up was complete occlusion in 13/19 patients (68.4%),
including aneurysms with opacification of the proximal recess in 9/19 patients (47.4%), neck remnant in 3/19 patients (15.8%), and
aneurysm remnant in 3/19 patients (15.8%). In all patients (100.0%), aneurysm occlusion was stable between midterm and long-term
follow-up.

CONCLUSIONS: The results suggest that WEB treatment of wide-neck bifurcation aneurysms offers long-term stable occlusion.

ABBREVIATIONS: DL = Dual Layer; WEBCAST = WEB Clinical Assessment of IntraSaccular Aneurysm Therapy

Endovascular treatment is now the first-line treatment for both
ruptured and unruptured intracranial aneurysms.'™* How-
ever, the limitations of standard coiling have contributed to the
development of new endovascular approaches, including bal-
loon-assisted coiling, stent-assisted coiling, flow diversion, and
flow disruption.’
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The WEB aneurysm embolization system (Sequent Medi-
cal, Aliso Viejo, California) is an intrasaccular device designed
to disrupt the intra-aneurysmal flow at the level of the neck.®™®
Several devices are now available in the WEB family: WEB—
Dual Layer (DL) and the more recently introduced WEB-Sin-
gle Layer (SL) and WEB-Single Layer Sphere (SLS)."° Initial
clinical experience and recent multicenter series have shown
the clinical utility of this device in wide-neck bifurcation an-
eurysms with high technical success and low acute morbidity
and mortality.””"" Also, the initial WEB-DL literature sug-
gested good efficacy with a high percentage of complete and
adequate occlusion (complete occlusion or neck remnant) in
the postoperative period and in the short-term follow-up. In
the WEB Clinical Assessment of IntraSaccular Aneurysm Ther-
apy (WEBCAST) trial, complete and adequate occlusion was
observed in, respectively, 56.1% and 85.4% of aneurysms.11 A
retrospective series evaluating both short- (median, 6 months)
and midterm (median, 13 months) follow-up showed ade-

quate occlusion in, respectively, 81.1% and 89.7% of aneu-



rysms.'> Between short- and midterm follow-up, aneurysm
occlusion was stable in 92.9% of aneurysms.

Aneurysm recanalization is an important issue in endovascu-
lar therapy, and wide-neck aneurysms (typical indications for the
WEB) are highly prone to recanalization.'>'* Because the WEB is
dedicated to the treatment of wide-neck bifurcation aneurysms, it
is important to assess the long-term stability of aneurysm occlu-
sion after WEB treatment. As a multicenter trial, the European
study was already conducted in the first patients treated with the
WEB; therefore, the decision was made to collect and analyze
long-term follow-up in this series of patients when available.'* In
this initial series, it was shown that opacification of the proximal
recess was always stable at midterm and that it was equivalent to
complete occlusion.'?

MATERIALS AND METHODS

Population

The study received institutional review board approval, and ac-
cording to the design of the trial, informed consent was waived.
European neurointerventional centers selected for the previous
series were contacted to inquire whether long-term anatomic fol-
low-up was performed for their patients and whether they agreed
to participate in this new analysis. Of the 12 European centers
participating in the initial study, 10 had follow-up for some or all
of their patients and agreed to participate.

WEB-DL Device and Procedural Modalities

The WEB-DL device and procedural modalities were previously
presented in the initial article describing short- and midterm
follow-up."?

Data Collection

As previously described, each center completed a patient file with
the following data: patient age and sex, aneurysm status (rup-
tured/unruptured), aneurysm characteristics including location
classified into 4 groups (ICA, MCA, posterior circulation, ante-
rior communicating artery), size and neck size, date of the proce-
dure, occurrence of complications during or after the procedure,
use of additional devices during the procedure (coils, remodeling
balloons, stents, or flow diverters), and the modified Rankin Scale
score at discharge and at last follow-up.'?

In complement to images already collected (pre- and postop-
erative, short-term, and midterm), long-term images were col-
lected. Short-term follow-up was defined as the first follow-up
performed <8 months after initial treatment. The second fol-
low-up was defined as midterm follow-up, and the third follow-
up, as long-term follow-up.

For digital subtraction angiography, frontal, lateral, and working
views were collected as well as 3D angiography when available. For
MR angiography and CT angiography, frontal, lateral, and working
view reconstructions were collected. MRA or CTA examinations
were used exclusively when DSA was not performed.

Data Analysis

To evaluate the anatomic results in a homogeneous population
with typical indications for WEB-DL, we included patients if their
aneurysms met precise criteria:

e Located at a bifurcation: ICA, MCA, anterior communicating
artery, basilar artery, and PICA

e Nonthrombosed

With a wide neck (=4 mm)

With a maximum diameter of =12 mm.

The independent reader, who already analyzed the images (pre-
and postoperative, short-term and midterm follow-up) for the
initial series (J.-Y.G.), reviewed the long-term follow-up images.
They were evaluated by using a 3-grade scale: complete occlusion
(including complete occlusion with opacification of the proximal
recess of the device), neck remnant, and aneurysm remnant. The
reader also analyzed the evolution of aneurysm occlusion between
mid- and long-term follow-up and classified it as improved, sta-
ble, or worsened.

Clinical data were already reviewed and analyzed by the 2
principal investigators of the study (B.L. and L.P.) for the ini-
tial series.

RESULTS

Patient and Aneurysm Population

The population of the initial series (midterm follow-up) was 45
patients.'> Among these 45 patients, 26 (20 women and 6 men;
35-73 years of age; mean, 55.2 * 10.6 years; median, 55.5 years)
with 26 aneurysms treated with the WEB-DL device had long-
term follow-up.

Aneurysm locations were the following: the MCA in 13 pa-
tients, posterior circulation in 9 patients (including 8 patients
with basilar artery aneurysms and 1 with PICA aneurysm), ante-
rior communicating artery in 3 patients, and ICA terminus in 1
patient. Two aneurysms were ruptured, and 24 were unruptured.
Aneurysm size was 5.0-11.5 mm (mean, 7.8 * 1.6 mm; median,
8.0 mm). Neck size was 4.0-9.0 mm (mean, 5.7 = 1.4 mm; me-
dian, 5.6 mm).

Treatment Modalities

Treatment was conducted in a standard manner in 21 patients
with 1 device deployed in the aneurysm. In 1 patient, 2
WEB-DL devices were deployed in the aneurysm due to the
aneurysm shape. In 3 patients, stent placement was used as an
additional treatment due to WEB-DL protrusion (2 patients)
and to thromboembolic complication treated with abciximab
and stent (1 patient). One patient had additional treatment
with coils.

Technical Issues, Complications, and Clinical Outcome
Three thromboembolic complications were observed during the
treatment. At last clinical follow-up, the mRS score was zero in 2
patients and 1 in 1 patient.

No intraoperative rupture was observed in this series.

Overall clinical outcome results at last clinical follow-up
(6-28 months; mean, 13.8 *= 5.6 months; median, 13.0
months) were as follows: 24 patients with mRS 0 and 2 patients
with mRS 1 (1 related to initial bleeding; 1, to a thromboem-
bolic event).
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FIG1. A, Preoperative DSA shows a wide-neck middle cerebral artery aneurysm with a daughter sac. B and C, Three- and 12-month DSA show
complete aneurysm occlusion. D, Twenty-seven-month MRA shows complete aneurysm occlusion.

FIG 2. A, Preoperative DSA shows a wide-neck anterior communicating artery aneurysm. B-D, Six-, 12-, and 26-month DSA show stable

complete aneurysm occlusion with opacification of the proximal recess.

Retreatment
Three of 26 patients (11.5%) were retreated between short-
and midterm follow-up. Two of these retreatments were
planned according to aneurysm morphology and were part of
the treatment strategy. Retreatment was performed with coils
in 1 patient and coils + stent in 1 patient. One retreatment was
unplanned, due to initial undersizing of the WEB, and was
performed with coils.

No retreatment was performed between mid- and long-term
follow-up.

Short-Term Anatomic Outcome

Because the goal of the study was to evaluate the quality and
stability of aneurysm occlusion after WEB-DL treatment, the 4
patients with additional coiling and/or stent placement were
not included in the evaluation. Finally 22/26 patients (84.6%)
were evaluated in the short-term. Short-term follow-up was
obtained from 2 to 8 months after the initial treatment (mean,
4.8 + 2.5 months; median, 5 months). Modalities of short-
term follow-up were DSA in 19 patients, MRA in 2 patients,
and CTA in 1 patient.

Complete aneurysm occlusion was obtained in 13/22 pa-
tients (59.1%) (Fig 1), including opacification of the proximal
recess with complete occlusion of the aneurysm in 9/22 pa-
tients (40.9%) (Fig 2). Neck remnant was observed in 5/22
patients (22.7%), and aneurysm remnant in 4/22 patients
(18.2%). Adequate occlusion (complete occlusion or neck
remnant) was observed in 18/22 patients (81.8%).

Midterm Anatomic Outcome
Because the goal of the study was to evaluate the quality and sta-
bility of aneurysm occlusion after WEB-DL treatment, 7 patients
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with additional coiling and/or stent placement during the initial
procedure or retreatment were not included in the evaluation.
One patient refused midterm follow-up examination. Finally
18/26 patients (69.2%) were evaluated in the midterm. Midterm
follow-up was obtained from 8 to 28 months after the initial treat-
ment (mean, 14.9 + 8.3 months; median, 13.0 months). Modal-
ities of midterm follow-up were DSA in 14 patients and MRA in 4
patients.

Complete aneurysm occlusion was obtained in 13/18 patients
(72.2%) (Fig 1), including opacification of the proximal recess
with complete occlusion of the aneurysm in 9/18 patients (50.0%)
(Fig2). Neck remnant was observed in 3/18 patients (16.7%), and
aneurysm remnant in 2/18 patients (11.1%). Adequate occlusion
(complete occlusion, opacification of the proximal recess, or neck
remnant) was observed in 16/18 patients (88.9%).

Evolution between Short-Term and Midterm Follow-Up
In 16/18 patients (88.9%), aneurysm occlusion was stable (Fig 1).
In 2/18 patients (11.1%) with a neck remnant at 3 months, a
worsening of the aneurysm occlusion was observed in midterm
follow-up with aneurysm remnants in both cases. These 2 patients
were not retreated and had no further worsening of aneurysm
occlusion at long-term follow-up.

All patients with opacification of the proximal recess at short-
term follow-up had a stable aneurysm occlusion at midterm fol-
low-up (Fig 2).

Long-Term Anatomic Outcome

Long-term follow-up was analyzed in 19 patients. The patient
who refused the second (midterm) follow-up finally accepted the
third follow-up. Seven patients with additional coiling and/or



FIG3. A, Preoperative DSA shows a wide-neck basilar artery aneurysm. B, The WEB device is deployed in the aneurysm. C and D, Six-month DSA
(oblique and lateral views) shows a small aneurysm remnant. E and F, Twenty-one-month DSA (oblique and lateral views) shows that the

aneurysm remnant has not grown.

stent placement during the initial procedure or retreatment were
not included in the evaluation.

Long-term follow-up was obtained from 18 to 41 months after
the initial treatment (mean, 27.9 = 13.7 months; median, 26.0
months). Modalities of midterm follow-up were DSA in 6 pa-
tients, MRA in 9 patients, and CTA in 4 patients.

Complete aneurysm occlusion was obtained in 13/19 patients
(68.4%) (Fig 1), including opacification of the proximal recess
with complete occlusion of the aneurysm in 9/19 patients (47.4%)
(Fig2). Neck remnant was observed in 3/19 patients (15.8%), and
aneurysm remnant in 3/19 patients (15.8%). Adequate occlusion
(complete occlusion, opacification of the proximal recess, or neck
remnant) was observed in 16/19 patients (84.2%).

Evolution between Midterm and Long-Term Follow-Up
In all patients (100.0%), aneurysm occlusion was stable between
midterm and long-term follow-up (Figs 1 and 2).

All patients with opacification of the proximal recess at mid-
term follow-up had a stable aneurysm occlusion at long-term fol-
low-ups; this result was equivalent to complete occlusion.

DISCUSSION
Precise evaluation of new endovascular techniques for intracra-
nial aneurysm treatment is mandatory to determine their safety
and efficacy compared with already established techniques. Effi-
cacy has to be analyzed not only with short- and midterm ana-
tomic results but also in longer follow-up.

The prospective good clinical practice studies (WEBCAST,
French Observatory) conducted with the WEB have shown good
safety of flow disruption in the treatment of wide-neck bifurca-

tion aneurysms with no mortality and low morbidity.'®"" Short-
term (6 months) anatomic results were already reported in the
WEBCAST study, showing complete occlusion in 56.1% of pa-
tients, neck remnant in 29.3%, and aneurysm remnant in only
14.6%. In the WEBCAST and French Observatory studies, evalu-
ation of anatomic results will be performed at 1 year and then at 3
and 5 years.

Due to the issue of recanalization after endovascular treatment
of aneurysms, WEB efficacy must be evaluated not only at short
term but also at midterm and long term. It is singularly true for
WEB treatment because its major indication is wide-neck bifur-
cation aneurysms, which are prone to recurrence.'* After the be-
ginning of clinical experience with the WEB in 2010, it was im-
portant to have early and ongoing evaluation of aneurysm
occlusion after WEB treatment. A retrospective analysis was con-
ducted in 12 European centers in the first 45 patients treated with
the WEB-DL."? In this series, 4/45 patients (8.9%) were retreated
within months following the initial WEB-DL treatment, 2 of these
retreatments being planned according to aneurysm morphology
and part of the treatment strategy. Short-term anatomic fol-
low-up showed complete aneurysm occlusion in 21/37 patients
(56.8%) that includes aneurysms with opacification of the proxi-
mal recess in 12/37 patients (32.4%), neck remnant in 9/37 pa-
tients (24.3%), and aneurysm remnant in 7/37 patients (18.9%).
Midterm anatomic follow-up (median, 13 months) showed com-
plete aneurysm occlusion in 20/29 patients (69.0%) that includes
aneurysms with opacification of the proximal recess in 12/29
patients (41.4%), neck remnant in 6/29 patients (20.7%), and
aneurysm remnant in 3/29 patients (10.3%). Aneurysm occlusion
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was stable between short- and midterm follow-up in 26/28 pa-
tients (92.9%). In 2/28 patients (7.1%) with neck remnants, a
worsening of the aneurysm occlusion was observed in midterm
follow-up, leading to aneurysm remnant in both cases. All pa-
tients with opacification of the proximal recess at short-term
follow-up had a stable aneurysm occlusion at mid-
term follow-up, and this result was equivalent to complete
occlusion.

Recently, a single center reported different results in a relatively
small number of aneurysms."” In this series that included 15 patients
with 15 aneurysms consecutively treated with the WEB, aneurysm
occlusion evaluated in 7 patients at midterm follow-up (median, 18.6
months) was complete occlusion in 0/7 aneurysms (0.0%), neck
remnantin 4/7 (52.7%), and aneurysm remnant in 3/7 (47.3%). The
reasons for the discrepancy between the study of Cognard and
Januel and the present series are multiple. One is probably related
to the selection of aneurysms treated with the WEB. As indicated by
Cognard and Januel, only very complicated wide-neck bifurcation
aneurysms untreatable with other techniques were included in their
series. Another factor is the treatment technique. As outlined during
the initial experience with the WEB, sizing of the device is critical and
undersizing of the device may be associated with poor anatomic re-
sults. It is difficult to know whether appropriate sizing was used in
this series. However, the postoperative results were mostly neck and
aneurysm remnants (respectively, 8/15 and 1/15), suggesting that
WEB undersizing was accepted in some cases. All 15 patients were
asymptomatic and were not retreated at follow-up; instead, they were
controlled by ongoing angiography.

The present series evaluates the long-term follow-up (me-
dian, 27.4 months) of the patients of the previous series. Un-
fortunately, not all patients had long-term follow-up, and the
same expert independently analyzed only 26 of them. The re-
sults are focused on patients treated exclusively with the WEB
because the goal of the study was to analyze the anatomic sta-
bility after such treatment. At long-term follow-up, complete
aneurysm occlusion was obtained in 13/19 patients (68.4%)
that includes aneurysms with opacification of the proximal
recess in 9/19 patients (47.4%), neck remnant in 3/19 patients
(15.8%), and aneurysm remnant in 3/19 patients (15.8%). Ad-
equate occlusion (complete occlusion, opacification of the
proximal recess, or neck remnant) was observed in 16/19 pa-
tients (84.2%). Aneurysm occlusion was stable in all patients
between mid- and long-term follow-ups.

This series has several limitations. First, it is retrospective
and has a limited number of patients, and long-term follow-up
after treatment with the WEB only was evaluated in only 19
patients. Larger series are mandatory to precisely analyze long-
term stability of aneurysm occlusion after WEB treatment.
However, it is important to have a preliminary evaluation
showing that there is no major instability of aneurysm occlu-
sion in the long term. Some recent techniques were very little
evaluated in the long term, for example, stent placement or
flow diversion. A second limitation is that short- and midterm
anatomic evaluations were conducted by using heterogeneous
modalities (mostly DSA and MRA). However, recent publica-
tions confirm the value of MRA in the follow-up of intracranial
aneurysms.'®'” A third limitation is that only WEB-DL (and
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not WEB-Single Layer and WEB-Single Layer Sphere) treat-
ment was evaluated.

CONCLUSIONS

The present series shows that in this group of complex wide-
neck bifurcation aneurysms, appropriate occlusion was ob-
tained in a high percentage of cases in the short- (81.8%), mid-
(88.9%), and long-term (84.2%) follow-up. The results were
overall quite stable. Only 2 patients (11.1%) had progressed
from neck remnant to aneurysm remnant at midterm follow-
up, and there was no case of late recanalization. Most impor-
tant, all aneurysms with opacification of the proximal recess at
short-term follow-up had stable aneurysm occlusion at mid-
and long-term follow-up.
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ORIGINAL RESEARCH
INTERVENTIONAL

One-Year Angiographic Follow-Up after WEB-SL Endovascular
Treatment of Wide-Neck Bifurcation
Intracranial Aneurysms

R. Sivan-Hoffmann, “*B. Gory, ““'R. Riva, ““'P.-E. Labeyrie, F. Signorelli, I. Eldesouky, U. Gonike-Sadeh, X. Armoiry, and “*'F. Turjman

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular coiling of wide-neck intracranial aneurysms is associated with low rates of initial angio-
graphic occlusion and high rates of recurrence. The WEB intrasaccular device has been developed specifically for this indication. To date,
there has been no report of the long-term follow-up of a series of patients with aneurysms treated with this type of device, to our
knowledge. Our aim was to evaluate a I-year follow-up of angiographic results in a prospective single-center series of patients treated with
the WEB-Single-Layer (SL) device.

MATERIALS AND METHODS: All patients treated with the WEB-SL device in our center between August 2013 and May 2014 were
prospectively included. One-year angiographic outcomes were assessed. Results at follow-up were graded as complete occlusion, neck
remnant, or residual aneurysm.

RESULTS: Eight patients with 8 unruptured wide-neck aneurysms were enrolled in this study. Average dome width was 7.5 mm (range,
5.4-10.7 mm), and average neck size was 4.9 mm (range, 2.6—6.5 mm). One-year angiographic follow-up obtained in all aneurysms included
1 complete aneurysm occlusion (12.5%), 6 neck remnants (75%), and 1aneurysm remnant (12.5%). Of 8 aneurysms, worsening of aneurysm
occlusion was observed in 2 (25%) by compression of the WEB device. There was no angiographic recurrence of initially totally occluded
aneurysms. No bleeding was observed during the follow-up period.

CONCLUSIONS: Endovascular therapy of intracranial aneurysms with the WEB-SL device allows treatment of wide-neck aneurysms with
a high rate of neck remnant at 1year, at least partially explained by WEB compression. Initial size selection and technologic improvements

could be an option for optimization of aneurysm occlusion in WEB-SL treatment.

ABBREVIATIONS: AcomA = anterior communicating artery; DL = Dual-Layer; SL = Single-Layer

he WEB aneurysm embolization system (Sequent Medical,

Aliso Viejo, California) is an intrasaccular braided device spe-
cifically developed for endovascular treatment of wide-neck in-
tracranial aneurysms with the goal of disrupting flow at the aneu-
rysm neck and promoting aneurysmal thrombosis without the
need for reconstruction of the entire parent artery segment with a
stent. Several types of WEB devices are currently available': the
WEB-Dual-Layer (DL), which is made of 2 layers held together
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and creating 2 compartments, and the WEB-Single-Layer (SL),
which is a single-layer device creating only 1 compartment. Only
a few studies on the treatment of intracranial aneurysms by using
the WEB-DL have been published, and to date, only a single
published article on aneurysms treated with WEB-SL reported a
series including any anatomic follow-up.® We recently published
the 6-month clinical and anatomic outcomes of WEB-SL endo-
vascular treatment.”

The purpose of this study was to evaluate the 1-year angio-
graphic results of patients managed with the WEB-SL device in a
prospective single-center series.

MATERIALS AND METHODS

Population

All patients treated in the Neurologic Pierre Wertheimer Hospital
in Lyon (France) with the WEB-SL device for intracranial unrup-
tured aneurysms between August 2013 and May 2014 were pro-
spectively included. The indication for treatment and the tech-
nique chosen (surgery or endovascular) were decided by a



FIG 1. Case 1 (patient 5) involves a right unruptured MCA aneurysm in a 44-year-old woman. A, Subtracted angiography of the internal carotid
artery shows a wide-neck MCA aneurysm. The inferior branch is emerging from the neck of the aneurysm. B, Subtracted angiography of the
internal carotid artery at the end of the procedure shows a small neck remnant. C, Subtracted angiography of the internal carotid artery at 6
months shows a growing neck remnant by WEB compression. D, Subtracted angiography of the internal carotid artery at 12 months shows a

worsening of the neck remnant compared with the one at 6 months.

multidisciplinary team according to the aneurysm characteristics
(size, neck, and width). In the case of an endovascular approach,
wide-neck aneurysms were treated with an intrasaccular device.
The protocol was approved by the local ethics committee. Written
informed consent was obtained from each patient or legal repre-
sentative before entry into the study.

Endovascular Procedure
No preinterventional medication was administered. The procedure
was performed with the patient under general anesthesia and full
heparinization (bolus of 80 IU/kg). Cerebral angiograms were ob-
tained via a femoral approach. 3D angiography was performed to
determine the size of the dome and length and neck of the aneurysm.
A VIA Microcatheter (Sequent Medical) was then inserted co-
axially over a 0.014-inch microguidewire to reach within the an-
eurysm. The VIA 27 was used for the WEB-SL with a width of =9
mm, and a VIA 33, for a width of =10 mm. After adequate posi-
tioning of the WEB device inside the aneurysmal sac, we per-
formed a control angiogram to evaluate the position of the device
and the flow stagnation inside. If the position was not satisfactory,

the device was resheathed and repositioned. When the size was
found to be incorrect, the device was resheathed and replaced by a
different-sized WEB. At the end of the procedure, 500 mg of as-
pirin was administrated intravenously. Oral aspirin (75 mg) was
continued for another month to prevent delayed thromboem-
bolic events due to the contact between the blood and the device
covering a wide neck.

Clinical Follow-Up
Bleeding or rebleeding occurrence during the period of follow-up
was evaluated.

Outcome Evaluation

Angiograms were obtained in anteroposterior, lateral, and work-
ing projections before the treatment, immediately after, at 6
months, and at 1-year follow-up. A simplified 3-point Raymond
scale (complete occlusion, neck remnant, aneurysm remnant)
was used to assess the results of the procedure.® Adequate aneu-
rysm occlusion was defined as total aneurysm occlusion or neck
remnant.
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FIG 2. Case 2 (patient 6) involves a right unruptured basilar tip aneurysm in a 59-year-old man. A, Subtracted angiography of the left vertebral
artery shows a basilar tip aneurysm. B, Subtracted angiography of the left vertebral artery at the end of the procedure shows complete
aneurysm occlusion. Subtracted angiographies of the left vertebral artery at 6 months (C) and 12 months (D) show near-complete aneurysm

occlusion with a small compression of the proximal WEB portion.

Aneurysm characteristics and angiographic outcome at 6 and 12 months

Angiographic Outcomes

Patient No. Age (yr), Sex Location WEB T Type D (mm) T(mm) N (mm) D/N (Ratio) WEB Size (mm) 6 Months 1Year
1 45 M AcomA SL 89 58 53 17 7 X5 NR NR
2 59,M MCA SL 6.2 7.5 51 12 9 X5 AR AR
3 56, M AcomA SL 7.9 6.9 2.6 3.0 7 X5 NR NR (w)
4 53,F MCA SL 57 4.6 47 12 6X4 NR NR
5 44 F MCA SL 8.9 8.2 6.5 14 8X4 NR NR (w)
6 59,M Basilar tip SLS 6.1 5.9 4 15 7 X4 NR NR
7 65, M AcomA SL 10.7 6.4 5.6 1.9 6X3 C C
8 68, F AcomA SL 54 51 51 11 7X6 NR NR

Note:—D indicates dome; T, transverse diameter; N, neck; C, complete aneurysm occlusion; NR, neck remnant; AR, aneurysm remnant; w, worsening; SLS, Single-Layer Spheric.

RESULTS

Eight patients (5 men and 3 women) with 8 wide-neck intracra-
nial aneurysms were prospectively included during the study pe-
riod. The mean age of these patients was 58 years (range, 44—70
years). Three aneurysms were located at the middle cerebral artery
bifurcation; 4, at the anterior communicating artery (AcomA);
and 1, at the basilar tip artery. On the working projections, the
mean width of the aneurysm sac (dome) was 7.5 mm (range,
5.4-10.7 mm), the mean transversal diameter was 6.3 mm (range,
4.6—8.2 mm), and the mean diameter of the aneurysm neck was
4.9 mm (range, 2.6—6.5 mm). All procedures required only 1
WEB-SL implant with no additional devices.

Clinical Outcomes

All patients initially included were followed up. No death or
bleeding was reported during the follow-up period. No patient
experienced even slight worsening at 1 year. The permanent
1-year morbidity rate was 0%, and the mortality rate was 0%.

Angiographic Outcomes

Angiograms at 1-year follow-up are detailed in the Table. Angio-
graphic follow-up at 1 year was obtained in all patients, including
1 complete aneurysm occlusion (12.5%), 6 neck remnants (75%),
and 1 incomplete aneurysm occlusion (12.5%). Adequate aneu-
rysm occlusion (total occlusion or neck remnant) was observed in
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87.5%. Among the 6 neck remnants at 6- and 12-month follow-
up, 3 were =2 mm.

In 2 cases (25%), the aneurysm remnants increased at
1-year follow-up with WEB compression. No retreatment was
performed.

DISCUSSION

In this preliminary study, we assessed the 1-year angiographic
results of patients managed only with the WEB-SL intrasaccular
device.

Although adequate aneurysm occlusion was achieved in most
cases (87.5%), the anatomic results are in some ways disappoint-
ing, owing to the high rate of neck remnant and recanalization in
this small series of 8 patients. In fact, we observed a neck remnant
in 75% of cases with half of them a size of superior 3 mm; how-
ever, a majority of cases were challenging aneurysms with wide
necks. The average dome width was 7.5 mm, and average neck size
was 4.9 mm in our series. Other authors have observed this high
rate of neck remnant at short-term follow-up with the WEB-DL
device. In Pierot et al,* adequate occlusion (total occlusion or
neck remnant) was observed in 83.3% of 33 treated aneurysms. In
Lubicz et al,® in a series of 18 treated wide-neck bifurcations an-
eurysms, 2 complete occlusions, 15 near-complete occlusions
(89.5% adequate occlusion), and 2 incomplete occlusions were



FIG 3. Case 3 (patient 1) involves an AcomA aneurysm in a 45-year-old man. A, Subtracted angiography of the internal carotid artery shows an
AcomA aneurysm. The inferior branch is emerging from the neck of the aneurysm. B and C, Subtracted and unsubtracted angiography of the
internal carotid artery at the end of the procedure shows a small neck remnant. D, Subtracted angiography of the internal carotid artery at 6
months shows near-complete aneurysm occlusion with a neck remnant size of <2 mm. E and F, Subtracted angiography of the internal carotid
artery at 12 months shows a near-complete occlusion with a neck remnant that is stable in size. No compression of the device was observed by

digital subtraction angiography.

reported at 6-month angiographic follow-up. Similar findings
were also reported in a large prospective French series of 85 pa-
tients (92.3%).> To date, few results of the treatment with the
WEB-SL device have been published, to our knowledge. Pierot
et al® reported immediate and 1-month safety results after endo-
vascular treatment of intracranial aneurysms by using the
WEB-DL and WEB-SL/Single-Layer Spheric device. We recently
reported the 6-month efficacy of a WEB-DL and WEB-SL for the
treatment of 10 wide-neck anterior communicating artery aneu-
rysms.' Five aneurysms were treated with the WEB-SL; we ob-
served 2 complete aneurysm occlusions and 3 neck remnants at 3-
to 6-month follow-up.

At 1-year angiographic follow-up, we reported a 75% rate of
neck remnants and found the remnants to increase in size in 2
neck remnant cases. Our high rate of neck remnants seems to be at
least partially explained by the compression and deformation of
the WEB-SL device. This frequency of neck remnant is also prob-
ably due to the shape of the WEB. The proximal surface of the
WEB is not flat but has a recess, which is concave from the direc-
tion of the parent artery. It was designed to minimize protrusion
of the proximal marker in the parent vessel, but it contributes to
the appearance of a neck remnant so that in the 1-year follow-up,
we noticed advanced neck size, along with further compaction of
the device. In some cases, the device was found at a different angle
than on deployment, and in others, the neck was bulging toward
the device. Cognard and Januel® recently reported similar find-
ings in a series of 15 consecutive patients. Compression of the

WEB cage (12 WEB-DLs and 3 WEB-SLs) was observed at first
follow-up (3—6 months) in 8 of 14 (57.2%) patients and in an
additional 3 of 7 patients (42.8%) at second follow-up (18 = 3
months). The last angiography showed complete occlusion in 1 of
14 (7.2%), neck remnant in 8 of 14 (57.2%), and residual aneu-
rysm in 5 of 14 (35.7%) patients.

In this specific situation of challenging aneurysms with a wide
neck at the middle cerebral artery or anterior communicating
artery locations, stent- and balloon-assisted coiling are 2 well-
established techniques.'®'? Compared with balloon-assisted
coiling, stent-assisted coiling was found to yield higher rates of
aneurysm obliteration and progression of occlusion at follow-
up.'? However, compared with the WEB device, the major dis-
advantage of using a stent is the need for dual antiplatelet
therapy, which seems to be associated with a high incidence of
adverse events and outcomes.'"'*!> A novel device (pCONus
aneurysm implant; phenox, Bochum, Germany) has recently
been developed to improve the safety of endovascular treat-
ment of wide-neck aneurysms. To date, few results of aneu-
rysms treated with the pCONus have been reported in the lit-
erature.'®'” In a series of 40 consecutive MCA aneurysms
(mean dome size, 7.7 mm; mean neck size, 5.6 mm), Gory

1'” reported stable or improved results in all cases except 3

eta
patients with a mean follow-up of 6.8 months, including 48.5%
complete occlusions (16/33), 30.3% neck remnants (10/33),

and 21.2% aneurysm remnants (7/33).
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CONCLUSIONS

Endovascular therapy of intracranial aneurysms with the WEB-SL
device allows the treatment of wide-neck aneurysms with a high
rate of neck remnant at 1 year, at least partially explained by WEB
compression. Initial size selection and technologic improvements
could be an option to optimize the aneurysm occlusion in
WEB-SL treatment.
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ORIGINAL RESEARCH
INTERVENTIONAL

Flow Diversion versus Standard Endovascular Techniques for
the Treatment of Unruptured Carotid-Ophthalmic Aneurysms

F. Di Maria, S. Pistocchi, “*'F. Clarengon, B. Bartolini, R. Blanc, “~'A. Biondi, H. Redjem, J. Chiras, N. Sourour, and M. Piotin

ABSTRACT

BACKGROUND AND PURPOSE: Over the past few years, flow diversion has been increasingly adopted for the treatment of intracranial
aneurysms, especially in the paraclinoid and paraophthalmic carotid segment. We compared clinical and angiographic outcomes and
complication rates in 2 groups of patients with unruptured carotid-ophthalmic aneurysms treated for 7 years by either standard coil-based
techniques or flow diversion.

MATERIALS AND METHODS: From February 2006 to December 2013, 162 unruptured carotid-ophthalmic aneurysms were treated endo-
vascularly in 138 patients. Sixty-seven aneurysms were treated by coil-based techniques in 61 patients. Flow diverters were deployed in 95
unruptured aneurysms (77 patients), with additional coiling in 27 patients. Complication rates, clinical outcome, and immediate and
long-term angiographic results were retrospectively analyzed.

RESULTS: No procedure-related deaths occurred. Four procedure-related thromboembolic events (6.6%) leading to permanent morbid-
ity in 1 case (1.6%) occurred in the coiling group. Neurologic complications were observed in 6 patients (7.8%) in the flow-diversion group,
resulting in 3.9% permanent morbidity. No statistically significant difference was found between complication (P = .9) and morbidity rates
(P = .6). In the coiling group (median follow-up, 31.5 = 24.5 months), recanalization occurred at 1year in 23/50 (54%) aneurysms and 27/55
aneurysms (50.9%) at the latest follow-up, leading to retreatment in 6 patients (9%). In the flow-diversion group (mean follow-up,13.5 + 10.8
months), 85.3% (35/41) of all aneurysms were occluded after 12 months, and 74.6% (50/67) on latest follow-up. The retreatment rate was
2.1%. Occlusion rates between the 2 groups differed significantly at 12 months (P < .001) and at the latest follow-up (P < .005).

CONCLUSIONS: Our retrospective analysis shows better long-term occlusion of carotid-ophthalmic aneurysms after use of flow divert-

ers compared with standard coil-based techniques, without significant differences in permanent morbidity.

ABBREVIATION: PED = Pipeline Embolization Device

arotid-ophthalmic aneurysms are defined as aneurysmal di-
lation of the supraclinoid internal carotid artery whose neck
is attached to the origin of the ophthalmic artery. These intracra-
nial aneurysms are challenging to treat because they are often
prone to recanalization after endovascular treatment by conven-
tional coil embolization."
In recent years, flow-diverter stents have become an important
tool in the management of intracranial aneurysms; they are now
helpful in the endovascular treatment of intracranial aneurysms
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previously considered untreatable. These new devices are cur-
rently mainly indicated for the treatment of complex aneurysms
such as large and giant ICA aneurysms and fusiform, dissecting,
or blood blister-like aneurysms.>"

Carotid-ophthalmic aneurysms represent an important subset
of ICA aneurysms for which flow diversion may be a promising
option in the quest for a safe and more effective treatment aiming
for stable aneurysmal exclusion.

In this study, we sought to compare clinical and angiographic
outcomes between the 2 groups of patients with carotid-ophthal-
mic aneurysms treated by either standard coil-based techniques
(ie, regular coiling, balloon-assisted coiling, or stent-assisted coil-
ing) or with flow diversion, during a 7-year period.

MATERIALS AND METHODS

Ethical Statement

Neither approval of the institutional review board nor patient
informed consent is required by the ethics committee of our
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institutions for retrospective analyses of patient records and
imaging data.

Patient Population and Treatment

From prospectively maintained data bases of 2 institutions (Pitié-
Salpétriere Hospital and Fondation Ophtalmologique Adolphe de
Rothschild), we identified 138 consecutive patients with 161 un-
ruptured, previously untreated, carotid-ophthalmic aneurysms
treated by endovascular means between April 2006 and December
2013. Therapeutic alternatives were discussed between neurosur-
gical and neurointerventional teams in a multidisciplinary deci-
sion-making process; patient selection for treatment with stan-
dard techniques versus flow diversion was left to the operator’s
discretion. Eight operators with at least 5 years’ experience were
involved in the endovascular treatments.

Sixty-seven aneurysms were treated by coil-based techniques
in 61 patients. Within this group, 7 patients presented with a
history of subarachnoid hemorrhage due to rupture of another
intracranial aneurysm. Another 5 patients were treated in the set-
ting of a subarachnoid hemorrhage due to the rupture of a second
aneurysm that was treated in the same session. A balloon-remod-
eling technique was adopted in 32 procedures, elective stent-as-
sisted technique in 23, and both techniques in 12. The Neuroform
EZ stent (Stryker Neurovascular, Fremont, California) and the
Enterprise self-expanding stent (Codman & Shurtleff, Raynham,
Massachusetts) were used in 16 and 7 patients, respectively. The
Solitaire AB stent (Covidien, Irvine, California) and the LVIS
stent (MicroVention, Tustin, California) were used in 3 and 2
aneurysms respectively. Stent-assisted coiling was performed by
using the microcatheter jailing technique in 9 patients.

Ninety-five aneurysms were treated by flow diversion in 77
subjects. Patients undergoing either flow-diversion treatment or
stent placement received 75 mg/day of clopidogrel and 160 mg/
day of aspirin for 5 days before the intervention. In the first insti-
tution (Fondation Ophtalmologique Adolphe de Rothschild),
platelet function tests were routinely performed by using the
VerifyNow P2Y12 assay (Accumetrics, San Diego, California)
with a target of platelet inhibition between 30% and 90%. Patients
with inhibition of <30% were reloaded with a double dose of
clopidogrel, and the assay was rechecked. In the second institu-
tion (Pitié Salpétriere Hospital), platelet aggregation was tested by
aspirin assay and the P2Y12 assay (Multiplate 5.0 analyzer; Roche,
Basel, Switzerland). In case of a poor response, patients were
switched to ticagrelor. An initial 50 IU/kg heparin bolus was ad-
ministered, and activated clotting time was maintained between
2- and 3-fold of the baseline intraoperatively. Heparin was dis-
continued but not reversed at the end of the procedure. Patients
were subsequently left on dual antiplatelet therapy for 3 months,
then on aspirin-only for 9 months. Procedures were performed
with the patient under general anesthesia.

The Pipeline Embolization Device (PED; Covidien) was de-
ployed through a Marksman microcatheter (Covidien) by using a
triaxial guide-catheter system. The Silk flow diverter (Balt Extru-
sion, Montmorency, France), the Surpass stent (Stryker), and the
FRED flow diverter (MicroVention) were used in a minority of
cases at the operator’s discretion. The number of stents deployed
was left to the operator’s discretion, but in general, only a single
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Table 1: Baseline characteristics for the 2 study groups

Coil-Based
Technique
(n=61) FD (n=77) P Value

Mean age (yr) 492 £139 49.7 £ 1.8 79
Male patients 10 (16.4%) 17 (22.1%) .52
Female patients 51(83.6%) 60 (77.9%)
An. size (mm) (mean) 67 =36 87+63 .03
D/N ratio 1.8+ 0.63 1.9 £1.05 46

Note:—An. indicates aneurysm; FD, flow diverter; D/N, dome/neck.

device was used for most aneurysms. The correct apposition of the
flow diverter was documented under fluoroscopy and with addi-
tional flat panel CT angiography at the operator’s discretion. Any
stent misopening was remedied with either the Gateway PTA bal-
loon catheter (Stryker) or the HyperGlide balloon (Covidien) an-
gioplasty when needed. When bilateral aneurysms were treated,
the contralateral aneurysm was treated usually 3 months after the
first one.

Medical charts were reviewed to determine patient demo-
graphics, aneurysm characteristics, procedural techniques, and
complications. The outcomes of 77 patients treated by flow diver-
sion and 61 patients treated by coiling techniques were compared.
Clinical follow-up was performed by the referring intervention-
alist through physical examination in most cases. Patients unable
or unwilling to reach the treatment center for logistic reasons were
assessed by telephone interview by the referring interventionalist.
An independent neurologist was consulted in case of clinical signs
of procedural complications. Angiographic follow-up by either
digital subtraction angiography or MR angiography was sched-
uled at 3—6 months. A further control DSA was performed at 6
months to 1 year. In case of complete aneurysm thrombosis, fol-
low-up was then continued by MRA scans on a yearly basis. De-
ployment of additional flow diverters was considered at follow-up
if the aneurysm remained unchanged or did not thrombose
completely.

For statistical analysis, angiographic outcome was dichoto-
mized into complete (100%) and incomplete obliteration
(<100%). Regardless of the need for further intervention, any
filling at the neck or the dome of the aneurysm was considered
incomplete obliteration. Clinical outcomes at the last available
follow-up were classified according to the modified Rankin Scale.

Statistical Analysis

The Student ¢ test was used to compare continuous variables,
whereas the x> test or the Fisher exact test was used for categoric
variables. Univariate conditional analysis was used to test covari-
ates predictive of treatment complications, follow-up oblitera-
tion, and clinical outcome (mRS, 0-2 versus 3—6). Factors pre-
dictive in univariate analysis (P < .20) were entered into a
multivariate conditional logistic regression. P values = .05 were
statistically significant. Calculations were made by using MedCalc
for Windows software, Version .7.4 (MedCalc Software, Mari-
akerke, Belgium).

RESULTS
Demographics and Aneurysm Characteristics
Main baseline characteristics are summarized in Table 1.



The percentage of aneurysms of >6 mm was similar in pa-
tients with flow diverters (60%) and those with coils (46.2%, P =
.4). Bilateral aneurysms were treated in 4 patients in the coiling
group and in 12 patients in the flow-diversion group.

Postprocedure Angiographic Results
In the coiling group (n = 67), initial self-adjudicated Roy Ray-
mond scores were 1 (complete occlusion) in 39 (58.2%) cases, 2
(residual neck) in 14 (20.9%), and 3 (residual sac) in 14 (20.9%).

In the flow-diversion group (n = 95), a single device was de-
ployedin 82 (86.3%) aneurysms. The PED was used in most of the
procedures (n = 55,57.9%). Two or more devices were used in 13
(13.7%) patients. Adjunctive coils were deployed within the an-
eurysmal sac in 27 patients, in a loose fashion, notably in large and
giant aneurysms. Device deployment was successful in 94/95
(99%) aneurysms. In 1 patient, the deployment of the stent was
too proximal and the distal end fell into the aneurysmal sac. The
delivery of a second stent was attempted unsuccessfully; therefore,
a carotid occlusion test and parent vessel occlusion were per-
formed. Balloon angioplasty was performed successfully for bet-
ter flow-diverter expansion in 3 patients. In another 3 patients, a
second laser-cut stent (Enterprise; Codman & Shurtleff) was de-
ployed inside the flow diverter (Silk; Balt Extrusion) to ensure
better wall apposition.

The initial occlusion rate after the procedure was 6.4% (6/94; 1
patient was excluded because he or she was treated by parent
vessel occlusion).

Procedural Complications
Neither procedure-related deaths nor aneurysmal bleeding was
reported during the procedure or follow-up in either group.

In the coiling group, 4 procedure-related thromboembolic
events (6.6%) occurred, causing neurologic symptoms in 3 pa-
tients (NTHSS scores of 3, 5, and 4, respectively) and leading to
permanent morbidity in 1 case of monocular blindness due to
occlusion of the central artery of the retina (1.6%).

All procedures in the 28 patients treated by stent-assisted coil-
ing were uneventful.

In the flow-diversion group, 2 delayed homolateral intrapa-
renchymal hemorrhages (2.6%) were reported at days 10 and 15,
respectively; 2 optic nerve compressions and 2 thromboembolic
events, with NIHSS scores of 4 and 5 respectively, were observed
(7.8% complication rate) and resulted in 3.9% permanent mor-
bidity, consisting of 1 case of monocular blindness, 1 case of sec-
ondary epilepsy, and 1 visual field reduction due to hypoperfu-
sion of the ophthalmic artery after parent vessel occlusion. In the
latter case, the choice of parent vessel occlusion was motivated by
a technical complication (ie, device foreshortening due to down-
sizing and/or stretching, which subsequently caused the distal end
to fall into the aneurysmal sac, with failure to retrieve the device or
to deploy a second one). No statistically significant difference was
found between complication (P = .9) and morbidity (P = .63)
rates.

The following factors were tested as predictors of complica-
tions: age, sex, aneurysm size, dome/neck ratio, and type of treat-
ment. In univariate analysis, only aneurysm size (OR, 1.78; 95%
CI, 0.14-3.23; P < .01) predicted procedural complications in the

Table 2: Comparison of rates of aneurysmal occlusion according
to follow-up intervals for coil-based techniques and flow-
diversion groups

Latest
<6 Months 7-12 Months >12 Months  Follow-Up
Coiling  17/26 (654%) 16/28 (57.1%) 23/50 (46%) 27/55 (49,1%)
group
Flow 21/39 (53.8%) 16/22 (72.2%) 35/41(853%) 50/67 (74.6%)
diverter
P value 44 37 .00015° .0047°
2 Significant.

Table 3: Comparison of rates of aneurysmal occlusion according
to follow-up intervals for the stent-assisted coiling subgroup and
flow-diversion group

Latest

<6 Months 7-12 Months >12 Months Follow-Up

Stent-coil  9/T1(81.8%) 11/17 (64.7%) 14/24 (58.3%) 16/24 (66.7%)
Flow 21/39 (53.8%) 16/22 (72.2%) 35/41(85.3%) 50/67 (74.6%)
diverter
P value 16 73 .019% .59
2 Significant.

flow-diversion group. This finding was confirmed in multivariate
analysis (OR, 1.43; 95% CI, 0.41-4.96; P < .001). The type of
treatment was not a predictor of complications after adjusting for
age.

Angiographic Outcome

Angiographic follow-up was available for 66/95 (69.4%) aneu-
rysms treated by flow diverters and 55/67 (82.1%) patients treated
with coil-based techniques. Median angiographic follow-up time
was 13.5 months in the PED group and 31.5 months in the coiling
group (P < .001). At the latest follow-up, a higher proportion of
aneurysms treated by flow diverters (85.3%; n = 35/41) showed
complete obliteration (100%) compared with 46% (n = 23/50) in
the coiling group (P = .0047, Table 2). A comparison between
patients with flow diverters and those with stent-coils showed a
significant difference in favor of flow diversion after only 12
months from treatment (Table 3). In the flow-diversion group, no
aneurysmal recanalization was observed after thrombosis had oc-
curred. In the coiling group (n = 67), self-adjudicated Roy Ray-
mond scores at the latest follow-up were 1 (complete occlusion)
in 27 (49%) patients, 2 (residual neck) in 13 (23.6%) patients, and
3 (dome filling) in 15 (27.3%).

We tested the following factors as predictors of angiographic
outcome: age, sex, aneurysm size, dome/neck ratio, and type of
treatment. In univariable analysis, dome/neck ratio (OR, 1.54;
95% CI, 0.76-2.87; P < .033) and type of treatment (OR, 2.67;
95% CI, 0.56—1.83; P < .02) were predictive of angiographic ex-
clusion. In multivariable analysis, flow-diversion treatment was
found to be a predictor of complete angiographic exclusion (OR,
4.3;95% CI, 1.98-9.35; P < .005).

Retreatment

Retreatment was necessary for 2/95 (2.1%) aneurysms that
showed only partial thrombosis in the flow-diversion group, the
procedure consisting of the positioning of a second device within
the previous one. One patient was retreated a second time 1 year
after retreatment due to a persisting residual sac. In the coiling
group, retreatment was performed in 6/68 aneurysms (9%, P =
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.068). Two patients were retreated once by laser-cut stents and coils.
Two patients were retreated twice: the first time by simple coiling,
then by stent-assisted coiling; the second time by stent-coils and then
by flow diversion.

Clinical Outcome
Clinical follow-up was available for 75 (97.5%) patients in the
PED group and 59 (96.7%) patients in the stent-coil group. The
median follow-up time was 18.5 months in the PED group and
37.4 months in the stent-coil group (P < .001). The proportion of
patients with mRS 0—2 was 97.3% (73/75) in the PED group and
96.6% in the coiling group (57/59, P = 1). The proportion of
patients with mRS 0-1 was 96% (72/75) in the flow-diversion
group and 95% in the stent-coil group (56/59, P = 1). The 5
patients who had presented with a contemporary history of sub-
arachnoid hemorrhage in the coiling group all had a favorable
outcome (mRS 1) at latest follow-up.

None of the following factors proved as predictors of clinical
outcome after testing: age, sex, aneurysm size, type of treatment,
and complications.

DISCUSSION

The adoption of flow diverters has begun a new concept in the
endovascular treatment of intracranial aneurysms. Since their in-
troduction into clinical practice, however, a debate has ensued
concerning both the long-term stability of treatment and compli-
cation rates. Many interventionalists still prefer traditional endo-
vascular approaches.

The complications of coiling and stent-assisted coiling are es-
sentially limited to thromboembolic events and intraprocedural
aneurysmal rup’[ure.3 *® Even in flow diversion, cases of thrombo-
embolism due to in-stent thrombosis or delayed migration of the
device, distal parenchymal hemorrhage, or aneurysm rupture due
to degradation of the aneurysmal wall or endoleak have been re-
ported.*”"'?A meta-analysis by Brinjikji et al,'” including 1451
patients with 1654 aneurysms, found procedure-related morbid-
ity and mortality rates for flow diversion of 5% and 4%, respec-
tively. The authors concluded that the procedure-related risk with
flow diverters is not negligible and should be taken into account
when considering the best therapeutic option. Conversely, several
studies have presented convincing evidence that the PED carries a
high safety and efficacy profile. A first multicenter international
trial reported a success rate of 99%, an occlusion rate of 74%, and
amajor ipsilateral stroke or neurologic death rate of only 5.6%.> A
more recent retrospective international study on 906 aneurysms
showed a morbimortality rate of 4.8% in the anterior circula-
tion."* Burrows et al'® reported a mortality and permanent mor-
bidity rate of 1%, with an occlusion rate of 69% at 1 year. These
studies, however, analyzed a heterogeneous population and did
not compare directly the results of flow diversion with those of
conventional endovascular techniques, especially stent-assisted
coiling, for which excellent safety and efficacy in several studies
have been proved.>®!®!”

In our study, the technical success rate was high (99%) and
consistent with that in the published literature. Most interesting,
there was no significant difference in terms of complication rates
between flow diversion and conventional endovascular tech-
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niques. We did not report any procedure-related deaths, and the
permanent morbidity rate in the flow-diversion group was 3.9%
(ie, nonsignificantly higher than that in the coiling group) despite
an evident numeric trend toward a higher morbidity rate in the
flow-diversion group. Thus, a possible lack of statistical power
cannot be excluded. However, our results are still in line with the

results from the other studies,®>'®

including smaller series on
carotid-ophthalmic aneurysms that reported an occlusion rate at
latest follow-up between 73% and 92.1%, an overall permanent
morbidity between 0% and 2.3%, and a mortality between 0%
and 4.4%. "%

Moreover, our results are similar to those reported in a recent
study comparing flow diversion and stent-coiling for aneurysms
of <10 mm by Chalouhi et al,* who reported complication rates
of 5% and 3%, respectively. Procedure-related mortality was 0%
in both groups. Concerning aneurysm occlusion on long-term
follow-up, the authors did not find any statistical difference be-
tween the 2 groups, though a trend in favor of flow diversion (80%
versus 70%) was reported. The authors concluded that the study
was likely underpowered to detect small differences between the 2
techniques, both leading to high occlusion rates. In a previous
report, the authors had compared the procedural, angiographic,
and clinical outcomes of flow diversion and coiling in unrup-
tured, large (>10), and giant (>25 mm) aneurysms,” thereby
finding a similar complication rate (7.5%) along with a higher
aneurysm occlusion rate (86% versus 41%) and a lower retreat-
ment rate with flow diversion (2.8% versus 37%). These results
led to the conclusion that flow diverters were a preferred option
for large and giant aneurysms because they resulted in similar
clinical outcomes compared with stent-assisted coiling.

In the present study, we observed a stable progression with
time toward complete aneurysm occlusion in the flow-diversion
group, as opposed to a gradual increase in the number of recana-
lized aneurysms in the coiling group. The difference between the
long-term aneurysm occlusion rates was strong and statistically
significant. In a multivariate analysis, treatment by flow diversion
was an independent predictor of long-term aneurysmal occlu-
sion. Nonetheless, retreatment rates did not differ significantly
between the 2 groups, despite a lower rate for patients with flow
diverters.

Lanzino et al*®

compared 22 paraclinoid aneurysms treated by
flow diversion with conventional coiling. The authors reported a
significantly higher rate of complete occlusion in patients with
flow diverters (76%) than in those with coils (21%), with a similar
rate of morbidity, and concluded that long-term follow-up was
important to validate flow diversion as a superior therapeutic
strategy for proximal internal carotid artery aneurysms.

The present study is thus not the first to compare flow divert-
ers with coiling, but to our knowledge, it is the first to specifically
compare these 2 techniques in a homogeneous subset of carotid-
ophthalmic aneurysms divided into 2 well-matched groups in
terms of demographics and aneurysm features.

Randomized controlled trials comparing flow diversion and
conventional endovascular techniques are currently under-
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way and may provide high-level evidence on the safety and

efficacy of flow diversion.



Limitations

This study is retrospective and reflects the experience of only 2
centers. Patients were not randomized to either one technique or
the other. In the flow-diversion group, imaging follow-up was
available in <70% of patients only, because several patients were
foreigners and returned to their home country after treatment. As
in the study by Chalouhi et al,>* we could not provide occlusion
rates at standard time points, which would have allowed a better
comprehension of the history of aneurysm thrombosis. Instead,
we compared aneurysm occlusion rates at the latest follow-up.
Moreover, we were bound to include different techniques (simple
coiling, balloon remodeling, stent placement), all within the same
coiling group, to reach an acceptable statistical power. For the
same reason, we did not distinguish between those aneurysms
treated by flow diverter only and those treated by flow diverter +
coils. This omission, in our opinion, does not impair the signifi-
cance of our findings in terms of treatment results at follow-up.
All estimates of aneurysm occlusion and complications were ad-
judicated by the team of interventionalists, and these do often
differ from estimates of blinded core laboratories.

A separate comparison between patients with flow diverters
and the subset treated by stent-assisted coiling led to less conclu-
sive results, showing a slightly statistically significant difference in
favor of flow diversion-only after 12 months of follow-up. As in
the study by Chalouhi et al,** this analysis may have a lack of
statistical power, given the small sample of patients with stent-
coils (n = 28).

Despite the good match between the 2 groups in terms of de-
mographics, aneurysm location, and size, the clinical and angio-
graphic follow-up time differed significantly. We hypothesize,
therefore, that the occlusion rate with flow diverters may have
been even higher if patients had been followed up for longer pe-
riods; this potential outcome adds further support to the efficacy
of flow diverters.>*’

Even if one considers these limitations, this study provides a
comparative analysis of clinical and angiographic outcomes in a
homogeneous cohort of carotid-ophthalmic aneurysms treated
with either flow diversion or coiling.

CONCLUSIONS

In our retrospective study, flow diversion for elective treatment of
carotid-ophthalmic aneurysms was feasible and effective, with
complication and morbidity rates comparable with those of stan-
dard endovascular approaches. At long-term follow-up, flow di-
version achieved a more stable sac thrombosis compared with
other techniques. Further larger prospective studies may help
confirm these findings and better assess complication rates of an-
eurysms treatment with flow diverters.
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Endovascular Treatment of Ruptured Blister-Like Aneurysms:
A Systematic Review and Meta-Analysis with Focus

on Deconstructive versus Reconstructive

and Flow-Diverter Treatments

A. Rouchaud, “*'W. Brinjikji, “’H). Cloft, and “*'D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Various endovascular techniques have been applied to treat blister-like aneurysms. We performed a
systematic review to evaluate endovascular treatment for ruptured blister-like aneurysms.

MATERIALS AND METHODS: We performed a comprehensive literature search and subgroup analyses to compare deconstructive versus
reconstructive techniques and flow diversion versus other reconstructive options.

RESULTS: Thirty-one studies with 265 procedures for ruptured blister-like aneurysms were included. Endovascular treatment was
associated with a 72.8% (95% Cl, 64.2%—81.5%) mid- to long-term occlusion rate and a 19.3% (95% Cl, 13.6%—25.1%) retreatment rate.
Mid- to long-term neurologic outcome was good in 76.2% (95% Cl, 68.9%—8.4%) of patients. Two hundred forty procedures (90.6%)
were reconstructive techniques (coiling, stent-assisted coiling, overlapped stent placement, flow diversion) and 25 treatments (9.4%)
were deconstructive. Deconstructive techniques had higher rates of initial complete occlusion than reconstructive techniques
(77.3% versus 33.0%, P = .0003) but a higher risk for perioperative stroke (29.1% versus 5.0%, P = .04). There was no difference in good
mid- to long-term neurologic outcome between groups, with 76.2% for the reconstructive group versus 79.9% for the deconstruc-
tive group (P = .30). Of 240 reconstructive procedures, 62 (25.8%) involved flow-diverter stents, with higher rates of mid- to
long-term complete occlusion than other reconstructive techniques (90.8% versus 67.9%, P = .03) and a lower rate of retreatment
(6.6% versus 30.7%, P < .0001).

CONCLUSIONS: Endovascular treatment of ruptured blister-like aneurysms is associated with high rates of complete occlusion and good
mid- to long-term neurologic outcomes in most patients. Deconstructive techniques are associated with higher occlusion rates but a
higher risk of perioperative ischemic stroke. In the reconstructive group, flow diversion carries a higher level of complete occlusion and
similar clinical outcomes.

ABBREVIATION: BLA = blister-like aneurysm

lister-like aneurysms (BLAs) are intracranial arterial lesions

originating at nonbranching sites of the dorsal supraclinoid
internal carotid artery and basilar artery. BLAs account for
0.3%-1% of intracranial aneurysms and 0.9%—6.5% of ruptured
aneurysms.'® They are attributed to subadventitial dissections
resulting in a focal wall defect with absence of internal elastic
lamina and media, leading, in most cases, to acute subarachnoid
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hemorrhage. The arterial gap is only covered with adventitia and
thin fibrinous tissue.*”'°

Ruptured BLAs have a high mortality rate. Furthermore, treat-
ment of these lesions is technically difficult because they often lack
a defined neck and the aneurysm sac has a very thin wall.*''"*?
Thus, ruptured BLAs are associated with high rates of spontane-
ous or treatment-induced rebleed and death, regardless of treat-
ment type.>*! >

Many surgical techniques such as wrapping or trapping with
bypass have been described for the treatment of these lesions.
However, such techniques are often associated with high periop-
erative morbidity and mortality rates.®'®'"!>!>2% Because of
these results, endovascular techniques, both reconstructive and
deconstructive, have emerged as the treatment of choice due to
perceived lower rates of treatment-related morbidity and higher

efficacy.”*'>2'"?* However, because of the rarity of these lesions,
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most series on endovascular treatment of BLAs are small retro-
spective single-center case series. Thus, the efficacy and safety of
endovascular treatment of these lesions have not been well-estab-
lished.* In addition, little is known regarding whether reconstruc-
tive techniques with parent artery preservation are associated with
similar rates of angiographic occlusion and improved clinical out-
comes compared with deconstructive parent artery sacrifice.”
Therefore, we performed a systematic review of the literature ex-
amining the overall efficacy of endovascular treatments for rup-
tured BLAs and comparing outcomes of reconstructive tech-
niques such as stent placement, flow diversion, and stent-assisted
coiling with deconstructive techniques such as parent artery oc-
clusion and trapping. We also performed a subgroup analysis
comparing the safety and efficacy of flow-diverter treatment with
other reconstructive techniques.

MATERIALS AND METHODS

Literature Search

We identified all studies published between 1980 and November
2014 that reported patients treated with endovascular therapy for
ruptured BLAs. A comprehensive literature search of the data-
bases PubMed, Ovid MEDLINE, and Ovid EMBASE was designed
and conducted by an experienced librarian with input from the
authors. The key words “blister,” “aneurysm,” “endovascular,”

» « » s

“coil,” “clip,” “stent,” “intravascular,” and “flow diverter” were
used in both “AND” and “OR” combinations. Studies were se-
lected by using the following criteria: 1) ruptured BLAs treated by
an endovascular approach; 2) involving subjects 18 years of age or
older; 3) with available data on clinical and/or angiographic out-
comes; 4) retrospective or prospective with at least 3 patients; and
5) published in English.

Two authors jointly searched the data base and selected poten-
tially relevant articles on the basis of the title and abstract and
obtained the full text for detailed review. We also searched the
reference lists of retrieved articles and published review articles
for additional studies. We also screened duplicate publications
that drew on the same datasets (ie, data overlapped that in other
included studies); only the publication with the most complete
data was included. The included studies reported their own defi-
nition of blister aneurysms with homogeneity in the classification
as small lesions without a defined neck located at nonbranching
sites. The included series are homogeneous according to the def-
inition of blister aneurysms as small lesions without definite neck
located at nonbranching sites and with a dome/neck ratio of <1.
Some included cohorts reported larger aneurysms, which are
mainly a recurrence after a first treatment. All of the included
series stated that the aneurysms were all blister aneurysms accord-
ing to their “Materials and Methods” section.

Data were extracted independently by 2 authors by using a
standardized form, and any disagreement was resolved by consen-
sus. We did not contact the authors of the studies to request in-
complete or unpublished data. For each study, we extracted the
following data: patient demographics, initial clinical status (Hunt
and Hess scale grade), treatment technique (coiling, stent-assisted
coiling, stent placement alone, flow-diverter stent, endovascular
parent artery occlusion), immediate angiographic occlusion,
mid- to long-term angiographic occlusion, perioperative morbid-
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ity (resulting from procedural complications), perioperative
mortality (all causes), rebleeding (for ruptured only), recurrence,
retreatment, and mid- to long-term good neurologic outcome
(>3 months of follow-up). Good neurologic outcome was de-
fined as a modified Rankin Scale score of =2. In cases in which a
modified Rankin Scale score was not available, good neurologic
outcome was determined if the study used terms such as “no
morbidity” or “good recovery.”

Outcomes were obtained for the overall population of patients
receiving endovascular treatment of ruptured BLAs. Separate
analyses were also performed comparing outcomes between pa-
tients receiving reconstructive techniques with preservation of the
parent artery, including coiling, stent placement, stent-assisted
coiling, or flow-diverter stent versus those undergoing decon-
structive techniques such as endovascular trapping or parent ar-
tery occlusion. Patients undergoing parent artery occlusion with
surgical bypass were excluded. In addition, we compared out-
comes between patients treated with a flow-diverter stent versus
other reconstructive endovascular treatments.

Statistical Analysis

All included studies were noncomparative. From each cohort, we
estimated the cumulative incidence (event rate) and 95% confi-
dence interval for each outcome. Event rates for each intervention
were pooled in a meta-analysis across studies by using the random
effects model.”® Anticipating heterogeneity among studies, we
chose this model a priori because it incorporates within-study
variance and between-study variance. For all outcomes, we quan-
tified between-study heterogeneity by using a homogeneity test
based on the Cochran Q statistics and by calculating the I*
statistics.>”

RESULTS

Literature Review

The initial literature search yielded 157 articles. On initial abstract
and title review, we excluded 72 studies: 20 studies because they
dealt with surgical treatment, 20 because they did not report de-
tailed outcomes for blister aneurysms, and 32, because they were
either case reports or had fewer than 3 patients. Eighty-five studies
were reviewed in additional detail. Of them, 20 were excluded
because they reported only surgical treatments; 24, because they
did not report detailed clinical outcomes; and 10, because they
were review articles. The identified non-English publications ex-
cluded from the analysis were all case reports with fewer than 3
patients.

In total, 31 studies with 258 patients with ruptured BLAs were
included. Seventy-three percent of patients were women, their
mean age was 47.6 years (range, 19—84 years), 19.3% (44/228) of
patients had a grade 4 or 5 Hunt and Hess scale hemorrhage, and
the mean dome size of the blister aneurysms was 2.4 mm (range,
1-12 mm). This wide range in the aneurysm sizes, up to 12 mm, is
because blister aneurysms are characterized by early frequent re-
currence and some of the studies from our analysis included re-
growth of blister aneurysms. Overall, 265 procedures were in-
cluded; of them, 25 treatments (9.4%) were deconstructive
techniques and 240 procedures (90.6%) were reconstructive
techniques. Of the 240 reconstructive procedures, 62 (25.8%) in-



volved flow-diverter stents and 178 were non-flow-diverter re-
constructive techniques with stent-assisted coiling in 106, coiling
with or without balloon remodeling in 15, stent placement (1 or
several overlapped stents) in 45, Onyx (Covidien, Irvine, Califor-
nia) with stent in 3, and merged reconstructive techniques in 9.
Mean follow-up was 14.2 months (range, 1-54) with at least 6
months for 23 of the 31 studies. A summary of the included stud-
ies is provided in the On-line Table.

Overall Outcomes of Endovascular Treatment of
Ruptured BLAs

When we considered all patients treated with either reconstruc-
tive or deconstructive techniques, immediate occlusion rate was
40.6% (62/172; 95% CI, 28.5%-52.7%) and mid- to long-term
occlusion rate was 72.8% (197/266; 95% CI, 64.2%—81.5%). The

Table 1: Outcomes of the overall population

retreatment rate was 19.3% (52/265; 95% CI, 13.6%-25.1%).
Perioperative intracranial hemorrhage occurred in 7.0% (18/245;
95% CI, 4.1%-9.9%) of procedures and rebleeding of the BLA
occurred in 8.3% (17/242; 95% CI, 5.0%-11.5%) of cases. The
overall perioperative complication incidence rate was 12.6% (37/
251;95% CI, 8.3%—16.8%). The perioperative morbidity rate was
13.4% (34/225; 95% CI, 8.9%-17.9%), and the perioperative
stroke rate was 8.1% (18/230; 95% CI, 4.7%—11.5%). All-cause
perioperative mortality was 7.3% (16/265; 95% CI, 4.4%-10.1%).
Mid- to long-term neurologic outcome was good in 76.2% (207/
265; 95% CI, 68.9%—8.4%) of patients. These data are summa-
rized in Table 1.

Deconstructive versus Reconstructive Techniques

Patients treated with deconstructive techniques had higher rates

of complete occlusion on immediate posttreatment angiography
than those treated with reconstructive

% (95%C1) 7 techniques (77.3% versus 33.0%, P =

Outcome No. Events/Patients
Procedural complications 37/251
Perioperative stroke 18/230
Initial occlusion 62/172
Perioperative mortality 16/265
Perioperative morbidity 34/225
Perioperative ICH 18/245
Early rebleeding 17/242
Retreatment 49/259
Mid- to long-term occlusion 196/263
Mid- to long-term good neurologic outcome 200/259

.0003, Fig 1) but had a higher risk for
perioperative stroke (29.1% versus
5.0%, P = .04, Fig 2). No other statisti-
cally significant difference was noted be-

126(83-168) 21
8.1(4.7-1.5) 10
40.6(285-527) 8
7.3 (4.4-10.) 0
B4(89-179) 15
7.0 (41-9.9) 0
83 (5.0-11.5) 0
17.1(1.9-22.3)
74.0 (65.5-82.5)
76.1(68.5-837)

tween deconstructive and reconstructive
techniques for the treatment of ruptured
BLAs. Specifically, mid- to long-term
good clinical outcome rates were similar
between the reconstructive (76.2%; 95%

Note:—ICH indicates intracranial hemorrhage.

Studies Estimate (95% C.I.)
Ashour, JNIS, 2014, Deconstructive 0.750 (0.150, 1.350)
Cinar, Neuroradiology, 2013 0.750 (0.150, 1.350)
Fang, Clinical logy and rgery, 2013, D tive 0.750 (0.150, 1.350)
Gonzalez, European Journal of radiology, 2014, Deconstructive  0.250 (-0.350, 0.850)
Matsubara, Acta Meurochir, 2011, Deconstructive 0.750 (0.150, 1.350)
Meckel, AJNR, 2011, Deconstructive 0.750 (0.150, 1.350)
Park, J Neurosurg, 2007, Deconstructive 0.900 (0.637, 1.163)
Meling et al, J Neurosurg, 2008, Deconstructive 0.750 (0.150, 1.350)
Subgroup D (1*2=0 % , P=0.797) 0.773 (0.601, 0.945)
Ashour, JNIS, 2014, Reconstructive 0.300 (0.016, 0.584)
Aydin, JNIS, 2015 0.042 (-0.071, 0.155)
Bulsara, Neurosurgery, 2013 0.917 (0.696, 1.138)
Causin, Interv Neuroradiol, 2011 0.125 (-0.199, 0.449)
Chalouhi, Neurosurgery, 2014 0.917 (0.696, 1.138)
Chinchure, Neurol India, 2014 0.294 (0.078, 0.511)
Fang, Clinical logy and rpery, 2013, R tructive 0.143 (-0.116, 0.402)
Fang, Clinical neurclogy and neurosurgery, 2014 0.400 (0.152, 0.648)
Galal, British Journal Neurosurgery, 2013 0.125 (-0.199, 0.449)
Gaughen, AJNR, 2010 0.500 (0.100, 0.900)
Gonzalez, European Joumal of radiology, 2014, Reconstructive  0.333  (0.025, 0.641)
Hu, JNIS, 2014 0.333 (-0.200, 0.867)
Ihn, Interventional Neuroradiology, 2012 0.714 (0.380, 1.049)
Kim YJ, Interventional Neuroradiology, 2014 0.056 (-0.094, 0.205)
Kim YW, Journal of Korean Neurosurgical society, 2011 0.125 (-0.199, 0.449)
Kulcsar, Neurosurgery, 2010 0.100 (-0.163, 0.363)
Lee, J Neurosurgery, 2009 0.556 (0.231, 0.880)
Matsubara, Acta Neurochir, 2011, Reconstructive 0.625 (0.290, 0.960)
Meckel, AJNR, 2011, Reconstructive 0.250 (0.005, 0.495)
Park, J Neurosurg, 2007, Reconstructive 0.062 (-0.105, 0.230)
Walsh, JNIS, 2014 0.286 (-0.049, 0.620)
Meling et al, J Neurosurg, 2008, Reconstructive 0.167 (-0.255, 0.588)
Subgroup R (12=82.03 % , P=0.000) 0.330 (0.203, 0.458)
Overall (1*2=80.89 % , P=0.000) 0.406 (0.285, 0.527)

Cl, 67.5%—84.8%) and deconstructive
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FIG 1. Meta-analysis. Comparison of initial occlusion rates between deconstructive and reconstructive techniques.
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Studies Estimate (95% C.I.)

Ashour, JNIS, 2014, Deconstructive 0.250 (-0.350, 0.850)
Cinar, Neuroradiology, 2013 0.250 (-0.350, 0.850)
Fang, Clinical jogy and gery, 2013, D 0.750 (0.150, 1.350)
Gonzalez, European Journal of radiology, 2014, Deconstructive  0.750  (0.150, 1.350)
Hoya, Clinical neurology and neurosurgery, 2011, Deconstructive 0.071 (-0.119, 0.262)
Kim BC, Neuroradiology, 2014 0.125 (-0.104, 0.354)
M a, Acta Ni chir, 2011, D 0.750 (0.150, 1.350)
Meckel, AUNR, 2011, Deconstructive 0.250 (-0.350, 0.850)
Park, J Ne g, 2007, D | 0.100 (-0.163, 0.363)
Meling et al, J N¢ 2008, Dy 0.750 (0.150, 1.350)
Subgroup D (142=42.67 % , P=0.073) 0.291 (0.119, 0.462)
Ashour, JNIS, 2014, Reconstructive 0.100 (-0.086, 0.286)
Aydin, JNIS, 2015 0.091 (-0.07%, 0.261)
Bulsara, Neurosurgery, 2013 0.083 (-0.138, 0.304)
Causin, Interv Neuroradiol, 2011 0.333 (-0.200, 0.867)
Chalouhi, Neurosurgery, 2014 0.083 (-0.138, 0.304)
Chinchure, Neurol India, 2014 0.059 (-0.053, 0.171)
Cinar, Diagn Interv Radiol, 2013 0.100 (-0.163, 0.363)
Fang, Clinical neurclogy and neurosurgery, 2013, Reconstructive 0.062 (-0.105, 0.230)
Galal, British Journal Neurosurgery, 2013 0.125 (-0.199, 0.449)
Gaughen, AJNR, 2010 0.071 (-0.119, 0.262)
Gonzalez, European Journal of radiology, 2014, Reconstructive  0.222 (-0.049, 0.494)
Grant, Neurological research, 2014 0.083 (-0.138, 0.304)
Hoya, Clinical neurclogy and neurosurgery, 2011, Reconstructive 0.667 (0.133, 1.200)
Hu, JNIS, 2014 0.125 (-0.199, 0.449)
Ihn, Interventional Neuroradiology, 2012 0.062 (-0.105, 0.230)
Kim Y., Interventional Neuroradiology, 2014 0.056 (-0.094, 0.205)
Kulcsar, Neurosurgery, 2010 0.100 (-0.163, 0.363)
Lee, J Neurosurgery, 2009 0.050 (-0.085, 0.185)
Lim, Neurosurgery, 2013 0.014 (-0.025, 0.054)
M; , Acta N hir, 2011, R 0.125 (-0.104, 0.354)
McAuliffe, AJNR, 2012 0.083 (-0.138, 0.304)
Meckel, AJNR, 2011, Reconstructive 0.038 (-0.066, 0.143)
Park, J g, 2007, R | 0.286 (-0.049, 0.620)
Walsh, JNIS, 2014 0.062 (-0.105, 0.230)
Yoon, Neurosurgery, 2014 0.182 (-0.046, 0.410)
Meling et al, J Neurosurg, 2008, Reconstructive 0.167 (-0.255, 0.588)
Subgroup R (1*2=0 % , P=0.897) 0.050 (0.022, 0.077)
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FIG 2. Meta-analysis. Comparison of the perioperative stroke rate between deconstructive and reconstructive techniques.

Table 2: Meta-analysis—comparison of outcomes with deconstructive versus reconstructive techniques

Deconstructive (%) Deconstructive  Reconstructive (%) Reconstructive P
Outcome (95% CI) (§] (95% C1) () Value
Procedural complications 26.1(10.6-417) 25 10.1(6.1-14.1) 13 63
Perioperative stroke 29.1(1.9-46.1) 43 5.0(2.2-7.7) 0 .04%
Initial occlusion 77.3 (60.1-94.5) 0 33.0(20.3-45.8) 82 .0003*
Perioperative mortality 15.1(3.5-26.7) 13 6.7 (3.8-9.7) 0 98
Perioperative morbidity 23.4(8.5-38.2) 28 10.5 (6.4-14.7) 5 .89
Perioperative ICH 12.4 (23-22.6) 0 6.5 (3.4-9.6) 0 89
Early rebleeding 1.0 (0.9-21.2) 0 8.0 (4.6-11.4) 0 .83
Retreatment 19.0 (5.3-32.8) 0 17.2(1.3-23.0) 49 .51
Mid- to long-term occlusion 81.0 (67.2-94.7) 0 73.6 (63.8-83.3) 78 20
Mid- to long-term good neurologic outcome 79.9 (64.7-95.0) 19 76.2(67.5-84.8) 74 30

Note:—I|CH indicates intracranial hemorrhage.
2 Significant.

groups (79.9%; 95% CI, 64.7%-95.0%) (P = .30). These data are
summarized in Table 2.

Flow-Diverter Arterial Reconstruction versus Other
Non-Flow-Diverter Reconstructive Techniques

Patients treated with flow-diverter stents had higher rates of
mid- to long-term complete occlusion than those treated with
other reconstructive techniques (90.8% versus 69.7%, P =
.005, Fig 3) and a lower rate of retreatment (6.6% versus 27.1%,
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P =.0002, Fig4). Perioperative morbidity rates were similar in
the flow-diverter group compared with the non-flow-diverter
reconstructive group (12.6% versus 13.2%, P = .64). Periop-
erative mortality was 8.7% (95% CI, 2.1%-15.2%) in the flow-
diverter group versus 7.2% (95% CI, 3.5%-15.9%) in the non-
flow-diverter reconstructive group (P = .46). Mid- to long-
term good clinical outcome rates were statistically similar
between the flow-diverter group (86.0%; 95% CI, 77.8%—
94.2%) and non-flow-diverter reconstructive group (75.0%;



Studies Estimate (95% C.I.)

Ashour, JNIS, 2014 0.700 (0.416, 0.984)
Bulsara, Neurosurgery, 2013 0.517 (0.696, 1.138)
Chinchure, Neurol India, 2014 0.647 (0.420, 0.874)
Fang, Clinical gy and gery, 2013 0.143 (-0.116, 0.402)
Fang, Clinical neurology and neurosurgery, 2014 0.800 (0.598, 1.002)
Galal, British Journal Neurosurgery, 2013 0.667 (0.133, 1.200)
Gaughen, AJNR, 2010 0.833 (0.535, 1.132)
Gonzalez, European Journal of radiology, 2014 0.833 (0.535, 1.132)
Grant, Neurological research, 2014 0.917 (0.696, 1.138)
Ihn, Interventional Neuroradiology, 2012 0.857 (0.598, 1.116)
Kim YJ, Interventional Neuroradiology, 2014 0.375 {0.040, 0.710)
Kim YW, Journal of Korean Neurosurgical society, 2011 0.875 (0.551, 1.199)
Lee, J Neurosurgery, 2009 0.889 (0.684, 1.094)
Lim, Neurosurgery, 2013 0.824 (0.695, 0.952)
Matsubara, Acta Neurochir, 2011 0.750 (0.450, 1.050)
Meckel, AJNR, 2011 0.750 (0.505, 0.995)
Park, J Neurosurg, 2007 0.062 (-0.105, 0.230)
Walsh, JNIS, 2014 0.714 (0.380, 1.049)
Subgroup R (1*2=82.37 % , P=0.000) 0.697 (0.561, 0.834)
Aydin, JNIS, 2015 0.958 (0.845, 1.071)
Causin, Interv Neuroradiol, 2011 0.875 (0.551, 1.199)
Chalouhi, Neurosurgery, 2014 0.917 (0.696, 1.138)
Cinar, Diagn Interv Radiol, 2013 0.750 (0.326, 1.174)
Cinar, Neuroradiology, 2013 0.529 (0.738, 1.119)
Gonzalez, European Journal of radiology, 2014, flow diverter ©0.875  (0.551, 1.199)
Hu, JNIS, 2014 0.875 (0.551, 1.199)
Kulcsar, Neurosurgery, 2010 0.875 (0.551, 1.199)
Lin, JNIS, 2014 0.944 (0.795, 1.094)
McAulitfe, AJNR, 2012 0.800 (0D.449, 1.151)
Yoon, Neurosurgery, 2014 0.636 (0.352, 0.921)
Subgroup RF (1*2=0 % , P=0.847) 0.908 (0.842, 0.973)
Overall (1*2=77.93 % , P=0.000) 0.761 (0.666, 0.856)

FIG 3. Meta-analysis. Comparison of mid- to long-term occlusion
diverter techniques.

95% CI, 63.7%—86.2%) (P = .23). Perioperative intracranial
hemorrhage rates were similar between the flow-diverter
(7.6%; 95% CI, 0.8%—-14.9%) and non-flow-diverter recon-
structive group (6.3%; 95% CI, 2.6%-9.7%) techniques (P =
.21). These data are summarized in Table 3.

DISCUSSION
Our meta-analysis demonstrated that both deconstructive (endo-
vascular parent artery occlusion) and reconstructive (stenting/
stent-assisted coiling/flow-diversion) techniques are effective in
the treatment of ruptured BLAs. Deconstructive techniques
achieved higher rates of initial complete angiographic occlusion
compared with reconstructive techniques, albeit with higher rates
of periprocedural stroke. However, there were no statistically sig-
nificant differences between deconstructive and reconstructive
techniques on mid- to long-term occlusion rates, retreatment,
rebleeding, or clinical outcomes. Stroke severity was not reported
in most of the studies; but it is possible that perioperative strokes
were minor and did not result in substantial morbidity. Overall,
these findings suggest that reconstructive techniques are as effec-
tive and potentially safer than endovascular parent artery occlu-
sion, considering the ischemic risk. These findings are important,
especially in deciding treatment options for patients who cannot
tolerate parent artery occlusion.

When considering differences between different reconstruc-
tive techniques, our meta-analysis demonstrated that flow-di-
verter stents result in better occlusion rates and lower retreatment
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rates between non-flow-diverter reconstructive techniques and flow-

rates than non-flow-diverter reconstructive techniques (simple
coiling, stent-assisted coiling, or overlapped stents). We found a
trend toward better clinical outcomes with flow-diverter tech-
niques, but our results were not statistically significant. These
findings are particularly important given the increased use of
flow-diverter stent placement in the treatment of complex intra-
cranial aneurysms.

Most interesting is the higher rate of the overall mid- to long-
term occlusion (72.8%; range, 64.2%—81.5%) compared with ini-
tial occlusion (40.6%; range, 28.5%—52.7%). We suppose that this
improvement is mainly due to the remodeling after flow diversion
because the patients treated with flow-diverter stents experienced
an occlusion rate increase from 35.9% to 90.8%, while patients
treated with non-flow-diverter reconstructive techniques experi-
enced an increase from 32.8% initial occlusion to 67.9% at mid-
to long-term follow-up and occlusion rates were quite stable for
deconstructive techniques, varying only from 77.3% to 81% be-
tween initial and mid- to long-term evaluations. This increase in
occlusion rates is potentially also driven by the interruption of
antiplatelet treatment for flow-diversion and non-flow-diversion
reconstructive techniques.

Comparing the safety and efficacy of various surgical and en-
dovascular techniques in the treatment of BLAs is difficult be-
cause most studies were small single-center case series and did not
compare the efficacy of various treatments. One recent systematic
review published by Gonzalez et al* evaluated the overall out-
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Studies Estimate (95% C.I.)
Ashour, JNIS, 2014 0.200 (-0.048, 0.448)
Bulsara, Neurosurgery, 2013 0.083 (-0.138, 0.304)
Chinchure, Neurol India, 2014 0.118 (-0.036, 0.271)
Fang, Clinical neurology and neurosurgery, 2013 0.429 (0.062, 0.795)
Fang, Clinical neurclogy and neurosurgery, 2014 0.200 (-0.002, 0.402)
Gaughen, AJNR, 2010 0.500 (0.100, 0.500)
Gonzalez, European Journal of radiology, 2014 0.833  (0.535, 1.132)
Grant, Neurological research, 2014 0.083 (-0.138, 0.304)
Ihn, Interventional Neuroradiology, 2012 0.286 (-0.049, 0.620)
Kim YJ, Interventional Neuroradiology, 2014 0.056 (-0.094, 0.205)
Kim YW, Journal of Korean Neurosurgical society, 2011 0.333 (-0.200, 0.867)
Lee, J Neurosurgery, 2009 0.333 (0.025, 0.641)
Lim, Neurosurgery, 2013 0.235 (0.093, 0.378)
Matsubara, Acta Neurochir, 2011 0.375 (0.040, 0.710)
Meckel, AJNR, 2011 0.250 (0.005, 0.495)
Park, J Neurosurg, 2007 0.714 (0.380, 1.049)
Walsh, JNIS, 2014 0.286 (-0.049, 0.620)
Meling et al, J Neurosurg, 2008 0.167 (-0.255, 0.588)
Subgroup R (1%2=56.46 % , P=0.002) 0.271 (0.179, 0.363)
Aydin, JNIS, 2015 0.042 (-0.071, 0.155)
Causin, Interv Neuroradiol, 2011 0.125 (-0.199, 0.449)
Chalouhi, Neurosurgery, 2014 0.083 (-0.138, 0.304)
Cinar, Diagn Interv Radiol, 2013 0.100 (-0.163, 0.363)
Cinar, Neuroradiology, 2013 0.071 (-0.119, 0.262)
Gonzalez, European Journal of radiology, 2014, FD 0.333 (-0.200, 0.867)
Hu, JNIS, 2014 0.125 (-0.199, 0.449)
Kulcsar, Neurosurgery, 2010 0.333 (-0.200, 0.867)
Lin, JNIS, 2014 0.056 (-0.094, 0.205)
McAulitte, AJNR, 2012 0.083 (-0.138, 0.304)
Yoon, Neurosurgery, 2014 0.042 (-0.071, 0.155)
Subgroup RF (1*2=0 % , P=0.988) 0.066 (0.009, 0.123)
Overall (1*2=50.76 % , P=0.001) 0.189 (0.126, 0.252)
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FIG 4. Meta-analysis. Comparison of retreatment rates between non-flow-diverter reconstructive techniques and flow-diverter techniques.

Table 3: Meta-analysis—comparison of outcomes with flow-diverter versus non-flow-diverter reconstructive techniques

Flow-Diverter

Flow-Diverter

Non-Flow-Diverter Non-Flow-Diverter

Reconstructive (%) Reconstructive Reconstructive (%) Reconstructive P

Outcome (95% Cl) (5] (95% Cl) (9] Value
Retreatment 6.6(0.9-12.3) 0 27.1(17.9-36.3) 56 .0002°
Procedural complications 17.0 (6.3-27.7) 28 7.8(3.9-117) 4 21
Perioperative stroke 11.5(3.1-19.9) 0 42(13-71) 0 77
Perioperative mortality 8.7(21-15.2) 0 7.2(3.5-10.9) 0 46
Perioperative morbidity 12.6 (3.3-22.0) 0 13.2(7.1-19.2) 26 64
Perioperative ICH 7.6 (0.8-147) 0 6.3(2.6-9.7) 0 21
Mid to long-term occlusion 90.8 (84.2-97.3) 0 69.7 (56.1-83.4) 83 .005°
Initial occlusion 35.9 (0.0-72.0) 76 32.8(19.7-45.9) 90 79
Mid- to long-term good neurologic 86.0(77.8-94.2) 80 75.0 (63.7-86.2) 0 23

outcome

Early rebleeding 6.5(0.0-12.8) 0 87 (4.6-12.8) 0 .06

Note:—I|CH indicates intracranial hemorrhage.
2 Significant.

comes of patients with BLAs but pooled patients with and without
rupture and surgical with endovascular treatments. This previous
review included 87 patients treated with a primary endovascular
approach, with rates of morbidity and mortality for endovascular
techniques slightly higher than the numbers presented here. In
the Gonzalez et al* study, surgical morbidity for BLAs was esti-
mated to be 21%, with a mortality rate of 17%, which is much
higher than that observed in our systematic review, suggesting a
favorable efficacy and safety profile for endovascular treatment in
the management of ruptured BLAs. The higher morbidity and
mortality rates among surgically treated aneurysms may be partly
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because these aneurysms lack a definitive saccular component
and the parent vessel wall is often friable and involves a long vessel
segment. These qualities tend to result in high rates of intraoper-
ative rupture.>*®

To date, no large studies have compared the safety and efficacy
of deconstructive and reconstructive endovascular techniques in
the treatment of BLAs, to our knowledge. Reconstructive tech-
niques should be strongly considered over deconstructive tech-
niques in the treatment of BLAs for the following reasons: First,
many patients are unable to tolerate balloon test occlusion of the
parent vessel, and in these situations, reconstructive techniques



may be the only available treatment option. Vasospasm is a com-
monly reported complication of subarachnoid hemorrhage re-
sulting from BLA rupture. Deconstructive techniques may inter-
fere with endovascular access for the treatment of potential
delayed vasospasm, whereas reconstructive techniques with pres-
ervation of parent artery flow would allow access and treatment of
vasospasm, when needed.** In addition, the preservation of the
parent artery flow can also result in the preservation of normal
intracranial vascular hemodynamics.*

A number of reconstructive techniques have been used in
the treatment of BLAs. Previous studies have reported the use
of a stent-in-stent technique to promote flow diversion and
decrease the hemodynamic stress on the BLAs without an in-
trasaccular device. However, the results of such treatments are
complicated by high recurrence rates and a risk for stent mis-
deployment.>"*>283° Endovascular treatment by using a tra-
ditional approach of coil embolization (with or without ad-
junctive stent placement) is difficult because of the very small
size of BLAs without a defined saccular component to allow the
introduction of coils safely.*'**'** In fact, the placement of
coils into the saccular component of BLAs is a potentially dan-
gerous maneuver and may cause perforation and rehemor-
rhage.28 Furthermore, the effectiveness of coil embolization
for the management of dorsal wall ICA aneurysms remains
controversial.>* One major disadvantage of flow diverters is
the need for dual antiplatelet therapy in the acute phase of
ruptured aneurysms. However, despite the uniform use of
these medications in the perioperative period among flow-di-
verter placements, this meta-analysis demonstrated similar re-
bleeding, hemorrhage, and clinical outcomes between flow-
diverter and other reconstructive therapies and higher rates of
angiographic occlusion with flow diverters. These results sug-
gest that in the correct clinical setting, flow diverters may be
superior to other reconstructive methods in the treatment of
BLAs.

Strengths and Limitations

The strengths of this study include following: an a priori estab-
lished protocol, a comprehensive literature search that involved
multiple databases, and the process of study selection by indepen-
dent reviewers. The main limitation of this analysis is the non-
comparative nature of the studies. Our study undoubtedly has
publication bias. Moreover, treatment modalities have varied
during the time course of the published series; these differences
make standardization of treatment paradigms difficult. Further-
more, given the small size of some of the treatment groups in-
cluded in this analysis, our ability to detect differences among
groups is limited. Last, uniform assessment and reporting of com-
plications in a standardized fashion were lacking. When we used
the Grading of Recommendations, Assessment, Development
and Evaluation framework, the quality of evidence (confidence in
estimates) was very low because of imprecision, heterogeneity,
and methodologic limitations of the included studies; most im-
portant, they were noncomparative.’>>® Nevertheless, to the best
of our knowledge, this systematic review is the first one focusing
on endovascular treatment for ruptured BLAs. The last systematic
review of BLAs published in 2014 by Gonzalez et al* reported only

87 patients treated with a primary endovascular approach. Given
the low number of reported BLAs and the difficulty of collecting
prospective data, this meta-analysis provides useful information
to share with patients and families when assessing the risks of
treatment of BLAs and represents a benchmark against which
future studies can be compared.

CONCLUSIONS

Endovascular treatment of ruptured BLAs is associated with high
rates of complete occlusion and good mid- to long-term neuro-
logic outcomes. Deconstructive techniques result in higher rates
of immediate complete angiographic occlusion but carry a higher
risk of ischemic complications compared with reconstructive
techniques. Among reconstructive techniques, flow diversion ap-
pears to have a higher rate of complete occlusion and lower rate of
retreatment. Use of either deconstructive or reconstructive endo-
vascular treatment seems to be safe and effective in the right clin-
ical setting. When one opts for the reconstructive treatment, flow
diversion appears to be a reasonable choice despite the need for
antiplatelet treatment.
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Emergency Stenting of the Extracranial Internal Carotid Artery
in Combination with Anterior Circulation Thrombectomy in
Acute Ischemic Stroke: A Retrospective Multicenter Study

D. Behme, A. Mpotsaris, P. Zeyen, M.N. Psychogios, A. Kowoll, CJ. Maurer, F. Joachimski, J. Liman, K. Wasser, C. Kabbasch, A. Berlis,
M. Knauth, T. Liebig, and W. Weber

ABSTRACT

BACKGROUND AND PURPOSE: Several small case series reported a favorable clinical outcome for emergency stent placement in the
extracranial internal carotid artery combined with mechanical thrombectomy in acute stroke. The rate of postinterventional symptomatic
intracranial hemorrhages was reported to be as high as 20%. Therefore, we investigated the safety and efficacy of this technique in a large
multicentric cohort.

MATERIALS AND METHODS: The data bases of 4 German stroke centers were screened for all patients who received emergency stent
placement of the extracranial internal carotid artery in combination with mechanical thrombectomy of the anterior circulation between 2007
and 2014. The primary outcome measure was the rate of symptomatic intracranial hemorrhage according to the European Cooperative Acute
Stroke Study Il criteria; secondary outcome measures included the angiographic revascularization results and clinical outcome.

RESULTS: One hundred seventy patients with a median age of 64 years (range, 25— 88 years) were treated. They presented after a median
of 98 minutes (range, 52-160 minutes) with a median NIHSS score of 15 (range, 12-19). Symptomatic intracranial hemorrhages occurred in
15/170 (9%) patients; there was no statistically significant difference among groups pertaining to age, sex, intravenous rtPA, procedural
timings, and the rate of successful recanalization. In130/170 (77%) patients, a TICl score of =2b could be achieved. The in-hospital mortality
rate was 19%, and 36% of patients had a favorable outcome at follow-up.

CONCLUSIONS: Emergency stent placement in the extracranial internal carotid artery in combination with anterior circulation throm-
bectomy is effective and safe. It is not associated with a significantly higher risk of symptomatic intracranial hemorrhage compared with
published series for mechanical thrombectomy alone.

ABBREVIATIONS: PH = parenchymal hematoma; sICH = symptomatic intracranial hemorrhage

en-to-twenty percent of patients with acute ischemic stroke  artery occlusion of the anterior circulation is present."* In such a

have a high-grade ipsilateral extracranial ICA stenosis, which  cohort, IV thrombolysis alone has a very limited rate of successful
usually causes major stroke if an additional intracranial large-  recanalization.” Endovascular therapy is an option in these cases,

consisting of a stent implantation at the level of the ICA stenosis/
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promising results when this combined approach was per-
formed.*”® One of the major concerns in these patients is the risk
of postinterventional symptomatic intracranial hemorrhage
(sICH), which may be influenced by the mandatory antiplatelet
medication of the stent-placement procedure. The reported
rate of sICH varies considerably in the literature, ranging from
0% to 20%.°'* Unfortunately, the small number of patients
included in these series limits the validity of these findings.
Some important randomized trials excluded patients with
high-grade ipsilateral ICA stenosis (eg, the Solitaire Flow Res-
toration Device versus the Merci Retriever in Patients with
Acute Ischemic Stroke and the Trevo versus Merci Retrievers



for Thrombectomy Revascularisation of Large Vessel Occlu-

sions in Acute Ischemic Stroke),'''?

while other recently
published studies like a Randomized Trial of Intra-Arterial
Treatment for Acute Ischemic Stroke or the Randomized As-
sessment of Rapid Endovascular Treatment of Ischemic Stroke
trial included relatively small numbers of patients with tandem
occlusions (30 [13%] and 21 [13%], respectively).'>'*

The aim of this retrospective study was to determine the risk of
sICH and the angiographic results and the clinical outcome after
emergency ICA stent placement in combination with anterior cir-

culation thrombectomy in a large multicentric cohort.

MATERIALS AND METHODS

We conducted a retrospective multicenter study of all patients
who received combined extracranial ICA stent placement and an-
terior circulation thrombectomy between 2007 and 2014. Ac-
cording to the institutional guidelines, no ethics committee ap-
proval was required for this retrospective observational study.
The clinical results of some of these cases have been published in
case series before.*>”'>1® All 4 centers screened their prospec-
tively kept neurointerventional data bases for eligible patients ac-
cording to the following inclusion and exclusion criteria.

Inclusion Criteria

The centers were free to include either all patients since 2007
(before the introduction of stent retrievers for mechanical throm-
bectomy) or only patients who received a stent retriever and/or
direct aspiration treatment.

Eligibility for mechanical thrombectomy was decided at the
local institution according to the guidelines of each center. Pa-
tients were eligible for concomitant IV thrombolysis according to
the guidelines of the German Society of Neurologists. There were
no general limitations on procedural timings, age, or baseline
NIHSS score. Patients had to present with an angiographically
(CTA or DSA) proved high-grade stenosis or occlusion of the
ipsilateral ICA and additional large-artery occlusion of the ante-
rior circulation. A high-grade ipsilateral stenosis was thereby de-
fined as a stenosis of =70% according to the NASCET criteria.
Anterior large-artery occlusions were subdivided into terminal
ICA, carotid-T, and MCA occlusions.

Patients were included only if the ipsilateral ICA was stented
and the occlusion of the anterior circulation was treated either in
an antegrade (stent before thrombectomy) or retrograde (stent
after thrombectomy) fashion. There was no limitation on the
stent used or on the technique for the intracranial thrombectomy.

All patients were included independent of the administered
antiplatelet medication, which was different in all 4 centers.

The antiplatelet regimens were as follows:

Center A: If the patient had no prior medication with dual
antiplatelets before the intervention, eptifibatide was continu-
ously infused for 24 hours (after an initial bolus [180 mcg/kg for 2
minutes]) to prevent secondary stent occlusion. Patients were
monitored in the intensive care unit postinterventionally. A con-
trol CT scan was obtained within 24 hours. After exclusion of a
relevant intracranial hemorrhage, the regimen was switched to a
secondary prophylaxis of stent occlusion based on a dual anti-
platelet therapy: Under continuous IV eptifibatide, patients re-

ceived a loading dose of 300 mg clopidogrel and 500 mg aspirin.
Patients with daily aspirin medication before the intervention did
not receive an aspirin loading dose. The administration of eptifi-
batide was stopped 4 hours after loading with clopidogrel (and
aspirin whenever applicable). Patients continued with life-long
aspirin (100 mg/day) and additional clopidogrel (75 mg/day) for
8 weeks.

Center B: Patients received an IV bolus of 500 mg aspirin di-
rectly before stent placement and, additionally, 375 mg clopi-
dogrel over a nasogastric tube. After exclusion of a relevant intra-
cranial hemorrhage (control CT scan within 24 hours), the dual
antiplatelet medication with aspirin (100 mg/day) and clopi-
dogrel (75 mg/day) was continued for 3 months and then
switched to a life-long aspirin (100 mg/day) monotherapy.

Center C: All patients who were not on an antiplatelet medi-
cation before the treatment received a weight-adapted bolus of
tirofiban followed by a continuous IV infusion for 24 hours. After
exclusion of a cerebral hemorrhage (CT scan), 500 mg aspirin and
300 mg clopidogrel were given orally or through a nasogastric
tube. Aspirin (100 mg/day) and clopidogrel (75 mg/day) were
continued for 3 months followed by a life-long antiplatelet mono-
therapy with either aspirin or clopidogrel.

Center D: Immediately before stent placement, patients re-
ceived an IV bolus of aspirin (500 mg) and an IV bolus of heparin
(5000 IU). Alternatively, tirofiban was used. At the end of the
intervention, a flat panel CT scan was performed to rule out in-
tracranial hemorrhage; if so, the patients received a loading dose
of clopidogrel (600 mg) orally. Aspirin (100 mg/day) and clopi-
dogrel (75 mg/day) were continued for 3 months and then
switched to a life-long aspirin (100 mg/day) monotherapy.

Exclusion Criteria

Any infarction of equal to or more than one-third of the MCA
territory or evidence of an intracranial hemorrhage on the initial
CT scan led to exclusion. Additionally, all patients without per-
sistent intracranial occlusion after extracranial stent placement
were excluded.

Endovascular Procedures

The endovascular procedures have been described in detail previ-
ously.»>”'> None of the centers used a balloon-guide occlusion
catheter. In brief, the procedures were the following:

Antegrade approach: A large guide catheter (Neuron MAX
088; Penumbra, Alameda, California; Mach1; Boston Scientific,
Natick, Massachusetts; VISTA BRITE TIP; Cordis, Fremont, Cal-
ifornia) was placed into the distal common carotid artery. A
0.014-inch wire was then carefully navigated through the ICA
occlusion up to the petrous portion in conjunction with a micro-
catheter. A slow and careful contrast injection was then per-
formed to verify passage into the true lumen. Pre-stenting balloon
angioplasty was performed whenever necessary with a 3.0- or
3.5-mm monorail balloon. The subsequent MT in the intracranial
portions was performed in a usual manner. In case of a biaxial
approach with a stent retriever (Trevo variants, Stryker, Kalama-
200, Michigan; Separator 3D, Penumbra; Solitaire AB/FR; Covi-
dien, Irvine, California), the stent was passed with the guiding
catheter before retraction of the stent retriever; in a triaxial set-
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Table 1: Baseline characteristics

All (n =170) Center A (n =57) Center B (n=42) Center C (n = 44) Center D (n=27)
Treatment period/characteristics October 2009 to March 2007 to January 2011 to December 2009 to
July 2014 July 2014 February 2014 February 2013
Age (yr) (median) (range) 64 (25-88) 64 (40-86) 60 (25-88) 64 (37-87) 70 (48-82)
Male sex (n/N) (%) 119,170 (70%) 39/57 (68%) 30/42 (71%) 32/44 (76%) 18/27 (67%)
IV thrombolysis (n/N) (%) 122/170 (72%) 49/57 (85%) 31/42 (74%) 19/44 (43%) 23/27 (85%)
Baseline NIHSS (median) (range) 15 (12-19) 16 (13-19) 16 (9-21) 16 (14-20) 15 (10-17)
Symptom onset to admission (min) 98 (52-160) 102 (49-153) 83 (50-180) 108 (60-183) 86 (63-183)
(median) (range)
Distal occlusion site
Carotid-T (n/N) (%) 51/170 (30%) 28/57 (49%) 17/42 (40%) 3/44 (7%) 3/27 (1%)
Terminal ICA (n/N) (%) 3/170 (2%) 2/57 (4%) 1/42 (2%) - -
MCA M (n/N) (%) 99/170 (58%) 19/57 (33%) 19/42 (45%) 37/84 (%) 24/27 (89%)
MCA M2 (n/N) (%) 17/170 (10%) 8/57 (14%) 5/42 (12%) 4/44(9%) -
Note:— — indicates none.

ting, the stent was passed with the intermediate catheter and the
stent retriever was retracted into it to not interfere with the stent.
No such precautions were necessary in cases of direct-aspiration-
treatment technique without the use of a retriever.

Retrograde approach: Analogously, a large guide catheter was
placed in the distal common carotid artery; the proximal ICA
stenosis was then passed with a 0.014-inch micro-guidewire fol-
lowed by an intermediate catheter (054 or 5MAX, Penumbra;
DAG, Stryker; Navien, Covidien). The intermediate catheter was
positioned as close to the clot as possible, allowing lesional aspi-
ration. We then performed MT using a stent retriever in the usual
fashion. After successful revascularization of the occluded intra-
cranial vessel, an exchange microwire was introduced over the
intermediate catheter and then exchanged for the stent at the
proximal occlusion/stenosis site.

Imaging Evaluation

All imaging data were analyzed at the level of the participating
centers by an interventional neuroradiologist; the angiographic
results were locally graded according to the TICI score. A success-
ful recanalization was defined as a TICI result of =2b.

All postinterventional control CT scans of the patients were
screened for intracranial hemorrhages, and all centers reported all
parenchymal type 1 (parenchymal hematoma [PH]1: bleeding
<<30% of the infarcted area with a mild space-occupying effect
and parenchymal hematoma) and type 2 (PH2: bleeding of >30%
of the infarcted area with a relevant space-occupying effect) he-
matomas and all sSICHs, according to the European Cooperative
Acute Stroke Study criteria (any apparently extravascular blood in
the brain or within the cranium that was associated with clinical
deterioration, as defined by an increase of =4 points in the NTHSS
score, or that led to death and that was identified as the predom-
inant cause of the neurologic deterioration)."”

Clinical Evaluation

A stroke neurologist assessed all patients clinically on admission
(NTHSS) and discharge (NTHSS and mRS) from the stroke center
and the rehabilitation unit (follow-up mRS at ~90 days; range,
70—100 days). In cases with missing follow-up data, the discharge
mRS was used instead.'®

Data Analysis and Statistics
The data were collected at each center according the above-men-
tioned criteria, pooled, and then analyzed at 1 of the 4 centers.
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Continuous study parameters were compared among patients by
either the Welch ¢ test in case of a normal distribution or by the
Mann-Whitney U test in case of a non normal distribution. The
Fisher exact test was used for categoric variables. All statistical
analyses were performed by using GraphPad Prism software, Ver-
sion 6.1 (GraphPad Software, San Diego, California); the signifi-
cance level was set at a = .05.

RESULTS

One hundred seventy patients were treated between July 2007 and
July 2014. The median age was 64 years (range, 25—88 years);
119/170 (70%) were male. The patients presented after a median
of 98 minutes (range, 52-160 minutes) with a median NIHSS
score of 15 (range, 12—19). Distal occlusion sites were the follow-
ing: MCA M1 in 99/170 (58%), MCA M2 in 17/170 (10%), ter-
minal ICA in 3/170 (2%), and carotid-T in 51/170 (31%). IV
thrombolysis was applied in 122/170 (72%) patients (Table 1).

Technical and Angiographic Results
All patients received ICA stent placement with at least 1 stent, in
most cases (153/170, 90%) with the Carotid Wallstent (Boston
Scientific). One hundred thirty-three of 170 patients (78%) un-
derwent treatment with new-generation devices (stent retriever
and/or direct aspiration catheter); the remainder were treated by
aspiration with a first-generation aspiration catheter (Penumbra
System, Penumbra). One hundred fifty-one of 170 cases (89%)
were performed with an antegrade approach. The median groin
puncture to recanalization time was 88 minutes (range, 59-121
minutes); overall, the median symptom onset to recanalization
time was 296 minutes (range, 236—367 minutes). A favorable an-
giographic result (TICI = 2b) was achieved in 130/170 cases
(77%); in another 21/170 (12%), a TICI2a result could be
reached. In the subgroup that underwent treatment with a mod-
ern stent retriever or direct aspiration, a favorable angiographic
result was reached in 113/133 (85%). The control CT scans re-
vealed a PH1 in 13/170 (8%) and a PH2 in 11/170 patients (9%).
Of these 24 hematomas, only 15 were classified as sSICH, whereby
11/15 (73%) led to death in the acute phase. The overall all-cause
in-hospital mortality was 19% (32/170). The median NTHSS score
at discharge was 6, and at the time of the follow-up examination,
62/170 patients (36%) had a favorable outcome (Table 2).

To identify factors contributing to the risk of sSICH, we ana-
lyzed several cofactors in respect to the subgroups of patients with



Table 2: Clinical and angiographic outcome

All (n =170) Center A(n=57) CenterB(n=42) CenterC(n=44) CenterD (n=27)
Clinical outcome
NIHSS at discharge (median) (range) 6(3-12) 6 (3-1) 8 (4-15) 8(3-15) 5(2-10)
FU mRS = 2 62/170 (36%) 22/57 (39%) 16/42 (38%) 15/44 (34%) 9/27 (33%)
In-hospital mortality (all cause) 32/170 (19%) 11/57 (19%) 5/42 (12%) 9/44 (20%) 7/27 (26%)
PHI (n/N) (%) 13/170 (8%) 4/57 (7%) 2/42 (5%) 5/44 (11%) 2/27 (7%)
PH2 (n/N) (%) /170 (6%) 5/57 (7%) 2/42 (5%) 1/44 (2%) 3/27 (%)
SICH (n/N) (%) 15/170 (9%) 5/57 (9%) 3/42 (7%) 3/44 (7%) 4/27 (15%)
Angiographic outcome
Groin puncture to recanalization 88 (59-121) 75 (56-95) 81(41-18) 1M (70-148) 119 (84-147)
(min) (median) (range)
Symptom onset to recanalization 296 (236-367) 263 (217-317) 332 (259-401) 317 (252-420) 306 (227-365)
(min) (median) (range)
TICI = 2b (n/N) (%) 130/170 (77%), T13/133 (85%)°  48/57 (84%) 22/42 (53%)° 36/44 (82%) 24/27 (89%)
TICI 2a (n/N) (%) 21/170 (12%) 3/57 (5%) 13/42 (31%) 4/44 (9%) 1/27 (4%)
Note:—FU indicates follow-up.
?Includes results from 2007/2008, treatment without a stent retriever.
© Only cases with stent retriever or direct aspiration treatment.
Table 3: Potential risk factors for sICH after stenting and MT
sICH No sICH P Value
Characteristics
Age (yr) (median) (range) 71(46-86) 64 (25-88) 1
Age above median (n/N) (%) 10/15 (66%) 74/155 (48%) 2
Male sex (n/N) (%) 12/15 (80%) 107/155 (70%) 6
IV thrombolysis (n/N) (%) 8/15 (53%) 114/155 (74%) 1
Initial ASPECTS (median) (IQR) 7(6-9) 7(5-8) 10
Symptom onset to recanalization (min) (median) (range) 300 (264-419) 294 (233-363) 3
Groin puncture to recanalization (min) (median) (range) 95 (68-140) 83 (58-120) 2
TICI = 2b (n/N) (%) 13/15 (87%) 117155 (75%) 5
Occlusion site
Carotid-T (n/N) (%) 4/15 (27%) 47/155 (30%) 10
MCA (n/N) (%) /15 (73%) 88/155 (57%) 3
Antiplatelet medication (n/N) (%)
Eptifibatide, tirofiban 5/57 (9%),7/71 (11%) 52/57 (91%), 64/71(89%) 10
Eptifibatide, aspirin + clopidogrel 5/57 (9%), 3/42 (7%) 52/57 (91%), 39/42 (93%) 1.0
Tirofiban, aspirin + clopidogrel 7/71(1N),3/42 (7%) 66/71(89%),39/42 (93%) 7

Note:—MT indicates mechanical thrombectomy; IQR, interquartile range.

and without sICH (Table 3). We could not find statistically sig-
nificant differences among the median age (71 versus 64 years,
P = .1), the percentage of male patients (80% versus 70%, P = .6),
the number of patients who received iv thrombolysis (53% versus
74%), the initial ASPECTS (7 versus 7, P = 1.0), the median time
from symptom onset to recanalization (300 versus 294 minutes,
P = .3), the groin puncture to recanalization timings (95 versus 83
minutes), the rate of favorable angiographic results (87% versus
75%), or the occlusion sites. Additionally, there was no significant
difference between the rates of sSICH in respect to the adminis-
tered antiplatelet medication (eptifibatide versus tirofiban, P =
1.0; tirofiban versus aspirin and clopidogrel, P = .7; eptifibatide
versus aspirin and clopidogrel, P = 1.0).

DISCUSSION

Endovascular therapies for acute ischemic stroke caused by un-
derlying large-artery occlusion have emerged significantly with
time, and very recently randomized trials have shown a significant
benefit regarding the rate of functional independence after endo-
vascular treatment.!>'*'* However, 10%—20% of these patients
with acute ischemic stroke present with an additional proximal
high-grade stenosis or occlusion of the ipsilateral ICA." These
patients have been excluded from several studies investigating the
efficacy of mechanical thrombectomy, though it has been shown

that IV thrombolysis alone is less effective in these cases.”'"' En-
dovascular therapy consisting of ICA stent placement and ante-
rior circulation thrombectomy has yielded promising results in
small case series so far.*® Alas, bleeding complications, especially
in the setting of a mandatory dual antiplatelet medication—
sometimes even in addition to IV thrombolysis—might impose a
higher risk for added morbidity and mortality in the postinter-
ventional phase.

The endovascular treatment of acute tandem occlusions using
ICA stent placement has been investigated for more than a de-
cade.”>?! At the same time, there was a fundamental development
of catheters and clot-extraction devices; stent retrievers have been
shown to be technically and clinically superior to older de-
vices.'"!? Recently, several case series investigated the efficacy and
safety of endovascular therapy when ICA stent placement was
performed in combination with anterior circulation thrombec-
tomy (On-line Table). Most interesting, these series report rele-
vant differences of the revascularization efficacy, with TICI = 2b
results ranging from 63% to 79% of cases and the rate of favorable
clinical outcome spanning a range of 29%-76%.>"'*>* Moreover,
the reported rates of sSICH range from 0% to almost 22%, most
probably due to low numbers of included patients in single-center
designs (On-line Table).
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The present retrospective, multicenter trial represents a
large number of patients with acute ischemic stroke with un-
derlying extracranial ICA stenosis/occlusion and an additional
anterior circulation occlusion treated by ICA stent placement
and anterior circulation MT. Compared with data published
by Malik et al,” (77 patients with such tandem occlusions) who
did not use stent retrievers for the intracranial recanalization,
our rates of favorable angiographic results (75% [Malik et al]
versus 77%), clinical outcome (42% versus 36%), and sICH
(10% versus 9%) are in the same range. When comparing our
data with a recently published meta-analysis, we found the rate
of sICH and favorable clinical outcome to be similar (9% sICH
in our cohort versus 7% in the group that was treated by stent
retrievers and ICA stent placement and 36% versus 35% favor-
able outcome).??

In contrast to more recent publications, we found the rate of
sICH to be lower in our series compared with data that were
published by Heck and Brown® (21% sICH) or Stampfl et al®
(17% sICH), though they used similar antiplatelet medication
strategies.”® Notably, the very high rate of SICH in the Heck and
Brown cohort was associated with the use of abciximab (4/13
[31%] sICH in the group of patients who received abciximab) and
a high mean age of their patients.

Regarding the clinical outcome, our results (36% favorable
outcome) lay between the results of the above-mentioned studies
(52% and 29% respectively).

Antiplatelet medication is a prerequisite for ICA stent place-
ment to prevent in-stent thrombosis, and it might go along with a
higher risk of sSICH, especially if IV thrombolysis is administered
additionally. Our retrospective multicenter study could not find
significant differences between the various antithrombotic ap-
proaches that were used in the participating centers (Table 3). The
administration of neither tirofiban nor eptifibatide seems to be
associated with an increased risk of sSICH. Most interesting, we
could not determine any specific cofactor that increased the risk
of intracranial hemorrhage peri-interventionally because the
variables of age, sex, procedural timings, revascularization results,
initial ASPECTS, and rate of IV thrombolysis were not signifi-
cantly different among the groups (Table 3).

Most important, our study did not show significant differ-
ences regarding the rate of sSICH compared with recently pub-
lished, randomized trials like the Randomized Trial of Intra-
Arterial Treatment for Acute Ischemic Stroke, which reported
an sICH rate of 8% (P = .7) in the endovascular arm or the
Intra-Arterial Versus Systemic Thrombolysis for Acute Isch-
emic Stroke expansion trial, which also found the sICH rate to
be 6% in both arms (P = .3).'***

Several limitations have to be considered when interpreting
the current data, most important the retrospective study design,
the missing control groups, and the lack of core lab control for
imaging evaluation, which might have biased the angiographic
results toward higher scores of successful recanalizations. The
participating centers used different antiplatelet regimens,
which might still have an influence on the rate of sICH but
could not be elucidated in the present study because it might
still be statistically underpowered to detect such an effect.
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CONCLUSIONS

Emergency stent placement in the extracranial ICA combined
with anterior circulation thrombectomy is safe and effective. The
rate of good outcome is in the range of MT alone. The endovas-
cular treatment of these complex cases is not associated with a
significantly higher risk of postinterventional sICH compared
with MT without concomitant extracranial stent placement.
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Susceptibility Vessel Sign on MRI Predicts Favorable Clinical
Outcome in Patients with Anterior Circulation Acute Stroke
Treated with Mechanical Thrombectomy

R. Bourcier, S. Volpi, B. Guyomarch, B. Daumas-Duport, “~A. Lintia-Gaultier, C. Papagiannaki, J.M. Serfaty, and “*'H. Desal

ABSTRACT

BACKGROUND AND PURPOSE: The susceptibility vessel sign on MR imaging has been reported to indicate acute occlusion from
erythrocyte-rich thrombus. The purpose of this study was to evaluate the influence of the susceptibility vessel sign seen on MR imaging
before treatment on the clinical outcome after mechanical thrombectomy for anterior circulation acute stroke.

MATERIALS AND METHODS: We retrospectively included 73 consecutive patients who were treated for anterior circulation acute stroke
by mechanical thrombectomy from December 2009 to September 2013. Each patient underwent MR imaging before mechanical throm-
bectomy. The presence (susceptibility vessel sign+) or absence of the susceptibility vessel sign (susceptibility vessel sign—) was recorded.
Mechanical thrombectomy was performed either alone or in association with IV tPA according to the site and time after occlusion. Good
functional outcome was defined by an mRS =2 at 3 months in susceptibility vessel sign+ and susceptibility vessel sign— groups. Patient
clinical characteristics, initial NIHSS score and ASPECTS, site of occlusion, time between onset to groin puncture, TICI after mechanical
thrombectomy, NIHSS score at day 1, and spontaneous hyperattenuation on CT at day 1 were also analyzed.

RESULTS: Fifty-three patients with susceptibility vessel sign+ and 20 with susceptibility vessel sign— were included in our study. mRS =2
at 3 months occurred in 65% patients in the susceptibility vessel sign+ group and 26% in the susceptibility vessel sign— group (P = .004).
On multivariate analysis, the susceptibility vessel sign was the only parameter before treatment that could predict mRS =2 at 3 months
(OR, 8.7;95% Cl,11-69.4; P = .04).

CONCLUSIONS: Our study strongly suggests that the susceptibility vessel sign on MR imaging before treatment is predictive of favorable
clinical outcome for patients presenting with anterior circulation acute stroke and treated with mechanical thrombectomy.

ABBREVIATIONS: ACAS = anterior circulation acute stroke; GRE = gradient recalled-echo; MT = mechanical thrombectomy; SVS = susceptibility vessel sign

S troke is a leading cause of adult disability. Approximately two-
thirds of stroke survivors have long-term functional deficits
that affect their quality of life."> Very recently, large prospective
randomized trials have proved the clinical benefit of endovascular
recanalization and, in particular, mechanical thrombectomy
(MT) in patients with proximal anterior circulation acute stroke
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(ACAS).>* In these studies, patients were included on the basis
of the presence of a proximal artery occlusion without any
characterization of thrombus subtypes (ie, fibrin-rich or
erythrocyte-rich thrombus). A gradient recalled-echo (GRE)
MR imaging sequence is commonly used to identify brain
hemorrhage, and it may also differentiate fibrin-rich from
erythrocyte-rich thrombus on the basis of the presence of a
susceptibility vessel sign (SVS).>¢

There has been no study addressing the prognostic value of
SVS in predicting good clinical recovery after MT, to our knowl-
edge. The goal of our study was, therefore, to investigate whether
the presence of the SVS is related to better clinical outcomes after
MT with stent retrievers in patients presenting with ACAS.

MATERIALS AND METHODS

This was a retrospective descriptive study according to the proto-
col of stroke treatment at our center. Observational retrospective
studies according to the French legislation (articles L.1121-1



T2* imaging was performed to screen
for intracranial hemorrhage and SVS.
Acquisition parameters for GRE T2*
were the following: TR, 800 ms; TE, 30
ms; section thickness, 5 mm; intersec-
tion gap, 1 mm; FOV, 250 X 250 mm;
flip angle, 20°. Second, DWT sequences
b=0, b=500, and b=1000 were ac-
quired, as was an apparent diffusion co-
efficient map to identify the necrotic
core. Acquisition parameters for DWI
sequences were set as follows: TR, 6900
ms; TE, 89 ms; section thickness, 5 mm;
intersection gap, 0 mm; FOV, 230 X 230
mm. Then, a FLAIR sequence was per-
formed with the following acquisition
parameters: TR, 9000 ms; TE, 95 ms;
section thickness, 5 mm; intersection
gap, 0 mm; FOV, 240 X 210 mm; flip
angle, 150°. Finally, a TOF sequence fo-
cused on the circle of Willis was ob-
tained to screen large-vessel occlusion.
Acquisition parameters for the TOF se-
quence were the following: TR, 24 ms;
TE, 7 ms; section thickness, 0.7 mm; in-

FIG 1. MR imaging showing MCA and ICA-MCA occlusions with SVS (black arrow). A and B, TOF

and T2* sequences show occlusion of the left MCA. C and D, TOF and T2* sequences show

occlusion of the left ICA-MCA.

paragraph 1 and R1121-2, Public Health Code) do not require an
ethics committee approval to use data for an epidemiologic study.

Patients

We retrospectively included 73 consecutive patients who were
treated by MT between September 2009 and December 2013 for
ACAS in our center.

All these patients underwent MR imaging before treatment
with a GRE T2* sequence and were classified in 2 groups: “SVS +”
if they presented an SVS in the occluded artery or “SVS—"" if they
did not.

Vascular risk factors were registered for each patient and de-
fined as follows: 1) hypertension, when there was a history of
antihypertensive medication use, a systolic blood pressure of
=140 mm Hg, or a diastolic blood pressure of =90 mm Hg at
hospital discharge; 2) diabetes mellitus, when the use of hypogly-
cemic drugs or a random glucose level =200 mg/dL or glycosy-
lated hemoglobin level of >6.4% on admission were observed; 3)
hyperlipidemia, when a history of the use of antihyperlipidemic
agents was mentioned or a serum cholesterol level of >220 mg/dL
was present; 4) smoking, whatever the level of consumption; and
5) obesity defined as a body mass index of >30.

Initial NIHSS score, site of occlusion, IV tPA before MT, and
time between onset and groin puncture were also recorded. Pa-
tients with ASPECTS <5 on DWI, estimated by the method of
Barber et al,” were excluded.

MR Imaging Protocol
MR imaging was performed on a 1.5T magnet (Sonata; Siemens,
Erlangen, Germany) with a phased array head coil. First, a GRE

tersection gap, —3.5 mm; FOV, 180 X
180 mm; flip angle, 20°.

Occlusion of the MCA (either M1
and/or M2) was classified as MCA occlusion. Occlusion involving
the ICA ending, extending or not to M1, was classified as ICA
occlusion. “SVS” was defined as a hypointense signal on T2*
within a vessel, exceeding the size of the homologous contralateral
artery diameter (Fig 1).>¢

All MR imaging and CT on day 1 were analyzed by a junior
radiologist (S.V.) and an experienced neuroradiologist (R.B.),
and in case of discrepancy, a third experienced neuroradiologist
(J.M.S.) analyzed images in consensus.

Endovascular Treatment

When an MCA or ICA occlusion was observed, MT was per-
formed with or without preliminary IV tPA according to the
Rescue, Combined, and Stand-Alone Thrombectomy study and
neurologic expertise.®

All endovascular procedures were performed on a biplane sys-
tem (Integris Allura 20/20; Philips Healthcare, Best, the Nether-
lands) by experienced interventional neuroradiologists (H.D.,
A.L-G., B.D.-D.).

An 8F Envoy (Codman & Shurtleff, Raynham, Massachusetts)
guiding catheter was introduced through a femoral sheath into
the concerned carotid artery. Navigation into the target vessel
was made with a 0.014-inch microguidewire (Traxcess; Micro-
Vention, Tustin, California) and a 0.021-inch microcatheter (Re-
bar; Covidien, Irvine, California). The microguidewire was ex-
changed with the MT device. Once the device was deployed,
angiography was performed to evaluate its correct placement and
expansion. The device was left in place for 2-7 minutes. Then, the
fully deployed device together with the delivery microcatheter was
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gently pulled back as a single unit and recovered. Before and dur-
ing this retrieval, manual aspiration was performed with a 50-mL
syringe through the hemostatic valve of the guiding catheter.

Results were assessed according to the TICI grading scale:
0-2a for failure of recanalization on angiography and 2b-3 for
successful recanalization.” The procedure was repeated 5 times
maximum until a TICI score of 2b or 3 was obtained. After the
fifth attempt, if a TICI score of 2b or 3 was not achieved, MT was
considered a failure.

Immediate Post-MT Imaging and Follow-Up
The TICI scores at the end of the procedure were reviewed by a
neuroradiologist who did not perform the MT (R.B.).

NIHSS score at day 1, mRS, and death at 3 months were ret-
rospectively recorded from patient files. NTHSS and mRS scores
(mRS =2 was considered a good outcome, and >2, a bad out-
come) after MT were assessed by independent vascular neurolo-
gists working in our institution. The presence of spontaneous
hyperattenuation on CT on day 1 after MT was also recorded. In
the early follow-up period, any other CT control was performed
only in case of clinical worsening.

Symptomatic intracranial hemorrhage was defined according
to the European Cooperative Acute Stroke Study definition.'°

Statistical Analysis

Results were expressed as mean, SD, median, minimum, and
maximum for quantitative variables and as count and percent-
age for categoric variables. Usual bivariate parametric (x* test
or Fisher exact test) statistical tests were used for group com-
parisons. Logistic regression analysis was used to assess the
association of the SVS and the favorable functional outcome 90
days after MT. We used the following clinical characteristics:
age, sex, initial and day 1 NIHSS score, ASPECTS, dissection,
site of occlusion, SVS, IV tPA, onset-to-groin puncture time,
TICI, and spontaneous hyperattenuation on CT on day 1. First,
a univariate analysis was performed, and only factors with a P
value =< .25 were selected for the multivariate analysis. All sta-
tistical tests were 2-sided, and the significance level was set at
.05. Statistical analysis was performed by using SAS, Version
9.4 (SAS Institute, Cary, North Carolina).

RESULTS

Baseline Characteristics

Among 73 patients (36 men and 37 women; median age, 59
years; range, 25— 85 years) treated for ACAS with MT, 53 pa-
tients (73%) were SVS+ and 20 patients (27%) were SVS—.
Intra- and interobserver agreement (k) for the SVS on MR
imaging was 0.86 and 0.86, respectively. The baseline charac-
teristics are summarized in Table 1. The median NIHSS score
(2-27) at admission was 18.

Occlusion involved the MCA in 47% of the cases, and the
ICA (extending or not to the MCA), in 53% of cases with 11
ICA cervical dissections included in this group. Ten patients
with cervical dissection presented with an SVS+. One was
SVS—, but this difference was not statistically significant (P =
.27). MT alone was used in 45% of cases, and IV tPA + MT, in
55% of cases. Age, cardiovascular risk factors, initial NTHSS
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Table 1: Patient characteristics and MRI findings before MT and
complications and clinical outcome after MT in patients with and
without SVS

SVS- SVS+ P
(n=20) (n=53) Value
Before thrombectomy
Age (yr) (mean) 59 +12 59 +14 93
Sex ratio

Female 10(50%) 27 (51%) 94

Male 10 (50%) 26 (49%)
Cardiovascular risk factors

Hypertension 9 (45%) 18 (35%) 42

Diabetes 2 (10%) 4 (8%) .67

Hyperlipidemia 8 (40%) 14 (27%) 28

Smoking 7 (35%) 9 (17%) 2

Obesity 1(5%) 7 (13%) 43
Initial NIHSS .66

<10 1(5%) 6 (11%)

10-20 N(55%)  27(51%)

>20 8(40%) 20 (38%)
ASPECTS .68

=7 8(40%) 24 (45%)

>7 12(60%) 29 (55%)

Side of occlusion 45

Left 14 (70%) 32 (60%)

Right 6(30%)  21(40%)

Site of occlusion 37

ICA 9 (45%) 30 (57%)

MCA N(55%) 23 (43%)
Dissection 1(5%) 10 (19%) 27
IV tPA 11(55%) 29 (55%) 98
Onset-to-groin puncture

=270 min 5(25%)  13(25%) .98

270 min to 360 min 8 (40%) 20 (38%)

>360 min 7(35%) 20 (38%)

After thrombectomy
TICI =2b-3 4(70%)  43(81%) 34
Lack of spontaneous 11(55%) 31(58%) 79
hyperattenuation on CT
NIHSS at day 1 .03

<10 6(30%) 29 (55%)

10-20 9(45%)  21(40%)

>20 5(25%) 3(6%)

MRS =<2 5(26%)  33(65%) 004

score, ASPECTS, and side of occlusion were similar between
the 2 groups (Table 1).

Mechanical Thrombectomy

Mean time from the stroke onset to groin puncture was 255 min-
utes in patients with SVS and 228 minutes in patients without SVS
(P = .98). Successful recanalization (TICI 2b-3) was observed in
78% of patients, in 81% in the SVS+ group and in 70% in the
SVS— group (P = .34) (Table 1).

Short-Term Complications and Mortality after MT
A spontaneous hyperattenuation on CT at day 1 after MT was
observed in 30 (42%) patients.

Because we performed another CT in the early follow-up only
when a clinical worsening occurred, we were not able to distin-
guish intracranial hemorrhage from contrast extravasation. From
these patients, 5 (7%) developed a symptomatic intracranial hem-
orrhage, 3 of them belonging in the SVS+ group.

The overall short-term mortality was 4% (3 of 73 patients).



Table 2: Patient characteristics, MRI findings before MT,
complications, and clinical outcome after MT in patients with
good (mRS =2) and bad (mRS =2) outcomes

mRS <2 mRS >2
(n=38) (n=32) Value
Before thrombectomy
Age (mean) 58 =13 61+ 13 25
Sex ratio

Female 2(55%)  15(47%) 43

Male 7(45%)  17(53%)
Cardiovascular risk factors

Hypertension 12 (32%) 15 (48%) 16

Diabetes 2(5%) 4(13%) 40

Hyperlipidemia 13 (34%) 8(26%) 45

Smoking 6 (16%) 8(26%) 37

Obesity 4 (11%) 3(10%) .61
Initial NIHSS

=10 7(18%) 0(0%) 01

10-20 21(55%) 16 (50%)

>20 10(26%) 16 (50%)
ASPECTS .54
=7 16(42%)  14(44%)

>7 2(58%)  18(56%)

Side of occlusion

Left 24 (63%) 19 (59%) 75

Right “U(37%)  13(41%)

Site of occlusion 24

ICA 17 (45%) 19 (59%)

MCA 2(55%)  13(41%)
Dissection 5(13%) 5(16%) .52
SVS+ 33(87%) 18 (56%) .004
IV tPA 2(58%) 17 (53%) 8l
Onset-to-groin puncture .59

=270 min 1026%)  7(22%)

270 min to 360 min 16(42%)  T1(34%)

>360 min 2(32%)  14(44%)

After thrombectomy
TICI =2b-3 34(89%)  20(63%) 01
Lack of spontaneous 27 (71%) 13 (41%) .03
hyperattenuation on CT
NIHSS at day 1 <.001
<10 3(82%)  3(9%)
10-20 7 (18%) 22 (69%)
>20 0(0%) 7(22%)

The first patient, a man 85 years of age, had an initial NTHSS
score of 24 and SVS—. MT failed with a TICI score of 0. NIHSS
score at day 1 was 24; the patient died at day 4. The second
patient, an 83-year-old woman with an initial NTHSS score of
10, presented with a SVS + and a dissection. Recanalization
failed (TICI = 0), and an early intracranial hemorrhage oc-
curred with an NTHSS score at day 1 of 24. Death occurred at
day 6. The third patient was a 75-year-old woman, with an
initial NIHSS score of 11, SVS —. She had a TICI 2a, and an
NIHSS score at day 1 of 20. Death occurred at day 10.

Clinical Outcome after MT

Three patients were lost for follow-up. For the remaining patients
(n = 70), the median NIHSS score (2-27) at day 1 was 12. The
functional clinical outcome 3 months after MT was favorable
(mRS 0-2) in 38 patients (54%) and poor (mRS 3—6) in 32 (46%)
(Table 2). The NIHSS score at day 1 was lower in the SVS+ group
than in the SVS— group (P = .03), and the mRS at 3 months was

SVS+ §‘ m mRS=0
~ m mRS=1
m mRS=2
m mRS=3
. m mRS=4
SVS- ‘ m  mRS=5
u  mRS=6
0 20% 40% 60% 80% 100%

FIG 2. Three-month mRS after MT in patients with SVS (n = 53)and in
patients without SVS (n = 20). Brackets indicate the percentage of
patients achieving a good mRS score of 0—2; mRS scores of 3,45, and
6 represent intermediate neurologic outcome, poor neurologic out-
come, and death, respectively.

=2in 5 cases (26%) in the SVS— group and in 33 cases (65%) in
the SVS+ group (P = .004) (Table 1 and Fig 2).

Predictive Factors of Clinical Outcome at 3 Months

Before MT, only the initial NIHSS score (P = .01) and the
presence of SVS+ (P = .004) were significantly associated with
a good functional outcome (Table 2). On univariate and mul-
tivariate logistic regression analysis, good functional outcome
was associated only with the presence of a SVS+ (univariate:
OR, 5; 95% CI, 1.6-16.6; P = .01; multivariate: OR, 8.7; 95%
CI, 1.1-69.4; P = .04) (Table 3).

After MT, a TICI =2b-3 (P = .01), the lack of spontaneous
hyperattenuation on CT (P = .03), and a lower NIHSS score at
day 1 (= 10) (P <.001) were significantly associated with a good
functional outcome (Table 2). On univariate analysis, a TICI
=2b-3 (OR, 5.1; 95% CI, 1.4-17.9; P = .01), the lack of sponta-
neous hyperattenuation on CT (OR, 3.6; 95% CI, 1.3-9.7; P =
.01), and a lower NTHSS score at day 1 (OR, 51.5; 95% CI, 11.8—
225.1, P < .001) were significantly associated with a good
functional outcome. On multivariate analysis, a lower NIHSS score
atday 1 (= 10) (OR, 51.9; 95% CI, 8.4-320.5; P < .001) was signif-
icantly associated with a good functional outcome (Table 3 and Figs
3and 4).

DISCUSSION
Our study shows that in patients with ACAS selected for MT by
using stent retrievers, SVS is a strong predictor of favorable clin-
ical outcome before treatment. There is no other study focusing
on the ability of SVS to predict mRS, to our knowledge

The GRE T2* MR imaging sequence is widely used in clinical
routine to rule out brain hemorrhage and detect arterial throm-
bus."" Identification of SVS on these GRE T2* sequences is con-
sidered reliable and reproducible because studies have shown ex-
cellent inter- and intraobserver agreement.'? Similarly, our study,
excellent intra- and interreader variabilities were observed con-
firming these results.

Overall, we found that among 73 patients treated for ACAS
with MT, SVS was present in 53 patients (73%). This rate of SVS
on GRE T2* imaging was in accordance with previous re-
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Table 3: Univariate and multivariate logistic regression analyses for factors associated with
mRS =2

Univariate Multivariate
OR 95% ClI PValue OR 95% Cl P Value

Age 0.9 0.9-1.01 .25 0.9 0.9-101 13
Sex 14 05-3.6 48
Initial NIHSS (=20 vs >20) 0.8  0.3-21 66
ASPECTS (=7 vs >7) 09 04-24 .89
Dissection 12 0347 77
ICA occlusion 1.8 0747 22
IV tPA 0.8  0.3-21 .69
Onset-to-groin puncture .58

270 min to 6 hr vs >360 min 17  0.6-50

=270 min vs >360 min 17 05-57
SVS+ 5 1.6-16.6 .01* 8.7 11-69.4 .04%
Lack of spontaneous 3.6 13-97 .o 3.6 07-189 013

hyperattenuation on CT
Day 1 NIHSS (=10 vs >10) 515 M.8-2251 <.001® 519  84-3205 <.0071°
TICI (=2b vs <2b) 5.1 14-17.9 .01* 71 0.4-112.8 16
@ Significant.

FIG 3. A 52-year-old patient with an initial NIHSS score of 19. At day 1, the NIHSS score was 17
without recovery on the following days. There was no spontaneous hyperattenuation on CT at
day 1. At 3 months, mRS was 4. A, DWI shows restriction of diffusion with an initial ASPECTS of 7
(white arrowhead). B, GRE T2* shows a right SVS— occlusion (black arrowheadl). C, Pretreatment
DSA shows right MCA occlusion (thin black arrow); the time between onset and groin puncture
was 270 minutes. D, Post-MT DSA shows successful recanalization (TICI 3).

Kimura et al'®> suggested that thrombi
that integrate less deoxyhemoglobin, in-
tracellular methemoglobin, or hemosid-
erinare SVS— and therefore younger. Our
hypothesis is that younger thrombi
(SVS—) are immediately symptomatic
when developed in situ in cerebral athero-
sclerotic vessels. However, lack of histo-
logic examination in our series does not
allow any correlation between imaging
findings and thrombus characteristics.

The SVS sign has been studied in the
literature on ischemic stroke treated by
IV tPA, with an end point defined either
on TICI recanalization or mRS. Kimura
etal'>'” focused on the potential of SVS
to predict the success of IV tPA in 132
patients with MCA and ICA occlusions.
In this retrospective study, they found
that the SV sign was the only indepen-
dent factor predictive of early recanali-
zation failure after IV tPA. No data were
reported regarding the potential of SVS
to predict mRS in this study. Similarly,
Aoki et al'* found, in a retrospective
study of 158 patients, that SVS+ was a
predictor of both recanalization failure
and worse mRS at 3 months and that
patients with SVS— are better candi-
dates for IV tPA. Regarding endovascu-
lar treatment, only 1 study investigated
the impact of SVS in patients treated by
MT, but it was limited to patients with
SVS—."* In this study, the authors sug-
gested that patients with SVS— could
benefit from MT. However, it was per-
formed on a small population of 11 pa-
tients, in which a combination of MT
and intra-arterial thrombolysis was used
in only 6 of the 11 patients. Our study
compared the potential of SVS— and
SVS+ to predict recanalization and
mRS after MT, combining the use of a
stent retriever with simultaneous con-
tinuous aspiration from the guiding
catheter. We found a trend toward a bet-
ter rate of recanalization in case of SVS+
compared with SVS— (P = .34) and bet-
ter clinical outcome (P = .004), suggest-
ing that as opposed to IV tPA studies,
patients with SVS+ are better candi-
dates for MT.

In the emergency context of an

ports.">"* The SVS+ is related to the presence of either deoxyhe-  ACAS, one needs simple and reproducible biomarkers to decide
moglobin, intracellular methemoglobin, or hemosiderin in the whether to treat and whether to select either IV tPA or endovas-
red blood cell count of the clot.'>'® Moreover, red blood cell-rich cular therapy. The Totaled Health Risks in Vascular Events
clots originate from the cardiac system, whereas white thrombi ~ score, MR imaging—-DRAGON score, and ASPECTS help to

(fibrin-rich) develop on ruptured atherosclerotic plaques.'®  decide whether to treat with IV tPA on the basis of a prognostic
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FIG 4. A 48-year-old patient with an initial NIHSS score of 21 and a 3-month mRS of 1. A, DWI
shows restriction of diffusion with an initial ASPECTS of 6 (white arrowhead). B, GRE T2* shows a
right SVS+ occlusion (black arrowhead). C, Pretreatment DSA shows a right MCA occlusion (thin
black arrow); the time between onset and groin puncture was 240 minutes. D, Post-MT DSA

shows successful recanalization (TICI 3).

algorithm.'®' The Diffusion and Perfusion Imaging Evalua-
tion for Understanding Stroke Evolution Study 2 study helps
select patients who can benefit from additional endovascular
therapy on the basis of diffusion-perfusion mismatch.?> How-
ever, the interpretation of perfusion images is not easily repro-
ducible among centers.?” Our study demonstrates that a simple
and reproducible sign (SVS) on pretreatment MR imaging may
help to select patients for MT and could be integrated in future
prospective comparative trials.

It may be argued that GRE T2* and MR imaging are time-
consuming compared with CT. In the Multicenter Random-
ized Clinical Trial of Endovascular Treatment for Acute Isch-
emic Stroke in the Netherlands (MR CLEAN) and the
Endovascular Treatment for Small Core and Proximal Occlu-
sion Ischemic Stroke (ESCAPE) trial,>* patients were random-
ized on the basis of CT. As in other centers, we believe that MR
imaging before treatment is, when available, the best imaging
technique.®*>° Although we did not specifically measure the
length of each MR imaging in our study, our MR imaging
protocol is performed without injection and includes 4 short
sequences, with an 11-minute acquisition time. This acquisition
time is no longer than a CT scan, with and without contrast agent

injection. Our results showing a poten-
tial predictive role of SVS support our
strategy to recommend the use of MR
imaging if available rather than CT in
stroke evaluation.

Several limitations might apply to
our study. IV tPA performed before M T,
age, time between onset and groin punc-
ture, initial stroke severity, stroke terri-
tory and subtype, imaging findings, and
medical comorbidities might have influ-
enced our recanalization and outcome
results.?”2° However, these were similar
between the 2 groups; this similarity
made MT the major contributor to the
TICI score and underlined the clinical
outcome differences between the 2
groups. Even though better mRS scores
were observed in the SVS+ group (P =
.004), TICI scores did not present statis-
tically significant differences between
the 2 groups (P = .34). This might be
related to our small sample size and be-
cause patients with SVS— who pre-
sented initially with a good post-MT
TICI score had delayed rethrombosis.
Pre-existent underlying vessel disease,
with atherosclerotic plaque or injured
intima after numerous thrombectomy
attempts, increases the risk of rethrom-
bosis.>*>! However, because we did not
perform a control DSA, we cannot dem-
onstrate the validity of this hypothesis.
Moreover, regarding the primary ob-
jective of our study, mRS was the most
important parameter because it represented the clinical out-
come (Figs 3 and 4). The presence of 11 cervical ICA dissec-
tions in our cohort might bias the recanalization rate and clin-
ical outcome.?® In these patients, no significant difference
between the SVS+ and SVS— groups was found. Last, a good
collateral circulation has been associated with better recanali-
zation, reperfusion, and subsequent better clinical outcomes.>?
We did not assess these collaterals in our study because we only
performed a DSA in the concerned occluded vessel and not in
the contralateral carotid artery. Although we performed a
FLAIR sequence in all patients, it was not possible to assess
collaterals because the FLAIR sequence has been well-validated

for MCA occlusion only and not for ICA occlusion.?*>¢

CONCLUSIONS

Decision-making regarding patient eligibility for endovascular
treatment is complex. There is a need for better selection of pa-
tients who might benefit most from endovascular stroke treat-
ment. Our study focused on patients with ACAS treated with MT
and showed that in this population, the presence of an SVS on MR
imaging is a reliable, reproducible, and simple radiologic bio-
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marker that may predict favorable clinical outcome at 3 months

after MT. Future prospective studies by using MR imaging and

assessing the efficacy of endovascular treatment in ACAS should

integrate SVS in their design.
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ORIGINAL RESEARCH
INTERVENTIONAL

An Enhanced Model of Middle Cerebral Artery Occlusion
in Nonhuman Primates Using an Endovascular
Trapping Technique

F.C. Tong, X. Zhang, D.J. Kempf, M.S. Yepes, F.R. Connor-Stroud, S. Zola, and L. Howell
O=

ABSTRACT

BACKGROUND AND PURPOSE: Current nonhuman primate stroke models are limited by either stroke variability or survivability. A new
nonhuman primate stroke model was developed by using endovascular trapping techniques to limit collateral vessels with serial MR
imaging and neurologic assessments.

MATERIALS AND METHODS: Eight adult rhesus monkeys (female, 7-13 years of age) underwent MR imaging and Spetzler neurologic
assessment followed by endovascular stroke induction consisting of superselective endovascular placement of surgical silk sutures into
the right MCA by using a trapping technique. Two initial subjects were euthanized immediately following postocclusion MR imaging. The
subsequent 6 subjects recovered and underwent follow-up MR imaging and Spetzler neurologic assessments at 48 hours, with 4 being
followed to 96 hours. Stroke infarct volumes were measured, and the longitudinal Spetzler clinical neurologic scores were assessed. The
brain tissues were harvested and prepared with hematoxylin-eosin staining.

RESULTS: Focal permanent cerebral ischemia was induced in the targeted right MCA territory in all subjects. The volumes of the ischemic
lesions at 6, 48, and 96 hours were 3.18 = 1.007 mL (standard error of the mean) (n = 8), 6.70 = 1.666 mL (standard error of the mean) (n =
6), and 7.23 = 1.371 mL (standard error of the mean) (n = 4). For the survival animals, the immediate postsurgical Spetzler grading score
improved from 60.7 at 24 hours to 68.7 at 48 hours.

CONCLUSIONS: We report a trapping modification to an established endovascular suture stroke model that yielded reproducible
ischemia and clinically quantifiable neurologic deficits with no strokes in nontarget areas. This technique may be useful in evaluating

translational stroke and penumbral imaging research in addition to preclinical testing of neuroprotective therapies.

Rodent stroke research models often fail to translate to human
stroke. The use of nonhuman primates has advantages in pre-
clinical translational stroke studies." Gyrencephalic primate species
with larger brains demonstrate similar cortical and subcortical orga-
nization, with collateral flow that more accurately simulates that in
humans.” Early nonhuman primate stroke models used baboons
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with transorbital neurosurgical clipping of the middle cerebral artery
to address collateral vessels. The resultant strokes involved both the
cortex and deep nuclei, requiring prolonged intensive care limiting
the opportunity to perform behavioral assessments.”

Recent surgical and endovascular stroke models have used
nonhuman primates with less robust collaterals and greater sim-
ilarity to humans, resulting in more consistent stroke results and
allowing postoperative neurologic assessments. Approaches in-
clude the surgical introduction of an intraluminal thread from the
external carotid artery to the origin of the MCA,* injection of
autologous clot into the ICA,’ injection of silk suture into the
MCA,® transient microcatheter occlusion of the MCA,” perma-
nent MCA occlusion with cyanoacrylate,® and combined neuro-
surgical and endovascular thrombin-injection techniques.” Ide-
ally, a preclinical cortical stroke model would be reproducible,
minimally invasive, minimize pain and distress, spare the deep
nuclei, and allow serial behavioral assessments. Neurosurgical ap-
proaches typically offer more reliable stroke-induction volumes
while giving up at least some ability to track neurologic assess-
ments. Endovascular approaches minimize postoperative impair-



ment but have more stroke volume and distribution variability.
We describe a new survivable endovascular trapping technique of
ischemic stroke induction in the rhesus monkey (Macaca mu-
latta), allowing serial behavioral assessment and relative sparing
of the deep nuclei.

MATERIALS AND METHODS

Eight rhesus monkeys were sourced from the Yerkes National
Primate Research Center with procedures designed to minimize
pain and suffering and approval by the Institutional Animal Care
and Use Committee. The subjects were female and ranging from 7
years 9 months to 13 years 7 months and from 6.93 to 9.90 kg. The
animals were housed indoors on a standard light-dark cycle individ-
ually with routine laboratory diet supplemented by fruits and vege-
tables with water available at liberty. Two weeks before planned sur-
gery, each subject underwent a routine health and neurologic
assessment by using the Spetzler grading scale,'® followed by general
anesthesia and baseline brain MR imaging.

Two initial animals underwent endovascular stroke induction
and serial MR imaging examination with immediate sacrifice. Six
subsequent subjects underwent stroke induction, MR imaging scan-
ning, and survival with daily follow-up neurologic assessments and
MR imaging at 48 hours (6 of 6 subjects) and 96 hours (4 of 6 sub-
jects). Immediately following the final MR imaging, the animals were
sacrificed and the brain tissue was preserved in formalin.

Prescan

MR imaging prescanning of the brain was performed at least 7
days before stroke induction. Each subject was anesthetized with
3-5 mg/kg of tiletamine/zolazepam (Telazol) or 10 mg/kg of
ketamine followed by induction of general anesthesia by using
~1.0% isoflurane mixed with 100% O,. The pulse rate, respira-
tory rate, pulse oximetry, end-tidal gas, blood pressure, and end-
tidal CO, were monitored and maintained in the normal range."!
Body temperature was maintained at 37.5°C by a circulating
warm-water blanket, and each subject was supine and immobi-
lized with a head holder during scanning. The MR imaging con-
sisted of T1 (magnetization-prepared rapid acquisition of gradi-
ent echo sequence with TR = 2500 ms, TE = 3.33 ms, FOV =
96 X 96 mm, flip angle = 8°, TT = 950 ms, matrix = 192 X 192,
section thickness = 1 mm, 112 sections, 1 average), T2 (fast spin-
echo with TR = 5000 ms, TE = 115 ms, FOV = 96 X 96 mm,
256 X 256 matrix, section thickness = 2 mm, 2 averages), DWI
(single-shot EPI sequence with generalized autocalibrating par-
tially parallel acquisition acceleration factor = 3, TR = 5000 ms,
TE = 80 ms, FOV = 96 X 96 mm, data matrix = 64 X 64, section
thickness = 1.5 mm, 30 directions with b-value = 0, 1000 s/cm?),
FLAIR (TR = 10,000 ms, TT = 2800 ms, TE = 115 ms, FOV =
96 X 96 mm, data matrix = 256 X 256, turbo factor = 17, section
thickness = 2 mm, 2 averages), and MRA TOF (FOV = 96 X 96
mm, section thickness = 1 mm, TR = 39 ms, TE = 5.74 ms, single
slab = 40 sections, 448 X 448 matrix, single average) on a Mag-
netom Trio MR imaging scanner (Siemens, Erlangen, German)
with an 8-channel phased array knee coil (Invivo Inc. Gainesville,
Florida).

Stroke Induction

The subject was brought to the operating suite, where general
anesthesia was administered, and placed in a radiolucent head
holder. The bilateral groin regions were shaved, prepped, and
draped. Sonographic guidance was used to visualize the right
common femoral artery. A small skin nick was placed by using a
No. 11 scalpel blade, and a 22-ga access needle (French Silhouette
Transitionless Micropunture Introducer Set, Cook Incorporated,
Bloomington, Indiana) was placed into the right common femo-
ral artery. This was exchanged over a 0.018-inch Cope Mandrel
(Cook Medical) by using a 4F microdilator (Cook Medical). A 4F
65-cm Glide catheter (Terumo, Tokyo, Japan) was placed over a
0.035-inch Bentson guidewire (Olympus, Shinjuku, Japan) by us-
ing the Seldinger technique, and 500 U of IV heparin was admin-
istered. The 4 French non-taper angle Glide catheter (Terumo;
Medical Corporation, Somerset, New Jersey) was placed into the
right ICA by using C-arm fluoroscopic guidance (Siremobil
Compact, Siemens), and positioning was checked with manual
injection of iohexol (Omnipaque 300 contrast; GE Healthcare,
Piscataway, New Jersey). Anteroposterior and lateral cerebral an-
giograms were obtained.

An Echelon 10 (Covidien, Irvine, California) microcather was
inserted into the targeted M2/M3 branches of the right MCA un-
der roadmap through the 4F diagnostic catheter over a 0.010-inch
SilverSpeed microguidewire (Covidien). Superselective angiogra-
phy was performed by hand injection to verify suitable placement
and stroke targeting. Multiple 5-mm segments of 4—0 silk suture
(Ethicon, Johnson & Johnson, Cincinnati, Ohio) were injected
through the microcatheter until slowing of flow within the desired
M3 branch was seen. The microcatheter was partially withdrawn
into the M1 segment of the right MCA. A final 10-mm segment of
suture was injected, and the microcatheter was removed. Antero-
posterior and lateral postangiograms were repeated before cathe-
ter removal and administration of 2 mg of protamine sulfate IV.
Hemostasis was obtained with manual compression for 15 min-
utes and a single 4—0 polydioxanone suture (PDS Plus Sutures;
Ethicon).

Poststroke Imaging, Neurologic Assessment, and
Recovery

Poststroke images were repeated up to 7 hours after stroke induc-
tion. The 2 initial subjects were then euthanized, while the subse-
quent 6 subjects recovered from anesthesia and were monitored.
The survival subjects were maintained in an individual cage with
veterinary staff supervision and 24-hour continuous video mon-
itoring. Softened routine veterinary chow, fruit, and water were
offered. Assessment of overall well-being and Spetzler neurologic
deficit scoring were performed daily, with MR imaging scans re-
peated at 48 hours (6 of 6 subjects) and 96 hours (4 of 6 subjects)
poststroke. Two of the 6 survival subjects were sacrificed follow-
ing the 48-hour scanning at the recommendation of the veteri-
nary staff. MR images were reviewed, and stroke volumes were
calculated from DWI by using a threshold of the mean = 2 SDs
with the contralateral side as a reference. Lesion volumes from
DWI were derived from the threshold (mean % 2 SDs) of the DWI
intensity on the contralateral side by using custom Matlab scripts
(MathWorks, Natick, Massachusetts). Statistical analysis of the

AJNR Am J Neuroradiol 36:2354-59  Dec 2015 www.ajnr.org 2355



FIG 1. Upper left: lateral angiogram from right internal carotid artery injection. Upper Right:
superselective microcatheter angiogram in the right M3 branch. Lower Left: 96-hour FLAIR image
showing cortical infarct. Lower Right: 96-hour reconstructed coronal FLAIR image showing cor-

tical infarct with sparing of the basal ganglia.

lesion volumes was performed for the 3 time points by using un-
paired 2-tailed  tests.

Sacrifice and Histology

After the 96-hour scan, the subjects were euthanized immediately
while still under general anesthesia by using IV pentobarbital,
100 mg, and transcardial perfusion with saline solution and
10% buffered formalin following the approved protocols of the
Emory Institutional Animal Care and Use Committee. The brains
were harvested, immersed in 10% buffered formalin, sectioned
onto 50-um sections, and stained with the hematoxylin-eosin
technique.

RESULTS

Stroke Induction

Angiograms demonstrating microcatheter placement during the
stroke-induction procedure and resultant MR imaging are shown
in Fig 1. All 8 subjects had new strokes in the targeted right MCA
territories on the postoperative MR images. Each of the 6 desig-
nated survival animals recovered from anesthesia successfully.
Immediate and delayed MR imaging showed no stroke or emboli
in unintended territories or hemorrhage in any of the subjects.

MR Imaging, Stroke Volumes, and Histology

Stroke volumes were calculated from the 6-, 48-, and 96-hour
DWI scans and are summarized in Table 1. The average stroke
volume at 6 hours was 3.18 mL (# = 8; range, 0.5-8.8 mL) for all
8 subjects. For the 6 survival subjects, the average stroke volume
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was 6.70 mL at 48 hours (n = 6; range,
3.0-12.9 mL) and 7.23 mL at 96 hours
(n = 4; range, 3.3-9.5 mL). For the 4
subjects that survived to 96 hours, the
48-hour average infarct volume was 6.0
mL (n = 4; range, 3.0-10.0 mL). Infarct
volume difference reached statistical sig-
nificance from 6 to 96 hours (P = .041;
95% CI, 0.193-7.882) but not from 6 to
48 hours or from 48 to 96 hours. Repre-
sentative coronal FLAIR images and the
corresponding anatomic sections are
shown in Fig 2.

Complications

Technical Complications. There were
no procedural complications encountered
in this series. Specifically, there were no
vessel perforations, no unintended em-
bolic stroke, no intracranial hemorrhage,
no vessel dissection, and no groin
complications.

Clinical Complications/Early Clinical
Sacrifice. Two subjects were sacrificed
immediately following the 48-hour scan
at the recommendation of the veterinary
staff in accordance with the end points
approved by Institutional Animal Care
and Use Committee. RPF6 had a rela-
tively small right basal ganglia and insular stroke and started to
manifest seizure activity before the 48-hour scan and was subse-
quently euthanized immediately after the 48-hour scan. RJJ3 was
also euthanized after the 48-hour scan with symptoms of hemine-
glect, left hemiparesis, and gaze deviation while lying recumbent
on the right side unable to maintain upright posture without
assistance.

Cognitive Evaluation/Neurologic Assessment

Formal daily neurologic assessments were performed by using the
Spetzler neurologic deficit scoring scale shown in Table 2, ranging
from 1 to 100 with 70 points for motor function, 20 points for
behavior (awareness and aggression), 5 points for visual fields,
and 5 points for cranial nerve function. The average scores of
the 6 survival subjects are shown in Table 3 and were 60.7 at 6
hours and 68.7 at 48 hours, with the most common score de-
ductions for contralateral motor weakness. With euthanasia of
2 subjects at 48 hours, the remaining 4 subjects that survived to
96 hours had an average neurologic score of 85 at 48 hours
(range, 85—85) and 84 at 96 hours (range, 81-84).

DISCUSSION

Collateral Flow and Stroke Models

One of the challenges in using nonhuman primates for modeling
human stroke is that the degree of collateral circulation is often
more robust compared with human circulation.'? This differ-
ence makes the nonhuman primate brain more resistant to stroke



induction, requiring temporary or permanent elimination of col-
lateral vessels. Published series of stroke and temporary ischemia
models have used open surgical, endovascular, or mixed tech-

+913-16 many targeting collateral vessels as a means of de-

niques,
creasing cerebral flow. Management of collateral vessels is critical
in achieving cerebral blood flow below the infarct threshold of
approximately 0.12 mL/g per minute. While values above this
threshold may result in cessation of function, flow rates below this
level are required to achieve cell death within the targeted re-
gion.'” With this requirement in mind, our study used older sub-

jects that could potentially have fewer collateral vessels; fewer col-

lateral vessels have been shown in both aging mice'® and humans
with proximal MCA occlusion."®

Hudgins and Garcia® published an approach in 1970 consist-
ing of orbital enucleation followed by MCA microclip placement
to regulate the degree of cerebral ischemia. This method is still
used, with the primary drawback being its invasive nature and
disallowance of thrombolytics used in current stroke therapy. An-
other approach used temporary clipping of the bilateral anterior
cerebral arteries and MCA for reducing collateral flow," and this
approach yielded relatively consistent cortical stroke volumes of
approximately 25% of the entire cortical volume. Comparatively,
our method is less invasive and avoids
the MR imaging artifacts due to surgical
clip placement.

A purely endovascular reversible
stroke model was published by Jungreis
et al*! by using permanent coiling of the
right posterior cerebral artery and tem-
porary balloon occlusion at the junction
of the ICA terminus, anterior cerebral
artery, and MCA. The reversible nature
of this MCA-occlusion model used per-
manent coil occlusion of the posterior
cerebral artery, and the authors did not
comment on the actual stroke volumes
or survivability. A subsequent study us-
ing this model resulted in relatively large
infarct volumes with involvement of the
basal ganglia in a small nonsurvival
study.?? Our approach offers the advan-
tage of basal ganglia sparing in 7 of 8
subjects and stroke volumes better
suited to survivability studies.

Other endovascular models used
temporary mechanical catheter occlu-
sion, injection of n-butyl-cyanoacrylate
or other permanent agents.® One disad-
vantage of these approaches is again in-
consistent lesion sizes, though it may

reflect similar variation in human

FIG 2. Upper: coronal FLAIR images showing cortical infarction at 96 hours. Lower: corresponding

hematoxylin-eosin-stained anatomic sections following sacrifice.

stroke. Our endovascular approach re-
sulted in stroke in the targeted terri-
tory in 100% of subjects with 100% 48-
hour survivability without procedural
complications or unintended strokes.
However, 2 of the intended survival
subjects were euthanized for compas-
sionate rather than medical reasons at
the recommendation of the supervis-
ing veterinarian.

Table 1: Experimental infarct volumes (cc) estimated from the diffusion-weighted images at various time intervals postocclusion

Stroke Timing RVI3 RCE3 RFP6 RJJ3 RFA5 RRI3 PH1019 RVG4 Average (£SEM)
6 Hours 33 8.8 0.6 4.6 49 16 0.5 12 318 =1.007
48 Hours 33 129 10.0 3.0 7.2 3.8 6.70 £ 1.666
96 Hours 9.5 33 8.6 7.5 7.23 1371

Note:—SEM indicates standard error of the mean; RV13, RCE3, RFP6, RJJ3, RFA5, RR13, PH1019, RVG4, rhesus monkey subjects.
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Stroke Induction and Survivability

RPF6 was the first subject in the survival cohort and developed a
small stroke in the right basal ganglia. Postrecovery, the subject
developed clinical seizure activity just before the 48-hour MR im-
aging scan and was euthanized immediately after the scan. The
imaging would suggest that the basal ganglia stroke location was
the most likely source of the seizure activity. While this type of
stroke is not uncommonly seen and routinely supported in hu-
man patients, the ability to care for the nonhuman primate in the
absence of an intensive care unit—type environment necessi-
tated early sacrifice. Clinically, this was not unexpected be-
cause the overall rate of poststroke seizure in human patients
ranges from 4.4% to 11.1%,>>** with approximately 3.1%>°
developing poststroke seizure within the first 24 hours. Subse-
quently, the endovascular technique was modified slightly to
spare the basal ganglia in the remaining 5 survival subjects, and
no additional basal ganglia strokes were observed.

The other 5 survival subjects had purely cortical strokes with-
out basal ganglia involvement and manifested seizure activity
with progression of stroke volumes. One survival subject was eu-
thanized for compassionate reasons for symptoms of generalized
lethargy and diminished oral intake (an end point approved by
Institutional Animal Care and Use Committee). Clinically, the
relatively large stroke in this subject is commonly seen and treated
in human patients; 15%-20% of patients require hospital care in
the intensive care unit.>® The remaining 4 survival subjects toler-
ated their strokes well and demonstrated consistent clinical grades
on the Spetzler grading scale. There was a trend toward increasing
infarct size between the 6- to 48-hour scans and the 48- to 96-hour

Table 2: Spetzler neurologic deficit scoring

scans, with only the 6- to 96-hour infarct volume reaching statis-
tical significance. Overall, there was no symptomatic worsening in
clinical examination findings from 24 to 48 hours for the survival
arm of the study. At the 96-hour mark, the remaining subjects
were in no clinical distress, which suggests that they could likely
have potentially survived for a longer period. Given our experi-
mental and clinical results, longer survival periods would be facil-
itated by avoidance of basal ganglia strokes in addition to very
large stroke volumes.

Endovascular Trapping and Stroke Accuracy

Embolic silk suture has been described in the treatment of brain
AVMs and does not cause significant inflammatory change, mak-
ing it suitable for use in a permanent stroke model.*”*® It is de-
liverable through a microcatheter, is MR imaging—compatible,
and has been previously used in the nonhuman primate model,
with the injection of very short segments of silk from the
proximal MCA with variable clinical and imaging results.®
Comparatively, our superselective trapping method results in
better survivability and more controlled stroke volumes and
localization.

Each of the 8 experimental strokes had positive DWI changes
located precisely between the selected distal M3 branch and the
pullback proximal M1 position of the endovascularly placed mi-
crocatheter. Although more technically demanding, placement of
the smaller 5-mm suture segments into the distal M3 segment of
the MCA effectively eliminates retrograde collateral flow in the
MCA branch. Similarly, placement of the proximal 10-mm
suture effectively traps the desired MCA segment more pre-
cisely than if the suture were injected from the proximal MCA
segment.

The need to spare the lenticulostriate arteries was shown by the

Scoring basal ganglia stroke/seizure in the first survival subject. The endo-

Motor function vascular trapping technique was subsequently enhanced with no
Severe hemiparesis 10 . ppIng . 4 . 4 _Y, .

Mild hemiparesis 25 additional basal ganglia strokes in the remaining 5 survival sub-
Normal strength: favors opposite extremity 55 jects. First-time seizures occur at a rate of up to 15% in patients
Normal strength: normal function 70 with clinical stroke, so it is not unexpected for seizures to occur

Behavior in our series. However, it is not practical to care for these types of
Death 0 . . . . .

Coma 1 seizures in the animal care environment, and the subject was
Aware of surroundings: not active 5 euthanized to preserve its comfort in compliance with the In-
Aware of surroundings: moves in response to examiner 15 stitutional Animal Care and Use Committee guidelines. Simi-
Normal aggression 20 larly, the second subject showed symptoms of generalized leth-

Ocular and cranial nerve function argy and diminished oral uptake that would be within the
Facial movement: paretic 1 fh ke i iate level
N —— - — 5 expected scope of human stroke intermediate level care. Our
visual field: hemianopic 1 results suggest enhanced accuracy and stroke yield with better
Visual field: normal 5 basal ganglia sparing.

Table 3: Survival subject neurologic score CONCLUSIONS
Basal Ganglia Our endovascular trapping modifica-

Subject Baseline 24 Hours 48 Hours 96 Hours Involvement Sxs tion of an existing suture-injection

RFP6 100 46 5] Yes Seizures stroke model allows rapid poststroke re-

RIJ3 100 21 21 No Severe hemiparesis, covery. Accurate neurologic assess-

hemianopsia ments can be performed immediately in

D 100 46 8> 8> No a noncritical care setting. This assess-

RRI3 100 81 85 85 No L S

PHI0T9 100 85 85 85 No ment results in improved survivability,

RVG4 100 85 85 81 No basal ganglia sparing, and consistency

Mean 100 60.7 687 84 compared with previously published

Note:—Sxs indicates major symptoms.
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endovascular methods. Furthermore,



translational thrombolytic or neuroprotective therapies can be
evaluated; these evaluations are not possible with open neuro-
surgery and the resulting confounding postoperative factors.
Endovascular trapping offers a greater degree of precision for
stroke location and size. Although 1 limitation of our model is
that it uses a permanent agent, it could be easily adapted to a
temporary occlusion model if a suitable injectable agent were
identified.
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Optimal Prediction of Carotid Intraplaque Hemorrhage Using
Clinical and Lumen Imaging Markers

M.S. McLaughlin, PJ. Hinckley, S.M. Treiman, S.-E. Kim, GJ. Stoddard, D.L. Parker, G.S. Treiman, and J.S. McNally
O=

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging detects intraplaque hemorrhage with high accuracy by using the magnetization-prepared rapid
acquisition of gradient echo sequence. Still, MR imaging is not readily available for all patients, and many undergo CTA instead. Our goal was to
determine essential clinical and lumen imaging predictors of intraplaque hemorrhage, as indicators of its presence and clues to its pathogenesis.

MATERIALS AND METHODS: In this retrospective cross-sectional study, patients undergoing stroke work-up with MR imaging/MRA
underwent carotid intraplaque hemorrhage imaging. We analyzed 726 carotid plaques, excluding vessels with non-carotid stroke sources
(n = 420), occlusions (n = 7), or near-occlusions (n = 3). Potential carotid imaging predictors of intraplaque hemorrhage included
percentage diameter and millimeter stenosis, plaque thickness, ulceration, and intraluminal thrombus. Clinical predictors were recorded,
and a multivariable logistic regression model was fitted. Backward elimination was used to determine essential intraplaque hemorrhage
predictors with a thresholded 2-sided P < .10. Receiver operating characteristic analysis was also performed.

RESULTS: Predictors of carotid intraplaque hemorrhage included plaque thickness (OR = 2.20, P < .001), millimeter stenosis (OR = 0.46,
P <.001), ulceration (OR = 4.25, P = .020), age (OR = 1.11, P = .001), and male sex (OR = 3.23, P = .077). The final model discriminatory value
was excellent (area under the curve = 0.932). This was significantly higher than models using only plaque thickness (area under the curve =
0.88]1), millimeter stenosis (area under the curve = 0.830), or ulceration (area under the curve= 0.715, P < .001).

CONCLUSIONS: Optimal discrimination of carotid intraplaque hemorrhage requires information on plaque thickness, millimeter stenosis,
ulceration, age, and male sex. These factors predict intraplaque hemorrhage with high discriminatory power and may provide clues to the
pathogenesis of intraplaque hemorrhage. This model could be used to predict the presence of intraplaque hemorrhage when MR imaging is
contraindicated.

ABBREVIATIONS: IPH = intraplaque hemorrhage; AUC = area under the curve

For >20 years, stenosis has been the primary predictor of stroke  rotid Surgery Trial.'” During the past 10 years, advances have

risk from carotid disease based on landmark studies including ~ been made in MR imaging detection of plaque components, most
the North American Symptomatic Carotid Endarterectomy Trial,  notably with carotid intraplaque hemorrhage (IPH). Moody et al*
Asymptomatic Carotid Atherosclerosis Study, and European Ca-  first reported that high MR imaging signal within the carotid wall
was shown to detect complex atheromas. Since that time, carotid

IPH has been detectable with high accuracy by using heavily T1-
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However, MR imaging in general and the MPRAGE sequence
specifically may not be available in all clinical settings.

While most reports have correlated IPH with other markers of
plaque vulnerability, none have generated a predictive model of
IPH based on all available clinical and imaging markers. Many re-
searchers have demonstrated that the likelihood of IPH increases
with increasing carotid stenosis.'® Others have shown that IPH pos-
itively correlates with not only stenosis but also plaque volume or



thickness.!! Recently, CTA-detected ulceration was found to actas a
surrogate marker for IPH.'? These data suggest that IPH can be pre-
dicted, with some degree of accuracy, on the basis of lumen imaging
findings. In addition, IPH has been found at a higher prevalence in
males and in higher age groups.'? With these findings in mind, the
goal of this study was to determine a predictive model of IPH by using
available imaging and clinical markers.

We began with the hypothesis that lumen imaging and clinical
factors could be used to predict the presence of IPH. Doing so may
provide clues to the pathogenesis of IPH. Another potential benefit
would be to patients in whom MR imaging is contraindicated. To
detect IPH, we used an MPRAGE sequence included as part of a
clinical protocol beginning in November 2009. Data were gathered
prospectively and analyzed in a retrospective cross-sectional study.
We included all patients imaged with carotid MRA by using the
MPRAGE sequence for 4.5 years. A multivariable logistic regression
model was fitted to determine essential imaging and clinical markers
of IPH. This cohort of patients was used previously to determine
predictors of carotid-source stroke, which were found to include in-
traluminal thrombus, intraplaque hemorrhage, plaque thickness,
and current smoking,®

MATERIALS AND METHODS
Clinical Study Design
Institutional review board approval was obtained for this cross-
sectional study on patients undergoing stroke evaluation with
brain MR imaging/carotid MRA from November 2009 to January
2014. The carotid MPRAGE sequence was added to the clinical
MRA imaging protocol in November 2009. Patients presenting
for stroke work-up were scanned within 1 week of symptom on-
set. From November 2009 to January 2014, 578 patients under-
went brain MR imaging/carotid MRA for acute stroke evaluation
with the additional MPRAGE sequence. This resulted in 1156 ca-
rotid artery—ipsilateral brain image pairs.

Exclusions were determined after reviewing electronic medi-
cal records for non-carotid plaque stroke sources: those outside 2
cm above and below the carotid bifurcation. We excluded 430
carotid-brain pairs. These included craniocervical dissections
(n = 118), atrial fibrillation (n = 94), intracardiac/extracardiac
shunt (n = 86), cardiac thrombus (n = 26), recent aortic or mitral
valve replacement (n = 16), vasculitis (n = 14), global hypoxic/isch-
emic injury (n = 10), recent cardiac or neurovascular catheterization
(n = 10), recent cardiovascular surgery (n = 8), dural venous sinus
thrombosis (n = 8), fibromuscular dysplasia or lupus vasculopathy
(n = 8), proximal common carotid stenosis >50% (n = 6), rheu-
matic heart disease (n = 4), brain neoplasm (n = 4), endocarditis
(n = 2), idiopathic hypertrophic subaortic stenosis (n = 2), aortic
graft complication (n = 2), and distal vessel atherosclerosis (n = 2).
We also excluded occluded carotid arteries (n = 7), and extremely
high-grade lesions (n = 3). We used 726 carotid plaques in the final
analysis. Although a few scans showed mild motion artifacts primar-
ily from swallowing, these artifacts were not sufficient to exclude any
carotid arteries from interpretation.

MR Imaging/MRA Clinical Protocol
Images were obtained on 3T and 1.5T MR imaging scanners
(Verio and Avanto, Siemens, Erlangen, Germany) with standard

head/neck coils. The standard clinical MR imaging/MRA proto-
col for these patients included brain MR imaging (axial DWI,
axial T2-weighted, axial FLAIR, and sagittal T1-weighted images),
brain MRA (3D axial TOF), and neck MRA (2D axial TOF, coro-
nal precontrast T1-weighted, and coronal postcontrast arterial
and venous phase images). Coronal postcontrast MRA neck im-
ages were obtained from the aortic arch through the circle of
Willis. Total scan time was approximately 45 minutes, of which
the MPRAGE sequence required approximately 5 minutes. In
cases in which renal insufficiency precluded intravenous contrast
(glomerular filtration rate, < 30 mL/min/1.73 m?), postcontrast
MRA images were replaced with 3D noncontrast TOF with 1-mm
section thickness combined with duplex sonography.

Carotid MPRAGE Sequence

MPRAGE parameters were first optimized at 3T and were as fol-
lows: 3D, TR/TE/TI = 6.39/2.37/370 ms, flip angle = 15°, FOV =
130 X 130 X 48 mm?>, matrix = 256 X 256 X 48, voxel = 0.5 X
0.5 X 1.0 mm?>, fat saturation, time ~ 5 minutes. The TI was
initially optimized for 3T and transferred to 1.5T. An initial TT of
approximately 500 ms was chosen on the basis of prior computer
simulations at 3T and was adjusted down to a TI of 370 ms to
maximize contrast between hemorrhage and inflowing blood in
human volunteers as described previously.'*'> Images were ob-
tained from 20 mm below to 20 mm above the carotid bifurcation
at 1.0-mm section thickness. To produce 3D images, we used a
secondary phase-encoding gradient in the section-select direc-
tion, and measurements for all section-selection phase-encodings
were performed with rapid acquisition in each segment.

Carotid Lumen Imaging Markers

All carotid imaging markers were determined by consensus re-
view of 2 reviewers (M.S.M. and J.S.M.), both blinded to findings
on brain MR imaging and clinical covariates. In addition, IPH was
determined independently of other carotid imaging markers of
stroke risk. Lumen markers included percentage diameter steno-
sis, millimeter stenosis, maximum plaque thickness, ulceration,
and intraluminal thrombus.

Percentage diameter stenosis was determined by using the
NASCET criteria on contrast MRA. Briefly, the diameter () at the
level of maximal stenosis and the diameter (a) of the internal
carotid artery distal to the stenosis were used to calculate the per-
centage diameter stenosis by using the formula [(a — b)/a] X
100%. Carotid stenosis was measured at the narrowest segment of
the carotid plaque (b) on the axial images, perpendicular to the
long axis of the vessel on multiplanar reformats by using a sub-
millimeter measurement tool (Fig 1A). The distal ICA diameter
(a) was measured beyond the bulb where the walls are parallel and
no longer tapering per NASCET criteria.'®'® We performed the
multivariable regression analysis by using both the NASCET mea-
surement of percentage diameter stenosis [(a — b)/a] X 100% and a
millimeter stenosis (b) measurement adapted from the millimeter
stenosis method first described on CTA."® To identify near-occlu-
sions, we excluded an ICA from the percentage stenosis calculation if
it met the following criteria: visible bulb stenosis, distal ICA diameter
of =3 mm, and distal ICA/distal ECA ratio of =1.25. These criteria
were further adapted from those used by Bartlett et al'® to recognize
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FIG 1. Carotid plaque imaging markers. Stenosis is measured by using percentage diameter stenosis [(a — b) / a] and millimeter stenosis (b) (A,
cursors). The presence of ulceration is determined on contrast MRA images by using a 2-mm measurement threshold (B, arrow). Intraluminal
thrombus is defined as a filling defect on contrast MRA images (C, arrow). IPH is defined by MPRAGE-positive plaque, by using a signal threshold
of 2-fold signal intensity over the adjacent sternocleidomastoid muscle (D, right carotid artery is MPRAGE-positive; left side of image). Maximum
plaque thickness is measured in the transverse plane on 3D MPRAGE image (D, cursors).

subtle near-occlusions on CTA and originally adapted from standard
conventional angiography.'®'®

The presence of ulceration was determined on contrast MRA im-
ages by using a size threshold of 2 mm as previously described with
CTA (Fig 1B)."” Intraluminal thrombus was defined by an intralu-
minal filling defect on MRA axial reformats, previously described on
CTA (Fig 1C).”° In arteries from patients with renal failure (glomer-
ular filtration rate, < 30 mL/min/1.73 m?; 68/726; or 9.4% of carotid-
brain image pairs), the above imaging markers were determined
from 3D noncontrast TOF with 1-mm section thickness combined
with duplex sonography. Maximum plaque thickness was measured
in the transverse plane on MPRAGE images (Fig 1D). IPH was de-
fined quantitatively as MPRAGE-positive plaque, with at least 1 voxel
demonstrating at least a 2-fold higher signal intensity relative to the
adjacent sternocleidomastoid muscle as previously described (Fig
1D; right carotid is MPRAGE-positive; left side of image).6

Statistical Analysis

A mixed-effects multivariable logistic regression model was used.
This model accounted for 2 vessels per patient. The multivariable
logistic regression model was fitted for the outcome of carotid
IPH, with carotid imaging predictors including percentage diam-
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eter stenosis, millimeter stenosis, maximum plaque thickness, ul-
ceration, and intraluminal thrombus. Clinical covariates included
age, male sex, diabetes, hypertension, hyperlipidemia, and body
mass index. Cardiovascular medication confounders included
antihypertension, antiplatelet, anticoagulation, and statin medi-
cation classes. In addition, magnet strength (3T or 1.5T) was in-
cluded as a potential confounder in the logistic regression model.
A backward-elimination method was used to determine the final
model, in which all remaining predictors had a P < .10. Odds
ratios and P values were reported for each factor alone and for the
factors found to be significant from the backward elimination.
Receiver operating characteristic comparison analysis was per-
formed to determine the discriminatory value of the final model
compared with the following: 1) a model using only plaque thick-
ness, 2) a model using only percentage stenosis as a continuous
variable, and 3) a model by using only plaque ulceration. All sta-
tistical analyses were performed with STATA, Version 13.1 (Stata-
Corp, College Station, Texas).

RESULTS
Patient Demographics
Patient demographics are listed by vessel and depicted in Table 1.



Carotid Plaque Markers and Stroke Imaging

The carotid imaging features used in this study included the out-
come, IPH, and predictors, including percentage diameter steno-
sis, millimeter stenosis, maximum plaque thickness, ulceration,
and intraluminal thrombus as described in the “Materials and
Methods” section (Fig 1).

Muiltivariable Logistic Regression
Intraplaque hemorrhage predictors are depicted in Table 2,

with odds ratios adjusted by using multivariable logistic
regression.

Final Multivariable Logistic Regression Model

The final model for predictors of carotid IPH is depicted in Table
3. After backward elimination with a threshold of P < .10, the
remaining significant factors predicting carotid IPH included
maximum plaque thickness (OR = 2.20; P < .001; 95% confi-
dence interval, 1.50-3.22), millimeter stenosis (OR = 0.46;

Table 1: Patient demographics

P < .001; 95% CI, 0.30-0.71), ulcer-
ation (OR = 4.25; P = .020; 95% CI,

Demographics

1.25-14.4), age (OR = 1.11; P = .001;

Carotid Stroke Predictor by Vessel 95% CI, 1.05, 1.18), and male sex (OR =
Male sex (No./total No.) (%) 387/726 (53.3) 3.23; P = .077;95% CI, 0.88, 11.9). Note
Age (yr) (mean) (SD) 64.2(15.6) h i .. f
BMI (mean) (SD) (kg/m?) 28.4(6.4) that millimeter stenosis is a measure o
Smoking (No./total No.) (%) the lumen diameter (b) at the level of
Current smoker 138/726 (19.0) stenosis described in the “Materials and
Prior smoker 158/726 (21.8) Methods” section. Thus, carotid plaque
" Nevter sr,nOk(ild Jtotal No) (%) :;8; ;;2 EZ?&% with severe stenosis (small b) is associ-
ypertension (No./total No.) (% . . . .
Hyperlipidemia (No./total No.) (%) 358/726 (493)  ted with IPH, and carotid plaque with-
Diabetes (No./total No.) (%) 227/726 (313) out stenosis (large b) is not associated
Cardiovascular medications with IPH. This difference accounts for
Antihypertension (No./total No.) (%) 412/726 (56.8)  the seemingly counterintuitive OR of
Stat.ms (No./total No) (%) 316/726 (43.5) 0.46 in the final model. In addition, per-
Antiplatelet (No./total No.) (%) 294/726 (40.5) i . db
Anticoagulation (No./total No.) (%) 74/726(10.2) ~ Centage diameter stenosis measured by
Carotid plaque imaging markers NASCET is not in the final model due to
Stenosis (mean) (SD) (%) 12.2(23)) the nonsignificant P > .10 during back-
Mild stenosis (0%_—49%) (No./total No.) (%) 647/726 (89.]) ward elimination. If, alternatively, milli-
Moderate ste|j105|s (50%-69%) (No./total No.) (%) 45/726 (6.2) meter stenosis was not measured, then
Severe stenosis (70%-99%) (No./total No.) (%) 34/726 (4.7) .
Stenosis (mean) (SD) (mm) 4102) percentage stenosis would meet the
Maximum plaque thickness (mean) (SD) (mm) 3.0 (1.6) P <10 criteria (full model: OR = 23.7;
Ulceration (No./total No.) (%) 96/726(13.2) P = .003; 95% CI, 3.00-187.2; final
Intraluminal thrombus (No./total No.) (%) 19/726 (2.6) model: OR = 31.0; P = .001; 95% CI,
Intraplaque hemorrhage (No./total No.) (%) 65/726(9.0) 3.89-246.2). However, because we mea-
Magnet strength = 3T (No./total No.) (%) 58/726 (8.0) -
sured both percentage and millimeter
Note:—BM | indicates body mass index.
Table 2: Multivariable logistic regression
Carotid-IPH Predictor IPH+ (n = 65) IPH- (n = 661) OR P Value 95% Cl
Cardiovascular risk factors
Male sex (No./total No.) (%) 55/65 (70.0) 332/661(50.2) 3.05 104 079 n7
Age (yr) (mean) (SD) 76.0(9.7) 63.1(15.6) m 003 1.04 119
BMI (yr) (mean) (kg/m?) 26.8 (4.0) 28.5(6.6) 0.94 325 0.84 1.06
Smoking (No./total No.) (%)
Current smoker 12/65 (18.5) 126/661(19.1) 1.52 620 0.29 7.88
Prior smoker 24/65 (36.9) 134/661(20.3) 174 399 0.48 636
Hypertension (No./total No.) (%) 46/65 (70.8) 453/661(68.5) 030 126 0.06 141
Hyperlipidemia (No./total No.) (%) 46/65(70.8) 312/661(47.2) 1.08 .895 033 3.62
Diabetes (No./total No.) (%) 23/65 (35.4) 204/661(30.9) 104 948 033 3.30
Cardiovascular medications (No./total No.) (%)
Antihypertension 43/65(66.2) 369/661(55.8) 270 170 0.65 N
Statin 42/65 (64.6) 274/661(41.5) 124 749 033 470
Antiplatelet 38/65 (58.5) 256/661(38.7) 107 922 0.29 3.88
Anticoagulation 7/65(10.8) 67/661(10.1) 0.63 .628 0.10 4.00
Carotid plaque imaging markers
Stenosis (mean) (SD) (%) 465 (30.) 8.9(193) 09 409 0.0003 257
Stenosis (mean) (SD) (mm) 2.5(1.5) 43(1.0) 0.31 .052 0.09 1.01
Maximum plaque thickness (mean) (SD) (mm) 5.4 (1.9) 2.8(14) 226 <.001 0.09 1.01
Ulceration (No./total No.) (%) 34/65 (52.3) 62/661(9.4) 436 017 130 47
Intraluminal thrombus (No./total No.) (%) 5/65(7.7) 14/661(2.]) 0.49 496 0.06 3.85
Magnet strength = 3T (No./total No.) (%) 16/65 (24.6) 42/661(6.4) 1.63 544 0.34 7.82

Note:—BM I indicates body mass index.
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Table 3: Final model

Carotid IPH predictor OR P Value 95% Cl
Ulceration 4.25 .020 1.25 4.4
Male sex 323 .077 0.88 1.9
Maximum plaque thickness 220 <.001 1.50 3.22
Age 1m .001 1.05 118
Stenosis (mm) 0.46 <.001 0.30 0.7

.

Sensitivity
0.50 0.75

0.25

0.00 0.25 0.50 0.75 1.00
1-Specificity

FIG 2. Receiver operating characteristic comparison analysis. The fi-
nal model IPH discriminatory value is excellent (blue, AUC = 0.932).
The final model discriminatory value (blue) is significantly higher than
a model with maximum plaque thickness only (yellow, AUC = 0.88],
P < .001), a model with millimeter stenosis only (red, AUC = 0.830,
P <.001), and a model with ulceration only (green, AUC = 0.715, P < .001).

stenosis and millimeter stenosis was a better predictor of IPH, we
have kept it in the final model.

Receiver Operating Characteristic Comparison Analysis
Receiver operating characteristic comparison analysis is shown in
Fig 2. The final model discriminatory value was excellent (area
under the curve [AUC] = 0.932) and was significantly higher than
models using only plaque thickness (AUC = 0.881), only milli-
meter stenosis (AUC = 0.830), or only ulceration (AUC = 0.715,
P <.001.

DISCUSSION

Along with other clinical and imaging factors, carotid IPH allows
optimal prediction of carotid sources of stroke.® Currently, opti-
mal medical treatment for carotid IPH is unknown. It is, there-
fore, essential to determine predictors of IPH. These predictors
could be used as surrogate markers to calculate the likelihood for
IPH when MR imaging is not available or is contraindicated. In
addition, these predisposing factors may serve as clues to the
pathogenesis of IPH.

Lumen imaging is far more often used in the work-up of ca-
rotid-source stroke. CTA is also used more frequently than MRA,
by as much as 4 times at our institutions. Lumen imaging of ste-
nosis alone provides poor prediction of IPH.>' This study dem-
onstrates that the presence of lumen markers, such as maximum
plaque thickness, millimeter stenosis, and ulceration combined
with the patient’s age and whether the patient is male, predict
carotid IPH with high discriminatory power.

These results indicate that plaque ulceration is strongly predic-
tive of IPH. This finding may be because both ulceration and IPH are
markers of unstable plaque and frequently coexist. Alternatively, IPH
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may predispose to endothelial dysfunction, erosion, and eventual
ulceration through proinflammatory effects of iron on reactive oxy-
gen species formation.?* Plaque ulceration has been previously sug-
gested as a surrogate marker of carotid IPH.'* Our research argues
that while ulceration is an essential predictor of IPH, it cannot fully
act as a surrogate for IPH without determining the other clinical and
imaging factors in the regression analysis. In the assessment of ca-
rotid stroke risk, the presence of ulceration alone could prompt fur-
ther evaluation with MR imaging to assess IPH.

Our study also shows that maximum plaque thickness is an
essential predictor of IPH. This suggests that larger plaques are
inherently more unstable and prone to hemorrhage, potentially
due to a larger lipid-rich core and/or a higher number or more
permeable plaque neovessels. Delayed contrast imaging may al-
low better detection of lipid-rich cores, and dynamic contrast-
enhanced MR imaging may better characterize microvascularity
predisposing to IPH.>***

In addition to plaque thickness, millimeter stenosis was a sig-
nificant indicator of IPH. Most interesting, millimeter stenosis
was a better predictor than percentage diameter stenosis, and
when both were used, percentage stenosis was eliminated from
the final model due to its failure to achieve significance. In sup-
port of this, millimeter stenosis has been shown to be a reliable
measurement with low interobserver variability."® The single
measurement of millimeter stenosis is without the inherent vari-
ability of NASCET ratios with 2 measurements and variable distal
ICA caliber within and between patients.

It is unclear why millimeter stenosis adds further value to
plaque thickness in the prediction of IPH. One possibility is that
higher degrees of stenosis are associated with further impaired
flow dynamics and oscillatory shear stress. In apolipoprotein E mice
on a Western diet and treated with angiotensin II and carotid liga-
tion, IPH develops in areas of stenosis and low wall shear stress.>
This is likely related to altered endothelial cell mechanotransduction,
because low mean shear stress and oscillatory shear stress lead to
endothelial reactive oxygen species formation in cell culture mod-
els.”**° The shear stress environment at branch points and stenotic
vessels could act to sustain IPH through oxidative stress, chronic
plaque inflammation, and sustained neovessel permeability.

Of the clinical factors assessed in this study, only patient age
and male sex were found to significantly increase the risk of IPH.
Both of these factors have been associated with IPH in recent
research.’® Atherosclerosis has long been known to be an age-
related phenomenon. Arterial plaques form preferentially at
branch points and may be fundamental to the process of aging,
having been found in ancient mummies from at least 4 different
cultures.’® Aging may lead to atherosclerosis via increased levels
of oxidative stress, DNA damage, mitochondrial dysfunction, and
altered balance of cell proliferation and apoptosis.”'

While the correlation with age is not surprising, what specific
role male sex plays in the development of IPH remains to be seen.
It has long been known that atherosclerosis incidence is lower in
women compared with men, but this increases after menopause,
suggesting an atheroprotective effect of estrogen.?> However, ran-
domized controlled clinical trials have found no benefit to estro-
gen therapy in cardiovascular disease.>> Androgens may also ben-
efit male patients through direct action on the vasculature or



through a more favorable lipid profile, though the effect of andro-
gen therapy after andropause is unknown.>* There may also be sex
differences accounting for platelet activation, coagulation, and
endothelial cell function that may contribute to plaque inflamma-
tion and IPH.”

In conclusion, this study identifies lumen markers and clinical
factors that can predict IPH with a high discriminatory power.
These predictors provide clues to the pathogenesis of IPH. In
addition, when MR imaging is not available or contraindicated,
these markers may allow clinicians to estimate the likelihood of
IPH being present. Identifying patients who are likely to be neg-
ative for IPH can prevent unneeded surgeries or interventions.
Furthermore, prescreening patients before they undergo MRA
can significantly improve the positive or negative predictive value
of T1-weighted sequences in identifying IPH. This will be impor-
tant in recruiting patients for future studies aimed at determining
optimal IPH treatment.

CONCLUSIONS

Optimal prediction of carotid IPH is achieved by using informa-
tion on maximum plaque thickness, millimeter stenosis, ulcer-
ation, patient age, and male sex. These factors can be used to
determine IPH with a high discriminatory power and may pro-
vide clues to the pathogenesis of IPH. Together, they may also be
used to determine whether IPH is present in patients in whom MR
imaging is contraindicated.

Disclosures: Michael S. McLaughlin—RELATED: Grant: National Center for Research
Resources and the National Center for Advancing Translational Sciences, National
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ORIGINAL RESEARCH
HEAD & NECK

Comparison of Inner Ear Contrast Enhancement among
Patients with Unilateral Inner Ear Symptoms in MR Images
Obtained 10 Minutes and 4 Hours after Gadolinium Injection

T.Y.Kim, D.W. Park, Y. Lee, J.Y. Lee, S.H. Lee, J.H. Chung, and S. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Recently 4-hour delayed-enhanced 3D-FLAIR MR imaging has been used in pathophysiologic analysis of
the inner ear in many auditory diseases, including sudden sensorineural hearing loss, but comparison among different time points is not
clear in patients with unilateral inner ear symptoms. We compared the signal-intensity ratios of the inner ears in patients with unilateral
inner ear symptoms on 10-minute delayed-enhanced and 4-hour delayed-enhanced 3D-FLAIR MR images after IV gadolinium injection.

MATERIALS AND METHODS: The 10-minute delayed-enhanced and 4-hour delayed-enhanced 3D-FLAIR MR images were retrospectively
analyzed. Signal-intensity ratios between the cerebellum and inner ear structures, such as the cochleae, vestibules, and vestibulocochlear
nerve were assessed. Multiple comparisons were performed.

RESULTS: Signal-intensity ratios of the affected cochleae, vestibules, and vestibulocochlear nerve were higher than those of unaffected
sides in both 10-minute delayed-enhanced and 4-hour delayed-enhanced images. At the affected side, signal-intensity ratios of the
vestibulocochlear nerve were higher in patients with nonsudden sensorineural hearing loss than in those with sudden sensorineural hearing
loss on both 10-minute delayed-enhanced and 4-hour delayed-enhanced images. The signal-intensity ratios of some affected inner ear
structures were higher than those of the unaffected sides in a group of 30 patients with sudden sensorineural hearing loss and 20 patients
with nonsudden sensorineural hearing loss on 10-minute delayed-enhanced and 4-hour delayed-enhanced images.

CONCLUSIONS: Signal-intensity ratios of the inner ear show statistically significant increases in many diseases, especially neuritis, in
10-minute delayed-enhanced and 4-hour delayed-enhanced images. The 4-hour delayed-enhanced images may be superior in neural
inflammatory—dominant conditions, while 10-minute delayed-enhanced images may be superior in neural noninflammatory—dominant

conditions.

ABBREVIATIONS: sSNHL = sudden sensorineural hearing loss; nsSNHL = nonsudden sensorineural hearing loss

D fluid-attenuated inversion recovery MR imaging has re-
cently been applied to the inner ear to investigate inner ear
pathology. The increased signal intensity of diseased inner ears
can also be observed on 3D-FLAIR imaging after intravenous gad-
olinium injection. This technique is useful for the pathophysio-
logic analysis of the inner ear in many auditory diseases, such as
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sudden sensorineural hearing loss (sSSNHL), cholesteatoma, co-
chlear otosclerosis, and vestibular schwannoma.'™ Compared
with intratympanic gadolinium injection, 3D-FLAIR MR imag-
ing after IV gadolinium injection is less invasive and enables ob-
servation of the bilateral cochleae and other inner ear structures.”

The signal-intensity ratio of the inner ear to other parts of the
brain allows semiquantitative expression of the signal intensity
and may be useful for comparing results among patients or
among ears. Recent articles have reported that the signal-intensity
ratio of the inner ear and other parts of the brain is useful in
patients with sudden deafness, Méniére disease, and vestibular
schwannoma.*¢®

The signal-intensity ratio of the inner ear and brain stem may
indicate disruption of the blood-labyrinthine barrier in patients
with inner ear disease with 4-hour enhancement after gadolinium
injection.” To our knowledge, the difference in inner ear signal
intensity between 10-minute and 4-hour delayed MRI has not
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been evaluated in most patients with unilateral symptoms, how-
ever, including those with sSNHL.

The purpose of this study was to compare signal intensities of the
inner ear among patients with unilateral symptomatic ear diseases.
Comparisons were made between the affected and unaffected sides,
between patients with sSSNHL and nonsudden sensorineural hearing
loss (nsSNHL), and between 10-minute and 4-hour delayed intrave-
nous gadolinium-enhanced 3D-FLAIR MR imaging.

MATERIALS AND METHODS

Patients

From May 2012 to October 2013, 60 patients who presented with
inner ear symptoms and underwent contrast-enhanced 3T tem-
poral MRI were enrolled in our study. The MR imaging data and
the electronic medical records of the 60 patients (120 ears) were
then retrospectively analyzed. Our institutional review board ap-
proved this study, and informed consent was waived due to the
retrospective nature of the study.

Ten patients were excluded from the study because they did
not have lateralized symptoms, including 4 patients with nonspe-
cific dizziness, 3 patients with benign paroxysmal positional ver-
tigo, and 3 patients with other bilateral symptoms.

The study therefore included 50 subjects with lateralizing in-
ner ear symptoms, including hearing loss, tinnitus, ear fullness,
nystagmus, and vertigo. Patients underwent 3D-FLAIR MR im-
aging with 10-minute and 4-hour delayed intravenous gadolin-
ium enhancement (Fig 1).

60 Patients with inner ear symptoms who underwent 3D-FLAIR MRI with 4 hour
delayed enhancement during the study period. (May 2012 - October 2013)

—| 10 Patients with non-lateralizing symptoms |

Total 50 Patients

30 Sudden SNHL patients | [ 20 Non-sudden SNHL patients

& Meniere's disease,

1 COM with cholesteatoma,

3 Vestibular schwannoma,

3 Ramsay Hunt syndrome,

5 Bell's palsy,

2 Vestibular neuronitis patients.

FIG1. Flowchartshowsinclusionand exclusion criteria applied for the
collection and composition of the study group. COM indicates
chronic otitis media.

Table 1: Patient characteristics

No. (%) of patients

Sex
Male 17 (34)
Female 33 (66)
Age (yr) (mean = SD) 45.6 =154
Laterality of symptoms
Right 22 (44)
Left 28 (56)

Table 2: The parameters for 3D-FLAIR MRI

The patient group consisted of 17 men and 33 women, with ages
ranging from 8 years to 72 years (mean age, 45.6 years). There were 22
right symptomatic ears and 28 left symptomatic ears (Table 1).

sSNHL is defined as a >30-dB hearingloss occurring in at least
3 contiguous frequencies in <72 hours without obvious cause.

The patient population consisted of 30 patients with sSSNHL
and 20 with nsSNHL. Patients with nsSNHL included the follow-
ing: 6 (12% of 50 total patients) with Méniére disease, 1 (2%) with
chronic otitis media with cholesteatoma, 3 (6%) with vestibular
schwannoma, 3 (6%) with Ramsay Hunt syndrome, 5 (10%) with
Bell palsy, and 2 (4%) with vestibular neuronitis. The patients
clinically diagnosed with Bell palsy or Ramsay Hunt syndrome
were included because they had combined hearing loss.

MR Imaging Protocol

All scans were obtained on a 3T MR imaging scanner (Achieva 3T;
Philips Healthcare, Best, the Netherlands) by using a receive-only
32-channel phased array coil. Double-dose (0.2-mmol/kg) gado-
linium-DTPA (Bono-I; CMS, Korea) was used to evaluate the
pathophysiology analysis of the inner ear.

The images obtained included the following: pre- and posten-
hanced T1WT; 3D thin-section proton attenuation images (0.3- to
0.6-mm thickness); whole-brain FLAIR images; and pre-, 10-
minute, and 4-hour delayed-enhanced FLAIR volume isotropic
turbo spin-echo acquisition images.

The parameters for 3D-FLAIR are summarized in Table 2.

MR Imaging Evaluation and Statistical Analysis

Circular 0.6-mm? ROIs were determined within the basal turn of
the cochlea, vestibule, cochlear and vestibular nerves in the laby-
rinth, and the cisternal segment of the trigeminal nerve. ROIs
were examined with 10-minute and 4-hour delayed 3D FLAIR
MR imaging after an IV gadolinium injection. Circular 10-mm?*
ROIs of the Meckel cave were also measured (Fig 2). Circular
50-mm? ROIs of the medulla oblongata and cerebellar white mat-
ter were obtained at the level of the internal acoustic meatus.
Inner ear signal-intensity ratios were then bilaterally estimated as
follows: cochlea/medulla, vestibule/medulla, vestibulocochlear
nerve/medulla, cisternal segment of trigeminal nerve/medulla,
and the Meckel cave of the trigeminal nerve/medulla.

Two radiologists who were blinded to patient information
measured the ROIs. Every ROI was examined twice for each pa-
tient on different days to ensure the reliability of the signal inten-
sity and diminish measurement error. The signal intensities of the
4 measurements were averaged for analysis. Differences between
radiologists were then resolved by consensus.

Circular 50-mm?® ROIs for the cerebellar white matter of both
cerebellar hemispheres at identical sections of the medulla oblongata
were obtained on each image. The signal-intensity ratio of the
cerebellar white matter to the medulla oblongata was calculated
for each image. Cerebellar white matter/medulla ratios were then
bilaterally estimated to evaluate the uniformity of the magnetic
field.

Flip Angle Section Thickness Voxel Size Acquisition Time
TR(ms) TE(ms) (degree) Section Orientation (mm) FOV (mm) (mm) NEX (min:sec)
8000 261 90 Axial 12 180 X180 08X08X06 2 4:48
2368 Kim Dec 2015 www.ajnr.org



FIG 2. Example of the ROIs on 4-hour delayed contrast-enhanced 3D-FLAIR images: cochlear (A), vestibule (B), vestibulocochlear nerve
(C), medulla and cerebellar white matter (D), the Meckel cave of the trigeminal nerve (E), and the cisternal segment of the trigeminal nerve

FIG 3. Ten-minute versus 4-hour delayed-enhanced 3D-FLAIR
MR imaging in 72-year-old woman diagnosed with vestibular
neuronitis (right). Four-hour delayed-enhanced 3D-FLAIR MR im-
aging (B) shows more definite anatomy of inner ear structures
compared with 10-minute delayed-enhanced 3D-FLAIR MR imag-
ing (A).

Table 3: Comparisons of mean sifnal-intensity ratios of inner ear
structures between affected and unaffected sides at different

times
Affected Unaffected P

Side (mean) Side (mean)  Value
10 Minutes: CM ratio 0.78 0.53 .003
4 Hours: CM ratio 170 1.24 .000
10 Minutes: VM ratio 0.62 0.46 .010
4 Hours: VM ratio 140 110 .004
10 Minutes: VIIInM ratio 131 113 .004
4 Hours: VIIInM ratio 1.63 146 .015
10 Minutes: mVnM ratio 0.57 0.53 356
4 Hours: mVnM ratio 144 150 495
10 Minutes: cVnM ratio 1.09 1.07 564
4 Hours: cVnM ratio 1.09 110 .684

Note:—CM indicates cochlea/medulla; VM, vestibule/medulla; VIIINnM, vestibuloco-
chlear nerve/medulla; cVnM, cisternal segment of the trigeminal nerve/medulla;
mVnM, the Meckel cave of the trigeminal nerve/medulla ratio.

The Student ¢ test was used to compare the differences in each
inner ear signal-intensity ratio, both between 10 minutes and 4
hours and between affected and unaffected sides. A paired ¢ test
and Wilcoxon signed rank test were used to compare the differ-
ences in the affected ear signal-intensity ratio between patients
with unilateral sSSNHL and those with nsSNHL and to compare
the WM ratio between the right and left sides. Pearson correlation
analysis was used to compare the Meckel cave of the trigeminal
nerve/medulla and the unaffected inner ear signal-intensity
ratios.

Motion artifacts, visible signal abnormalities of the medulla,
and mastoid air cells were visually assessed simultaneously.

RESULTS

There were no visible motion artifacts, visible signal abnor-
malities of the medulla, or abnormalities of the mastoid air
cells. The WM ratio between the right and left sides did not
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differ significantly for either method. The mean age and sex
ratio did not differ significantly between patients with sSSNHL
and those with nsSNHL (P = .84 for mean age, P = .06 for sex
ratio).

In this study, IV double-dose gadolinium administration pro-
vided anatomic discrimination in the 10-minute delayed images,
but the 4-hour delayed images showed more accurate anatomic
discrimination (Fig 3).

The signal-intensity ratios of the affected cochleae, vestibules,

and vestibulocochlear nerves were higher than those of the unaf-

FIG 4. Images of the inner ears obtained at 10 minutes after intravenous
gadolinium administration in a 43-year-old female patient who was diag-
nosed sudden sensorineural hearing loss (left). Enhancement in the left
cochlea (A, arrow) in the posterior semicircular canal (B, arrow).

fected side in both 10-minute and 4-hour delayed images (Table
3). However, there was no significant difference between sides for
the trigeminal nerve.

On affected sides, the signal-intensity ratio of the vestibuloco-
chlear nerve was higher in patients with nsSNHL than in those
with sSSNHL on both 10-minute and 4-hour delayed images (P =
.01, P = .01, Mann-Whitney test). However, there was no signif-
icant difference in the cochlea or vestibule.

Among 30 patients with sSNHL, the signal-intensity
ratio of the affected cochleae was significantly higher than that
of the unaffected side in 10-minute delayed images (P = .01,
paired t test). There was no statistically significant signal-
intensity ratio difference in the cochleae with 4 hours of de-
layed enhancement. There was also no significant signal-inten-
sity ratio difference in the vestibule and vestibulocochlear
nerve with 10 minutes and 4 hours of delayed enhancement
(Fig 4).

Among 20 patients with nsSSNHL, the signal-intensity ratios
of affected cochleae and vestibulocochlear nerves were signif-
icantly higher than those of unaffected sides in 10-minute de-
layed images (P = .004, P = .021, Wilcoxon signed rank test).
On 4-hour delayed images, the signal-intensity ratios of the
affected cochleae, vestibules, and vestibulocochlear nerves
were also significantly higher than those of unaffected sides.

Table 4: P values of signal-intensity ratio difference between
affected and unaffected ears in each subgroup at different times
(paired t test or Wilcoxon signed rank test)

30 Patients with

20 Patients with

sSNHL nsSNHL
10 4 10 4
Organ Minutes Hours Minutes Hours
Vestibule .069 .086 .093 .033
Vestibulocochlear nerve .089 328 .021 .016

FIG 5. Images of inner ears after intravenous gadolinium administration in a 35-year-old female patient diagnosed with Herpes zoster oticus
(left). A and B, Four-hour delayed images. A, Enhancement in the left cochlea, vestibule, labyrinthine segment of the facial nerve, and cochlear
and vestibular nerves. B, Enhanced basal turn of the left cochlea (arrow). C and D, Ten-minute delayed images. No definite distinguishable

enhancement was seen.
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(P = .001, paired t test; P = .033, Wilcoxon signed rank test;
P = .016, paired ¢ test; Fig 5 and Table 4).

DISCUSSION

We found that the signal-intensity ratios of the affected cochleae,
vestibules, and vestibulocochlear nerves were higher than those of
the unaffected side in both 10-minute and 4-hour delayed images
in patients with SNHL. There are increasing reports that 4-hour
enhancement shows more pronounced and increased signal in-
tensity than 10-minute enhancement, especially in symptomatic
ears of dizzy patients.”

Recent articles report that IV gadolinium administration is
useful in evaluating the blood-labyrinth barrier in patients with
inner ear diseases.”'? In patients with unilateral Méniére disease
who underwent IV gadolinium injection, the affected side was
significantly more enhanced than the unaffected side.” The
ratio between the signal intensity of the inner ear and that of
the cerebellar hemisphere has been reported as higher in pa-
tients with sudden sensorineural hearing loss compared with
healthy volunteers.”'" Signal-intensity ratios may be useful for
semiquantitative evaluation of disrupted blood-labyrinthine
barriers.®

The results of the present study and previous reports suggest
increased permeability of the blood-labyrinth (perilymph) bar-
rier on the affected side for patients with unilateral inner ear
symptoms. This increased permeability may have common un-
derlying pathology for diverse otologic disorders, and further in-
vestigation is required to clarify this matter.

Among patients with sSSNHL, the signal-intensity ratios of the
affected cochleae are significantly higher than those of the unaf-
fected side only in 10-minute delayed images. Many recent studies
have explored the cause and pathogenesis of sSSNHL, but most
cases of sSNHL remain idiopathic.'®' This feature indicates a
low possibility of definitive neuritis in patients with sSSNHL. In a
study of 46 patients with sSSNHL, 3D-FLAIR MRI obtained pre-
contrast and at 10 minutes after intravenous gadolinium injec-
tion showed significant signal-intensity ratio differences.®
These results may indicate that 10-minute delayed images are
superior to 4-hour delayed images in conditions without de-
finitive neuritis, such as SSNHL. In 4-hour delayed images, the
contrast enhancement of most structures is washed out except
for mild enhancement of the perilymphatic space. Conse-
quently, a mild signal-intensity ratio difference may be less
conspicuous in 4-hour delayed images compared with 10-min-
ute delayed images.

Significantly higher signal-intensity ratios of the affected
cochleae, vestibules, and vestibulocochlear nerves were identi-
fied in patients with nsSNHL with 4-hour delayed images. The
signal-intensity ratios of the affected cochleae and vestibulo-
cochlear nerves were higher than those of the unaffected side
on 10-minute delayed images. One-quarter of patients with
nsSNHL in our group had Ramsay Hunt syndrome and vestib-
ular neuronitis, which are definitely associated with viral ori-
gins. This finding may indicate increased nerve sheath perme-
ability due to neuritis. Furthermore, data may indicate that
4-hour delayed images are superior to 10-minute delayed im-
ages in conditions with neuritis.

There are some limitations of the present study. First, a degree
of selection bias occurred due to the retrospective nature of the
study, and the study included only patients with unilateral symp-
toms. Second, the signal-intensity measurement method was
semiquantitative, without the use of an external phantom for ref-
erence. Third, the small number of enrolled patients in this study
requires validation of our findings in further studies. Fourth,
ROIs were small, though we believe that the small size of the ROI
of the inner ear structure was accurate. To ensure the reliability of
the signal intensity measured in the small ROIs of the inner ear
structure and to diminish the measurement error, we determined
every ROI twice for each patient on different days and averaged
the signal intensities of the 2 measurements, for each of the 2
radiologists. In addition, the differences between the radiologists
were then resolved with consensus.

CONCLUSIONS

Inner ear signal-intensity ratios with 10-minute and 4-hour
delayed intravenous gadolinium enhancement show statisti-
cally significant increases in many diseases, especially those
associated with neuritis. Anatomic discrimination of inner ear
structures is superior with 4-hour delayed enhancement com-
pared with 10-minute delayed enhancement. The images with
4-hour delayed enhancement may be superior in neural in-
flammatory—dominant conditions, while 10-minute delayed-
enhancement images may be superior in neural noninflamma-
tory—dominant conditions.
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ORIGINAL RESEARCH
HEAD & NECK

Accuracy of 2-Phase Parathyroid CT for the Preoperative
Localization of Parathyroid Adenomas in Primary
Hyperparathyroidism

B. Griffith, H. Chaudhary, G. Mahmood, A.M. Carlin, E. Peterson, M. Singer, and S.C. Patel

ABSTRACT

BACKGROUND AND PURPOSE: Minimally invasive parathyroidectomy requires accurate preoperative localization of suspected adeno-
mas, and multiphase CT allows adenoma characterization while providing detailed anatomic information. The purpose of this study was to
assess the feasibility of a protocol using only arterial and venous phases to localize pathologic glands in patients with primary
hyperparathyroidism.

MATERIALS AND METHODS: We identified 278 patients with primary hyperparathyroidism who had undergone 2-phase CT with surgical
cure. All scans were read prospectively by board-certified neuroradiologists. A neuroradiology fellow retrospectively reviewed images and
reports and classified suspected adenomas on the basis of anatomic location. Accuracy was determined by comparing imaging results with
surgical findings. The ability of 2-phase CT to localize adenomas to 1 of 4 neck quadrants and lateralize them to the correct side was
assessed. Accuracy of identifying multigland disease was also evaluated.

RESULTS: In patients with single-gland disease, the sensitivity and specificity of 2-phase CT to correctly localize the quadrant were 55.4%
and 85.9%, respectively. The sensitivity and specificity of correct lateralization were 78.8% and 67.8%, respectively. The sensitivity and
specificity to identify multigland disease were 22.9% and 79.5%, respectively.

CONCLUSIONS: While the 2-phase CT protocol in this study demonstrates lower accuracy compared with reports of other techniques,
its lower radiation compared with 3- and 4-phase techniques may make it a feasible alternative for preoperative parathyroid localization.

Further prospective studies are needed to identify patients for whom this technique is most suitable.

Primary hyperparathyroidism, a disorder caused by the pres-
ence of =1 hyperfunctioning parathyroid gland, is character-
ized by the overproduction of parathyroid hormone and is the
most common cause of hypercalcemia in nonhospitalized pa-
tients.' Primary hyperparathyroidism is most commonly due to
a single adenoma (85%) but can also be caused by multiple ade-
nomas, 4-gland hyperplasia, and parathyroid carcinoma.>

The treatment of choice for primary hyperparathyroidism is
surgical removal of the hyperfunctional tissue." In the past, surgi-
cal management required bilateral cervical exploration. Improve-
ments in preoperative localization of abnormal glands, however,
and the use of intraoperative parathyroid hormone assays have
led to increased use of minimally invasive, or focused, parathy-
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roidectomy techniques.”* Compared with bilateral exploration,
minimally invasive parathyroidectomy achieves the same out-
comes while offering a lower risk profile, causing less pain, and
providing superior cosmetic outcomes.

The success of minimally invasive parathyroidectomy de-
pends on the accurate preoperative localization of a potentially
hyperfunctioning gland. A number of imaging modalities are
currently used, both alone and in combination, for preopera-
tive localization, including radionuclide scintigraphy and ra-
dionuclide single-photon emission CT, sonography, and
contrast-enhanced CT. Radionuclide scintigraphy and sonog-
raphy have both demonstrated success in preoperative local-
ization, but each has limitations as well. In particular, both
modalities lack detail regarding surrounding anatomy, and
sonography is highly operator-dependent.””

In the past decade, multiphase CT has emerged as an addi-
tional technique for adenoma localization.">®*'* In addition to
lesion identification, CT allows precise localization based on well-
defined anatomic landmarks. Following its introduction, multi-
phase CT was referred to as 4D-CT.” The term “4D” referred to
the 3 dimensions provided by the CT scan with the added dimen-
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sion of time due to the functional information offered by the
multiple phases of imaging.” Since the initial description of
4D-CT by Rodgers et al® in 2006, many studies have attempted to
define the optimal number of phases needed for parathyroid ad-
enoma detection.

Two-phase parathyroid CT uses only 2 phases of imaging for
characterization and localization purposes, which, in this study,
included an arterial and a venous phase. Identification of parathy-
roid adenomas is based on the principle that parathyroid lesions
show rapid enhancement followed by washout, which is demon-
strated on the arterial and venous phases, respectively. The obvi-
ous major benefit of 2-phase CT over 3- or 4-phase CT is the
decreased radiation dose. This is of particular importance given
the increasing attention paid to radiation exposure from medical
imaging.'> In addition, studies have suggested that multiple
phases do not improve localization, with a recent study finding
that the arterial phase alone was comparable with the combina-
tion of other phases in correctly localizing and lateralizing adeno-
mas.'® Our institution began using this 2-phase parathyroid CT
exclusively in 2009 for the preoperative work-up of parathyroid
adenomas when cross-sectional imaging localization was re-
quested by the referring surgeon.

The purpose of this study was to retrospectively assess the
accuracy of 2-phase parathyroid CT for localizing surgically
proved parathyroid adenomas in patients with primary hyper-
parathyroidism. We hypothesized that 2-phase CT would be a
feasible technique for preoperative localization compared with
techniques using 3 or 4 phases, while offering a reduction in radi-
ation dose.

MATERIALS AND METHODS

This retrospective study was conducted in accordance with
Health Insurance Portability and Accountability Act regulations.
The study was approved by our institutional review board, and a
waiver of informed consent was obtained.

Patients

Between May 2009 and August 2013, 444 two-phase parathyroid
CT scans were obtained on 428 patients at our institution. Of
these, 278 patients met the following inclusion criteria:

e Laboratory data consistent with primary hyperparathyroidism
o First-time parathyroidectomy surgery with subsequent cure (de-
fined as normal calcium levels at 6 months or a 50% drop in intra-
operative parathyroid hormone levels and into the normal range).

One hundred sixty-six CT scans were excluded for the follow-
ing reasons: Seventy patients underwent 1 or multiple 2-phase CT
scans without surgery performed, 14 patients had operative or
pathology reports that were indeterminate, 18 patients did not
have a cure following surgery, 25 patients had inadequate preop-
erative documentation, 27 patients were either lost to follow-up
or had no postoperative laboratory data, and 12 patients were
undergoing repeat surgeries.

Of'the 278 included patients, 250 had either radionuclide scin-
tigraphy or radionuclide single-photon emission CT performed.
Of those, 140 patients had a suspected adenoma identified on the
scan.

2374 Griffith  Dec 2015  www.ajnr.org

The decision to obtain a CT scan at our institution is variable
and is determined by the individual surgeons on a patient-by-
patient basis. There is no differentiation of patients who had pre-
viously undergone successful or unsuccessful localization by
other modalities, whether sestamibi or sonography.

CT Technique

All examinations were performed with a 16— or 64—detector row
CT scanner. Patients were positioned supine, head first on the CT
gantry. Examinations included a scout scanogram and 2 phases of
imaging following the intravenous administration of contrast ma-
terial. One hundred milliliters of iopamidol (Isovue-350; Bracco,
Princeton, New Jersey) or ioversol (Optiray-300; Mallinckrodt,
St. Louis, Missouri) was administered at an injection rate of 5
mL/s via an 18-ga catheter followed by 40 mL of saline at 2 mL/s.

Timing of the 2 phases of imaging (arterial and venous) was
dependent on patient age. In patients older than 55 years, the
first-phase scanning started following a 22-second delay. The de-
lay was 18 seconds in patients younger than 55 years of age. The
second (venous) phase was obtained immediately following the
first phase.

The multiphase CT was acquired at 2.5-mm section thickness
with a 2.5-mm interval. Automatic exposure control was used
(range, 200—400 mA) at 120 kV with a noise index of 13.81.
Craniocaudal coverage was from the base of the orbit to the aortic
arch. The mean CT dose index per imaging phase was 24.49 mGy.
Coronal and sagittal reformats were obtained for both phases at
2.5-mm section thickness with a 2.5-mm interval.

Image Analysis

All 2-phase parathyroid CT reports and images were retrospec-
tively reviewed by a neuroradiology fellow, and suspected adeno-
mas were classified on the basis of their anatomic location: right
upper quadrant, right lower quadrant, left upper quadrant, and
left lower quadrant. Localization was based on a combination of
image annotations (eg, measurements, arrows) placed at the time
of the initial interpretation and the anatomic description on the
report. All initial image interpretations were performed prospec-
tively by board-certified neuroradiologists. No images were re-
interpreted by the fellow at review. Quadrants were based on le-
sion location with respect to the vertical midline (right and left)
and a transverse plane through the middle of the thyroid gland
(Fig 1). Potential adenomas were also assigned a lateralization
(right or left) based on their position relative to the midline. Sus-
pected adenomas crossing a quadrant line were localized to the
quadrant where the greatest proportion of the gland was located.
Nontraditional locations, including ectopic and intrathyroidal
glands, were also identified.

Surgical Localization

The surgery and pathology records were reviewed by a third-year
medical student and a fourth-year otolaryngology resident with all
final determinations of gland location confirmed with an otolaryn-
gology staff member specializing in parathyroid surgery. Because
surgeries were performed by multiple surgeons, if surgical localiza-
tion could not be confidently determined on the basis of operative
and pathology reports, the patient was excluded from analysis.
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FIG 1. Coronal reformat image demonstrates the 4 quadrants used
for imaging localization purposes. Quadrants were based on lesion
location with respect to the vertical midline (right and left) and a
transverse plane through the middle of the thyroid gland.

Gland location was classified by the same method as imaging
localization. Medical records were reviewed to obtain patient de-
mographic data, including age, sex, weight, body mass index, and
preoperative and postoperative parathyroid hormone and cal-
cium levels.

For diagnostic accuracy, surgical and pathologic findings were
treated as the criterion standard.

Statistical Analysis

Suspected adenomas localized to the correct quadrant on the basis of
surgical and pathologic findings were scored as true-positive. Sus-
pected adenomas localized to the incorrect quadrant were scored as
false-positive. The remaining quadrants not identified with possible
adenomas were evaluated asa “no adenoma” guess—if correct on the
basis of surgery, they were classified as a true-negative, and if misclas-
sified, they were considered a false-negative. Each individual had 4
determinations, 1 for each quadrant. Screening parameters of sensi-
tivity, specificity, positive predictive value, and negative predictive
value were estimated by using a ratio estimator commonly used in
sampling theory. Standard errors were also estimated. This estima-
tion was performed for both single-gland quadrant localization and
single-gland lateralization, considering only 2 areas on the 2-phase
CT scan instead of 4.

For purposes of determining the accuracy of multigland iden-
tification, true-positives were those patients with multigland dis-
ease found at surgery and suspected adenomas identified at mul-
tiple locations on CT. False-negatives were those patients found to
have multigland disease at surgery but without suspected multiple
glands identified on CT. True-negatives and false-positives were
those patients with only a single gland found at the time of surgery
and with a single suspected gland or multiple suspected glands
identified on CT, respectively.

Sensitivity, specificity, positive predictive value, and negative
predictive value were compared for both localization and lateral-
ization for those patients with single-gland disease within 1 of the
4 quadrants at the time of surgery. The following variables were

Table 1: Patient demographics

Demographics

Age (yr) (n = 278) 60.5 £12.7
Weight (kg) (n = 241) 8523 = 21
Body mass index (n = 209) 31470

Preoperative PTH level (n = 278)*
Intraoperative PTH level (n = 278)?
Preoperative calcium level®

128.5 (26.7-1900)
23.6 (0-1517)
10.6 (8.7-14.6)

Multigland disease at surgery 48
(No. of patients)
Nontraditional-location disease at 8

surgery (No. of patients)
Single-gland weight®® (g) (n = 222)

Note:—PTH indicates parathyroid hormone.

@ Denotes median value with range (mean and SD for all other values unless specified).
®Includes patients with single glands in a traditional location (4 quadrants) removed
at surgery.

0.481(0.007-13.5)

Table 2: Single-gland detection accuracy

Single-Gland
Localization

Single-Gland
Lateralization

Sensitivity, % 55.4 =35 788 28
Specificity, % 859 14 678 £3.2
Positive predictive value, % 56.8 =34 710 =27
Negative predictive value, % 853 *11 762 *+ 31

assessed when information was available: body mass index of
=30, history of diabetes, prior neck surgery other than parathy-
roid surgery, presence of hypothyroidism, presence of thyroid
goiter or nodules, history of prior radioiodine treatment for thy-
roid disease, gland weight (>1 g), preoperative parathyroid hor-
mone level (=150), and calcium level (=11). A test from sam-
pling theory was used for the independent estimates of sensitivity
in the 2 groups. This test was performed separately for localization
and lateralization.

RESULTS

Patients

Between 2009 and 2013, 278 patients met the inclusion criteria.
Table 1 shows the descriptive data regarding our patient
population.

Localization and Lateralization

Of the 278 patients, 48 (17.3%) had multigland disease found at
surgery and 8 had single glands located outside the 4 quadrants.
These patients were excluded from localization and lateralization
analysis, leaving 222 patients with single-gland disease in 1 of the
4 quadrants.

The sensitivity and specificity of 2-phase parathyroid CT to
correctly localize a single gland to 1 of the 4 quadrants were
55.4% * 3.5% and 85.9% = 1.4%, respectively (Table 2). The
positive and negative predictive values for single-gland localiza-
tion were 56.8% =+ 3.4% and 85.3% = 1.1%, respectively.

The sensitivity and specificity of 2-phase parathyroid CT
to correctly lateralize a single gland were 78.8% =* 2.8% and
67.8% * 3.2%, respectively. The positive and negative predictive
values for single-gland localization were 71.0% * 2.7% and
76.2% = 3.1%, respectively.

We further evaluated the sensitivities and specificities for lo-
calization and lateralization for single adenomas on the basis of
specific quadrants. These data are provided in Table 3.
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Multigland Disease and Nontraditional Location Glands
The ability of 2-phase parathyroid CT to correctly identify the
presence of multiple glands was also assessed. For the 48 pa-
tients with multiglandular disease, the sensitivity and specific-
ity of the 2-phase parathyroid CT to correctly identify their
disease was 22.9% * 6.1% and 79.5% * 2.7%, respectively.
The positive and negative predictive values were 19.0% = 5.1%
and 83.1% = 2.5%.

Eight patients were identified as having nontraditionally lo-
cated glands at the time of surgery, including 4 patients with
glands identified within the superior mediastinum, 1 patient with
an inferiorly descended superior parathyroid gland in a right
paratracheal location, 1 patient with a gland located within the left
piriform sinus, and 2 patients with intrathyroidal parathyroid ad-
enomas. Mediastinal or ectopic glands in all 6 patients were cor-
rectly identified, though the piriform sinus lesion was not pro-
spectively inferred to be an adenoma. The 2 intrathyroidal
adenomas were not identified.

Clinical Factors Affecting Accuracy

A variety of clinical factors in patients with single adenomas was
evaluated for their effects on sensitivity and specificity for local-

Table 3: Quadrant-specific single-gland detection accuracy

ization and lateralization (Table 4). For localization, only the
gland weight of =1 g led to a higher sensitivity (69.8% versus
50.0%, P = .014). The group with a calcium level =11 had a
higher sensitivity, 62.7%—49.7%, which demonstrated a trend to-
ward statistical significance (P = .070). There were no other sta-
tistically significant results.

Similarly, patients with a gland weight of =1 g or a body mass
index of <30 demonstrated higher sensitivity for lateralization
(90.7% versus 71.9%, P = .001, and 84.0% versus 69.2%, P =
.022, respectively). In addition, patients with a history of hypo-
thyroidism had a lower sensitivity than those without (59.4% ver-
sus 77.8%, P = .049) and lower specificity (46.9% versus 66.1%,
P = .046).

DISCUSSION
Between 0.2% and 0.5% of the population are affected by primary
hyperparathyroidism, with approximately 100,000 new cases di-
agnosed annually in the United States.'” In the past, treatment of
primary hyperparathyroidism required subjecting a patient to bi-
lateral cervical exploration. In recent years, however, treatment
has shifted toward the use of minimally invasive, or focused, para-
thyroidectomy. A 2011 study by Udelsman et al® evaluating 1650
patients undergoing surgery for primary
hyperparathyroidism found that pa-

Right Upper  Right Lower  Left Upper  Left Lower tients undergoing minimally invasive
Sensitivity, % 262+ 69 736+ 61 510-71  638+64  Pparathyroidectomy demonstrated im-
Specificity, % 70.6 * 3.4 95.6 + 2.0 83.0 +29 908 =23  proved cure and complication rates and
Positive predictive value, % 792 %22 89.8 61 50.0 £ 6.4 69.8+ 6.2 a decreased length of hospital stay and
Negative predictive value, % 762+ 31 91.6 £1.8 83.6 +22 883*+19 lower total hospital charges.

Table 4: Effect of clinical variables on sensitivity and specificity of localization and lateralization in patients with single adenomas

Localization

Lateralization

Variable: Yes Variable: No P Value Variable: Yes Variable: No P Value

BMI = 30 (n° = 166)

Sensitivity, % 484 56.0 328 69.2 84.0 .022

Specificity, % 87.9 82.2 .081 59.3 69.3 180
Diabetes (n = 213)

Sensitivity, % 452 533 407 71.0 753 628

Specificity, % 88.2 85.7 456 61.3 63.7 799
Prior neck surgery (n = 201)

Sensitivity, % 55.0 53.0 .870 75.0 757 .947

Specificity, % 917 85.6 99 75.0 63.5 278
Hypothyroidism (n = 212)

Sensitivity, % 43.8 54.4 268 59.4 77.8 .049

Specificity, % 86.5 85.7 872 46.9 66.1 .046
Thyroid goiter or nodules (n = 218)

Sensitivity, % 46.4 57.0 143 69.6 785 170

Specificity, % 87.4 85.7 .540 58.0 67.1 199
Radioactive iodine therapy (n = 218)

Sensitivity, % 429 53.6 .602 571 75.8 .360

Specificity, % 81.0 86.3 596 429 64.5 291
Gland weight =1g (n = 221)

Sensitivity, % 69.8 50.0 .014 90.7 719 .001

Specificity, % 853 86.5 736 721 624 213
Preoperative PTH level =150 (n = 221)

Sensitivity, % 53.8 531 9n 813 715 .087

Specificity, % 84.6 87.7 0.274 64.8 64.6 0.973
Preoperative calcium level =11 (n = 222)

Sensitivity, % 62.7 497 0.070 80.6 735 0.242

Specificity, % 86.1 86.2 0.957 67.2 63.2 0.572

Note:—BMI indicates body mass index; PTH, parathyroid hormone.

@ Total number of patients in whom this variable could be confirmed on retrospective chart review.
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FIG 2. Axial arterial phase (A) and axial venous phase (B) images show a left inferior parathyroid
adenoma, which demonstrates avid early contrast enhancement on the arterial phase and wash-

out on the venous phase.

FIG 3. Axial arterial phase (A) and axial venous phase (B) images show an ectopic superior left
parathyroid adenoma, which was surgically found to be within the submucosa of the left piriform

sinus.

The success of minimally invasive parathyroidectomy depends
on the appropriate selection of candidates—namely, those with
localizable adenomas on preoperative imaging.'® A number of
imaging modalities, including radionuclide scintigraphy, sonog-
raphy, and CT, are currently used, both alone and in combina-
tion, for localization purposes, with varying levels of success.

A prior meta-analysis of 20,225 cases of primary hyperpara-
thyroidism demonstrated radionuclide scintigraphy having a sen-
sitivity of 88% for detecting solitary adenomas,'® though the sen-
sitivity decreased to between 51% and 69% for adenomas of =500
mg.>>?! Similarly, sonography is reported to have sensitivities for
lateralization ranging from 61% to 88%. Many consider sonogra-
phy to be the first-line imaging study, due to its ability to localize
enlarged parathyroid glands while concurrently determining the
presence of relevant thyroid disease. Both of these modalities are
plagued by poor spatial resolution, however, and sonography is
limited in its ability to adequately visualize the mediastinum.'” In
addition, sonography is user-dependent and, as such, is limited by
the skill and experience of the ultrasonographer.**

Regardless of the preferred technique, in select patients, nei-
ther sonography nor radionuclide scintigraphy provides adequate
localizing information. These patients may benefit from further
attempts at preoperative localization. In addition, because of in-

dividual patient characteristics, such as
high body mass index, a surgeon may
want additional imaging studies.

In recent years, multiphase CT has
been increasingly used at our institution
as a means of localizing adenomas be-
fore surgery in select patients. The
ability of multiphase CT to identify
parathyroid adenomas is dependent on
differences in enhancement characteris-
tics between parathyroid lesions and
other soft-tissue structures in the neck,
with parathyroid lesions demonstrating
rapid uptake and washout of contrast
(Figs 2 and 3) versus the progressive en-
hancement pattern seen in normal
lymph nodes.'? In addition, CT has the
added benefit of providing the surgeon
with exquisite anatomic detail that can
be used for surgical planning.

In 2006, 4D-CT was first reported in
the literature as a means of identifying
parathyroid adenomas. In that study,
patients underwent sestamibi imaging,
sonography, and 4D-CT, which con-
sisted of precontrast, postcontrast, and
delayed images.” Investigators demon-
strated the improved sensitivity (88%)
of 4D-CT compared with sestamibi im-
aging (65%) and sonography (57%) for
lateralizing hyperfunctioning parathy-
roid glands to 1 side of the neck.” In ad-
dition, the sensitivity of 4D-CT in local-
izing parathyroid tumors to the correct
quadrant of the neck was 70% compared
with only 33% and 29% for sestamibi and sonography,
respectively.’

Since that initial report by Rodgers et al in 2006,” many studies
have attempted to determine the number of imaging phases
needed to optimize parathyroid adenoma detection. A 2011 study
by Starker et al'® found that a 4D-CT consisting of 4 phases (pre-
contrast followed by imaging at 30, 60, and 120 seconds following
intravenous contrast injection) had improved sensitivity (85.7%)
compared with sestamibi with SPECT (40.4%) and ultrasound
(48.0%) for localizing parathyroid adenomas to the correct quad-
rant of the neck. That study showed similar superiority of 4D-CT
for lateralizing parathyroid lesions as well (93.9% for 4D-CT,
71.2% for ultrasound, 61.5% for sestamibi with SPECT).'° Simi-
larly, a study by Eichhorn-Wharry et al'* found 4-phase CT to be
significantly more sensitive than sestamibi in correctly lateralizing
parathyroid adenomas (73% versus 62%), with an even greater
difference seen in patients with serum calcium levels of <10.8
mg/dL (45% versus 29%). Additional studies by Beland et al'* and
Hunter et al' also evaluated 4D-CT with 4 imaging phases. In the
former, investigators found a sensitivity of 82% and a specificity
0of 92%. In the latter, Hunter et al found 4D-CT to have a 93.7%
accuracy for correct lateralization and an 86.6% accuracy for
quadrant localization.
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Investigators have also evaluated the use of 3-phase 4D-CT.

Chazen et al,>®

by using 3 phases consisting of precontrast, post-
contrast, and delayed, found a sensitivity for correct lateralization
of 93% and correct localization of 92% in 32 pathologically
proved cases of single parathyroid adenomas. Similarly, Sepah-
dari et al** reported 97% accuracy for single-gland disease in a
3-phase protocol with precontrast, arterial, and venous phase
imaging.

Finally, Kutler et al'' used a modified technique of 4D-CT/
sonography to identify parathyroid adenomas and found that it
had a sensitivity and specificity of 94% and 96%, respectively, for
lateralizing hyperfunctioning parathyroid glands and 82% and
93%, respectively, for localizing abnormal parathyroid glands to 1
quadrant of the neck. A similar study found that this technique
demonstrated a good sensitivity for localization even in adenomas
weighing <150 mg.'

Despite high reported localization success rates, 4D-CT re-
mains burdened by the substantial radiation dose associated with
scanning the patient multiple times. In addition, the optimal
number of phases and the timing of contrast are still under inves-
tigation. In fact, a recent study by Raghavan et al'® evaluated the
accuracy of different combinations of CT phases to accurately
localize parathyroid adenomas in 29 patients with primary hyper-
parathyroidism and found that the lateralization and localization
accuracy of the arterial phase alone were comparable with that in
other combinations of phases.

Our study, which includes 278 patients with surgically
cured primary hyperparathyroidism, is the largest to date eval-
uating the accuracy of multiphase CT in preoperatively local-
izing pathologic parathyroid glands. Compared with the liter-
ature, our findings demonstrate a more modest success rate of
our 2-phase CT protocol, with an overall sensitivity of 55.4%
and specificity of 85.9% for localizing disease to a specific
quadrant, which are less than those reported by others in the
literature."®'%'>1%-2% Similarly, the success of 2-phase CT to
correctly lateralize adenomas, with a sensitivity and specificity
0f78.8% and 67.8%, respectively, is also less than that reported
for 4-phase CT in the literature.

A number of factors could account for the decreased accuracy
of 2-phase CT in this study. The most important is related to study
design, because this was a retrospective analysis designed specifi-
cally to reflect the performance of 2-phase-CT in a true clinical
setting. As such, the study is prone to the same limitations that
affect radiologists’ interpretations on a routine clinical basis.
These include issues related to the following: 1) patient factors,
such as streak artifacts from the shoulders and clavicles, and arti-
facts related to breathing and swallowing; 2) gland-specific factors
that may hinder accurate characterization by dynamic CT, such as
in the case of cystic adenomas; 3) technical factors related to
the CT scan itself, such as poor contrast bolus timing and
streak artifacts due to venous contrast pooling; and 4) finally,
interpretation-related factors, such as differences in reader ex-
perience and skill in interpreting 2-phase studies. Although
these factors influence the sensitivity and specificity of para-
thyroid CT studies regardless of the number of phases per-
formed, these may be less apparent in more controlled settings
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with smaller sample sizes of patients and smaller numbers of
more experienced readers.

An additional factor that could potentially affect the accuracy
of this 2-phase protocol in identifying parathyroid adenomas is
problems with differentiating juxtathyroidal adenomas from thy-
roid tissue because both can have similar contrast-enhancement
characteristics. As such, the lack of a precontrast phase may limit
the ability to accurately identify juxtathyroidal adenomas, partic-
ularly in the setting of multinodular goiter, but our analysis of
clinical factors affecting the accuracy of detection did not find a
difference between patients with multinodular goiter and those
without.

Additional factors in this study must also be taken into ac-
count as well. First, the 4-quadrant classification system used in
this study is unable to differentiate an inferior parathyroid ade-
noma from a superior parathyroid adenoma that has overly de-
scended along the tracheoesophageal groove. At imaging, this
gland would be classified in the inferior quadrant due to its rela-
tionship with the thyroid, while at surgery it would be classified as
a superior gland. This study did not attempt to differentiate these
glands on imaging. This limitation is reflected in the quadrant-
specific analysis of sensitivity, with the upper quadrants demon-
strating lower sensitivities compared with the lower quadrants
(26.2% and 51.0% versus 73.6% and 63.8%). An additional limi-
tation relates to the study-selection criteria—in particular, exclu-
sion of 18 patients who were not cured following surgery. Unfor-
tunately, this limitation is due to the retrospective design of the
study and was necessary because surgical localization was treated
as the criterion standard, without which the accuracy of the tech-
nique could not be determined. However, this failed cure rate of
6.1% (18 of 296 patients) is not much different from the failure
rate of up to 5% often reported in the literature, and the small
difference may reflect a slightly more surgically challenging pa-
tient population requiring 2-phase CT.***” Similarly, patients
undergoing repeat surgery (12 of 296 patients) were excluded be-
cause the purpose of this study was to evaluate the accuracy of
2-phase CT in patients at initial presentation.

CONCLUSIONS

Two-phase parathyroid CT offers an additional potential
method for the preoperative localization of parathyroid ade-
nomas with sensitivities for lateralization and quadrant-spe-
cific localization of 78.8% and 55.4%, respectively. Despite
lower accuracy rates than those of 4D-CT techniques in the
literature, the lower accuracy rates must be balanced with the
potential reduction in radiation dose. In addition, the clinical
environment in which this study was performed, which sub-
jects radiologists to the same limitations routinely encoun-
tered during study interpretation, may more fairly represent
the accuracy of this technique when implemented in everyday
clinical practice. Further large cohort prospective studies are
needed to definitively determine the optimal number of phases
required and the appropriate population for each technique.
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Detection of Nasopharyngeal Carcinoma by MR Imaging:
Diagnostic Accuracy of MRl Compared with Endoscopy and
Endoscopic Biopsy Based on Long-Term Follow-Up
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ABSTRACT

BACKGROUND AND PURPOSE: Our previous nasopharyngeal carcinoma detection study, comparing MR imaging, endoscopy, and
endoscopic biopsy, showed that MR imaging is a highly sensitive test that identifies nasopharyngeal carcinomas missed by endoscopy.
However, at the close of that study, patients without biopsy-proved nasopharyngeal carcinoma nevertheless had shown suspicious
abnormalities on endoscopy and/or MR imaging. The aim of this study was to determine whether there were any patients with undiag-
nosed nasopharyngeal carcinoma by obtaining long-term follow-up and to use these data to re-evaluate the diagnostic performance of
MR imaging.

MATERIALS AND METHODS: In the previous study, 246 patients referred to a hospital ear, nose, and throat clinic with suspected
nasopharyngeal carcinoma, based on a wide range of clinical indications, had undergone MR imaging, endoscopy, and endoscopic biopsy,
and 77 had biopsy-proved nasopharyngeal carcinoma. One hundred twenty-six of 169 patients without biopsy-proved nasopharyngeal
carcinoma underwent re-examination of the nasopharynx after aminimum of 3 years, including 17 patients in whom a previous examination
(MRimaging = 11; endoscopy = 7) had been positive for nasopharyngeal carcinoma, but the biopsy had been negative for it. Patients with
nasopharyngeal carcinoma were identified by biopsy obtained in the previous and this follow-up study; patients without nasopharyngeal
carcinoma were identified by the absence of a tumor on re-examination of the nasopharynx. The sensitivity and specificity of the previous
investigations were updated and compared by using the Fisher exact test.

RESULTS: One patient with a previous positive MR imaging finding was subsequently proved to have nasopharyngeal carcinoma. Naso-
pharyngeal carcinomas were not found in the remaining 125 patients at follow-up, and the previous positive findings for nasopharyngeal
carcinoma on MR imaging and endoscopy were attributed to benign lymphoid hyperplasia. The diagnostic performances for the previous
MR imaging, endoscopy, and endoscopic biopsy were 100%, 88%, and 94%, respectively, for sensitivity, and 92%, 94%, and 100%, respec-
tively, for specificity; the differences between MR imaging and endoscopy were significant for sensitivity (P = .003) but not specificity (P =
617).

CONCLUSIONS: MR imaging detected the 12% of nasopharyngeal carcinomas that were endoscopically invisible, including T cancer that
remained endoscopically occult for several years. Lymphoid hyperplasia reduced the specificity of MR imaging.

ABBREVIATION: NPC = nasopharyngeal carcinoma

asopharyngeal carcinoma (NPC) is a radiosensitive tumor  pharynx is a clinically silent region and patients often present in

that can often be cured when detected early, but the naso-  the later stages of the disease.! Currently, the investigations for
confirmation of NPC entail a nasopharyngeal endoscopy fol-

lowed by an endoscopically directed biopsy at the site of an ab-
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nasopharynx. These methods may miss small nasopharyngeal
carcinomas, however, because they are typically submucosal tu-
mors or tumors located at the lateral aspect of the pharyngeal
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Table 1: Imaging criteria for grading the nasopharynx by MRI?

MRI Grade

MRI Appearance

Grade 1 = normal
Grade 2 = low index of
suspicion of NPC

Symmetric mucosa <3 mm thick with or without small retention cysts
1) Symmetric mucosal thickening >3 mm thick (marked contrast enhancement > NPC) with or without small
retention cysts or a Thornwaldt cyst, or 2) symmetric enlargement of the adenoid in the central roof/upper

posterior wall with a striped appearance = a smooth band (mild contrast enhancement << NPC) extending
from the roof down the posterior and lateral nasopharyngeal walls

Grade 3 = high index of
suspicion of NPC
Grade 4 = NPC

Asymmetric: asymmetry between the right and left sides of the nasopharynx in grade 1 or 2 appearance

Asymmetric mucosal thickening of homogeneous intermediate signal intensity on T2-weighted images and

moderate contrast enhancement on Tl-weighted images (performed without fat saturation), with or without
infiltration outside the nasopharynx, or a focal homogeneous enhancing mass with or without infiltration

outside the nasopharynx

2 Grades 1and 2 were negative for NPC; grades 3 and 4 were positive for NPC.

recess. These small nasopharyngeal carcinomas are becoming an
even greater diagnostic challenge in the era of NPC screening” by
using the Epstein-Barr virus as a surrogate, whether by serology,
DNA, or nasopharyngeal brushings.

New methods for the early detection of NPC, such as narrow
band imaging™* and sonography, are currently undergoing eval-
uation,” but one of the most promising modalities in this regard is
MR imaging. MR imaging has been used to stage biopsy-proved
NPC for nearly 20 years,* ® but it is also ideally suited for the initial
detection of the primary tumor.® In a previous prospective NPC-
detection study,'® we compared the diagnostic accuracy of naso-
pharyngeal MR imaging with that of nasopharyngeal endoscopy
and endoscopic biopsy. The results of that study showed that MR
imaging is a highly sensitive technique for NPC detection and one
that has a significantly higher sensitivity for NPC detection than
endoscopy. At the close of that study, however, there were subjects
who nevertheless had shown MR imaging or endoscopic abnor-
malities that were suspicious for NPC, but the biopsy had been
negative for NPC. Therefore, we planned to determine whether
there were any patients with undiagnosed NPC, by obtaining
long-term follow-up of all those patients without biopsy-proved
NPC, on the basis of re-examination of the nasopharynx after a
minimum of 3 years. Our goal was to determine whether the pre-
vious MR imaging examinations had been able to identify any
further nasopharyngeal carcinomas or indeed whether the previ-
ous MR imaging examinations had missed any nasopharyngeal
carcinomas. In addition, we planned to evaluate the MR imaging
examinations with false-positive findings to determine whether
the specificity of MR imaging could be improved.

MATERIALS AND METHODS

Previous Study

Patients with suspected NPC had been entered into the previous
prospective study'® comparing MR imaging, endoscopy, and en-
doscopic biopsy (biopsy from the site of an endoscopic abnormal-
ity or sampling biopsies from the endoscopically normal naso-
pharynx). Full details have been published previously,'® but to
summarize, patients with suspected NPC were recruited from the
ear, nose, and throat out patient clinic at a referral hospital in a
region where NPC is endemic. To avoid bias, we based a clinical
suspicion of NPC on a wide range of indications, such as positive
serology for Epstein-Barr; metastatic cervical lymph nodes; '*F
fluorodeoxyglucose positron-emission tomography scan with ab-
normal findings; and nonspecific symptoms (such as epistaxis,

blood-stained saliva, nasal obstruction, or hearing loss) in the
presence of a nasopharyngeal abnormality on flexible nasopha-
ryngeal endoscopy.

MR imaging targeted to the nasopharynx had been obtained in
all patients by using the following 4 sequences: 1) axial fat-sup-
pressed T2-weighted images; 2) axial T1-weighted spin-echo im-
ages; 3 and 4) T1-weighted spin-echo images after a bolus injec-
tion of contrast in the axial (3) and coronal (4) planes. MR
imaging had been graded independently by 2 radiologists (A.D.K
and K.S.B with 15 and 4 years’ experience, respectively, in head
and neck radiology), and in cases of discordance, the grade had
been obtained by consensus. MR imaging had been assessed with-
out knowledge of the endoscopic findings and vice versa. MR
imaging findings had been designated as NPC-negative (grades 1
and 2) or NPC-positive (grades 3 and 4), and details of the MR
imaging grading system are shown in Table 1. A diagnosis of NPC
had been made by histology from a nasopharyngeal biopsy, which
had been obtained from either the initial endoscopic biopsy (di-
rected by the endoscopic examination or sampling biopsies from
an endoscopically normal nasopharynx) or a repeat biopsy di-
rected by the MR imaging examination. The previous study had
performed MR imaging, endoscopy, and endoscopic biopsy in
246 patients; at the close of that study, 77 patients had biopsy-
proved NPC and 169 patients did not."°

Long-Term Follow-Up Study
The current study aimed to follow up those 169 patients without
biopsy-proved NPCin the previous study at a minimum of 3 years
by using MR imaging and endoscopy to re-examine the nasophar-
ynx. The presumption was that any small undiagnosed NPCs
from the previous study should have grown and would now be
more apparent and amenable to biopsy; therefore, biopsy was
performed only in those patients with a suspected tumor on
re-examination.

The previous study and follow-up study were approved by the
institutional review board with written informed consent
obtained.

Statistical Analysis

Patients with NPC were identified on the basis of a biopsy-proved
NPC obtained in the previous and this follow-up study. Patients
without NPC were identified by the absence of a biopsy-proved
NPC after re-examination of the nasopharynx in this follow-up
study. The sensitivity, specificity, negative predictive value, posi-
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FIG 1. Flow chart of the study design.

tive predictive value, and the accuracy of the previous nasopha-
ryngeal MR imaging, endoscopy, and endoscopic biopsy were up-
dated by using the long-term follow-up data. The sensitivity and
specificity were compared by using the Fisher exact test. A P
value < .05 was considered statistically significant.

RESULTS

Long-Term Outcome

Forty-three of 169 (25.4%) patients without any clinical history of
NPC were excluded from analysis because they did not undergo
re-examination of the nasopharynx (Fig 1). They comprised 35
patients with follow-up of >3 years (mean, 62.3 months; range,
39-86 months), of whom 31 declined further nasopharyngeal
examination, 3 died from causes unrelated to NPC, and 1 could
not be contacted; and 8 patients with follow-up of <3 years
(mean, 11.2 months; range, 0.5-32 months), of whom 7 died from
causes unrelated to NPC and 1 could not be contacted. Of the 43
patients excluded from analysis, 5 had previous positive examina-
tion findings (MR imaging, n = 1; endoscopy, n = 4); 1 with a
previous positive endoscopy examination finding had follow-up
for 19 months, while the other 4 patients had follow-up ranging
from 39 to 73 months (mean, 56 months).

One hundred twenty-six of 169 patients (74.6%) had re-exam-
ination of the nasopharynx and were included in the analysis (Fig
1). Re-examination was performed after 3 years (mean, 58.5
months; range, 36—84 months) comprising MR imaging and en-
doscopy (n = 113), MR imaging only (n = 4), and endoscopy
only (n = 9). NPC was identified in 1/126 patients, a patient with
a previous positive grade 4 MR imaging finding but without a
diagnosis of NPC at the close of the previous study. MR imaging
had identified a tumor in the pharyngeal recess, but endoscopy
had been negative for tumor and endoscopic biopsies had not
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Endoscopic biopsy positive =0

revealed a tumor even after the repeat biopsy at the site of the
abnormal MR imaging findings. This small tumor grew very
slowly until the NPC was confirmed by endoscopy and histology
43 months later (Fig 2). NPC was not found in the 10 patients
whose previous MR imaging findings had been positive on the
basis of asymmetry in a generalized lymphoid hyperplasia pattern
(grade 3) or in the 115 patients whose previous MR imaging find-
ings had been negative (grade 1 = 32; grade 2 = 83). NPC was not
found in the 7 patients whose previous endoscopic findings had
been positive.

Updated Results of the Previous NPC Detection Study
Based on Long-Term Outcome
The updated diagnostic performances of MR imaging, endos-
copy, and endoscopic biopsy are shown in Table 2 and are based
on data from 203 patients, comprising 78 patients with biopsy-
proved NPC (77 detected during the previous study and 1 during
follow-up) and 125 patients without NPC based on re-examina-
tion of the nasopharynx after a minimum of 3 years (Fig 1).
NPC was present in 76/76 patients with a positive MR imaging
finding showing a tumor (grade 4); 9 of these NPCs could not be
visualized by endoscopic examination and 7 of these 9 NPCs had
involved the pharyngeal recess on MR imaging. NPC was present
in 2/12 patients with a positive MR imaging finding based on
asymmetry in a generalized lymphoid hyperplasia pattern (grade
3); tumors in the nasopharyngeal wall of both patients were iden-
tified by endoscopy and biopsy. None of the remaining 10 patients
with a positive grade 3 MR imaging finding had NPC: 9 with a
negative endoscopy examination finding and 1 with a positive
endoscopy examination finding in the nasopharyngeal wall
(whose abnormal findings on MR imaging and endoscopy had
regressed at 61 months). Analysis of these 10 grade 3 (Fig 3) false-



FIG 2. Axial Tl-weighted postcontrast MR imaging of a 48-year-old man with NPC (arrow). A, Note a small moderately contrast-enhancing NPC
in the right pharyngeal recess on MR imaging at presentation (grade 4), which was not detected by endoscopy or endoscopic biopsy or at repeat
biopsy targeted to the site of the MR imaging abnormality. B, Persistent NPC on MR imaging is seen at 31 months, but without a tumor on
endoscopic examination. A further biopsy was declined. C, An increase in the size of the NPC on MR imaging at 43 months when the tumor was

confirmed by endoscopy and biopsy.

Table 2: NPC detection—grading of the previous MRI and updated diagnostic performances of the I|‘;>revious MR, endoscopy, and

endoscopic biopsy based on long-term outcome at 3 years in 203 patients (78 with NPC and 125 wit|

out NPC)

MRI Endoscopy Endoscopic Biopsy®

True-Positive 78 69 73
Grade 3 (n = 2); grade 4 (n = 76)

True-Negative 15 18 125
Grade 1(n = 32); grade 2 (n = 83)

False-Positive 10 7 0
Grade 3 (n =10); grade 4 (n = 0)

False-Negative 0 9 5
Grade1(n = 0); grade 2 (n = 0)

Sensitivity (%) 100 88 94

Specificity (%) 92 94 100

PPV (%) 89 91 100

NPV (%) 100 93 96

Accuracy (%) 95 92 98

Note:—PPV indicates positive predictive value; NPV, negative predictive value.

# Endoscopic biopsy is endoscopically directed biopsy obtained at the site of the abnormality seen at endoscopy or sampling biopsies obtained from the endoscopically normal

nasopharynx.

positive MR imaging examination findings had shown a benign
pattern at the adenoid, which extended into the adjacent naso-
pharyngeal walls but with minor asymmetry between the left and
right sides of the nasopharynx, which involved the adenoid (n =
2), nasopharyngeal walls (n = 5), or both the adenoid and the
walls (# = 3). These false-positive MR imaging examination find-
ings have been attributed to asymmetric benign lymphoid hyper-
plasia. Six of 7 false-positive endoscopic examination findings
occurred at the adenoid; in these 6 patients, the MR imaging find-
ing was negative for NPC on the basis of the symmetric striped
appearance of the enlarged adenoid (grade 2), indicating benign
lymphoid hyperplasia (Fig 4).

Nasopharyngeal MR imaging had a higher sensitivity than en-
doscopy or endoscopic biopsy for the detection of NPC (100%
versus 88% and 94%, respectively), the difference being statisti-
cally significant between MR imaging and endoscopy (P = .003),
and of borderline significance between MR imaging and endo-
scopic biopsy (P = .059). Nasopharyngeal MR imaging had a
lower specificity for the detection of NPC than endoscopy or en-
doscopic biopsy (92% versus 94% and 100%, respectively); the
difference was statistically significant between MR imaging and

endoscopic biopsy (P = .002), but not between MR imaging and
endoscopy (P = .617).

DISCUSSION

The results from this long-term follow-up study show that MR
imaging is a highly sensitive tool for NPC detection because all
biopsy-proven NPCs in the initial and 3-year follow-up study had
been detected on the initial evaluation by MR imaging. By com-
parison, tumors in 12% and 6% of patients with NPC confirmed
at histology were missed by initial endoscopy and by endoscopic
biopsy, respectively. In our opinion, these findings demonstrate
the necessity of greater use of MR imaging for the diagnostic
work-up of patients with suspected NPC because neither endos-
copy nor endoscopy plus biopsy can exclude NPC.

A particular strength of MR imaging is that it can assess the
nasopharyngeal recess, which is where most NPCs originate. This
site is often difficult to inspect endoscopically due to its lateral
projection and apposition of its anterior and posterior walls. In 1
patient in the study, both initial and repeat MR imaging exami-
nations detected an NPC within the pharyngeal recess that was
missed on initial endoscopy and biopsy and on a repeat biopsy
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FIG 3. Axial Tl-weighted postcontrast MR imaging of a 54-year-old
man with lymphoid hyperplasia. MR imaging shows a smooth band
with mild enhancement in the right side of the walls of the nasophar-
ynx (arrows), extending from the adenoid (arrowhead), which is
asymmetric in thickness compared with the left side and had been
misdiagnosed as positive for NPC by MR imaging (grade 3).

that was targeted to the MR imaging— detected abnormality, and it
was only finally confirmed after a repeat biopsy several years later.
In this regard, blind biopsies of this site can be hazardous due to
the close proximity of the internal carotid artery to the lateral
aspect of the recess; and as in our case, deeply sited small tumors
may be missed even with targeted biopsies. These findings high-
light the importance of maintaining a high index of suspicion for
NPC even if initial biopsies are negative for it.

The optimal management of patients with a suspected but
unproved small deeply sited tumor on MR imaging is unclear,
though it probably should entail a combination of close imaging
surveillance with MR imaging to document whether abnormali-
ties persist or regress, serology, and endoscopy with repeat biop-
sies as appropriate. In this respect, the optimum timing, fre-
quency, and duration of follow-up MR imaging examinations are
unknown. Our example demonstrated only a small increase in
tumor size during >3 years, suggesting that early NPCs may have
slow growth initially. In fact, there is a paucity of data on growth
rates of early NPCs, though published reports'' of long latency
periods between finding an abnormal serology test result and the
eventual proof of NPC could be explained by small tumors that
remain endoscopically occult for several years. The role of FDG-
PET in early NPC detection is unclear because although NPCs are
typically metabolically active, small tumors may have insufficient
metabolicload to be detectable and may be obscured by metabolic
activity due to normal lymphatic tissue and/or concomitant in-
flammatory changes in the nasopharynx. In those regions of the
world where NPC is endemic, there are major resource implica-
tions for further imaging of these patients; therefore, follow-up is
usually based on endoscopy plus or minus serology testing. How-
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FIG 4. Axial Tl-weighted postcontrast MR imaging of a 69-year-old
man with benign lymphoid hyperplasia in the adenoid (arrows), which
had been positive for NPC by endoscopy but was correctly diagnosed
as benign by endoscopic biopsy and MR imaging on the basis of the
symmetric alternating bands of marked and mild contrast enhance-
ment causing a striped appearance to the enlarged adenoid (grade 2).

ever, the results of this long-term study suggest that further imag-
ing, by FDG-PET/CT or serial MR imaging, would be best used
for those patients with a grade 4 tumor on MR imaging because all
of these patients had proved NPC.

The present study confirmed that MR imaging had a 100%
negative predictive value for NPC, which supports the previous
conclusion that invasive biopsies are not required when MR im-
aging findings are negative, especially when the endoscopic exam-
ination findings are also negative.'® These findings also suggest
that a negative MR imaging finding could potentially override a
positive endoscopy result, in which a suspicious midline nasopha-
ryngeal mass is seen on endoscopy that is characteristic of adenoi-
dal hyperplasia on MR imaging, based on the presence of a mass
with a symmetric striped or striated appearance.'?

All patients with a tumor identified by MR imaging (grade 4)
had NPC, but MR imaging had an imperfect specificity (92%),
which was attributable to false-positive cases in patients with
asymmetry in an otherwise generalized lymphoid hyperplasia MR
imaging pattern (grade 3). Clearly, it would be beneficial to im-
prove the positive predictive value of MR imaging to avoid un-
necessary biopsies in healthy subjects, especially if MR imaging is
to be used more widely to support NPC serology screening pro-
grams in areas with endemic NPC. In this respect, of those pa-
tients with a grade 3 positive MR imaging finding, only those who
also had an accompanying positive endoscopy examination find-
ing had NPC. Therefore, we speculate that a grade 3 pattern
should undergo biopsy only if the endoscopic examination also



shows a suspected tumor, though caution would still be advised
for those patients with asymmetry in a striped pattern of the ade-
noid because the internal structure of the adenoid cannot be vi-
sualized endoscopically.

The only method that currently can reliably exclude NPC in
this patient population is follow-up to ensure that patients did not
have a subclinical tumor at initial presentation. Follow-up was
performed by re-examination of the nasopharynx at a minimum
of 3 years, with a mean of almost 5 years, but 1 remaining limita-
tion of the study is that patients with small slow-growing cancers
may not have been identified.

CONCLUSIONS

MR imaging should be used more widely as a complementary tool
to endoscopy and endoscopic biopsy for the detection of naso-
pharyngeal carcinoma. MR imaging identifies small tumors that
cannot be identified through the endoscope, especially those in
the pharyngeal recess, where MR imaging may identify a tumor
several years before it becomes endoscopically visible. The results
of this long-term follow-up study confirm that a normal or sym-
metric lymphoid hyperplasia pattern in the nasopharyngeal walls
or adenoid (grade 1 or 2) by MR imaging has a high negative
predictive value for NPC. This result supports the assertion that
following a normal endoscopy examination finding or one that
shows an adenoidal mass, invasive biopsies are not required when
MR imaging shows these patterns. Finally, asymmetry in the gen-
eralized lymphoid hyperplasia pattern (grade 3) on MR imaging
had alow positive predictive value for NPC, and in this study, only
those who also had an accompanying positive endoscopy exami-
nation finding had NPC.
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MR Imaging Characteristics of Wingless-Type—Subgroup
Pediatric Medulloblastoma
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ABSTRACT

BACKGROUND AND PURPOSE: “Transcriptionally different” medulloblastoma groups are associated with specific signaling pathway
abnormalities; hence, they may present with distinct imaging manifestations. In this study, we sought to describe the MR imaging features
of wingless-type—subgroup medulloblastomas with embryologic correlations.

MATERIALS AND METHODS: Pre- and postoperative imaging studies of 16 patients with wingless-type—subgroup medulloblastoma were
evaluated for tumor location, involvement of surrounding CSF spaces or parenchymal structures, conventional and DWI signal properties,
and postsurgical damage patterns. Laterality scores were assigned to tumors at each step in the evaluation process. Continuous variables
were summarized by using descriptive statistics. The Wilcoxon signed rank test was performed to compare laterality scores. To determine
the interobserver variability, we computed the intraclass correlation and Cohen «k coefficients.

RESULTS: Wingless-type—subgroup medulloblastomas in our series were histopathologically “classic.” Wingless-type—subgroup medul-
loblastomas occur in specific sites, with involvement of the foramen of Luschka (75%), the fourth ventricle (68.75%), the cisterna magna
(31.25%), and the cerebellopontine angle cistern (18.75%). Laterality scores were low (<2) when preoperative primary and secondary
anatomic features were evaluated separately, but they increased (>2) when all pre- and postoperative anatomic features were considered.
Results were statistically shown to be reproducible (interclass correlation coefficient, 0.71-0.94; Cohen k, 0.63-1.00). On the basis of
anatomic lesion patterns, 4 location-based subtypes may be distinguished: 1) midline-intraventricular, 2) midline-extraventricular, 3) off-
midline—intraventricular, and 4) off-midline—extraventricular, which represent a continuum.

CONCLUSIONS: Wingless-type-subgroup medulloblastomas are lateralized tumors arising from the brain stem and cerebellum around
the foramen of Luschka. Our current understanding of their embryologic origins is in concordance with the spatial distribution of these
tumors.

ABBREVIATIONS: CP = cerebellopontine; L = left; LS = laterality score; R = right; SHH = sonic hedgehog; WNT = wingless-type mouse mammary tumor virus
integration site family

Medulloblastoma is a World Health Organization grade IV in children. Beyond the traditional histopathologic classification,

embryonal tumor occurring mainly, but not exclusively,inthe ~ molecular subgroups based on gene-expression profiling have re-
cently been recognized in these tumors.'™* The subgroups, sonic
hedgehog (SHH), wingless (WNT), group 3, and group 4, are bio-

logically and clinically distinct disease entities, and distinguishing

pediatric population and is the most common malignant CNS tumor

. .. . a1 5.8
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Studies suggest a distinct histogenesis for WNT, SHH, and
group 3 medulloblastomas.” WNT tumors arise from the lower
rhombic lip in the dorsolateral primitive brain stem, whereas
SHH tumors arise from cerebellar granule neuron precursors in
the upper rhombic lip. The different progenitor cell populations
follow distinctly different migration tracts. These observations
prompted us to hypothesize that WNT-subgroup medulloblasto-
mas might present with distinct imaging characteristics, particu-
larly in relation to spatial distribution in the posterior fossa. In
this study, we report how the conventional MR imaging evalua-



tion of WNT-subgroup medulloblastomas addresses this
hypothesis.

MATERIALS AND METHODS

A retrospective institutional data base search was conducted with
institutional review board approval and waiver of consent. Of the
238 patients (male/female ratio = 1.74:1; age range = 0.23-22.4
years) who were treated for medulloblastoma at our institution
during a 10-year period (2000-2010), molecular subgrouping
data were available for 143 (male/female ratio = 1.92:1; age
range = 0.23-22.24 years). Data obtained by immunohistochem-
istry, fluorescent in situ hybridization, and direct sequencing of
formalin-fixed paraffin-embedded tissue showed that 16
(11.18%) of these 143 patients had WNT-subgroup medulloblas-
tomas (male/female ratio = 1:1; age range = 6.47-14.53 years;
mean age = 9.82 = 2.18 years). The initial diagnostic and first
postoperative follow-up brain imaging studies of these patients
were reviewed by using a standardized set of evaluation criteria.
Fifteen patients had MR imaging studies available preoperatively;
1 had a CT only. All 16 patients had MR imaging studies postop-
eratively. Because many of the imaging studies were performed at
referring institutions, imaging protocols were inconsistent. Pre-
operative, precontrast TIWI was available for 14 patients; T2WI,
for 15 patients; FLAIR images, for 14 patients; and postcontrast
TIWI, for 15 patients (as mentioned before, the only available
preoperative imaging in 1 of the patients was precontrast CT).
DWTI data were available for 14 patients, but ADC map images
were available for only 9. Review and evaluation of the imaging
data were completed by 2 experienced pediatric neuroradiologists
(reviewer 1 and reviewer 2). The second reviewer was requested to
evaluate the preoperative and postoperative anatomic tumor fea-
tures only to allow assessment of interobserver variability in the
determination of the putative points of origin of the tumors. In-
cluding the second reviewer was to show that results related to
tumor location features are reproducible.

Evaluation of Conventional MR Imaging Features of WNT-
Subgroup Medulloblastomas

Evaluation was completed by 1 reviewer and included the descrip-
tion of the tumor signal properties and other tumor features (cyst,
necrosis, hemorrhage) by conventional MR imaging and DWI
techniques. We estimated the volume of each tumor by using the
sum of 3D, orthogonal tumor diameters. Additional detailed ex-
planation of the methods used for the evaluation is provided in
the On-line Appendix (“Methods 17).

Preoperative Evaluation of Anatomic Tumor Features

To evaluate the key anatomic tumor features (including the epi-
center, hence the putative point of origin of the tumor), we ad-
opted a stepwise, iterative evaluation process to create laterality
scores (LS-1, LS-2, and LS-3), described in the On-line Appendix
(“Methods 27).

Postoperative Imaging Evaluation of Anatomic

Tumor Features

The next step of the evaluation process was focused on the
abnormalities in the first available postoperative MR imaging

study, which was typically performed shortly after near-total
or gross-total tumor resection (mean = 5.3 days, range = 1-18
days). The rationale for this step was the assumption that vis-
ible (ie, T2 and/or FLAIR hyperintense) postsurgical lesions
within cerebellar and/or brain stem parenchyma (ie, the post-
operative damage pattern) reflect invasion of specific anatomic
structures by the original tumor and provide clues to the epi-
center (point-of-origin) of the tumor. Laterality scores (LS-4)
were generated for the postoperative cerebellar and brain stem
lesions (On-line Appendix “Methods 3”). We also recorded
postoperative imaging evidence of any infarction in a PICA
territory.

Combined Pre- and Postoperative Evaluation of Location
Features
By using all available imaging data and the previously assigned
laterality scores, a final LS (LS-5) was created for each tumor and
was used to assign a consolidated score (LS-5¢) for each patient
(On-line Appendix “Methods 47).

The combined pre- and postoperative evaluation process is
illustrated in Figs 1-4.

Statistical Analyses

Statistical analyses were performed by using SAS 9.3 statistical
software (SAS Institute, Cary, North Carolina). Significance was
assumed with P <.05. Continuous variables were summarized by
using descriptive statistics, including number, mean, SD, and
range; categoric variables were summarized by using number and
percentage. The Wilcoxon signed rank test was performed to
compare the laterality scores at different steps and stages of the
imaging evaluation (eg, preoperative, postoperative). To deter-
mine the interobserver variability of laterality scores, intraclass
correlation coefficients were estimated from a mixed-effects lin-
ear model analysis. The interobserver agreement of posterior
fossa CSFE-space involvement and tumor group assignment was
examined by computing the Cohen k coefficient. Published
guidelines were used to interpret intraclass correlation coeffi-
cients (<0.40 = poor; 0.40—0.59 = fair; 0.60—0.74 = good; and
0.75-1.0 = excellent)'® and Cohen « coefficients (0—0.2 = slight;
0.21-0.40 = fair; 0.41-0.60 = moderate; 0.61-0.80 = substan-
tial; 0.81-1.0 = almost perfect or perfect).''

RESULTS
All WNT-subgroup medulloblastomas in our series were histo-
pathologically classic tumors.”

Conventional MR Imaging Features

All tumors for which precontrast TIWI was available exhibited
hypointense signal. In T2WI, 6 (40%) of 15 tumors were isoin-
tense compared with the cerebellar cortex, and the remaining 9
(60%) were hyperintense. In FLAIR images, the signal properties
of the solid tumor components were similar to the T2WI find-
ings for all patients who had both T2-weighted and FLAIR
images available. All tumors exhibited obvious hyperintense
signal in diffusion-weighted images. In ADC images, 2 (22%)
of 9 tumors were hypointense, 6 (67%) were hypointense+,
and 1 (11%) was hypointense+ +. In postcontrast TIWI, all
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FIG 1. Pre- and postoperative transverse T2WI of a midline-intraventricular (subtype A) WNT-subgroup medulloblastoma. In the preoperative
images (A-D), fullness at the level of the right foramen of Luschka (LS-1c: R1) and right superior cerebellar peduncle (LS-2¢: R1) suggests some
laterality, yielding an LS-3c of R2. In the postoperative images (E-H), the damage pattern is essentially bilateral, with bilateral involvement of the
superior cerebellar peduncles (R], L), the dentate nuclei (R1, L1), inferomedial cerebellum (R1, L1), and tonsils (R, L1). However the pattern shows
some right-sided dominance, with unilateral involvement of the right pontine tegmentum (R1) and bilateral but dominantly right-sided involve-
ment of the middle cerebellar peduncles (R2, L1). Although the tumor appears to be midline-intraventricular in the preoperative images, overall
right-sidedness is suggested when all pre- and postoperative lesions and laterality scores are considered (LS-4c = R2, LS-5c = R4).

A\

FIG 2. Pre-and postoperative sagittal TI-weighted and transverse T2-weighted images of a midline-extraventricular (subtype B) WNT-subgroup
medulloblastoma. The preoperative sagittal TlI-weighted image (A) shows a low-lying tumor in the posterior fossa, which is centered on the
cisterna magna and pushing the vermis cranially, with extension to the foramen of Magendie but only minimal extension into the fourth
ventricle. In transverse T2WI (B-D), no definite laterality is seen; hence, the tumor appears to be gross midline, but there is some involvement
of the left foramen of Luschka (LS-lc = LI) and left inferomedial cerebellum (LS-2c = LI). The combined preoperative laterality score is
ambiguous (LS-3¢ = L2). One of the PICAs (probably the left) is running over the upper aspect of the tumor, indicating displacement from below
(D). Postoperative images (E-H) show a relatively spared vermis and more pronounced abnormalities on the left side, which include damage to
the left dentate nucleus and the left inferomedial cerebellum (LS-4c = L2) and a left PICA territory infarction. The combined pre- and
postoperative laterality score suggests a left-sided tumor origin (LS-5¢ = L4).

tumors showed some signal enhancement; in 1 patient, it was was seen within the entire tumor; in 2 (13%) of 15 patients,
faint; in 9 patients, it was moderate; and in the remaining 5  smaller or larger areas of the solid tumor lacked perceptible
patients, it was avid. In 13 (87%) of 15 patients, enhancement  enhancement and were labeled as inhomogenous. In another 6
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FIG 3. Pre- and postoperative transverse T2WI of an off-midline—intraventricular (subtype C) WNT-subgroup medulloblastoma. A
right-sided predominance is evident in the preoperative images, but the tumor has a substantial intraventricular component (A-D). This
pattern is highlighted by the involvement of the right foramen of Luschka (LS-1c = R1) and by invasion of the right dentate nucleus and
right superior cerebellar peduncle (LS-2c = R2). Preoperative imaging data suggest that overall, this tumor is off-midline, with a right-sided
predominance (LS-3c = R3). The postoperative damage pattern is identical, with lesions in the right dentate nucleus and superior
cerebellar peduncle (LS-4c = R2) and a right PICA territory infarction (E-H). The aggregate laterality score indicates a clear right-sided
laterality (LS-5¢ = R5).

FIG 4. Pre- and postoperative transverse T2WI of an off-midline—extraventricular (subtype D) WNT-subgroup medulloblastoma. This tumor is
centered on the right cerebellopontine angle cistern and involves the right foramen of Luschka (B—C), with no extension to the fourth ventricle
(LS-1c = R2). Invasion of the right lateral brain stem and right inferomedial cerebellum is also suggested (LS-2c = R2). Accordingly, preoperative
anatomic imaging data indicate a definite laterality (LS-3c = R4). In postoperative images, damage is seen within the right lower brain stem (F),
right inferomedial cerebellum (F-G), and right middle cerebellar peduncle (H) (LS-4c = R3), with no damage to juxtaventricular structures
(dentate nucleus, superior cerebellar peduncle). The aggregate laterality score indicates right-sided laterality (LS-5c = R7).

(40%) of 15 patients, considerable signal inhomogeneities  tients. Some degree of intratumoral necrosis was noted in all
were found within the tumor field. In 7 (47%) of 15 patients,  except 2 patients. Evidence of intratumoral hemorrhage ex-
the enhancement was homogeneous and involved the entire  isted in 5 (31.25%) of 16 patients; final diagnosis was MR im-
tumor. At least 1 tumor cyst was found in 7 (47%) of 15 pa-  aging—based in 4 cases and CT-based in 1 case.
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Pre- and Postoperative Anatomic Tumor Features

These results reflect the findings of reviewer 1. Observations by
reviewer 2 were used to validate overall reproducibility (see results
of the statistical analysis later in this section) and are not detailed
here (but some are shown in On-line Tables 3-9).

All 16 WNT tumors appeared to be dominantly extraparen-
chymal and attached to the surface of the brain stem and/or the
cerebellum. The posterior fossa CSF-space involvement is sum-
marized in On-line Table 1.

Altogether, 36 distinct, secondary anatomic structures/sites
were preoperatively found to be involved by tumor (range = 1-5/
patient, mean = 2.2/patient). The most commonly observed site
of invasion was the dentate nucleus (11 [68.75%] of 16 patients).
In 9 patients, the invasion was unilateral (6 left, 3 right); in 2
patients, it appeared to be bilateral. The superior cerebellar pe-
duncle was invaded in 5 patients, and the middle cerebellar pe-
duncle, in 3. One side of the inferomedial portion of the cerebellar
hemisphere was apparently invaded by the tumor in 6 (37.5%) of
16 cases: the lateral brain stem, in 4 cases (25% overall, 3 on the
right and 1 on the left); and the floor of the fourth ventricle, in the
other 2 cases (12.5% overall, both on the left).

Altogether, 63 secondary anatomic structures showed postop-
erative imaging evidence of structural damage (range = 1-8/pa-
tient, mean = 3.9/patient). Of the 36 parenchymal invasion sites
suggested preoperatively, 30 were confirmed in the postoperative
images. Postoperative images showed 33 new lesions that were not
recognized preoperatively (these did not include PICA territory
infarctions); therefore, those 33 lesions were thought to represent
collateral surgical damage.

Laterality Scores
The first consolidated laterality score (LS-1c), which was based on
preoperative primary anatomic features, suggested some laterality
(LS-1c: range = 1-2) in the tumors of 11 patients (68.75%) and
showed no laterality (both LS-1 and LS-1c: 0) or uncertain later-
ality (LS-1: R1, L1, hence LS-1c: 0) in those of the remaining 5
patients (31.25%). The mean of LS-1c was 0.94 * 0.77. The sec-
ond consolidated laterality score (LS-2c), which was based on
preoperative secondary anatomic features, suggested laterality in
the tumors of all patients (LS-2¢ range = 1-5, mean = 2.00 =
1.15). The third consolidated laterality score (LS-3c), which was
based on combined preoperative primary and secondary ana-
tomic features, showed even stronger laterality in the tumors of all
patients (LS-3c range = 1-6, mean = 2.94 * 1.53).
Considering the specific CSF-space involvement pattern in
conjunction with LS-3c, we established a group assignment for
each tumor based on gross location categories (intra- versus ex-
traventricular, midline versus off-midline). This categorization
was based on 2 assumptions: 1) for individual tumors, any LS of
0-2 was weak and would not indicate definite laterality, but any
LS of 3 or higher was strong and indicative of laterality; and 2)
involvement of the fourth ventricle (with or without involvement
of other CSF spaces) would indicate an intraventricular tumor.
According to this scheme, 6 tumors were midline-intraventricular
(subtype A), 2 were midline-extraventricular (subtype B), 5 were
off-midline—intraventricular (subtype C), and 3 were off-mid-
line—extraventricular (subtype D) by reviewer 1. There was per-
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fect agreement between reviewer 1 and reviewer 2 in subgroups B
and D and some disagreement in subgroups A and C; reviewer 2
actually saw stronger laterality than reviewer 1 (On-line Tables
3—8). The ratio between apparent midline tumors (subtypes A
and B) and off-midline tumors (subtypes C and D) was 1:1 (and
was 1:1.7 for reviewer 2). For examples, see Figs 1-4.

LS-4c, which was based on the postoperative damage pattern,
suggested laterality (LS-4c: range = 1-6) in the tumors of 15
patients (93.75%) and was ambiguous (eg, LS-4 of R3, L3) in the
1 remaining patient (6.25%). The mean of LS-4c was 3.06 = 1.48.
LS-5c¢, which was based on all (pre- and postoperative) anatomic
lesion data, showed tumor laterality in all patients (LS-5¢: range =
1-8; mean = 4.69 = 2.09).

Overall, LS-2c was significantly greater than LS-1¢; LS-3c was
significantly greater than LS-2¢, and LS-5c¢ was significantly
greater than LS-4c. However, LS-4c was not significantly different
from LS-3¢ (On-line Table 2).

The mean of the sum of the 3D tumor measures was 11.68 =
1.83 cm, (range = 7.4-15.1 cm) for the entire cohort. The largest
tumors were found in the midline-extraventricular group (mean
sum of orthogonal diameters = 12.7 = 1.27 cm); but on average,
off-midline—intraventricular tumors were only slightly smaller
(mean = 12.48 * 1.75 cm). The size of midline-intraventricular
tumors was close to the mean size of the tumors of the entire
cohort (mean = 11.53 = 1.43 cm), and off-midline—extraventric-
ular tumors were the smallest (mean = 9.97 £ 2.42 cm) (On-line
Tables 3-7).

PICA territory infarction was found in 4 patients (25%). Three
of these instances corresponded to an ipsilaterally positive LS
(LS-4c values of 1, 2, or 3; LS-5c¢ values of 3, 4, or 5); the other
occurred without definite laterality in the postoperative damage
pattern (LS-4c: 0) or the overall lesion involvement pattern (LS-
5¢: 1). Two of those cases involved tumors of subtype B; 1, of
subtype A; and 1, of subtype C.

Interobserver Variability and Agreement

There was “substantial” to “perfect” agreement among the 2 neu-
roradiologists in determining posterior fossa CSF-space involve-
ment (Cohen k range = 0.63-1.00; On-line Tables 3-7). There
was “substantial” agreement among the 2 neuroradiologists for
the location-based “group assignments” (subtypes A-D) of each
tumor (Cohen k = 0.65, On-line Table 8). All laterality scores
showed “good” to “excellent” consistency between 2 neuroradi-
ologists (intraclass correlation coefficient range = 0.69-0.94;
On-line Table 9). Overall, the results were shown to be reproduc-
ible, with acceptable interobserver agreement.

DISCUSSION

In this article, we describe the conventional MR imaging features
and common locations of WNT-subgroup medulloblastomas by
using an MR imaging—based descriptive approach to analyze pre-
and postoperative images. Our results suggest that WNT-sub-
group medulloblastomas are close to the midline yet are lateral-
ized tumors originating from structures around the foramen of
Luschka (superficial layers of the dorsolateral brain stem under
the middle cerebellar peduncle and paramedian structures of the
inferomedial cerebellar hemispheres). These findings advance
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FIG 5. Putative points of origins of WNT-subgroup medulloblastoma in sagittal, transverse, and coronal planes. Letters (A-D) indicate the
theoretic epicenter of tumors in the different subtypes; however, the points of origin represent a continuum, and actual tumors may be

centered anywhere along the dotted lines.

our current understanding of the implications of tumor location
in molecular medulloblastoma subgroups and correlate well with
recent discoveries about the developmental origins of WNT-sub-
group medulloblastoma and pertinent aspects of the WNT mo-
lecular signaling mechanism.”'?

In the human embryo, the cerebellum, pons, and medulla ob-
longata develop from the primitive rhombencephalon. The
rhombencephalon is initially formed by 8 rhombomeres, which
are present by the end of the fourth fetal week of life, but the
development of the cerebellum, in particular, continues even after
birth. Each rhombomere has specific sets of transcription factors
and receptors, and specific progenitor cell populations have been
identified within each rhombomere, which give rise to various cell
populations that form the future cerebellum or brain stem. SHH
tumors originate from glutamatergic granule cell neuron precur-
sor cells, which are derived from the upper rhombic lip. Con-
versely, WNT tumors originate from cells arising from the lower
rhombic lip.” The latter normally migrate along the anterior pre-
cerebellar extramural migratory stream (AES) to form nuclei
within the posterior portion of the brain stem, but mutant cell
populations may give rise to tumors such as WNT-subgroup me-
dulloblastomas in childhood. WNT pathway derangements (so-
matic mutations of the (-catenin gene, CTNNBI) have been
found in up to 10% of sporadic medulloblastomas, and WNT
tumors represented approximately 11% of our cohort with avail-
able molecular data.*"?

Conventional and DWI features of WNT-subgroup medullo-
blastomas are quite similar to those described in the litera-
ture.'*'> Consistent with the high cell attenuation in embryonal
tumors of the CNS, WNT-subgroup medulloblastomas have
lower T2 signal than do other common pediatric posterior fossa
tumors, such as juvenile pilocytic astrocytomas, ependymomas,
and choroid plexus tumors. Our data suggest that the diagnostic
value of precontrast T2ZWI and FLAIR imaging is not substantially
different. The only potential diagnostic benefit of precontrast
FLAIR imaging may be its ability to distinguish a tumor cystand a
sequestrated fourth ventricle space (both may appear quite simi-
lar in T2- and T1WI); but in clinical settings, this advantage may
not affect disease management enough to justify the additional
examination time. DWI remains the most valuable technique in
the differentiation of medulloblastomas and all other nonem-
bryonal tumors in the posterior fossa. It invariably shows more-
or-less restricted diffusivity within solid tumor areas with corre-

sponding low signal in ADC map images. Although quantitative
analysis of ADC data could not be performed in our cohort, vari-
ations in ADC signal were recognized, but their significance is still
unclear. Because all of our patients had histopathologically classic
medulloblastoma, specific correlations between radiologic and
histopathologic data were not sought in this cohort. Previous at-
tempts at making such correlations have led to limited or contro-
versial results.'®'”

Regarding the spatial distribution of WNT-subgroup medul-
loblastomas in the posterior fossa, our study provides new in-
sights into the most common sites of predilection more precisely
than is described in a recent report,'® which found that 75% of
WNT-subgroup tumors occurred along the cerebellar peduncle
and the cerebellopontine (CP) angle cistern. Our findings are
concordant in that CP angle and foramen of Luschka locations
(subtypes C and D in our spatial classification scheme) are highly
characteristic of WNT tumors, but we found that the “off-mid-
line” subtypes account for only 50% of the cases. In our experi-
ence, WNT tumors seem to develop along an oblique-curved tri-
angle centered on the foramen of Luschka, with 1 peak extending
ventrolaterally to the CP-angle cistern, another posteroinferome-
dially to the cisterna magna, and the third posterosuperomedially
to the fourth ventricle (Fig 5).

Consequently, MR imaging shows many of these tumors as
clearly off-midline (subtypes C and D) and others as apparently
midline (subtypes A and B). To investigate putative points of or-
igin of the latter 2 subtypes, we developed an iterative evaluation
process that takes into account pre- and postoperative imaging
features indicating tumor invasion of specific anatomic regions
and structures. The resultant LSs suggest laterality even in the
apparent midline cases; therefore, we speculate that midline-in-
traventricular WNT-subgroup medulloblastomas may originate
near the ventricular orifice of the foramen of Luschka (eg, lateral
recess of the fourth ventricle) and spread upward along the lateral
wall of the fourth ventricle, which would explain the high inci-
dence of dentate nucleus invasion.

Most interesting, the LS, if based solely on the postoperative
damage pattern, is relatively low and, by itself, does not much
affect determinations of the laterality of the tumor. The most
likely explanation for this phenomenon may be that the postop-
erative damage pattern may include a few inadvertent lesions
(“collateral damage”); therefore, the resultant LS is somewhat re-
duced by those. Nonetheless, we found the meticulous evaluation
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of the postoperative damage pattern to be helpful in understand-
ing typical tumor locations.

On the basis of the observed involvement patterns, we propose
that 4 apparent topographic phenotypes may be distinguished in
WNT-subgroup medulloblastomas: 1) midline-intraventricular;
2) midline-extraventricular (centered on the cisterna magna with
possible extensions toward the foramen magnum and/or the fo-
ramen of Magendie); 3) off-midline—intraventricular (centered
on the foramen of Luschka with systematic extension to the fourth
ventricle and optional extension into the CP angle cistern); and 4)
off-midline—extraventricular (centered on the CP angle cistern,
with more-or-less involvement of the foramen of Luschka). The
extreme forms in each subtype are fairly straightforward, but
overall, these phenotypic subtypes exhibit spatial overlaps, repre-
senting a continuum rather than 4 distinct categories. We have
reason to believe that “midline” tumors (subtypes A and B) in the
WNT-subgroup are actually paramedian (ie, close to the midline
but not originating from the vermis) as opposed to the usually
more lateralized SHH-subgroup tumors. Given that SHH-sub-
group medulloblastomas are usually hemispheric (with few orig-
inating from the vermis) and typically extraventricular, and if
WNT-subgroup medulloblastomas are indeed paramedian, then
the only true midline-intraventricular tumors may be group 3 and
4 medulloblastomas. Further studies are needed to examine this
hypothesis.

The incidence of PICA territory infarction in our patient co-
hort was high. The infarctions did not include the retro-olivary
area; therefore, we speculate that the increased surgical risk to
these patients may have to do with the often-suggested possible
engulfment of the artery in its retromedullary course. We specu-
late that WNT-subgroup medulloblastomas may be associated
with an increased risk for PICA infarction at surgery.

The laterality in conjunction with the dominantly extraparen-
chymal location of WNT-subgroup medulloblastomas would
suggest that these tumors originate from mutant precursor cells
on one side of the lower rhombic lip that fail to migrate along the
anterior precerebellar extramural migratory stream. As a function
of other modulating factors, these precursors may subsequently
undergo neoplastic transformation and spread from the foramen
of Luschka toward adjacent CSF spaces along the surface of the
cerebellum and brain stem. This scenario implies that WNT-sub-
group medulloblastomas are not cerebellar tumors.

We found that in midline-intraventricular (subtype A) WNT
medulloblastomas, an obvious laterality is usually difficult to
recognize at preoperative diagnostic imaging evaluation,
complicating the differential diagnosis between these and other
midline-intraventricular tumors, including group 3 and 4 medul-
loblastomas, some ependymomas, and choroid plexus tumors.
Conversely, a tumor with DWI evidence of hypercellularity in any
of the other 3 locations (subtypes B-D) may be more suggestive of
WNT-subgroup medulloblastoma, but overlaps may occur. The
infravermian (subtype B) tumors are rare but fairly characteristic,
as are tumors with a clearly unilateral foramen of Luschka epicen-
ter (subtype C). These location subtypes, however, may overlap
with the typically hemispheric SHH-subgroup medulloblastomas
(if those are inferomedial) and with some of the posterior fossa
ependymomas. The CP angle cistern is also a well-known location
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for atypical teratoid rhabdoid tumors, complicating the initial
imaging differential diagnosis of subtype D WNT-subgroup me-
dulloblastomas; however, the biologic behavior and prognosis of
the 2 are different. Bilateral involvement of the foramina of
Luschka and of the CP angle cisterns is common in ependymoma
and is rare in WNT-subgroup medulloblastoma. Choroid plexus
tumors arising from the fourth ventricle are often midline-intra-
ventricular but may be lateralized to involve the foramen of
Luschka; however, their DWTappearance usually differs from that
of embryonal tumors.

CONCLUSIONS

The spatial distribution of WNT-subgroup medulloblastomas in
the posterior fossa appears to be in concordance with our current
understanding of the embryologic origins of this tumor subtype.
Our results contribute to the growing body of data showing the
potential of “imaging genomics” for use in research and in the
diagnostic imaging of certain genetically determined pathologies
of the central nervous system.
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MRI Findings of Disc Degeneration are More Prevalent in
Adults with Low Back Pain than in Asymptomatic Controls: A
Systematic Review and Meta-Analysis

W. Brinjikji, ““F.E. Diehn, ).G. Jarvik, C.M. Carr, ““'D.F. Kallmes, ““’M.H. Murad, and “*P.H. Luetmer
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ABSTRACT

BACKGROUND AND PURPOSE: Imaging features of spine degeneration are common in symptomatic and asymptomatic individuals. We
compared the prevalence of MR imaging features of lumbar spine degeneration in adults 50 years of age and younger with and without
self-reported low back pain.

MATERIALS AND METHODS: We performed a meta-analysis of studies reporting the prevalence of degenerative lumbar spine MR
imaging findings in asymptomatic and symptomatic adults 50 years of age or younger. Symptomatic individuals had axial low back pain with
or without radicular symptoms. Two reviewers evaluated each article for the following outcomes: disc bulge, disc degeneration, disc
extrusion, disc protrusion, annular fissures, Modic 1 changes, any Modic changes, central canal stenosis, spondylolisthesis, and spondylol-
ysis. The meta-analysis was performed by using a random-effects model.

RESULTS: An initial search yielded 280 unique studies. Fourteen (5.0%) met the inclusion criteria (3097 individuals; 1193, 38.6%, asymptom-
atic; 1904, 61.4%, symptomatic). Imaging findings with a higher prevalence in symptomatic individuals 50 years of age or younger included
disc bulge (OR, 7.54; 95% Cl, 1.28—-44.56; P = .03), spondylolysis (OR, 5.06; 95% Cl, 1.65-15.53; P < .01), disc extrusion (OR, 4.38; 95% Cl,
1.98-9.68; P < .01), Modic 1 changes (OR, 4.01; 95% Cl, 110-14.55; P = .04), disc protrusion (OR, 2.65; 95% Cl, 1.52-4.62; P < .01), and disc
degeneration (OR, 2.24; 95% Cl, 1.21-4.15, P = .01). Imaging findings not associated with low back pain included any Modic change (OR, 1.62;
95% Cl,0.48-5.41,P = 43), central canal stenosis (OR,20.58; 95% Cl, 0.05-798.77; P = .32), high—intensity zone (OR = 2.10; 95% Cl, 0.73—6.02;
P = .17), annular fissures (OR = 1.79; 95% Cl, 0.97-3.31; P = .06), and spondylolisthesis (OR = 1.59; 95% Cl, 0.78-3.24; P = .20).

CONCLUSIONS: Meta-analysis demonstrates that MR imaging evidence of disc bulge, degeneration, extrusion, protrusion, Modic 1
changes, and spondylolysis are more prevalent in adults 50 years of age or younger with back pain compared with asymptomatic
individuals.

Lowback pain affects up to two-thirds of adults at some point in
their lives." Back pain-related disability has significant eco-
nomic consequences due to consumption of health care resources
and loss of economic productivity.” Increased use of MR imaging
and CT in the evaluation of patients with back pain consumes a
large amount of health care resources.” Imaging findings such as
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disc bulge and disc protrusion/extrusion are often interpreted as
causes of back pain, triggering both medical and surgical inter-
ventions.* Furthermore, prior studies have demonstrated that im-
aging findings of spinal degeneration associated with back pain
are present in a large proportion of both symptomatic and asymp-
tomatic individuals, thus limiting the diagnostic value of these
findings.””

Numerous studies have examined and compared the preva-
lence of degenerative spine findings in symptomatic and asymp-
tomatic populations. Given the large number of adults who un-
dergo advanced imaging to help determine the etiology of their
back pain, it is important to know whether these findings are
indeed more prevalent in symptomatic-versus-asymptomatic pa-
tients. Such information will help radiologists, referring clini-
cians, and patients interpret the importance of degenerative find-
ings noted in radiology reports. The purpose of this meta-analysis
of case-control studies was to compare the prevalence of MR im-
aging features of lumbar spine degeneration in adult individuals



50 years of age or younger with and without self-reported low
back pain.

MATERIALS AND METHODS

Data Sources and Searches

We performed a comprehensive search for studies describing rel-
evant imaging findings as described below by using MEDLINE
and EMBASE. To identify studies on imaging of symptomatic and
asymptomatic spinal disorders, a medical librarian searched Ovid
MEDLINE, Ovid EMBASE, and the Web of Science through April
24,2014 (week 16). EMBASE was searched beginning in 1988 to
April 24, 2014, and MEDLINE was searched beginning in 1946
through April 24, 2014. The Web of Science is text-word-based,
but it tends to be more current and multidisciplinary, so studies
may be discovered that are not included in the other data bases.
The search strategy is further detailed in the On-line Tables 1 and
2. The initial search terms included spinal diseases or disorders
affecting the spine: intervertebral disc degeneration or displace-
ment, spondylolysis, low back pain, or specific vertebrae and
joints (eg, lumbar vertebrae). This search term was combined
with diagnostic imaging techniques (MR imaging) and the terms
“symptomatic,” “pain,” “undetected,” “asymptomatic,” and
“asymptomatic disease” (subject heading available in EMBASE,
but not MEDLINE). Studies identified from the literature search
underwent further evaluation for inclusion in the meta-analysis.
We also searched references from the studies included in this
meta-analysis to find any additional case-control studies that re-
ported lumbar spine MR imaging findings. This systematic review
was not registered with the Cochrane Collaborative.

Study Selection and Data Extraction

To be included in our review, a study needed to be published in
English and report the prevalence of degenerative findings on
spine MR imaging in both asymptomatic and symptomatic indi-
viduals. Case-control and cross-sectional studies were included in
this analysis. Patient symptomatology was generally determined
at the time of the MR imaging findings. We defined asymptomatic
individuals as those with no history of back pain and symptomatic
individuals as those with any history of back pain, which included
axial back pain and/or sciatica or radiculopathies. The age range
for included individuals was 15-50 years. Any studies reporting
the prevalence of degenerative findings in patients older than 50
years of age were reviewed to determine whether they stratified
outcomes by age so that findings in individuals 50 years of age or
younger could be abstracted. Inclusion criteria, including age cut-
offs, were agreed on by the authors by consensus. One reviewer
examined abstracts of studies identified from the literature search
to determine whether the studies met the inclusion criteria and to
exclude any studies that were not relevant to the topic being stud-
ied (ie, neck pain, studies correlating CT or radiographs and low
back pain, review articles, and so forth).

For each study that met inclusion criteria, we used a standard
form to abstract imaging technique, sample sizes, and the preva-
lence rates for the following imaging findings: central spinal canal
stenosis, disc degeneration, annular fissure (including high-in-
tensity zones), high-intensity zones (a subgroup of annular fis-
sures defined as “annular fissures with a focal area of increased T2

signal”), disc bulge, disc protrusion, disc extrusion, Modic
changes (type 1 Modic changes and all Modic changes), spondy-
lolisthesis, and spondylolysis. These entities are defined in detail
by the combined task forces of the American Society of Neurora-
diology, American Society of Spine Radiology, and North Amer-
ican Spine Society.® Each study that met the initial inclusion cri-
teria was abstracted by 2 reviewers. Any differences in data
abstraction were resolved by having a third, independent reviewer
arbitrate the findings. There were 6 studies that, when further
reviewed during data abstraction, were not thought to meet the
inclusion criteria. These studies were sent to an independent re-
viewer to verify that they did not meet the inclusion criteria.

Quality Assessment

We performed quality assessment of the studies by using the New-
castle-Ottawa Scale. This tool is used for assessing the quality of
nonrandomized studies included in systematic reviews and/or
meta-analyses. Each study is judged on 8 items categorized into 3
groups: 1) selection of the study groups, 2) comparability of the
study groups, and 3) ascertainment of the outcome of interest.’

Statistical Analysis

From each study, we extracted a 2 X 2 table for binary outcomes.
Random-effects meta-analysis was used for pooling across stud-
ies.'® The I” statistic was used to express the proportion of incon-
sistency that was not attributable to chance.'" I? values of >50%
indicated substantial heterogeneity of the observed odds ratios.
Meta-analysis results were expressed as odds ratios for binary out-
comes with respective 95% confidence intervals. P < .05 was sta-
tistically significant. To further explore heterogeneity and the ef-
fect of confounding by age, in addition to conducting subgroup
analysis based on age, we conducted meta-regression. In the re-
gression model, the dependent variable is the log of the odds ratio
and the independent variable is age as a continuous outcome. We
conducted the meta-analysis by using Comprehensive Meta-
Analysis, Version 2.2 (Biostat Inc, Englewood, New Jersey). We
also reported the mean prevalence and 95% CI for each imaging
finding. The mean prevalence was determined by using a pooled
analysis. We provide these data for reference but did not use them
for statistical comparison.

RESULTS

Literature Search

On-line Table 3 summarizes the included studies, and Fig 1 sum-
marizes the search and selection process. Our initial search
yielded 280 unique studies. On the basis of the abstracts of these
studies, we excluded 243 studies (86.8%) that did not meet our
review inclusion criteria. Of the remaining 37, we excluded 17
(45.9%) because they either did not separate the prevalence of
findings by symptomatic status, did not include a truly asymp-
tomatic cohort, or had ambiguous symptomatic status of the pa-
tients. We excluded an additional 6 case-control studies because
they either did not include patients 50 years of age or younger or
findings of patients 50 years of age or younger could not be dif-
ferentiated from those of the rest of the cohort. In total, 14 (5.0%)
studies comprising 3097 patients met the inclusion criteria.
Asymptomatic individuals composed 38.6% of the overall cohort
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(1193 individuals), and symptomatic individuals composed
61.4% of the overall cohort (1904 individuals).

Study Quality

All included studies had a high-quality as assessed by the New
Castle-Ottawa Scale. All included studies demonstrated a high
degree of comparability based on variables such as race/ethnicity,
demographic groups, and age. Outcomes were clearly reported in
all included studies. Three included studies were at risk for selec-
tion bias because they studied the prevalence of degenerative find-
ings in elite athletes.

Degenerative Spine Findings by Symptomatic Status in
Individuals 50 Years of Age and Younger

In order of decreasing OR, imaging findings with a higher preva-
lence in individuals with low back pain 50 years of age or younger
compared with asymptomatic individuals 50 years of age or
younger included disc bulge (OR, 7.54; 95% CI, 1.28—-44.56; P =
.01), spondylolysis (OR, 5.06; 95% CI, 1.65-15.53; P < .01), disc
extrusion (OR, 4.38; 95% CI, 1.98-9.68; P < .01), Modic 1
changes (OR, 4.01;95% CI, 1.10—14.55; P = .04), disc protrusion
(OR, 2.65; 95% CI, 1.52-4.62; P = .03), and disc degeneration
(OR, 2.24;95% CI, 1.21-4.15; P = .01).

Imaging findings not associated with low back pain included
any Modic change (OR, 1.62;95% CI, 0.48-5.41; P = .43), central
canal stenosis (OR, 20.58; 95% CI, 0.05-798.77; P = .32), high-
intensity zone (OR, 2.10; 95% CI, 0.73—-6.02, P = .17), annular

280 unique articles identified and
screened

I =

37 full-text articles retrieved for more ‘

243 excluded based on abstract and
title alone

detailed evaluation

I =»

20 potentially relevant articles ‘
identified

4 =

14 articles with usable information
included in final study

17 excluded for not including adult
patients, no separation between
symptomatic and asymptomatic

patients, did not include asymptomatic
cohort, or symptomatic status was
ambiguous

6 excluded due to lack of age stratified
outcomes allowing us to identify
patients=50 years old, or did not

include patients <50 years old

FIG1. Search strategy.

fissures (including patients with and without high-intensity
zones) (OR, 1.79; 95% CI, 0.97-3.31; P = .06), and spondylolis-
thesis (OR, 1.59; 95% CI, 0.78 —=3.24; P = .20). These data, includ-
ing the prevalences and 95% CIs of each of these findings, are
summarized in the Table.

Meta-Regression Results

Meta-regression based on age was possible only in 2 outcomes
(disc degeneration and protrusion, with 12 and 9 studies, respec-
tively). The number of studies evaluating the remaining outcomes
was too small to do a meaningful meta-regression. We were un-
able to demonstrate a statistically significant association between
age and these 2 outcomes (P values for the model of .22 and .49;
respectively). This is likely due to low power and the small num-
ber of available studies and should not be interpreted as lack of
effect of age on these 2 outcomes.

Study Heterogeneity

Meta-analysis of the following findings demonstrated I* values of
<50%, indicating a lack of substantial heterogeneity in reported
ORs: Modic 1 changes (0%), disc extrusion (0%), spondylolisthe-
sis (0%), and spondylolysis (0%). Meta-analysis of the following
findings demonstrated I* values of >50%, indicating substantial
heterogeneity of reported ORs: central spinal canal stenosis
(94%), disc bulge (90%), disc degeneration (89%), high-intensity
zones (72%), disc protrusion (62%), annular fissure (59%), and
any Modic changes (65%).

DISCUSSION
This meta-analysis of 14 high-quality case-control studies includ-
ing >3000 individuals demonstrates that many degenerative
spine findings have a higher prevalence in individuals 50 years of
age or younger with self-reported low back pain compared with
asymptomatic individuals. Disc findings, including disc bulge,
disc degeneration, and disc extrusion and protrusions, had signif-
icant associations with low back pain. Type 1 Modic changes and
spondylolysis also demonstrated a significant association with
low back pain. While these findings do not prove that disc- and
endplate-related imaging and spondylolysis are pain generators,
they do suggest that evidence of these findings could be explored
as candidates for biomarkers of low back pain.

Our findings corroborate those of other studies examining the
association between disc imaging findings and low back pain.
Multiple previous studies have demonstrated a higher prevalence

Outcomes
No. of P
Outcome Studies OR (95% Cl) Prevalence Asymptomatic  Prevalence Symptomatic ~ Value*  1? (%)
Annular fissure 6 179 (0.97-3.31) 11.3% (9.0%—14.2%) 20.1% (17.7%—22.8%) .06 59
High-intensity zone 4 210(0.73-6.02) 9.5% (6.7%—13.4%) 10.4% (8.0%—13.4%) 7 72
Central spinal canal stenosis 2 20.58 (0.05-798.77) 14.0% (10.4%—18.6%) 59.5% (54.9%—63.9%) 32 94
Disc bulge 3 7.54 (1.28-44.56) 5.9% (3.8%—8.9%) 43.2% (38.2%—48.2%) .03 90
Disc degeneration 12 224 (1.21-4.15) 34.4% (31.5%-37.5%) 57.4% (54.8%—59.8%) .01 89
Disc extrusion 4 438 (198-9.68) 1.8% (0.1%-3.7%) 7.1% (5.4%-9.4%) <0l 0
Disc protrusion 9 2.65(1.52-4.62) 19.1% (16.5%—22.3%) 42.2% (39.3%—45.1%) .00 62
Modic changes 5 162 (0.48-5.41) 12.1% (9.6%15.2%) 23.2% (21.7%-27.3%) 43 65
Modic 1 changes 2 4.01(110-14.55) 3.2% (0.7%-9.4%) 6.7% (4.2%-10.4%) 04 0
Spondylolisthesis 4 159 (0.78-3.24) 3.2% (1.8%—5.8%) 6.2% (4.4%-8.7%) 20 0
Spondylolysis 2 5.06 (1.65-15.53) 1.8% (0.0%-5.3%) 9.4% (6.6%-12.4%) <0l 0

@ P values are computed from the meta-analysis of ORs. Prevalence data are provided for reference but are not meant for statistical comparison.
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of disc findings in symptomatic-versus-asymptomatic individu-
als. Disc protrusions are not uncommon in asymptomatic adult
populations, with prevalences ranging from 10% to 30%, depend-
ing on the studied age group.'**° In general, epidemiologic stud-
ies demonstrate that the prevalence of disc protrusions in asymp-
tomatic populations increases with age.'*>° Our study found that
nearly 20% of asymptomatic patients 50 years of age or younger
had disc protrusion compared with nearly 40% in the symptom-
atic group. Disc extrusions are rare in asymptomatic populations.
The prevalence of disc extrusions ranged from 0% to 4% in
asymptomatic patients, with most studies reporting prevalence
rates of <2%.2'2* On the contrary, prevalence of disc extrusions
ranged from 5% to 10% in symptomatic populations.”'>*

One surprising finding from our study was that disc bulge had
a strong association with low back pain. Because of the high prev-
alence in the asymptomatic population, disc bulges are often con-
sidered incidental findings and not associated with low back pain.
The prevalence of disc bulges in asymptomatic populations
ranges from 20% in young adults to >75% in patients older than
70 years of age.””>° Our meta-analysis found a prevalence of disc
bulges of 6% in asymptomatic populations and 43% of symptom-
atic populations. All 3 studies included in our meta-analysis as-
sessing the association between disc bulges and pain demon-
strated a very strong association between disc bulge with low back
pain.'>*"?! Two of these studies only included patients younger
than 30 years of age."*" These findings suggest that the associa-
tion between disc bulge and low back pain may be more signifi-
cant in younger adults, in whom the prevalence in the general
asymptomatic population is much lower. It is possible that the
association between disc bulges and low back pain disappears in
older populations, in whom the prevalence of this imaging find-
ing is >90% in the asymptomatic population.””

Similar to disc bulge, disc degeneration also has a very high
prevalence in asymptomatic individuals, ranging from 30% to
95%, depending on the age group.>'>!'>!819:23:27:29.32:36 g5 me
studies have demonstrated no association between disc degener-
ation and low back pain, especially in older individuals.’”*® Our
meta-analysis on 12 studies found a strong association of disc
degeneration and low back pain in individuals 50 years of age or
younger, with >30% of asymptomatic individuals and >50% of
symptomatic individuals found to have disc degeneration on MR
imaging.

Our study also found that in the adult population of 50 years of
age or younger, annular fissures and high-intensity zones had no
association with low back pain. The association between annular
fissures and low back pain is controversial. A majority of studies in
our analysis demonstrated a higher prevalence of annular fissures
in symptomatic-versus-asymptomatic patients. However, the
largest study in our analysis, which included >500 patients 1821
years of age, demonstrated no association between annular fis-
sures and low back pain.*®

Modic 1 changes had a significant association with low back
pain in our analysis. However, Modic changes as a whole (Modic
1-3) did not have an association with low back pain. In a system-
atic review of Modic change prevalence in asymptomatic and
symptomatic populations, Jensen et al** found that the median
prevalence of any type of Modic changes in symptomatic individ-

uals in the literature was 36% compared with 14% in non-back
pain populations. However, when considering case-control stud-
ies, this analysis demonstrated no association between Modic
changes and low back pain. Large cohort studies have demon-
strated that type 1 Modic changes are, in fact, strongly associated
with low back pain.*® Spondylolysis was strongly associated with
low back pain in patients 50 years of age or younger. These find-
ings are supported in studies from the surgical literature that
demonstrate that direct screw repair of pars interarticularis de-
fects provides long-term pain relief and improves the biome-
chanical function of the lower lumbar spine.*’

Findings not directly related to the disc such as spondylolis-
thesis and central canal stenosis demonstrated no association with
low back pain in our study. These findings are consistent with
what has been previously reported in the literature. Spondylolis-
thesis is also consistently not associated with low back pain in
case-control studies.® However, in general, the grade or average
grade of spondylolisthesis found in these population-based stud-
ies was low, and none of the studies included in our meta-analysis
evaluated the presence of dynamic instability. Our finding that
central canal stenosis was not associated with low back pain is
likely because this entity typically presents with lower extremity
rather than back pain (ie, neurogenic claudication). In addition,
only the presence rather than the severity of central canal stenosis
was evaluated.

Limitations

Our study has limitations. It was limited to individuals 50 years of
age or younger; thus, our findings pertain only to this specific
population. With the increasing prevalence of some degenerative
findings such as degenerative disc and disc bulge with increasing
age, it is possible that the association between these entities and
low back pain is less significant in older age groups. There was
substantial geographic, ethnic, and occupational heterogeneity in
the populations included our analysis. Another major limitation
is that the studies included in our analysis were published during
a broad time period, and not all of the studies used the original or
more recent Fardon et al® and Fardon and Milette®* combined
task force nomenclature recommendations. Thus, differences in
nomenclature and definitions of some entities could affect our
results.

Another limitation is that our study defined back pain broadly,
including axial, sciatica and radicular pain. Most of the studies did
not explicitly define whether patients had axial or radicular symp-
toms or both. In general, the studies in our analysis included
patients with self-reported low back pain, which was confirmed
on physical examination at or around the time of the MR imaging
examination. Another important limitation is that only the pres-
ence of these degenerative findings was considered, not the extent
or severity. This is especially important because increased severity
and extent of Modic changes, spinal stenosis, and disc degenera-
tion are associated with increased pain.*> Modic changes could
only be analyzed as type 1 changes and combined type 2 and 3
changes because the included studies generally did not differenti-
ate between type 2 and 3 changes. As such, we did not have the
opportunity to study whether type 2 or 3 changes were associated
with low back pain.
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Regarding the study design, our study included primarily case-
control and cross-sectional studies but did not include cohort
studies. As such, we did not study the association between MR
imaging findings and future back pain. Symptomatology was de-
termined at the time of imaging. In addition, we could not per-
form separate subgroup analyses by decade oflife due to a paucity
of studies that stratified findings by decade of life. It is possible
that the association of pain and degenerative findings is different
for patients 30 years of age and younger and those 3050 years of
age. Many of the I? values were >50%, suggesting substantial
heterogeneity in reported results. The imaging features examined
in this study are correlated (ie, a patient with one finding is more
likely to have another). Hence, the observed associations are af-
fected by confounding and cannot be used for diagnostic pur-
poses. Last, some of the specific MR imaging finding meta-anal-
yses included as few as 2 studies. All these limitations highlight the
need for further studies on the association between MR imaging
findings and low back pain. One disadvantage of evaluating only
case-control studies is that we excluded the populations included
in cohort studies reporting the prevalence of degenerative find-
ings in asymptomatic subjects only.

CONCLUSIONS

This meta-analysis of epidemiologic studies demonstrates that
MR imaging evidence of disc bulge, disc degeneration, disc extru-
sions and protrusions, Modic 1 changes, and spondylolysis had
significant associations with low back pain in adult patients 50
years of age or younger. The association between these degenera-
tive findings and pain should not be interpreted as causation.
These imaging findings may be considered as candidate biomark-
ers for low back pain in younger patients (younger than 50 years of
age). The role of these findings in determining treatment strate-
gies or prognosis of low back pain has not been established.
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Bone-Subtracted Spinal CT Angiography Using Nonrigid
Registration for Better Visualization of Arterial Feeders in

Spinal Arteriovenous Fistulas

T. Nishii, AK. Kono, M. Nishio, N. Negi, A. Fujita, E. Kohmura, and K. Sugimura

ABSTRACT

k|

BACKGROUND AND PURPOSE: Pretreatment diagnosis for the location of shunts and arterial feeders of spinal arteriovenous fistulas is
crucial. This study aimed to evaluate the utility of subtracted CT angiography imaging by using nonrigid registration (R-CTA) in patients with
spinal arteriovenous fistulas compared with conventional CTA imaging.

MATERIALS AND METHODS: The records of 15 consecutive subjects (mean age, 65 years; 2 women) who had undergone CTA and digital
subtraction angiography for clinically suspected spinal arteriovenous fistula were reviewed. From CTA images obtained at the arterial and
late arterial phases, warped images of the late arterial phase were obtained by using nonrigid registration that was adjusted to the arterial
phase images. R-CTA images were then obtained by subtracting the warped images from the arterial phase images. The accuracies of using
nonrigid registration and conventional spinal CTA and the time required for detecting arterial feeders in spinal arteriovenous fistulas were
analyzed for each patient with DSA results as a standard reference. The difference between R-CTA and conventional spinal CTA was
assessed by the Welch test and the McNemar x? test.

RESULTS: R-CTA had a higher accuracy compared with conventional spinal CTA (80% versus 47%, P = .025). The time for interpretation
was reduced in R-CTA compared with conventional spinal CTA (45.1 versus 97.1 seconds, P = .002).

CONCLUSIONS: Our subtracted CTA imaging by using nonrigid registration detects feeders of spinal arteriovenous fistulas more accu-
rately and quickly than conventional CTA.

ABBREVIATIONS: ANTs = Advanced Normalization Tools software; C-CTA = conventional spinal CTA; R-CTA = bone-subtracted spinal CTA using novel nonrigid

registration; SAVF = spinal arteriovenous fistula; SyN = symmetric diffeomorphic image normalization algorithm

pinal arteriovenous fistulas (SAVFs) are the most common

spinal vascular malformation.' Early and accurate diagnosis
with proper treatment is required for avoiding progressive spinal
cord symptoms.” Treatment in SAVFs is achieved by shunt occlu-
sion with an endovascular or surgical approach. Pretreatment di-
agnosis for the location of shunts and arterial feeders of SAVFs is
crucial.' Selective spinal digital subtraction angiography is a de-
finitive examination in the diagnosis and planning of the treat-
ment of SAVFs. However, selective catheterization for each seg-
mental artery is relatively invasive and time-consuming and
requires expertise.’
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Therefore, spinal CT angiography has been introduced to de-
tect the location of shunts and feeders as a noninvasive imaging
method.”® Whether spinal CTA can be substituted for the inva-
sive method of spinal DSA is still controversial. However, prean-
giographic detection of the location of feeders makes it possible to
avoid the invasive method of DSA due to reduction in fluoroscopy
time.” Spinal CTA has been widely used because of its simplicity in
the clinical setting, after introduction for visualization of the ar-
tery of Adamkiewicz.>® However, CTA has several issues that
need to be considered as follows: 1) The detectability of arterial
feeders is insufficient,® 2) the reproducibility is relatively lower
than that of magnetic resonance angiography,® and 3) identifying
these feeders is sometimes time-consuming. These problems are
because the feeders are small and run close to the osseous struc-
tures, which show high attenuation in CT images and cause arti-
facts, such as blooming and streak artifacts, to the neighboring
area.

Subtracted CTA is one of the solutions for distinguishing the
osseous structures and enhanced vessels.'® If the bones can be
removed from spinal CTA, the diagnosis of feeders to the SAVF
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FIG1. A, Anoriginal image. B, Image generated by rotating A and deforming the tip of the hat (dashed circle). C, An ordinary subtracted image
that was obtained by subtracting image B from A. This step causes misregistration in which a large amount of the white or black area is seen. D
and E, Subtracted images that were obtained by subtracting image A from the warped image of image B created by rigid and nonrigid
registration, respectively. D, Deformation of the hat remains and leads to misregistration around the tip of the hat. E, Perfect subtraction by

restoring the rotation and deformation.

will be improved. Recently, bone-subtraction CTA has been
widely used in intracranial lesions."' "> However, the application
of the subtraction technique to spinal lesions is still challenging.
To the best of our knowledge, this application has not been re-
ported because the patient’s breathing and involuntary motions
cause the body position to easily change between the 2 datasets. In
most parts of the body, except for cranial lesions, deformation
and distortion between 2 datasets will occur.'* Misregistration is
inevitable when the conventional subtraction method is used. To
overcome this misregistration, we introduced rigid or nonrigid
registration (Fig 1). Rigid registration is a technique in which 1
image is subtracted with parallel shift or rotation. An example of
the application of this method is brain perfusion imaging. More-
over, compared with rigid registration, nonrigid registration is a
better processing method, compensating for organ motion or
transformation between 2 datasets,'* and this can minimize mis-
registration, even if the target organ moves between the acquisi-
tion of images. Recently, several novel nonrigid registration algo-
rithms were introduced, and the performance of these methods is
improving.'>'®

We hypothesized that subtracted spinal CTA imaging by using
nonrigid registration (R-CTA) provides precise subtraction and
facilitates the diagnosis of arterial feeders to SAVFs. This study
aimed to evaluate the utility of R-CTA in patients with SAVFs
compared with conventional CTA imaging (C-CTA).

MATERIALS AND METHODS
Our institutional review board approved this retrospective study.
Written informed consent from all subjects was waived by the
institutional review board because of the retrospective nature of
the study. The patient records and information were anonymized
and de-identified before analysis.

Subjects

The records of 15 consecutive subjects (mean age, 65 years; range,
39-87 years; 2 females) who had undergone CTA and DSA for
clinically suspected SAVFs between June 2009 and December
2013 were retrospectively reviewed.

DSA Technique

Selective spinal DSA was performed by a trained board-certi-
fied neurosurgeon (A.F., with 20 years’ experience) in a biplane
angiography suite (Artis zee BA twin; Siemens, Erlangen, Ger-

many) by injecting 3 mL (1 mL/s) of 300-mg/mL iodinated
contrast agent (iopamidol, Oypalomin 300; Fuji Pharma, To-
kyo, Japan; or iopromide, Proscope 300; Alfresa Pharma,
Osaka, Japan) into the segmental arteries. The images were
obtained with the following parameters: 4 frames/s, 720 X 720
matrix, and 32-cm FOV. When prior CTA findings suggested
thelocation of the feeders, the predicted level was first selected.
After the main feeder was recognized, the bilateral segmental
arteries ranging from 3 levels above to 3 levels below the iden-
tified feeders were assessed to identify the collateral feeders for
complete evaluation. If the feeders were not identified, all the
bilateral segmental arteries from the cranial level to the median
sacral arteries, the bilateral subclavian arteries, and the bilat-
eral iliac arteries were assessed. The DSA diagnosis was per-
formed by the same neurosurgeon.

Acquisition and Reconstruction of CTA
All the CTA examinations were performed with a 64—detector
row CT scanner (Aquilion 64; Toshiba Medical Systems, Tokyo,
Japan) by using the method for visualization of the artery of Ad-
amkiewicz (as previously described).'” The parameters were set as
follows: 0.5-mm collimated section width, 0.60 seconds per rota-
tion, 0.641 pitch, 120 kV, and 400 mAs. Iopamidol at 370 mg I/mL
(Iopamiron 370; Bayer Yakuhin, Osaka, Japan) was injected via a
20-ga catheter in the right antecubital vein (100 mL, 5 mL/s),
followed by a 30-mL saline flush. Bolus tracking was used with an
ROTI at the descending aorta. The scan was automatically started 7
seconds after contrast enhancement of the ROIs reached a thresh-
old of 150 HU. The scan covered the entire spinal canal from the
foramen magnum to the coccygeal bone. To avoid misreading
between the radiculomedullary arteries and veins, we consecu-
tively repeated dual-phase dynamic scanning to obtain images in
the arterial and late arterial phases. The interval between the
phases was approximately 40 seconds, which was needed to per-
form the arterial phase scanning and to move the table into the
starting position for the late arterial phase scan. This interval dif-
fered slightly on the basis of the patient’s body size. The CT dose
index of the arterial and late arterial phases was set as 47.1 mGy for
each phase.

The data were reconstructed in the axial plane with a 0.5-mm
section thickness, 0.5-mm reconstruction interval, 200-mm FOV,
and a medium soft-tissue convolution kernel.

AJNR Am J Neuroradiol 36:2400—06 Dec 2015 www.ajnr.org 2401
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FIG 2. First, warped images of the late arterial phase were obtained by using nonrigid registration (SyN-cross-correlation) adjusted to the
arterial phase images. The subtracted spinal CTA by using nonrigid registration was then obtained by subtracting warped images that were
multiplied by 1.1 from the arterial phase images. R-CTA and conventional spinal CTA were analyzed with digital subtraction angiography results
as a reference standard, and the difference in diagnostic performance was assessed.

Postprocessing Method

One author (T.N., board-certified diagnostic radiologist with 6
years’ experience) who was blinded to the subjects’ identities per-
formed further image postprocessing. The schema of the postpro-
cessing methods is shown in Fig 2.

Each dataset was cropped at the center of the image with 256 X
256 pixels, and the Otsu segmentation method was used to re-
move the lungs with Image] software (National Institutes of
Health, Bethesda, Maryland). Warped images of the late arterial
phase were obtained by using nonrigid registration adjusted to the
arterial phase images. Nonrigid registration was performed by
using open-source Advanced Normalization Tools software
(ANTS; http://stnava.github.io/ANTSs/). Details of this process are
explained in the next paragraph. R-CTA images were then ob-
tained by subtracting the warped images from the arterial phase
images. Weighted subtraction images were used to invert bone
attenuation and to easily recognize the level of the intervertebral
foramen. Weighted subtraction images were obtained by sub-
tracting warped images that were multiplied by 1.1 from the arte-
rial phase images.

Symmetric Diffeomorphic Image Normalization
Algorithm

The symmetric diffeomorphic image normalization algorithm
(SyN),'® which is provided through ANTS, is a nonrigid registra-
tion algorithm that performs well.'® SyN uses an optimization
strategy based on minimizing the shape and appearance distances
between the input data and reference data. Furthermore, cross-
Nishii
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correlation, a similarity metric that is commonly used for intra-
modality registration, was specified and included when perform-
ing the SyN.

Analyses of Images

Two board-certified diagnostic radiologists (T.N., 6 years’ expe-
rience; AK.K., 11 years’ experience) who were blinded to the
identity of subjects independently performed the following anal-
yses by using OsiriX Imaging Software (http://www.osirix-
viewer.com). They were allowed to change the window level or
width and the image size as common practice. In addition to the
axial images, multiplanar reformation images and thin-slab max-
imum-intensity-projection images were used.

For the preliminary analysis, the initial 5 cases of R-CTA were
compared with the bone-subtracted image with rigid registration
by the 5-point scoring system for subtraction performance (5 =
excellent, 4 = acceptable, 3 = intermediate, 2 = partial, and 1 =
inadequate). The rigid registration was performed by using ANTs
with the same datasets used for R-CTA.

Subject-based and intervertebral foramen-based analyses were
performed separately in at least 2-week intervals. First, for sub-
ject-based analysis, the levels of feeders to the SAVF were re-
corded, and these were identified from the feeders’ continuity
between the aorta and abnormal spinal vessels. Furthermore, the
required time to interpret the images was concurrently recorded.
The 2 examiners performed this analysis independently.

Second, for the intervertebral foramen-based analysis, the in-



Table 1: Subject characteristics and the level of feeders as shown by spinal digital

subtraction angiography results

and DSA were perfectly matched did we

judge the diagnosis accurate. The differ-

Clinical Feeder ences in the accuracy and time to inter-
Case Age (yr) Sex Manifestation Side and Level Origin Type pretation between C-CTA and R-CTA
1 €0 F Paraplegia - - No AVF  yrere assessed by the McNemar y? test
2 8 M Claudication Lt.LT LA D and the Welch test, respectivel
3 7 M Paraplegia Rt. L2 LA D . > TESP 4
4 78 M Paraplegia Rt T7,Lt. T ICA D For intervertebral foramen—based
5 53 M Paraplegia Rt.T9 ICA D analysis, if the score was =4, we first de-
6 74 M Paraparesis - - No AVF  termined that a feeder was present at the
7 49 M Paraplegia Lt.T6 ICA PM vertebral foramen. Second, the general-
< 66 M Paraplegia Lt.T6, Lt. T7 ICA D ized estimation equation was used to
9 39 M Paraplegia Lt.T5,Lt. T6 ICA D ! L .
10 57 M Paraplegia Rt L2 LA D generate a model to marginalize the in-
1 67 E Paraplegia Lt.L3 LA PM tersubject effect. The sensitivity, speci-
12 80 M Paraplegia Rt. T4, Rt. TS5 ICA D ficity, and accuracy for C-CTA and R-
13 45 M Parap:egia Rt. T4 ICA D CTA were then calculated, and the
14 7 M Paraplegia Lt.T3,Rt. T5 ICA PM T _CTA _CTA
55 87 M Paraplegia Lt T4 ICA b differences between C-CTA and R-C

Note:—D indicates dural AVF; LA, lumber artery; PM, perimedullary AVF; —, data not available; ICA, intercostal artery; T,
thoracic spine; L, lumbar spine; Rt., right; Lt, left.

FIG3. Inan ordinary subtractionimage (left), determining the level of
the vertebra is difficult because the background is totally equaled.
However, in a weighted subtraction image (right), the bone is dis-
played as a darker structure than background attenuation.

tervertebral foramen was assessed from the level of the third tho-
racic vertebra to the level of the third lumbar vertebra (390 fora-
mens). The diagnostic likelihood of the presence of a feeder was
scored on a 5-point scale (1 = definitely negative, 5 = definitely
positive) with a consensus reading of the 2 radiologists.

For quantitative image-quality analysis, the SDs of C-CTA and
R-CTA were obtained by setting the circular ROI in the descending
aorta at the center level of the 10th thoracic vertebra. The image noise
was determined as the SD of the CT value in the descending aorta.

Statistical Analyses
For assessment of diagnostic performance, the result of DSA was
used as the reference standard.

For the preliminary analysis, the scores of subtraction perfor-
mance of C-CTA and R-CTA were compared using the Cochran-
Armitage test.

For subject-based analysis, only when the results of each CTA

were assessed by each odds ratio esti-
mated by using the generalized estima-
tion equation. The link function was set
asalogitlink, and an independent working correlation matrix was
used for the generalized estimation equation.

For quantitative image analysis, the image noises of C-CTA
and R-CTA were compared using the Welch test.

For statistical analysis, JMP 9.0 (SAS Institute, Cary, North
Carolina) and R statistical computing software (http://www.r-
project.org) were used. The significance level was set at P = .05.

RESULTS

CTA and selected spinal DSA were successfully performed in all
15 subjects. A summary of the characteristics of the subjects and
the level of feeders from the results of DSA are shown in Table 1.
From the preliminary analysis, R-CTA showed significantly
higher subtraction performance than subtraction with the rigid
registration (median score, 5 versus 2, respectively; P = .001).
Thus, for bone subtraction in spinal CTA, the use of nonrigid
registration was considered more suitable than the use of rigid
registration.

Mlustrative cases of a 53-year-old man (case 5) and 57-year-old
man (case 10) are shown in Figs 4 and 5, respectively. In case 5,
although the feeder from the right ninth intercostal artery (Fig
4A) was detected by using C-CTA (Fig 4B) and R-CTA (Fig 4C),
the continuity of the feeder and the aorta was clear when R-CTA
was used. In case 10, by using C-CTA (Fig 5B), a false feeder from
the right 12th intercostal artery was only observed instead of the
true feeder from the right second lumbar artery (Fig 5A), while
this true feeder was clearly visualized by using R-CTA (Fig 5C).

In subject-based analysis, the accuracies of C-CTA compared
with R-CTA were 47% (7/15) versus 80% (12/15) by observer 1
and 40% (6/15) versus 73% (11/15) by observer 2, respectively.
The required time for detecting feeders of C-CTA compared with
R-CTA was 97.1 seconds versus 45.1 seconds by observer 1 and
89.5 seconds versus 45.6 seconds by observer 2, respectively. R-
CTA was significantly more accurate (P = .025 in both observers)
and reduced the time for interpretation (P = .002 and P = .020,
respectively) compared with C-CTA (Table 2).

In intervertebral foramen—based analysis, the diagnostic per-
formance of C-CTA compared with R-CTA was as follows: sensi-
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tivity, 44.4% versus 72.2%; specificity, 98.1% versus 99.5%; and
accuracy, 95.6% versus 98.2%, respectively (Table 2). R-CTA
showed a significantly higher accuracy (odds ratio = 2.494; 95%
confidence interval, 1.037-5.996; P = .041) compared with
C-CTA.

The quantitative image-quality analysis showed that the image
noise was higher in R-CTA than C-CTA (27.9 * 15.5 versus
18.6 £ 7.0 HU, respectively; P = .047).

The radiation exposure by using the dose-length product for
dual-phase CTA was 5238.1 = 1220.8 mGy X cm.

DISCUSSION
Our study showed that R-CTA had a significantly better accuracy
than C-CTA, and R-CTA reduced the time required for detection
of arterial feeders to the SAVF. Furthermore, in intervertebral
foramen—based analysis, R-CTA was significantly more accurate
than C-CTA.

The diagnostic accuracy of feeders of SAVFs by using nonsub-
tracted CTA was previously reported as 58%—90%.>>° The diag-
nostic accuracy of C-CTA (40%—47%) in our study was relatively
low compared with that in previous studies.>>° The reason for
this difference between studies might be because of a difference in
study populations. Thirty-eight percent (5/13) of patients had 2
feeders in this study, while the previous studies mentioned only 1
vessel as the main feeder in their populations. Because smaller
feeders are easy to miss, the accuracy of C-CTA was not high in
Nishii
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FIG 4. Images of an illustrative case of a 53-year-
old man (case 5). Spinal digital subtraction angiog-
raphy of the right ninth ICA (A) shows a feeder and
enlarged vein. C-CTA image (B) and R-CTA (C) at
the T9 level can detect the feeder (black arrow-
head) from the right ninth ICA. In R-CTA with thin-
slab maximum-intensity-projection images, as-
sessing the feeder and continuity is easier than
with C-CTA. The window level and width of R-CTA
are set to 120 and 240, respectively.

this study. Dynamic contrast-enhanced MR angiography is an-
other noninvasive imaging method, which has a detectability of
feeders of 40%-93%.>%” Dynamic contrast-enhanced MR an-
giography has several advantages, including separating the signal
between bone and vessels; and it also performs multiphase scan-
ning without any radiation exposure. The advantages of CTA
compared with MR imaging are that it has simple and rapid ac-
quisition, wide coverage, and high versatility. In particular, for
surgical planning, 3D visualization of both vessels and bones on
CTA images is advantageous. Despite the above-mentioned ad-
vantages, radiation exposure is a disadvantage in CTA. However,
as the CT machine and reconstruction methods improve, they
will be able to reduce radiation exposure.

With R-CTA, separation from bony structures and reduction
of blooming artifacts'® and extensibility by using thin-slab MIP
for easier analysis of continuity'® from the aorta to feeders could
explain the improving diagnostic performance. Several disadvan-
tages of R-CTA should be considered. First, the subtracted image
is theoretically noisier than the original images.'” The quantita-
tive image-quality analysis showed that the image noise was
higher in R-CTA than in C-CTA. However, the diagnostic perfor-
mance of R-CTA was not obscured. Thus, the effect of increasing
noise was low enough to diagnose the level of feeders in this study
because of good visibility of vessels in R-CTA. Second, prepara-
tion of 2 CT datasets for obtaining R-CTA could be an issue be-



Table 2: Differences in diagnostic performance of C-CTA and R-CTA

FIG 5. Images of an illustrative case of a 57-year-
old man (case 10). Spinal digital subtraction angiog-
raphy of the right second lumbar artery (A) shows a
feeder and enlarged vein. In the C-CTA image (B),
the right T12 was misread as the feeder (black ar-
rowhead). Furthermore, in C-CTA at the L2 level,
the true feeder from the right second lumbar ar-
tery was difficult to differentiate from the bloom-
ing artifacts of the neighboring bone. However, in
R-CTA (C), the true feeder from the right second
lumbar artery was easily detected (white arrow).
The window level and width of R-CTA are set to 120
and 240, respectively.

were needed in each case for registration

Variables C-CTA R-CTA OR* PValues  ofthe 2 large image datasets (>1000 im-
Subject-based analysis ages per 1 dataset), even if we used a

Feeder detection accuracy (%) powerful workstation. For clinical use,
Observer] 47(7/19) 80(12/15) 025° the current level of postprocessing time
Observer 2 40 (6/15) 73 (1/15) .025° .

Time required for diagnosis (sec) is unacceptable. However, further tech-
Observer 1 971+ 374 451+ 236 .002° nical innovations of algorithms and
Observer 2 89.5+60.0 45.6 =241 020° workstations would solve this issue. For

lnt::[’]i;:iiira;;c))cramen_based e 44.4(22.2-66.7) 72.2(50.0-94.4) 3.26(0.82-13.0) 095 instance, the reduction of computation

Speciﬁcitil/ o 981(97.8-99.5) 99.5(987-100) 3.55(087-145) .07 time by 93% compared with ANTs has

Accuracy (%)° 95.6(93.8-97.2) 98.2(96.9-99.2) 249 (1.04-6.00) .041° been reported by using the deformable

*ORs of R-CTA against C-CTA are shown. registration method in a hybrid frame-
b Significant. work.?! While there are some issues, no-

€95% Confidence intervals are shown.

cause of the radiation dose. High-radiation-dose imaging is
usually needed for the detection of feeders of SAVFs. Although
dual-phase spinal CTA had been reported beneficial for avoiding
contamination between the radiculomedullary arteries and

>17:2 jts contribution to detecting the feeders of SAVFs is

veins,
not fully understood. However, accurate preangiographic detec-
tion of the location of the feeders is associated with a reduction of
approximately half of the following fluoroscopy time.” Therefore,
R-CTA is also expected to reduce the radiation dose of the follow-
ing DSA. Because accurate detection of feeders of SAVFs is also
possible, use of R-CTA should be considered. Further clinical
studies are required to confirm this recommendation. Third, a
relatively long postprocessing time is required. More than 4 hours

tably, nonrigid registration was success-

fully applied to spinal CTA and it could
accurately subtract bones. As a result, accurate diagnosis of feed-
ers of SAVFs was achieved, despite the shorter interpretation time
than conventional CTA.

In our study, we proposed weighted subtraction to invert bone
attenuation to easily diagnose the level of the intervertebral fora-
men (Fig 3). In the usual bone-subtraction method, the back-
ground is totally equaled. Therefore, once optimal subtraction is
performed, the landmark has disappeared. This feature makes it
difficult to determine the level of the vertebra, which is the land-
mark for determination of the level of the segmental artery by
using subtraction images alone. However, our proposed weighted
subtraction provided an inverted shadow of the bones on the
subtracted CTA images. The bone is displayed as a darker struc-
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ture than the background attenuation (Fig 3). As a result, the time
for detecting feeders was reduced because the vertebral body or
the rib bone could be recognized on the subtracted CTA images.
Moreover, because the inverted bone shadow did not affect the
visibility of vessels in MIP images, R-CTA provided clear, thin-
slab MIP images. Despite these advantages, this method slightly
lowers the contrast of enhanced vessels compared with the usual
bone-subtraction method. In addition, the optimization of the
weighted value should be further investigated.

Our study has several limitations. First, the DSA results might
not be independent from prior CTA results. However, routine
DSA for the entire segmental artery in every patient is unaccept-
able because of its invasiveness. Second, R-CTA was generated by
subtracting late arterial phase CTA. Noncontrast CT is theoreti-
cally suitable for subtraction because of the high difference in
attenuation of vessels between contrast and noncontrast CT.
However, we did not perform noncontrast CT with the same set-
tings as spinal CTA. Finally, the population was small, and the
study design was retrospective. Further larger and multicenter
studies are required to clarify the feasibility of our proposed sub-
traction method in the clinical setting.

CONCLUSIONS

Bone-subtracted spinal CT angiography imaging by using novel
nonrigid registration helps radiologists assess feeders of SAVFs
more accurately and quickly than the conventional method.
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LETTERS

Ipilimumab Therapy for Melanoma:
A Mimic of Leptomeningeal Metastases

e have recently observed that patients with malignant mel-
Wanoma on treatment with ipilimumab can demonstrate
leptomeningeal enhancement on brain MR imaging mimicking
metastatic disease. In Fig 1 is shown one such case of a 40-year-old
man presenting with subacute onset of headaches, right-sided fa-
cial hemiparesis, and facial paresthesias. He also showed evidence
of tongue deviation on neurologic examination suggestive of cra-
nial neuropathy. The patient had a history of stage IIIC melanoma
from an unknown primary site with metastasis to the axilla and
was undergoing therapy with ipilimumab. MR imaging demon-
strated multifocal leptomeningeal and cranial nerve enhance-
ment. Lumbar puncture revealed CSF lymphocytosis and mildly
elevated proteins (findings that can be seen with inflammatory
processes) and cultures and cytology negative for infection and
malignancy, despite repeat examinations. Following drug discon-
tinuation and high-dose steroid therapy, the patient gradually re-
covered. Lymphocytosis in the CSF also resolved.

To our knowledge, these brain imaging findings have not been
shown in the literature. Ipilimumab, also known as MDX-010, is
a human monoclonal antibody that augments T-cell-mediated
immunity by blocking inhibitory signals that suppress T-cell
function (more specifically, it blocks cytotoxic T lymphocyte an-
tigen-4)." It is approved for the treatment of late-stage melanoma
and is currently undergoing clinical trials for other cancers. Man-
ousakis et al® reported a case of an inflammatory multifocal ra-
diculoneuropathy during ipilimumab therapy with a lumbar
spine MR image in their article showing leptomeningeal enhance-
ment along the cauda equina nerve roots. Their patient also had
clinical evidence of cranial neuropathies with facial nerve en-
hancement, though the brain MR images were not included in the
article. Carpenter et al® showed 3 cases of hypophysitis associated

http://dx.doi.org/10.3174/ajnr.A4581

with ipilimumab, which was also thought to represent an im-
mune-mediated response. Our case shows leptomeningeal en-
hancement and perivascular enhancement in the cerebral hemi-
spheres and pons, findings perhaps analogous to an inflammatory
process such as neurosarcoidosis or chronic lymphocytic inflam-
mation with pontine perivascular enhancement responsive to ste-
roids (CLIPPERS). Prominent perivascular enhancement may
therefore be a subtle clue to an inflammatory process rather than
metastatic disease, though supportive clinical and laboratory
findings are needed to make a confident diagnosis.

As immunotherapeutics are increasingly used as antineoplas-
tic agents, neuroradiologists must be aware of their unusual ad-
verse effects and imaging findings. Brain MR imaging to evaluate
for metastatic melanoma is not an uncommon study, and oncol-
ogists may plan chemotherapy or radiation treatment without
histologic or CSF cytologic proof of intracranial metastasis. We
should therefore be aware of this potential pitfall and are re-
minded to be cognizant of the specific chemotherapeutic agents
our patients are receiving when providing interpretations.
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FIG 1. Postcontrast Tl-weighted images demonstrate nodular enhancement involving the right facial nerve in the meatal (A) and mastoid (B)
segments and the bilateral trigeminal nerves (C and D). Leptomeningeal enhancement along the cerebellar surface (E) and abnormal enhance-
ment along the perivascular spaces in the pons and cerebral hemispheres (E and F) are also seen.

E70 Letters Dec 2015 www.ajnr.org



ERRATUM

he authors regret that in the October 2015 article “We Are Not Alone” (AJNR Am ] Neuroradiol 2015;36:1794-95, originally

published on-line on September 3, 2015, doi:10.3174/ajnr.A4531), the Table shows the average radiologist salary in Israel incor-
rectly. The correct average radiologist salary in Israel is $72,000. The Table is reproduced below with the corrected segment shown in
bold.

http://dx.doi.org/10.3174/ajnr.A4619

Survey research data collected

Radiologist/ Representative
Average Practice Average  Radiology Radiologist Practices Malpractice
Radiologist Pays for Insurance Malpractice Sued for Fear of Defensive Affects
Country Salary Insurance  Premium Rate Malpractice  Being Sued® Medicine*  Practice®
Africa
Egypt $50,000 No Null 5% No 3 4 2
Americas
Argentina $37,000 Yes $1200 5% Yes 1 2 2
Brazil $130,000 Yes $560 1% No 1 1 2
Canada $300,000 No $3000 5% Yes 2 2 2
Chile $120,000 Yes $1000 10% Yes 3 3 4
Guatemala $35,000 No Null 1% No 1 1 1
United States $340,000 Yes $21,000 46% No 4 4 Null
Asia
Indonesia $60,000 Yes $300 0% Yes 5 5 4
Japan $100,000 Yes $70 1% Yes 2 4 4
Malaysia $190,000 Yes $8400 0% No 2 2 2
Philippines $21,000 No Null 2% No 2 1 2
Singapore $200,000 Yes $1750 5% Yes 3 3 3
South Korea $200,000 Yes $5000 3% Yes 2 1 2
Sri Lanka $12,000 No Null 0% No 2 3 2
Taiwan $120,000 Yes $600 3% Yes 4 4 4
Australia/Oceania
Australia $450,000 Yes $5000 5% No 2 2
New Zealand $240,000 Yes $1300 0.1% No 2 2 2
Europe
Belgium $300,000 No Null 1% No 3 3 3
Bosnia/Herzegovina $17,000 No Null 2% No 3 2 2
Croatia $25,000 No Null 2% Null 2 3 2
Cyprus $84,000 Yes Null 5% Yes 2 2 3
Denmark $100,000 No Null 10% Yes 2 2 1
Finland $100,000 No Null 1% No 1 2 2
France $180,000 Yes $1360 5% Yes 3 5 4
Germany $300,000 Yes $1670 30% Yes 2 3 2
Greece $30,000 No $750 1% No 2 3 2
Ireland $235,000 Yes $8000 35% No 4 3 4
Italy $300,000 Yes $3000 50% Yes 3 3 4
Lithuania $14,000 No Null 3% No 3 4 4
The Netherlands $165,000 No Null 1% No 2 1 2
Norway $200,000 Yes $70 1% Yes 1 1 1
Portugal $150,000 Yes $2000 1% Yes 2 3 3
Spain $65,000 Yes $550 10% Yes 2 2 3
Sweden $130,000 No $550 10% Yes 2 2 1
Turkey $40,000 Yes $300 3% No 3 32 34
United Kingdom $175,000 Yes $1700 2% No 2 2 2
Middle East
Iran $36,000 Yes $400 4% Yes 4 4 3
Iraq $19,200 No Null 0% Yes 3 4 5
Israel $72,000 Yes $330 2% No 2 2 2
Lebanon $120,000 Yes $200 1% Yes 4 4 3
Saudi Arabia $300,000 Yes $8500 10% Yes 5 4 3

Note:—Null indicates no response/not applicable.
21 = never, 2 = rarely, 3 = sometimes, 4 = often, 5 = always.
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